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Abstract

The work described in this thesis was directed toward understanding the contributions of Phe82,
Leu85 and associated residues to the structure and function of cytochrome c. One focus of
these studies concerned the roles of these residues at the interactive face formed during electron
transfer reactions involving cytochrome c and its redox partners. Phe82 was found to make
an important contribution to this process, while the adjacent Leu85 does not have a signif
icant impact. However, both residues indirectly affect complex formation by influencing the
placement of the side chain of Argl3. In related studies, Leu85 was found to contribute to
the formation of the heme binding pocket as a participant in a cluster of conserved leucine

residues. This leucine cluster, as well as an adjacent internal hydrophobic cavity, were shown
to provide a measure of conformational flexibility when mutations are made in cytochrome c

and may facilitate the structural transition of this protein between oxidation states. It was also

determined that replacement of Leu94, which is also a member of this leucine cluster, did not

alter the helix-helix interactions of the N- and C-terminal helices of cytochrome c as had been

suggested by earlier studies. Also apparent from further studies was the important functional

role played by Phe82 in the regulation of heme reduction potential which could be attributed

to its contribution to the nonpolar environment of the heme pocket. Related to this, it was

found that the effects of polar groups on reduction potential were mitigated when these groups

were shielded from the heme macrocycle by intervening heme substituents. An additional factor

in the regulation of reduction potential was characterized as part of the study of Phe82 and

distal residues involved in interactions with heme propionate A. Here it was shown that the

mechanisms by which Arg3S and Asn52 influence reduction potential differ from that of Phe82.

Furthermore, for Arg38 and Asn52, these effects overlap and synergistic effects are observed

when they are replaced in concert. In contrast, the structural implications of either single or
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multiple substitutions at Arg38, Asn52 and Phe82 were determined to be independent as was

the impact on structural stability as a whole. Overall it is clear from these studies that Phe82,

Leu85, and likely many other residues in cytochrome c, have multiple structural and functional

roles and that the interplay between the roles of these residues are correspondingly complex

and difficult to predict.
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Chapter 1

Introduction

1.1 Eukaryotic Cytochromes c

Eukaryotic cytochromes c have been a major focus of studies to elucidate the structural factors

responsible for controffing biological electron transfer and as such, these small soluble proteins

(MW 13,000 daltons) have been extensively examined (for reviews of this work see Timkovich,

1979; Mathews, 1985; Moore & Pettigrew, 1990; Brayer & Murphy, 1994). Each of these

proteins contains a heme functional group which is covalently attached to the polypeptide chain

through two thioether linkages to cysteine side chains (Figure 1.1). These two cysteine residues

are located within a Cys-X-Y-Cys-His sequence which is characteristic of c-type cytochromes.

The histidine side chain in this sequence and that of an additional methionine residue act as

the two axial ligands to the iron atom of the heme prosthetic group (Figure 1.1). It is this

heme moiety (Figure 1.2) which bestows upon cytochrome c the ability to mediate the transfer

of electrons between proteins through the reversible cycling of this group between the ferric

{Fe(III)] and ferrous [Fe(II)] states.

Cytochrome c is located within the intermembrane space of mitochondria where it functions

primarily as an electron shuttle in the respiratory electron transport chain by accepting elec

trons from the cytochrome c reductase (bc1) complex and donating these to the cytochrome c

oxidase (aa3) complex (Pettigrew & Moore, 1987). The soluble nature of cytochrome c allows

it to diffuse between these two complexes, both of which are multi-subunit integral membrane

proteins. In addition to this primary function, cytochrome c also plays a role in several other

electron transfer pathways (Pettigrew & Moore, 1987). In animal systems, cytochrome c serves

as au acceptor of electrons from both cytochrome b5 (Ito 1980a,b; Lederer et aL, 1983) and

1



Chapter 1. Introduction 2

Figure 1.1: A ribbon representation of the polypeptide fold of yeast iso-i cytochrome c. A
ball-and-stick representation is used to show the heme group as well as the two thioether
linkages to Cysi4 and Cysi7 and the two axial heme ligands to Hisi8 and Met8O.
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CBC

Figure 1.2: A schematic diagram of iron protoporphyrin IX with all non-hydrogen atoms shown
as grey balls. These atoms and the four pyrrole rings of the heme macrocycle are labeled
according to the conventions of the Protein Data Bank (Bernstein et aL, 1977). In eukaryotic
cytochromes c, this porphyrin ring is covalently attached to the protein through two thioether
linkages (Cysl4 SG - heme CAB; Cysl7 SG - heme CAC) and the iron atom is hexacoordinate,
with the four pyrrole nitrogen atoms, Hisl8 NE2 and Met8O SD providing the ligands. In the
view presented, the solvent exposed heme edge observed in cytochromes c is located at the

right, the histidine ligand is behind the porphyrin ring and the methionine ligand is positioned
in front.

CAB

CHC

CMD

CAA

O1A
02D



Chapter 1. Introduction 4

sulfite oxidase (McLeod et at., 1961; Cohen & Fridovich, 1971) while in yeast systems, cyto

chrome c donates electrons to cytochrome c peroxidase (Altschul et at., 1940; Abrams et at.,

1942) and accepts electrons from fiavocytochrome b2 (Bach et at., 1942a,b). Thus an important

aspect of the mechanism by which cytochrome c mediates electron transfer is how this protein

is capable of interacting with such a wide variety of electron transfer partners.

1.2 The Structure of Cytochrome c

The amino acid sequences of cytochromes c from a variety of eukaryotic organisms have been

determined and the overall length of the polypeptide chain is found to vary from 103 to 113

residues. A high degree of conservation is observed in the alignment of the 94 sequences available

(those of Euglena gracilis and Tetrahymena pyriformis were excluded due to gaps in their

sequences), with 27 residues being invariantly conserved and a further 16 amino acids being

highly conserved (Hampsey et at., 1986, 1988; Moore & Pettigrew, 1990). Table 1.1 contains

the aligned sequences of S cytochromes c of particular relevance to the studies conducted in

this thesis and indicates those residues that are found to be invariant or highly conserved in all

such proteins. As one might expect, many of these invariant residues are absolutely required

for the structural and functional integrity of cytochrome c. Nevertheless, a surprising result

is that amino acid substitutions at some invariant sites have resulted in mutant cytochrome c

proteins which are functionally viable (Pielak et at., 1985; Hampsey et at., 1988). This raises

questions concerning the necessity of having these particular residues in cytochrome c and the

cause of their observed invariant conservation.

The three dimensional structures of several eukaryotic cytochromes c have been determined

to atomic resolution by X-ray crystallographic methods. These include the two isozymes of

cytochrome c from yeast, iso-i (Louie & Brayer, 1990; Berghuis & Brayer, 1992) and iso-2

(Murphy et at., 1992), as well as the cytochromes c from tuna (Takano & Dickerson, 1981a,b),

horse (Bushnell et at., 1990), rice (Ochi et at., 1983) and bonito (Tanaka et at., 1975). More

recently, the structures of yeast iso-i and horse cytochrome c have also been studied by NMR



Chapter 1. Introduction 5

Table 1.1: Alignment of the sequences of yeast iso-i, yeast iso-2, tuna, horse and rice cyto
chromes c

-9 1 10 20
. . . 0 •••o 0 0 •

Iso-i
Iso-2 AKESTGFKPGSAKKGATLFKTRCQQCHTIEEGGPNKVG
Tuna --GDVAKGKKTFVQKCAQCHTVENGGKHKVG
Horse GDVEKGKKIFVQKCAQCHTvEKGGKHKTG
Rice -ASFSEAPPGNPKAGEKIFKTKCAQCHTVDKGAGHKQG

30 40 50 60
•o. • o. 0 o.

Iso-i PNLHGIFGRHSGQAEGYSYTDANIKKNvLWDENNMs E
Iso-2 PNLHGIFGRHSGQVKGySYTDANINKNVKWDEDSMS E
Tuna PNLWGLFGRKTGQAEGYsYTIJANKS KG I VWNNDTL ME
Horse P N L H G L F G R K T G Q A P G F T Y T D A N K N K G I T W K E E T L M E
Rice PNLNGLFGRQSGTTPGYSYSTANKDMAVIWEENTLyD

70 80 90 100
•• O...oo..o.. • • • 00 00

Iso-i YLTNPJ KYIPGTKMAFGGLKKEKDRNDL I TYL KKACE -

Iso-2 YLTNPJ KYIPGTKMAFAGLKKEKDRNDL I TYMTKAAK
Tuna YLENPKKYIPGTKM I FAGIKKKGERQDLVAYL KSATS -

HorseYLENPKKYIPGTKM I FAGIKKKTEREDLI AYLKKATNE
Rice YLLNPJKYIPGTKMVFPGLKJPQERADLI SYLKEATS -

The sequences of yeast iso-i (Smith et at., 1979), yeast iso-2 (Montgomery et at., 1980), tuna
(Kreil, 1965), horse (Margoliash et at., 1961) and rice (Mon & Morita, 1980) cytochromes c
have been aligned so as to maximize the structural homology present. The single letter code
is used to identify amino acids and the residue numbering is based on the sequence of tuna
cytochrome c. Residues 52 and 54 in rice cytochrome c are listed as asparagine and aspartate,
respectively, as opposed to the aspartate at position 52 and the asparagirie at position 54
reported by Mon and Morita (1980). The present assignments for these residues fit the current
chemical data and are more consistent with other related sequences (Moore & Pettigrew, 1990).

Note the single letter code J is used to denote e-N-trimethyl lysines. Those amino acid residues

identical in all five protein sequences are enclosed in boxes. Residues which are invariant in 94

eukaryotic sequences are marked with a filled dot (.) and those which are conserved in at least

90 sequences are marked with an open circle (o).
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Table 1.2: Secondary structural elements present in yeast iso-i cytochrome c

Secondary structural Residues
element involved

a-helix 2—14
/3-turn (type II) 21—24
7-turn 27—29
/3-turn (type II) 32—35
,i3-turn (type II) 35—38
/3-turn (type II)t 43—46
a-helix 49—55
a-helix 60—70
a-helix 70—75
/3-turn (type II) 75—78
a-helix 87—102

tmediated through a water molecule.

techniques (Moench & Satterlee, 1989; Busse et at., 1990; Gao et at., 1990, 1991; Qi, 1994a,b).

All these cytochromes c share a common polypeptide fold, with significant conformational

differences occurring primarily in flexible surface ioops (Bushnell et at., 1990). In the following

discussion, yeast iso-i cytochrome c is used as an example to describe the general structural

features of these proteins since it has not only been determined to the highest resolution (1.2 A;

Louie & Brayer, 1990), but it also forms the basis of the structural studies described herein.

The global polypeptide fold of yeast iso-i cytochrome c is ifiustrated in Figure 1.1 and the

details of the positioning of all main and side chain atoms are shown in Figure 1.3. This protein

has a high a-helical content; a list of residues involved in these and other secondary structural

features is given in Table 1.2. The heme prosthetic group of cytochrome c is found buried

within the hydrophobic core of the protein, with only one edge of this group being exposed to
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A

B

Figure 1.3: Stereo diagrams of yeast iso-i cytochrome c showing the positions of all main chain

(thick lines) and side chain (thin lines) atoms in (a) the standard heme edge-on view and (b) a

view rotated by 900 that looks down on the face of the heme plane. The heme group has also

been drawn with thick lines, along with the two heme ligand bonds to Hisi8 and Met8O and

the two covalent thioether linkages to Cysl4 and Cysl7. Every fifth a-carbon atom has been

labeled with its one letter amino acid designation and sequence number.
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the external solvent environment (Figure 1.4). Also sequestered within the interior of the protein

are the two propionate groups of the heme moiety which participate in an extensive network

of hydrogen bonds with polar side chains and buried water molecules. Two of these water

molecules, Wat166 and Watl2l (Figure 1.5), are conserved among all eukaryotic cytochrome c

structures determined to date (Bushnell t al., 1990; Louie & Brayer, 1990; Murphy et al.,

1992; Qi et al., 1994a). Changes in the internal hydrogen bonding network about the heme

propionates are found to accompany the transition of cytochrome c between the reduced and

oxidized states (Takano & Dickerson, 1981a; Berghuis & Brayer, 1992; Qi et al., 1994b).

Two other notable structural features are present in the hydrophobic core of yeast iso-i

cytochrome c. The first of these is an internal cavity which is defined by one edge of the heme

macrocycle and the side chains of Leu32, 11e35, Met64 and Leu98 (Louie & Brayer, 1990).

Although this cavity is large enough to accommodate a water molecule, none is observed, likely

due to a lack of hydrogen bonding partners available in this region of the protein. The second

notable feature is a cluster of conserved leucine residues, consisting of Leu9, Leu68, Leu85,

Leu94 and Leu98, whose side chains pack against each other. This leucine cluster is located

adjacent to the heme moiety, the internal heme pocket hydrophobic cavity and the intersection

of the N and C-terminal cr-helices of yeast iso-i cytochrome c (Figure 1.6). These latter a

helices pack against each other in a roughly perpendicular manner and are notable in that they

are thought to be involved in the initiation of the folding of this protein (Roder et aL, 1988).

1.3 The Reduction Potential of Cytochrome c

The difference in the midpoint reduction potentials of two proteins represents the driving force

for the transfer of an electron between them. Among eukaryotic cytochromes c, the value of the

midpoint reduction potential is highly conserved (r.270 + 20 mV; Mathews, 1985; Pettigrew

& Moore, 1987), likely as a functional requirement for optimal transfer of electrons both to

and from physiological redox partners. A significant alteration of the reduction potential of

cytochrome c would result in a change in the driving force of its electron transfer reactions and
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Figure 1.4: A space filling representation of yeast iso-i cytochrome c showing the exposure of

the edge of the heme prosthetic group (in black) to the external environment. Shown in grey
are the side chains of lysine and arginine residues thought to be important in the formation of
electron transfer complexes between cytochrome c and its redox partner proteins.
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Figure 1.5: A diagram showing the hydrogen bonds formed (dotted lines) between three in
ternal water molecules, heme propionate A and several conserved amino acids in yeast iso-i
cytochrome c. The overall polypeptide chain is represented as a ribbon, whereas a ball-and-stick
representation is used to illustrate the heme group (light shading) and the side chains of Arg38,
Asn52, Tyr67, Thr78 and Phe82 (dark shading). The three internal water molecules are shown
as larger single spheres.
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Figure 1.6: A diagram of a conserved leucine cluster found in the hydrophobic core of yeast
iso-i cytochrome c as well as residues forming the outer boundaries of a large internal cavity
found at the back of the heme pocket. Also drawn is the conformation of the central heme
group. The side chains of leucines 9, 68, 85, 94 and 98 make up the leucine cluster while the
side chains of Leu32, 11e35, Met64 and Leu98 and one edge of the heme group define the outer
limits of the internal hydrophobic cavity.
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therefore, this would be expected to adversely impact the control and efficiency of such reac

tions. However, studies of mutant yeast cytochromes c having significantly decreased reduction

potentials have found that this does not inhibit the growth of yeast cells (McLendon et al.,

1991; Komar-Panicucci et aL, 1992). Thus these studies have raised questions concerning the

functional requirement for the maintenance of the reduction potential of cytochrome c.

1.3.1 Factors which regulate reduction potential

Due to the biological importance of electron transfer reactions, there has been much interest

in understanding the factors which determine the midpoint reduction potentials of proteins

involved in these reactions (Moore & Williams, 1977). Towards this end, many studies have

focused on the members of the cytochrome family, which have midpoint reduction potentials

spanning a range of nearly 800 mV (Churg & Warshel, 1986). From this range of reduction

potentials, the identity of the axial ligands to the heme iron atom account for a variation of

i15O mV (Harbury et aL, 1965), while an additional variation of the same magnitude can be

attributed to substitutions to the porphyrin ring, such as the thioether linkages in c-type cyto

chromes (Marchon et al., 1982). However, reduction potentials can vary by nearly ‘500 mV

among cytochromes having identical heme iron ligands and porphyrin ring substituents (Cu

sanovich et al., 1988). Thus this large variation must arise from the differences between the

environments provided by the polypeptide matrices of these proteins.

1.3.2 Effect of heme pocket polarity on reduction potential

Measurements of the midpoint reduction potential of iron porphyrin ring groups have been

shown to be dependent on the dielectric constant of the solution in which the experiment is

performed (Kassner, 1972). Thus the polarity of the heme environment likely plays a large

role in determining the reduction potential of a heme protein (Kassner, 1972, 1973; Churg &

Warshel, 1986). Nonetheless, proteins having heme environments of similar polarity have been

observed to have reduction potentials which vary by as much as 300 mV. This variation of
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reduction potential has been correlated with the exposure of the heme moiety to the external

solvent environment (Stellwagen, 1978). Although this would seem to indicate that reduction

potential is dependent on solvent exposure rather than the polarity of the heme binding pocket,

it must be noted that the heme groups of the proteins examined had varying axial ligands and

porphyrin ring substituents. Furthermore, the notion that reduction potential is also dependent

on heme solvent exposure is consistent with the idea that the polarity of the heme environment

as a whole is the primary determinant of reduction potential since an increase in heme solvent

exposure in a protein would result in a corresponding increase in the polarity of the heme

environment.

1.3.3 Effect of electrostatic groups on reduction potential

Studies have shown that there is a relationship between the presence of charged protein groups

and observed heme reduction potential. It has been proposed that this contribution is straight

forward, based on the observation of a direct correlation between the global net charge of a

protein and its reduction potential (Rees, 1985). However, this simple correlation has been

shown to be overly simplistic and cannot consistently account for the influence of electrostatic

effects on protein reduction potential (Moore et al., 1986). Despite the apparent complexity

of the relationship between electrostatics and reduction potential, it has been shown that par

ticular charged groups can have a specific and appreciable effect on reduction potential. For

example, it has been demonstrated that the reduction potential of cytochrome c can be altered

in a predictable manner through the chemical modification of lysine residues (Schejter et aL,

1982). In another example, the substitution of Arg38 in cytochrome c by uncharged residues

resulted in a decrease in the reduction potential (Cutler et at., 1989). Also a factor in this latter

case are differences in heme propionate charge which have been proposed to lead to midpoint

reduction potential variations (Moore et at., 1984). Not only does Arg38 have a charged side

chain but it also interacts with the heme propionate A of cytochrome c (Figure 1.5). While it

is evident that electrostatic contributions to heme reduction potential can be substantial, it is
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also clear that much further work needs to be done to elucidate the precise factors involved in

this process.

1.4 Cytochrome c in Electron Transfer Complexes

Cytochrome c function is also dependent on its ability to form complexes with its electron

transfer partners. The contact surface between two electron transfer proteins must allow for

the formation and dissolution of a viable complex while providing a suitable medium through

which electrons can travel between the proteins. Extensive studies have been performed on

cytochrome c aimed at determining the nature of the protein surface involved in the formation

of such complexes (for reviews see Margoliash & Bosshard, 1983; Mathews, 1985; Pettigrew &

Moore, 1987). Many of these studies have focused on the lysine and arginine residues which

are located around the exposed heme edge of cytochrome c (Figure 1.4). It appears that these

charged residues provide much of the impetus for complex formation and determine the specific

configurations of these complexes through the formation of intermolecular electrostatic inter

actions (Ferguson-Miller et al., 1979). However, important contributions to the stabifization

of such electron transfer complexes also come from hydrophobic surface residues (Mauk et iii.,

1986; Guillemette et al., 1994) and other surface groups capable of forming hydrogen bonds

(Mauk et aL, 1991).

Computer generated models of complexes formed between cytochrome c and various electron

transfer partners have been used as one way to understand the relative functional importance of

different regions of cytochrome c. The model complexes formed with cytochrome b5 (Salemme,

1976; Mauk et gil., 1986) and cytochrome c peroxidase (Poulos & Kraut, 1980) have been

the most extensively studied since the three-dimensional structures of both electron transfer

proteins are known. These models are described separately in the following sections, along with

the recent determination of the structure of the complex of cytochrome c with cytochrome c

peroxidase (Pelletier & Kraut, 1992). In other studies, the regions of cytochrome c which

interact with cytochrome c oxidase and cytochrome c reductase have been mapped (Pettigrew
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& Moore, 1987), but models of these complexes have not been developed since the structures

of these latter two proteins are not known. However, it has been shown that the region around

the exposed heme edge of cytochrome c, including several charged residues, interacts with

these two redox partners (Rieder & Bosshard, 1980). Other model complexes studied include

those formed between cytochrome c and flavocytochrome b2 (Tegoni et at., 1993), flavodoxin

(Matthew et at., 1983) and plastocyanin (Roberts et at., 1991).

1.4.1 The cytochrome C: cytochrome b5 complex

The complex formed between cytochrome c and cytochrome b5 has been the subject of numer

ous studies examining interprotein electron transfer (for example, see Eltis et at., 1988; Qin

et at., 1991; Willie et at., 1992, 1993; Meyer et at., 1993). This was the first protein-protein

electron transfer complex for which a model was proposed based on the structures of the in

dividual proteins (Salemme, 1976). It was built by matching the complementary electrostatic

surfaces of cytochrome c and cytochrome b5 and then docking the structures of these pro

teins together. This model complex has been further subjected to theoretical analysis using

electrostatic (Mauk et at., 1986; Eltis et at., 1991), molecular dynamics (Wendoloski et at.,

1987), Brownian dynamics (Eltis et at., 1991; Northrup et a!., 1993) and energy minimization

(Guillemette et at., 1994) techniques. Figure 1.7 shows one such enhanced model of the cyto

chrome c-cytochrome b5 complex. Although the models generated by these techniques likely

do not completely duplicate the ensembles of closely related complexes which occur in solution

(Hartshorn et a!., 1987; Burch et at., 1990), they nevertheless provide a general outline of the

residues involved in electron transfer between these proteins. Two such residues implicated by

modeling and which are the focus of the studies in this thesis are those at positions 82 and 85

in cytochrome c (Wendoloski et at., 1987; Burch et at., 1990).
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Figure 1.7: A model of the complex formed between yeast iso-i cytochrome c (bottom) and

bovine cytochrome b5 (top). A ribbon representation is used to depict the two polypeptide

backbones while the heme groups of the two proteins are shown in a ball and stick representation,

as are the side chains of Phe82 and Leu85 in cytochrome c. This model represents the most

common conformation observed in a Brownian Dynamics simulation of the complex (Northrup

et al., 1993); energy minimization was used to optimize intermolecular interactions (Gufflemette

et al., 1994).



Chapter 1. Introduction 17

1.4.2 The cytochrome C: cytochrome c peroxidase complex

Another complex intensively studied to understand the nature of the electron transfer process

has been that formed between cytochrome c and cytochrome c peroxidase (for example, see

Erman et at., 1991; Everest et al., 1991; Nocek et at., 1991; Beratan et at., 1992; Corin et at.,

1993). This complex has also been the subject of a number of modeling studies (Poulos &

Kraut, 1980; Poulos & Finzel, 1984; Lum at at., 1987) and more recently, the structure of

this complex has been determined by crystallographic methods to 2.3 A resolution (Pelletier &

Kraut, 1992). The structure determined for this complex, which is ifiustrated in Figure 1.8, has

proven to be a valuable tool in understanding redox partner complexation. It has also revealed

significant deficiencies in the earlier model complexes that had been constructed, especially with

respect to the identity of the interactive surface region of cytochrome c peroxidase. However,

both this complex structure and earlier modeling suggest that the surface of cytoclirome c

around the exposed heme edge is located at the site of intermolecular contact. It should be

noted that while the structural determination outlines the general aspects of cytochrome c

cytochrome a peroxidase complex formation, this does not preclude the existence of alternate

docking geometries for these two proteins such as those suggested by Brownian Dynamics studies

(Northrup et at., 1988). In fact, there is strong evidence that two distinct binding regions for

cytochrome a exist on the surface of cytochrome a peroxidase (Stemp & Hoffman, 1993; Zhou

& Hoffman, 1993; Mauk et at., 1994; Zhou & Hoffman, 1994).

1.5 Mutants of Cytochrome c

In the past, classical mutagenesis methods have provided valuable insight into cytochrome c

function (Hampsey et at., 1988; Sherman, 1990). A more recently developed technique that

allows considerable extension of these studies is site-directed mutagenesis, which allows the

rational design of specific mutant proteins (Zoller & Smith, 1983; Smith, 1986). Using this

method, both the roles of individual amino acids in cytochrome a and more global aspects

of function can be probed. Of particular interest to the work in this thesis are the factors
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Figure 1.8: The structure of the complex formed between yeast iso-i cytochrome c (bottom)

and yeast cytochrome c peroxidase (top) as determined by Pelletier & Kraut (1992). A ribbon

representation is used to depict the two polypeptide backbones. The heme groups of the two

proteins are shown in a bail and stick representation, as are the side chains of Phe82 and Leu85

in cytochrome c.
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involved in the maintenance of heme reduction potential, the nature of the interactive face of

cytochrome c with electron transfer partners, and the roles of internal structural features such

as hydrophobic cavities and clusters of leucine side chains.

Two amino acids that appear to have roles in these functional and structural aspects of

cytochrome c are Phe82 and Leu85. These two residues form the focus of the studies dis

cussed in this thesis, wherein specifically designed mutant proteins having single substitutions

or combinations of substitutions at these and other related positions in the polypeptide chain

are made, with the goal being to gain a better understanding of how Phe82 and Leu85 in

fluence the function of cytochrome c. The overall placement of these residues in yeast iso-i

cytochrome c is shown in Figure 1.9. A brief description of the extent of knowledge concerning

these residues which was available at the onset of this work is given in the following sections.

A more complete analysis of structure-function relationships found for Phe82 and Leu85 on the

basis of structural studies conducted as part of this thesis is presented in Chapters 3—6.

1.5.1 The role of phenylalanine 82

This residue is invariantly conserved in the sequences of cytochrome c and it is believed to have

multiple functional roles. Substitution of Phe82 in yeast iso-i cytochrome c with other amino

acids has a significant effect on the ability of this protein to support growth of yeast on non-

fermentable carbon sources, although no such mutation was found to completely abolish this

function (Hilgen & Pielak, 1991; Inglis et at., 1991). Mutants of this type also have an effect

on measured heme reduction potential (Pielak et at., 1985; Rafferty et al., 1990). Structural

studies have found that the side chain of this residue forms a part of the hydrophobic heme

pocket of cytochrome c, with its aromatic ring packing against the face of the heme group in

a coplanar fashion (Takano & Dickerson, 198ia,b; Louie et at., 1988a; Bushnell et at., 1990).

Subsequent structural studies of the F82S (Louie et at., i988b) and F82G (Louie & Brayer, 1989)

mutants of yeast iso-i cytoclirome c have revealed some aspects of the relationship between

Phe82 and heme reduction potential, indicating the latter is correlated to the degree of heme
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Figure 1.9: A ribbon diagram of the polypeptide fold of yeast iso-i cytochrome c showing

the location of the side chains of Phe82 and Leu85 which form the focus of structural studies

discussed in this thesis. Related residues that were also examined include Arg38, Asn52 and

Leu94. As part of these studies, all of these amino acids were replaced either singly or in groups

by site-directed mutagenesis techniques.
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solvent exposure and the proximity of polar groups.

The side chain of Phe82 is also partially exposed to solvent in the surface region of cyto

chrome c believed to form complexation interactions with electron transfer partners. The im

portance of this residue in the formation of electron transfer complexes has been suggested by

modeling (Poulos & Kraut, 1980), NMR (Burch et at., 1990) and molecular dynamics methods

(Wendoloski et at., 1987), and this has been confirmed by the structure determination of one

such complex (Pelletier & Kraut, 1992). Figures 1.7 and 1.8 illustrate the putative positioning

of Phe82 in complexes of this type. In regard to the functional role of Phe82, mutant proteins

with replacements at this residue show alterations in steady-state electron transfer activity

(Pielak et at., 1985; Michel et at., 1989) and intracomplex electron transfer kinetics (Everest

et at., 1991; Hazzard et at., 1992).

1.5.2 The role of leucine 85

Relatively little study has been conducted on. the role of the conserved Leu85 residue, although

it has been implicated as an element at the interactive face of complexes formed by cytochrome c

with cytochrome c peroxidase (Nocek et at., 1991; Pelletier & Kraut, 1992). On the basis of

modeling (Salemme, 1976; see Figure 1.7) and NMR studies (Burch et at., 1990), 11e85 in horse

cytochrome c appears to play a comparable role in complexes with cytochrome b5. In terms

of location, the side chain of Leu85 in yeast iso-i cytochrome c is partially exposed to solvent,

packs against the side chain of Phe82, and forms a portion of the hydrophobic heme binding

pocket (see Figure 1.9; Louie & Brayer, 1990). Leu8S is one of a cluster of such residues (Leu9,

Leu68, Leu94, Leu98) that is found along the most buried edge of the heme group. Furthermore,

this leucine cluster is adjacent to an internal hydrophobic cavity in the heme pocket of yeast

iso-i cytochrome c. To this point, no study of the role of this leucine cluster or the nearby

cavity has been conducted.
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1.5.3 The roles of related residues

As part of studies conducted on Phe82 and Leu85 in this thesis, a number of other nearby or

functionally related amino acids were examined. One of these is the highly conserved Leu94

which is part of the heme pocket leucine cluster that includes Leu85. The side chain of Leu94

packs directly against both the side chain of Leu85 and the heme group. Furthermore, this

residue is located at the intersection point of the N and C-terminal helices of cytochrome c

(Figure 1.9), a structural feature believed to be part of an early folding event in this protein

(Roder et al., 1988). It has been shown that replacement of Leu94 by alternative amino acids

results in reduced activity in vivo (Hampsey et al., 1988) and this has been attributed to

possible alterations in the interaction between these N and C-terminal helices.

In order to study the role of Phe82 in the maintenance of heme reduction potential and

its relationship to other residues that are also a factor in this property, proteins with multiple

mutations involving Phe82, Asn52 and Arg38 were examined. Arg38 is an invariant residue

positioned adjacent to the buried propionate A group of the heme to which it forms interac

tions mediated by two water molecules (Figure 1.5). It has been shown that replacement of this

residue with other amino acids decreases the observed reduction potential of the resultant mu

tant protein (Cutler et aL, 1989) without causing large conformational shifts in the polypeptide

chain (Barker et al., 1991; Thurgood et al., 1991).

Mutation of the invariant Asn52 to other residues can also have a significant effect on

reduction potential (Burrows et al., 1991; Langen et at., 1992), as well as on the rate of electron

transfer with cytochrome b5 (Whitford et at., 1991) and in vivo function (Mcbendon et a!.,

1991). This residue is completely buried in the structure of cytochrome c near the plane of the

heme group and the Met8O heme ligand. In yeast iso-i cytochrome c, AsnS2 also forms a part

of a hydrogen bonding network to a conserved internal water molecule, Wat166 (Figure 1.5).

A particularly novel feature of the mutation of Asn52 to isoleucine is that this acts to suppress

the effects of other mutations that would otherwise disable the function of cytochrome c (Das

et at., 1989; Berroteran & Hampsey, 1991). It has been found that this replacement results in a
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large increase in the thermal stability of cytochrome c (Das et al., 1989; Hickey et aL, 1991) and

subsequent structural analyses have investigated the source of this stabilization (Berghuis et al.,

1994a). Both Arg38 and Asn52 are structurally remote from Phe82 and the goal of combining

mutations at these sites is to determine to what extent these residues act, independently or in

unison, in maintenance of heme reduction potential and other properties related to the stability

and function of cytochrome c.

1.6 Research Objectives

The goals of this thesis were fourfold and were centered on the use of a structure-function

mutagenesis approach in the study of Phe82, Leu85 and associated residues of cytochrome c.

The first objective was to investigate the roles of Phe82 and Leu85 as elements at the corn

plexation interface formed between cytochrome c and electron transfer partners. Clearly, this

feature is central to cytochrome c function and there has been considerable interest in defining

the role of these two residues in this process. Further studies were then designed to elucidate the

contributions of Phe82 and Leu85 to other aspects of cytoclirome c function. Thus a second ob

jective was to characterize the nature of an internal hydrophobic leucine cluster to which Leu85

belongs, and which forms a substantial portion of the structure of the heme binding pocket.

Associated with this work was an analysis of the highly conserved leucine cluster participant,

Leu94, which is positioned at the juncture of the interaction of the N and C-terminal helical

regions of cytochrome c. This helix-helix interaction is also an important structural element in

forming the heme binding pocket. As part of the study of the leucine cluster, the possible role

of an adjacent internal cavity, which is found next to the most buried edge of the heme group,

was examined, along with the relationship between alterations in the volume of this cavity and

functional aspects of cytochrome c.

The third objective of this work was to expand our understanding of the factors which govern

heme reduction potential and particularly the role that Phe82 plays in this regard. Specifically

targeted were aliphatic side chain replacements for Phe82. Also examined in conjunction with
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these studies were the effects of mutations at Leu85 and Leu94. In a related fourth objective, an

attempt was made to place these results in a larger context by looking simultaneously at Phe82

and two other distally located residues (Arg38 and Asn52), all of which have a significant role in

the maintenance of heme reduction potential. The goal was to establish the degree of interplay

between these sites with regards to this property. These studies also provided information

concerning the contribution of each of these sites to the overall stability of cytochrome c and

the effects on stability of introducing simultaneous mutations at these sites.

Overall, the chapters in this thesis are organized in the order of the objectives just discussed.

Beyond Chapter 2, which deals with general aspects of experimental procedure, Chapter 3

focuses on the interactive complexation face of cytochrome c, Chapter 4 looks at the conserved

leucine cluster in cytochrome c and the associated internal heme pocket cavity, Chapter 5

documents the influence of Phe82 on reduction potential, and Chapter 6 examines the individual

and cumulative contributions of Arg38, Asn52 and Phe82 to heme reduction potential and

overall protein stability.

It must be emphasized that although structural analyses are central to the work completed

in this thesis, the interpretation of results of this type are greatly assisted and enhanced by

associated functional analyses. For this reason structural studies were planned as part of a

comprehensive program of mutagenesis and functional analyses in collaboration with two other

groups. One of these was based at the University of British Columbia (J. G. Guillemette, A.

G. Mauk and M. Smith) and focused on the structural and functional roles of residues at the

interactive face of cytochrome c. The second group of collaborators was based at the University

of Rochester (S. Komar-Panicucci, F. Sherman, G. McLendon), with the focus being interactions

between distal residues in cytochrome c and the investigation of the cumulative and synergistic

effects of introducing multiple substitutions of these residues. The efforts of these collaborators

were directed toward the site-directed mutagenesis of cytochrome c, as well as the functional

characterization of the resultant mutant proteins. My role in these collaborative efforts centered

on the initial modeling and design of amino acid substitutions at the residues of interest, the
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crystaffization and determination of the three-dimensional structures of mutant proteins, and

the detailed analysis of these protein structures with regard to correlating observed changes in

the functional behavior of mutant proteins with their three-dimensional structures. The results

of the work presented in this thesis have been published as a number of articles in scientific

journals as summarized in the Addendum at the end of the thesis.



Chapter 2

Experimental Methods

An overview of the methodology used to study the structures of mutants of yeast iso-i cyto

chrome c is described in this chapter. The details of each structural determination are given in

following chapters.

2.1 General Experimental Approach

The general scheme used in this thesis to investigate structure-function relationships in yeast

iso-i cytochrome c is shown in Figure 2.10. This process was initiated by the design of muta

tions which would provide insight into the roles of Phe82 and LeuS5 in particular, as well as

associated residues that were involved in common structural features or related functionalities.

The specific goals in studying each individual mutant protein designed are discussed in detail

in the introductory sections of each of Chapters 3—6. Once mutant proteins had been expressed

and purified, each was subjected to two streams of study. One of these was a series of functional

tests; the other the elucidation of its three-dimensional structure using X-ray diffraction tech

niques. In the interpretive phase of this work the collected functional and structural data were

assessed as to the impact of the introduced mutation(s) by comparison to the observed data

for wild-type yeast iso-i cytochrome c. In this assessment, a particular emphasis was placed

on defining the role of the amino acid(s) which had been replaced. Yeast iso-i cytochrome c

is an ideal candidate for this type of study given the existing extensive knowledge base of the

structural and functional attributes of the wild-type protein, as well as the ability to specifically

alter this protein by site-directed mutagenesis.

26
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Figure 2.10: General scheme used to study structure-function relationships in yeast iso-i cyto
chrome c.
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2.2 Design of Mutant Cytochromes c

The design of each mutant yeast cytochrome c was based on a number of factors. These took

into consideration not only the available structural and functional data available for yeast cyto

chrome c, but also those of related cytochromes c. Primary considerations were comparisons

of the known amino acid sequences of eukaryotic cytochromes c, the high resolution structures

of yeast iso-i cytochrome c and the related tuna, horse and yeast iso-2 cytochromes c, and

available data concerning the manner in which cytochrome c forms complexation interactions

with electron transfer partners such as cytochrome c peroxidase and cytochrome b5.

In a procedural sense a number of steps were followed in the development of each mutant

protein. Initially, the amino acid of interest was studied in terms of its impact on functionality

and its location within the protein. An analysis was then made of all the available alternative

amino acids which might be substituted to determine which one(s) might most directly be

useful to assess the functional characteristics of interest. Naturally many substitutions were

inappropriate because they would likely lead to unwanted alterations and therefore be of limited

use in interpreting or understanding the targeted functional property. An example of this is

the substitution of small side chains with large ones leading to substantial steric conflicts that

disrupt a whole range of functional properties over and above the one of interest. Also avoided

were substitutions likely to result in substantial polypeptide chain refolding, which would again

produce too many global shifts to make the interpretation of functional data meaningful for

the targeted residue. The goal of choosing substitutions was to find suitable replacements

that would only alter one particular facet of cytochrome c function and therefore allow a clear

assessment of the role of the residue involved. The detailed rationale for designing each of the

mutant proteins studied in this thesis is documented in the introductory sections of Chapters

3—6.

An important element in the determination of suitable substitutions was the use of molec

ular graphics to examine the structural environment of the residue of interest and to visualize

possible replacement residues. Modeling of possible amino acid replacements was based on the
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high resolution structure of yeast iso-i cytochrome c (Louie & Brayer, 1990). The primary tool

used to accomplish this was the program MMS (Dempsey, 1986) running on either a Silicon

Graphics 3130 or 4D/340 workstation. In this way amino acid(s) that might be substituted at a

given position could be inserted and adjusted manually to evaluate the structural consequences

that might arise. This was particularly useful in assessing the potential for substituted residues

to lead to structural conflicts. Amino acid substitutions were also screened as to their potential

effects with regards to the electron transfer complexes formed by cytochrome c. This was ac

complished by examining modeled mutations in the context of models of the complexes formed

between cytochrome c and cytochrome c peroxidase (Poulos & Kraut, 1980) and cytochrome b5

(Salemme, 1976).

Another consideration concerning the design of specific mutants of yeast iso-i cytochrome c

and the study of their properties should be noted. Specifically the wild-type form of this protein

has the tendency to form homodimers through the free cysteine residue at position 102 (Bryant

et al., 1985; Moench & Satterlee, 1989). This interferes with both functional and structural

analyses of this protein and a number of investigators have chemically modified the sulfhydryl

group of CysiO2 to prevent dimer formation (Zuniga & Nall, 1983; Ramdas et al., 1986; Hickey

et al., 1991). However, this approach perturbs the structure of yeast iso-i cytochrome c in

its C-terminal region and thereby complicates the analysis of changes induced by mutations

introduced at other locations. To avoid this problem we have chosen to modify CysiO2 to

either an alanirie or threonine in our analyses of mutants of yeast iso-i cytochrome c. These

two substitutions occur naturally at position 102 in other eukaryotic cytochrome c sequences

(Hampsey et at., 1988; Moore & Pettigrew, 1990). Previous studies have shown that the C1O2A

and C1O2T substitutions have a minimal impact on the structural and functional properties of

yeast iso-i cytochrome c (Cutler et at., 1987; Hickey et cii., 1991; Berghuis & Brayer, 1992).

It should be emphasized that even though the best efforts go into the design of mutant

proteins, often the structural alterations that occur at the site of mutation are more extensive

than anticipated. Furthermore it is not uncommon for amino acid substitutions to induce
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shifts far removed from the mutation site in ways that are difficult to predict given our current

understanding of the factors involved in protein folding and stability. This appears to be

particularly true for cytochrome c where previous studies of mutant proteins have uncovered

unexpected polypeptide chain refolding (Louie & Brayer, 1989), positional shifts in side chains

and internally bound water molecules (Louie et al., 1988b; Berghuis et al., 1994a), and changes

in polypeptide chain mobility (Berghuis et al., 1994a,b). In the absence of structural studies,

these unforeseen changes would have led to incorrect interpretation of functional data since

the assumption would have been made that, other than at the mutation site, the structure of

these mutant proteins had remained the same. For these reasons special diligence was applied

in the studies conducted in this thesis to characterize any unanticipated structural alterations

induced by mutagenesis so as to achieve the best interpretation of the functional perturbations

observed.

2.3 The Crystalline State

The utility of using X-ray diffraction techniques in the analysis of the structures of proteins

requires that these proteins be in the crystalline state. A protein crystal consists of a well

ordered three-dimensional lattice of a large number of individual protein molecules packed in a

symmetrical manner. Such crystals are held together by intermolecular interactions, otherwise

known as lattice contacts, formed between neighboring molecules. The fundamental repeating

unit within a protein crystal is the unit cell which contains one or more identical asymmet

ric units related to each other through defined symmetry operations. The goal of the X-ray

diffraction experiment is the determination of the atomic structure of the protein molecule(s)

that are within the asymmetric unit.

Before structural analyses by X-ray diffraction can proceed, it is necessary to grow suitable

crystals of the protein to be investigated. In this section a general overview of the methods used

to grow diffraction quality crystals of mutants of yeast iso-i cytochrome c is given. In this work

two major methods of crystallization were used, the hanging drop vapour diffusion and free
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interface diffusion approaches, both of which were supplemented by various seeding techniques.

For a more detailed discussion of these and other crystallization methods the reader is referred

to excellent reviews in McPherson (1982, 1990) and Carter, Jr. (1990).

2.3.1 The hanging drop vapour diffusion method

In this method, an inverted drop containing the protein solution is placed over a well containing

the precipitant solution or “mother liquor”, as illustrated in Figure 2.11. This protein drop con

tains a low concentration of precipitant whereas the mother liquor contains a high concentration

of precipitant, resulting in the formation of a concentration gradient within the crystaffization

well. Due to this gradient, the protein drop and the mother liquor equilibrate over time through

the diffusion of water vapour, causing a gradual increase in the precipitant concentration in the

protein drop as the system reaches equilibrium. As the precipitant concentration in the drop

increases, this solution becomes saturated and the protein comes out of solution, forming either

a precipitate or the desired result, crystals. In order to encourage crystal formation, the protein

drop can be seeded with either macro-crystals (Thaller et al., 1985) or micro-crystals (Leung

et al., 1989) which can assist the formation of nucleation sites for crystal growth.

A typical hanging drop crystaffization experiment was carried out using a twenty-four well

Linbro plate (Flow Laboratories, McLean VA) to allow one to scan different variables to opti

mize the conditions for crystaffization. In general these plates permitted two variables to be

screened at one time. Variables studied included type of precipitant, pH, temperature, concen

tration of protein and precipitant in the protein drop and in the well solution, as well as the

effect of reducing agents and other additives in the protein droplet. In crystallization trials,

1 ml of precipitant solution was placed in each well of the test plate and hanging protein drops

containing 5—20 1d of protein solution (40—100 mg/ml) were dispensed onto coverslips. Coy

erslips were pre-treated with Sigmacote (Sigma Chemical Company, St. Louis), a siliconizing

agent which prevented the protein drop from spreading out on the glass surface. Silicone grease

was applied to the rim of each well to form an airtight seal between the well and the coverslip.
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Figure 2.11: Schematic diagram of the hanging drop vapour diffusion method used in the
crystallization of mutant yeast iso-i cytochromes c.

In experiments utilizing crystal seeding, seeds were introduced into the protein drop just before

placing the coverslip over its well on the Linbro plate. After assembly, each crystaffization plate

was further protected for storage by being wrapped in a thin plastic film.

2.3.2 The free interface diffusion method

A second method used to grow protein crystals was the free interface diffusion technique

(Salemme, 1972). The setup for this method is illustrated in Figure 2.12 and involves plac

ing a layer of protein solution on top of a layer of precipitant solution within a small diameter

capillary tube and allowing these solutions to slowly mix by diffusion through the interface

formed between these two layers. The main difference between this method and the hanging

drop method is that the protein solution and mother liquor are in direct contact with one an

other and gradually mix across the contact interface. A consequence of this direct mnbdng is that

protein initially encounters a supersaturating concentration of precipitant upon introduction

into the capillary tube and this favors the formation of crystal nucleation sites at the interface

between solutions. The largest crystals are often found to grow at this interface.

A typical free interface diffusion experiment was carried out using a capillary tube with
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capillary tube

protein solution-.

precipitant solution

Figure 2.12: Schematic diagram of the free interface diffusion method used in the crystallization
of mutant yeast iso-i cytochromes c.

an inner diameter of 1.5 mm. Between 30—50 jiL of precipitant solution was injected into the

capillary with a syringe followed by the introduction of a layer of 5—10 jiL of the protein solution

directly on top of the precipitant solution. Manual centrifugation was employed to force the

solutions to the bottom of the capillary tube and then the top of the tube was sealed using a

bunsen burner. In experiments that utilized supplementary crystal seeding, these seeds were

introduced into the protein solution layer before sealing the capillary tube. Capifiary tubes

were stored upright in styrofoam trays.

2.3.3 Conditions for the crystallization of mutant proteins

Yeast iso-i cytochrome c mutant protein crystals grown using the hanging drop vapour diffusion

method used high concentrations of ammonium sulphate ((NH4)2S04)as the precipitant agent

inducing crystaffization. In a process referred to as “salting out”, water molecules preferentially

solvate salt ions rather than the protein molecules as the concentration of the salt ions is
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increased. Under these conditions, the protein molecules either precipitate out of solution

or, if the conditions are favorable, form crystals where lost protein-solvent interactions are

replaced with ordered protein-protein interactions. In a typical hanging drop experiment the

starting concentration of ammonium sulphate was r’.7O% saturation in the droplet and ‘“9O%

saturation in the reservoir. Also essential for crystaffization of cytochrome c was the addition

of a reducing agent such as dithiothreitol (DTT) or sodium dithionite (Na2S2O4)to keep this

protein in the reduced state. A summary of conditions under which crystals were obtained for

diffraction studies is shown in Table 2.3. In all cases, crystallizations were carried out at room

temperature (.-.‘20°C), at which the best crystals were found to grow.

The use of the free interface diffusion method for crystallizing yeast iso-i cytochrome c

mutants employed conditions similar to those used in the hanging drop method, with ammonium

sulphate being the crystallizing agent. However no precipitant was initially present in the layer

containing the protein solution since the ammonium sulphate from the precipitant solution was

able to diffuse directly into the protein solution. In the case of the F82L cytochrome c mutant

protein, crystals could only be obtained for diffraction analysis by the free interface diffusion

method. The conditions used are listed in Table 2.3 and involved a starting precipitant solution

of 75% saturated ammonium sulphate.

Extensive scanning of crystaffization conditions was required to achieve the growth of diffrac

tion quality crystals of yeast iso-i cytochrome c mutants. As shown in Table 2.3, the concen

tration of ammonium sulphate used to induce crystallization varied considerably (75%—94%)

and the optimum pH varied from 5.3 to 6.5. In addition to the wide variance of potential condi

tions, crystallization trials were hampered by the narrow range of conditions under which each

individual mutant protein would form satisfactory crystals. As a rule, variation of ammonium

sulphate concentration by as little as 2% or the pH of the protein droplet by 0.1 units would be

sufficient to result in precipitation of the protein rather than the formation of usable crystals.

This is in contrast to other systems such as that of mutants of bacteriophage T4 lysozyme

which has a higher tolerance for variations in crystallization conditions (Brennan et al., 1988).
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Table 2.3: Growth conditions and maximum size of crystals formed by mutant yeast iso-i
cytochromes c

Iso-i cytochrome c Crystaffization conditions Crystal size
mutant (mm)

R38A/N521 (C1O2A) 88% (NH4)2S04;70 mMNa2S2O4; 0.4x0.3x0.05
0.1 M sodium phosphate, pH 6.5

R38A/N521/F82S (C1O2A) 88% (NH4)2S04;70 mMNa2S2O4; 0.5x0.4x0.2
0.1 M sodium phosphate, pH 6.5

R38A/F82S (C1O2A) 88% (NH4)2S04;70 mMNa2S2O4; 0.15x0.05x0.02
0.1 M sodium phosphate, pH 6.5

N521/F82S (C1O2A) 88% (NH4)2S04;70 mMNa2S2O4; 0.5x0.13x0.1
0.1 M sodium phosphate, pH 6.5

F821 (C1O2T) 85% (NH4)2S04;150 mM NaC1; 0.17x0.17x0.05
70 mMNa2S2O4;

0.1 M sodium phosphate, pH 6.4
F82L (C1O2T) -, - 75% (NH)2SO; 70 mMNa2S2O4; 0.32x0.15x0.13

0.1 M sodium phosphate, pH 5.6
F82M (C1O2T) 90% (N114)2S04;140 mMNa2S2O4; 0.15x0.08x0.05

0.1 M sodium phosphate, pH 6.2
F82Y (C1O2T) 90% (NH4)2S04;20 mM DTT; 0.5x0.4x0.1

0.1 M sodium phosphate, pH 6.0
F82Y/L85A (C1O2T) 90% (NH4)2S04;30 mM DTT; 0.4x0.4x0.1

0.1 M sodium phosphate, pH 5.3
L85A (C1O2T) 94% (NH)SO; 80 mMNa2S2O4; 0.5x0.43x0.15

0.1 M sodium phosphate, pH 5.5
L85C (C1O2T) 90% (NH4)2S04;70 mMNa2S2O4; 0.3x0.28x0.i

0.1 M sodium phosphate, pH 6.4
L85F (C1O2T) 92% (NH4)2S04;70 mM DTT; 0.28x0.28x0.1

0.1 M sodium phosphate, pH 6.3
L85M (C1O2T) 92% (NH4)2S04;70 mM DTT; 0.58x0.35x0.13

0.1 M sodium phosphate, pH 6.2
L94S (C1O2T) 92% (NH4)2S04;70 mMNa2S2O4; 0.43x0.43x0.05

0.1 M sodium phosphate, pH 6.5
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Further complicating the growth of suitable crystals for diffraction experiments was the

requirement for seeding with micro-crystals. In almost all cases, suitable crystals could not be

obtained without the introduction of seeds by a hair-seeding technique (Leung et al., 1989). In

this method, yeast iso-i cytochrome c crystals were crushed in a solution of mother liquor to

produce microscopic seed crystals. A human hair was passed through this seed solution and

then through the protein solution used in the crystal growth trial. Even though the micro

crystaffine seeds introduced into the protein drop by this process were too small to be observed

under a microscope, this process proved critical in initiating nucleation sites for crystal growth.

A further major advantage of this method is that the resultant crystals of mutant proteins were

isomorphous to crystals of the wild-type protein, greatly simplifying the determination of the

structures of these mutant proteins.

Even with a knowledge of the general conditions required for the crystallization of iso-i

cytochrome c mutant proteins and the application of the hair-seeding method to assist this

process, the growth of diffraction quality crystals was neither straightforward nor guaranteed.

This was reflected in the large variability in time required to grow diffraction quality crystals

of these proteins. Although in optimal cases crystals appeared two weeks after initiation of the

crystallization experiment and grew to full size after a further two weeks, the time required

for the appearance of crystals could be as much as one year. In the extreme case of the F82L

mutant protein, crystals of sufficient quality appeared only after nearly 2 years of growth.

It was also necessary to grow crystals large enough to produce acceptable experimental

diffraction intensities, particularly for those mutant proteins studied using the laboratory Enraf

Nonius CAD4 diffractometer which was equipped with only a sealed beam X-ray tube. However,

many of the mutant proteins studied yielded only very tiny crystals which could not be used for

X-ray diffraction analysis. Even after repeated attempts to increase crysti size by successive

rounds of micro- or macro-seeding with these very tiny crystals, oniy small crystals could be

obtained for structural analysis in some cases (Table 2.3). This size requirement was greatly
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relieved by the installation of a Rigaku R-AXIS area detector equipped with a rotating anode X

ray generator, which made possible diffraction analyses of those crystals too small to be studied

with the CAD4 diffractometer. In some cases, even small crystals could not be obtained after

extensive crystallization trials. For example, over many years of crystallization trials employing

the hanging drop vapour diffusion method, the free interface diffusion method and various other

techniques, crystals were never obtained for the F82A, F8211, F82R or F82W mutants of yeast

iso-i cytochrome c.

With the exception of the F82L mutant protein, which is discussed in greater detail in

Chapter 5, all of the iso-i cytochrome c mutant proteins studied formed crystals which were

isomorphous to those of wild-type iso-i cytochrome c. These crystals belong to the tetragonal

space group P43212and for the wild-type protein have unit cell parameters of a = b = 36.46 A,

c 136.86 A. Cell dimensions obtained for mutant protein crystals are discussed in each of the

individual experimental sections in Chapters 3—6. Both wild-type and mutant protein crystals

displayed a deep red color characteristic of cytochrome c and were shaped like pifiows (Louie

et at., i988a), with the crystallographic c axis being coincident with the thinnest dimension.

These crystals have a solvent content of ‘3O% and the asymmetric unit contains a single

molecule of cytochrome c.

2.4 Theoretical Aspects of X-ray Diffraction

This section briefly describes the fundamentals of X-ray diffraction theory as it applies to the

determination of the three-dimensional structures of proteins. Its purpose is to provide the

reader who is unfamiliar with diffraction methods with sufficient background to follow the

crystallographic aspects of the research described in this thesis. A more advanced discussion of

these techniques is available in a number of excellent texts (for examples see Blundell & Johnson

(1976), Ladd & Palmer (1985), Stout & Jensen (1989), McRee (1993) and Drenth (1994)).
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2.4.1 Diffraction of X-rays by protein crystals

The determination of a protein structure by X-ray diffraction analysis requires an understanding

of the way in which X-rays interact with matter. An object will scatter an incident X-ray in

a defined manner and this scattering is dependent on the distribution of the object’s electron

density as follows:

F(S)
= f p(r) exp (27ri r S) dv (2.1)

In this equation the total scattered wave F in the direction of the reciprocal space vector S

is the sum of the individual waves scattered by the electron density p at real space positional

vector r integrated over the whole volume v of the scattering object. Thus the total set of

scattered waves represents the Fourier transform of the object’s electron density distribution.

Two advantageous consequences arise when a protein crystal is the scattering object. The

first of these is the multiplication of the intensity of the scattered waves to a measurable level

brought about by the presence of large numbers of protein molecules in the crystal lattice. The

second consequence is that the waves diffracted from a crystal are discrete due to the periodic

nature of the crystal lattice. This periodicity allows for the simplification of Equation 2.1 by the

replacement of the scattering vector S with a discrete direction specified by the Miller indices

hkl of a reflection. Thus Equation 2.1 can be rewritten in the following way for diffraction from

a crystal:

= f p(x, y, z) exp 2i(hx + ky + lz) dv (2.2)

This is the equation which relates a structure factor Fhkl, which is composed of both an ampli

tude and a phase, to the electron density p(x, y, z) present in the unit cell.

2.4.2 Calculation of electron density from structure factors

In order to reconstruct an image of the protein of interest, a map of the distribution of the

electron density in the unit cell of the crystal is required. The calculation of such a map is

based on Equation 2.2, which can be inverted mathematically to give:
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p(x,y,z) = exp —27ri(hx + ky+lz) (2.3)

where V is the volume of the unit cell. Thus the electron density at any real space position

(x, y, z) in the unit cell can be calculated from a summation of the structure factors, thereby

allowing a three-dimensional map of the overall distribution of electron density within the unit

cell to be constructed. In turn, examination of such a map allows the determination of the

positions of atoms within the unit cell.

A major obstacle in this process arises from the fact that each structure factor Fhkl has

both an amplitude IFhkII and a phase hkl To reflect this, Equation 2.3 can be rewritten as:

p(x, y, z) = IFiI exp iahkl exp —2iri(hx + ky + lz) (2.4)

The structure factor amplitudes in this equation can be obtained directly from the intensities

of the reflections measured in the X-ray diffraction experiment. Unfortunately, the phases of

the structure factors cannot be obtained directly. Thus the calculation of an initial electron

density map for a crystallized protein requires that estimates be made of the phases of the

structure factors. This step represents a significant impediment to the determination of protein

structures by X-ray diffraction.

2.4.3 Mutant protein structure determination

In the current work, two different methods have been employed to obtain initial starting models

of mutant proteins. The method chosen for each mutant protein depended on whether it

crystallized isomorphously to wild-type yeast iso-i cytochrome c or in some other space group.

The general outline of these approaches are presented in the two following sections.

2.4.3.1 Isomorphous crystal forms

A distinct advantage of the growth of mutant cytochrome c crystals having the same space

group and unit cell as those of the known structure of wild-type yeast iso-i cytochrome c is

that this greatly facilitates the process of structure solution. This can be seen if we express the
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structure factor equation (Equation 2.2) in terms directly related to the atomic centers within

the unit cell as follows:

Fhk( = K fj(shkl) exp —B4kl exp 2ri(hxj + ky3 + 1z) (2.5)

In this equation, K is a scale factor and 5hkl is equal to (sin 8)/.) for the reflection with Mifier

indices hkl. Each atom, j, is defined by its atomic position (xj, yj, z), its atomic scattering

factor fj, which is dependent only on the identity of the atom (ie: its atomic number), and

its thermal parameter B,, which is a measure of the mean square displacement of the atom

from its average position. This form of the structure factor equation can be used to calculate

structure factors directly from knowledge of the positional and thermal parameters of the atoms

within a unit cell. Therefore if a starting model for a mutant protein in the unit cell can be

constructed, this can be used to estimate the phases of the observed structure amplitudes that

have been experimentally measured. For a mutant protein which crystaJiizes isomorphously to

its wild-type counterpart, the structure of the wild-type protein provides an excellent starting

model. This was the approach taken for many of the yeast iso-i cytochrome c mutants studied.

Another advantage of crystailizing both mutant and wild-type proteins isomorphously is

that an electron density map which shows the structural differences between these two proteins

can be calculated. The modified version of Equation 2.4 needed to calculate such an electron

density map is as follows:

>Z (I-1’mut,hklI — IFwt,hklI) exp Owt,hk1 exp —2wi(hx + ky + lz) (2.6)

In this equation, Lp(x, y, z) represents the differences between the electron density distributions

in the mutant and wild-type protein crystals, I1’mut,hklI are the structure factor amplitudes

observed in the X-ray diffraction experiment for the mutant protein, IFwt,hklI are the structure

factor amplitudes observed for the wild-type protein, and a,hkl are the phases of the relevant

wild-type structure. This difference electron density map shows positive electron density peaks

where there are atoms present in the mutant structure that are absent in the wild-type protein
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and vice versa for the negative peaks. Three examples of initial difference electron density maps
of this type for the F82Y, L85A and F82Y/L85A mutant proteins of yeast iso-i cytochrome c
are shown in Figure 2.13. Inspection of such maps was used to confirm the presence of amino
acid substitutions within mutation sites and allow preliminary modeling of the positioning of
these residues. In this way, a more representative starting model for a mutant protein could be
constructed for use in structural refinement.

2.4.3.2 Non-isomorphous crystal forms

When a mutant protein crystallizes with a unit cell different than that of wild-type yeast iso-

1 cytochrome c, a molecular replacement approach (Rossman, 1972) is necessary to assist in
structure determination. In this thesis, the analysis of the F82L mutant protein falls into this

category. The details of this specific analysis are given in Chapter 5 while a general discussion

of this approach is presented here. A key ingredient in the molecular replacement method is

the calculation of an experimental Patterson map according to the following equation:

P(u, v, to) = jFiI exp —2iri(hu + kv + 1w) (2.7)

This calculation requires only the availability of the experimentally observed structure factor

amplitudes for the mutant protein. In contrast to an electron density map where peaks occur at

the positions of atoms in the unit cell, the Patterson map has peaks at positions corresponding

to all interatomic vectors within the unit cell. Thus a peak at (u, v, to) in the Patterson map

indicates that in the unit cell there are two atoms related positionally such that u = —

v = Yi — y2 and to = — z2. In practice, an experimental Patterson map is too complex to be

directly interpreted unless there are only a few atoms in the unit cell.

Molecular replacement methods can make use of the experimentally observed Patterson map

to correctly position a search model of the mutant protein in its unit cell. For the structure

solution of the F82L mutant protein, the structure of wild-type yeast iso-i cytochrome c makes

a good starting model for this search. The search for this positioning is carried out in two

stages. To begin, a rotation function is used to correctly orient the search model. This process
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Figure 2.13: continued on next page.
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C

Figure 2.13: continued. Fmutant — Fwixd_type difference electron density maps drawn in the
immediate vicinity of the mutated residues in (a) F82Y, (b) L85A and (c) F82Y/L85A yeast
iso-i cytochromes c. These maps were calculated using Equation 2.6 (Section 2.4.3.i) with
positive electron density shown as solid contours and negative electron density shown as dashed
contours. Overlaid are the final refined mutant protein structures obtained. Water molecule
positions are shown as small crosses. Difference electron density for the addition of the Tyr82
hydroxyl group in the F82Y and F82Y/L85A mutant proteins is readily apparent. Also present
are difference electron density peaks representing the loss of the Leu85 side chain and movement
in the side chain of Argl3 in the L85A and F82Y/L85A mutant proteins.
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involves the calculation of a set of intramolecular interatomic vectors for the search model which

is then systematically rotated in steps about three axes and compared with the experimental

Patterson map calculated with the observed diffraction data. This comparison is restricted to

short vectors so that only intramolecular interatomic vectors in the observed vector set are

included. Maximal superposition of the modeled and observed sets of interatomic vectors will

be realized when the orientation of the search model coincides with that of the molecule in the

new unit cell of the mutant protein crystal.

When the correct rotational orientation of the search model has been achieved, a translation

function is utilized to position this model at the correct location within the unit cell. To

start, a symmetry element is chosen and the correctly oriented search model is systematically

translated within the unit cell. Depending on the chosen symmetry element, this systematic

translation can be restricted to specific Harker sections. At each position during this process,

the molecule related to the search model by the chosen symmetry element is generated along

with the associated set of intermolecular vectors. These vectors are then compared against

the experimentally derived Patterson map to determine the best correlation. In this way the

positioning of the search model with respect to this and other symmetry related molecules can

be determined to ultimately define the correct translational positioning of the search molecule.

With the correct rotational and translational positioning of the search model, phase estimates

can be made for the experimentally observed structure factor amplitudes and an initial electron

density map computed. This then allows for subsequent structural refinement of the mutant

protein structure.

Another potentially useful component of the molecular replacement approach is the self

rotation search. This can be applied when multiple copies of a protein, which are related by

non-crystallographic symmetry, are present within the asymmetric unit of the unit cell. This

procedure is similar to the rotation function search described previously with the exception

that the Patterson map derived from the experimental structure factor amplitudes is also used

as the search Patterson map.
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2.5 Practical Aspects of Diffraction Data Collection

In this section, a brief description of the various steps involved in mounting crystals for X

ray diffraction analysis, the collection of diffraction data and the processing of this data, is

provided. Specific details pertaining to data acquisition for individual mutants of yeast iso-i

cytochrome c are given in Chapters 3—6. It should be pointed out that midway through the

studies documented in this thesis, the laboratory changed from collecting data on an Enraf

Nonius CAD4-F11 diffractometer fitted with a sealed beam X-ray tube, to a newly acquired

Rigaku R-AXIS II imaging plate area detector mounted on a RU300 rotating anode system. The

additional intensity of the rotating anode X-ray beam and increased sensitivity of the imaging

plate detector not only greatly improved the quality of diffraction data that could be collected,

but also allowed for structure determinations where only very small crystals of mutant proteins

could be grown. The approach taken by the diffractonieter and area detector data collection

methods are substantially different and general aspects of the methodology used for each are

described below.

2.5.1 Mounting crystals for data collection

Protein crystals require special handling since they are soft and easily deformed. A further

consideration is the need to keep these crystals moist due to their high solvent content. To

protect crystals during data collection these were mounted in thin walled glass capillary tubes

having diameters varying from 0.7—1.5 mm, depending on crystal size. Before crystal mounting,

a solution identical to the original crysta]iization well solution, except for a 5—10% higher

ammonium sulphate concentration, was prepared for use in the transfer of the crystal from

its growth well to the capillary tube. After mounting, a limited amount of buffer was left

near the crystal, with any excess being wicked away using either thin strips of filter paper or

microcapillary tubes. Also included in the glass capillary before it was sealed with beeswax

were columns of mounting solution placed above and below the crystal to ensure that it did not

dry out during data collection. One end of the capillary was then glued into a mounting pin at



Chapter 2. Experimental Methods 46

the appropriate height for data collection and placed on a goniometer head.

2.5.2 Diffractometer data collection and processing

X-ray diffraction data sets for crystals of the F82Y, F82Y/L85A, L85A, L85F, L85M and

L94S mutants of yeast iso-i cytochrome c were collected using an Enraf Nonius CAD4-F11

diffractorneter. The sizes of each of the crystals used in data collection are summarized in

Table 2.3. The diffractometer used was equipped with a helium filled beam tunnel and the

distance between the crystal and detector was set to 36.8 cm. A nickel-ifitered copper-target

X-ray tube with focal spot 0.75 mm x 0.15 mm was used to generate the incident radiation

and was operated at 26 mA and 40 kV. The ambient temperature during data collection was

maintained at 15°C.

The strategy used in data collection was chosen to maximize the amount of data that could

be collected from any one crystal, employing fairly narrow scan widths coupled with relatively

slow scan speeds. Typically, continuous ! scans of 0.6° at a speed of 0.55°/minute were used.

Data collection was carried out in shells based on resolution, with higher resolution shells being

collected earlier to offset the greater decay in the intensities of these reflections. Following

the acquisition of a complete diffraction data set, when time permitted and the decay in the

intensities of high resolution reflections had not progressed beyond 30%, repeat measurements

of the high resolution data shells were made. The total time required to collect each complete

data set varied between three weeks and one month.

The measurement of each reflection was divided into three parts. The middle 2/3 of each

scan was assigned as representing the intensity of the reflection, whereas the first and final

1/6 of each scan was used to assess the background radiation and thereby provide a means of

correcting the reflection intensity for this factor. An improvement on this background correction

could be achieved by employing background averaging (Murphy et al., 1992). In this method,

an estimate of the background radiation for a reflection is not only based on the background

measurements of that reflection but also on the backgrounds of reflections which are nearby
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in reciprocal space. From experience, it was found that using the backgrounds from 8—12

neighboring reflections for this purpose gave the best results.

For each data collection, an absorption correction was applied using the empirical method of

North et al. (1968). This was necessitated primarily by the non-spherical shape of the crystals

used. In this method, a reflection aligned along the 4 axis of data collection is used. The

measured intensity of this independent reflection (monitored in 5° increments) varies with

rotation of the 4 axis due to absorption and this variation can be used to determine the amount

of correction required for a general reflection.

Also performed was a correction for intensity decay occurring due to crystal degradation

during X-ray exposure. This correction was based on the periodic measurement of standard

reflections over the course of the full exposure time. Generally monitor reflections were grouped

according to resolution so that the decay correction could be applied on this basis as well since

higher resolution reflections are in general more sensitive to crystal decay than their lower

resolution counterparts.

Following correction of measured intensities for background, absorption and decay effects,

two additional corrections are required. The Lorentz correction is necessary because the reflec

tion intensity is dependent on the geometry of the data collection method. The polarization

correction adjusts for the variation of reflection intensity with the amount of refracted X-ray

beam polarization. Once these two corrections are made, the data are converted into structure

factors by taking the square roots of the reflection intensities.

2.5.3 Area detector data collection and processing

With the installation of a Rigaku R-AXIS II imaging plate area detector system and RU300

rotating anode, all subsequent data collections were collected using these instruments. This

includes data from crystals of all mutant proteins not specifically listed at the beginning of

Section 2.5.2. Unlike the CAD4 diffractometer where each reflection is measured individually,

on the Rigaku area detector many reflections are simultaneously measured in a manner similar
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to the photographic rotation method (Arndt & Wonacott, 1977). The physical basis of mea

surement used by this area detector consists of two radiation sensitive phosphor plates, each of

which allows up to r’.’iO,O00 diffraction intensities to be measured in a single exposure under

optimal conditions. The end result is that on the area detector a complete data set can be

collected much more rapidly and usually within 2—3 days, whereas diffractometer data collec

tions required on the order of 3—4 weeks. A further advantage of the area detector system is

its sensitivity which allows for the measurement of data to higher resolution and from crystals

that would be too small for use with a diffractometer. An important factor here is also the

greatly increased intensity of the X-ray beam generated by the rotating anode source.

One disadvantage of the area detector is that due to geometric reasons it is not always

possible to collect 100% of the available data. Nonetheless, by using multiple scans at alternative

settings, almost all the available data is usually accessible. To assure that data collection is as

complete as possible, a software program is used to model data collection based on the proposed

collection parameters. These parameters can then be adjusted as necessary to optimize data

collection. For data collections of mutant yeast iso-i cytochrome c crystals, it was found that

by doing two separate series of scans, one of which was collected with an adapter that offset

the spindle axis of the capifiary holding the crystal by 450 from the axis of the area detector,

that >95% of the theoretically available diffraction data could be collected.

For data collected on the area detector, the rotating anode generator was operated at 90

100 mA and 50—60 kV. The sizes of the crystals used in these data collections are summarized in

Table 2.3 for each mutant protein. Data were collected using the oscillation method in which the

crystal was moved through a angle of 1.00 and exposed to the X-ray beam for 20—30 minutes for

each frame collected. Since the method of data collection is similar to the screenless oscillation or

rotation method, processing of the collected data resembles the procedure described by Rossman

et cii. (1979), as implemented by Higashi and coworkers (Higashi, 1990; Sato et al., 1992). In this

method, corrections for background, Lorentz and polarization effects are initially applied to the

individual diffraction intensities measured on each frame of data. The background correction
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applied to a particular diffraction measurement is based on the level of background radiation

detected in the vicinity of that reflection. Following these corrections, the frames collected are

scaled to account for crystal decay and absorption effects in a resolution dependent manner.

Only fully recorded diffraction intensities are included in the computation of scaling factors.

After scaling, multiple measurements of intensities are merged and then reduced to structure

factor amplitudes.

2.5.4 Determination of absolute scale

Structure factors obtained after data processing are on a relative scale and before the refinement

of a model structure can proceed these must be multiplied by a scale factor so that they can be

compared to calculated structure factors. The absolute scale factor is initially estimated and

then later improved upon during subsequent structural refinement.

Estimation of the absolute scale factor can be accomplished by the method developed by

Wilson (1942), requiring that only a knowledge of the chemical composition of the unit cell

contents be available. This method assumes the atomic contents of the unit cell are randomly

distributed and therefore the theoretical mean value of diffraction intensities as a function of

resolution is given by:

— 2 Isin0N2
‘abs = >Zf3 exp _2B__-) (2.8)

where ‘abs is the theoretical average intensity. The unit cell contents are represented by the

atomic scattering factors f2 of all the atoms, j, in the unit cell and the thermal motion of these

atoms is represented by the thermal factor B.

If the average observed intensity Irel is related to ‘abe by scale factor C, then Equation 2.8

can be rewritten as:

I 7rei
\ (sin6”2

lflf2} =lnC—2B—-,--) 2.9

This relationship can then be plotted to give a straight line with a slope of —2B and an intercept

of in C. As can be seen in the example given in Figure 2.14, at medium and high resolution
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Figure 2.14: An example of a Wilson plot based on the R38A/N521/F82S yeast iso-i cyto
chrome c diffraction data set and used to determine the absolute scale factor. For this analysis
reciprocal space was divided into shells according to resolution with each containing at least
250 reflections. To determine the absolute scale factor, a least-squares fit line (solid) to the data
points was calculated using only those data points between 5.0—1.8 A resolution (indicated by
the vertical dashed lines). This analysis suggested that the absolute scale factor for this data
set was 0.76.
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a straight line is found as predicted, but at low resolution the data points fit less well. In

practice, this poor fit at low resolution arises from the fact that the contents of the unit cell

are not randomly distributed at this resolution. Thus in the determination of absolute scale

factor it is common practice to apply resolution cutoffs, after which a line is least-squares fit

to the data and used to obtain this value. The scale factor thus obtained can be used to scale

the observed diffraction data set and the overall estimate of thermal factor serves as a useful

indicator of the isotropic thermal B for the structure as a whole.

2.6 Refinement of Structural Models

Once an initial model of a mutant protein has been derived by the methods outlined in Sec

tion 2.4.3, further optimization is necessary to achieve the best fit between the observed struc

ture factors and those that can be calculated from the structural model. This process involves

successive cycles of computational refinement, reference to difference electron density maps and

manual readjustments. One way in which the progress of structural refinement is typically

monitored is by periodic calculation of the crystallographic R-factor as follows:

R — hk1 I IF0,hklI — IFc,hklI I (2 10)
— Zhk1 IF0,hklI

where I are the observed structure factor amplitudes measured from the mutant protein

crystal and IFc,hklI are those calculated from the corresponding model structure by Equation 2.5.

Thus the crystallographic R-factor is a direct measure of the agreement between the experi

mental data and the model structure, with a lower R-factor implying a better fit between these.

For well refined protein structures, the value for the R-factor can vary between 0.10 and 0.25.

2.6.1 Stereochemically restrained refinement

The primary method employed in structural refinement in this thesis is the restrained parameter

least-squares technique (Hendrickson, 1985). This refinement method operates by minimizing

the differences between the structure factor amplitudes observed in the X-ray diffraction ex

periment and those calculated from the model structure (by Equation 2.5), while ensuring that
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the stereochemistry of the protein structure remains within acceptable limits through the use

of geometric restraints. This is accomplished by minimizing the following equation:

2 hkl ( o,hklI — IFc,hkII)2 + geometric (2.11)
hkl UF( )

where 0F determines the relative weight of the structure factor terms in the equation and

çbgeomtrjC are the terms defining the geometric restraints.

The geometric terms in Equation 2.11 serve to restrain the relative atomic positions of the

protein structure so that the stereochemical parameters associated with these positions do not

deviate significantly from expected values. For example, the geometric term used to restrain

the distances between individual atoms connected through covalent bonds is:

distances 1
4distances = 2

‘

.(dideal,j dmodel,j)2 (2.12)
DJ)

where 0D is the expected standard deviation for the distribution of the distances, djdeal,j is

the ideal distance between an atom pair j, and dmodel,j is the value for this distance calculated

from the model structure. Other geometric terms serve to restrain planar groups, chiral centers,

non-bonded contacts, torsion angles and thermal parameters.

2.6.2 Simulated annealing refinement

A primary constraint of stereochemically restrained refinement is its relatively small radius of

convergence. As discussed in detail in Chapter 5 for the F82L and F82M mutant proteins,

this can lead to unsatisfactory refinements when larger structural corrections are required. One

technique that is useful under these circumstances is simulated annealing refinement (Briinger

et aL, 1987) which is capable of sampling possible structural conformations beyond the local

conformational energy minimum. This is carried out by linking the minimization of the differ

ences between the observed and calculated structure factor amplitudes to a molecular dynamics

simulation. Such a simulation involves the solution of Newton’s equations of motion for each

individual atom over a fixed span of time, with these atomic motions being dependent on the
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interaction of this atom with every other atom in the simulation. These interactions are rep

resented in the form of a potential energy function which consists of the sum of the energies

which define the forces that act on each atom. In the simulated annealing method, the potential

energy function is modified by the inclusion of a term representing the diffraction data:

Etotat = Wxray (IFo,hk1 — IFc,hkll)2+ Egeometrjc (2.13)
hkl

where Etotal is the total energy in the system, Wxray determines the relative weight of the struc

ture factor terms in the equation and Egeometric are the potential energy terms calculated from

the geometry of the molecule. Although this equation is similar to Equation 2.11, its applica

tion is different. Whereas in conventional least-squares refinement Equation 2.11 is minimized,

in simulated annealing refinement the total energy in Equation 2.13 is set to an arbitrarily

high level and large time-dependent structural fluctuations of the molecule are simulated to

search conformational space for the best fit between the observed and calculated structure

factor amplitudes.

An example of a term in the potential energy function related to structural geometry during

simulated annealing refinement is the following:
bonds

7 ii
J’bonds = jUmode1,j — Uaverage,j)

3

where k3 is a constant describing the variability about the average length daverage,j of bond

j. As the bond distance calculated from the model structure deviates from the expected aver

age bond distance, the potential energy of the bond increases to an unfavorable level. Other

potential energy terms representing bond angles, dihedral angles, van der Waals’ contacts and

electrostatic interactions are also calculated.

2.6.3 General considerations in refinement of mutant proteins

2.6.3.1 X-ray diffraction data sets

A number of factors can affect a particular X-ray diffraction data set. For example the complete

ness of data collected from crystals of yeast iso-i cytochrome c mutant proteins was dependent



Chapter 2. Experimental Methods 54

on the size of these that could be grown (Table 2.3). Thus bigger crystals resulted in a greater

number of observable reflections being collected than for small crystals where a larger portion

of the reflections were too weak to be recorded. For example, only very small crystals could

be grown for the F82M and F821 mutant proteins. Using the best of these, 2143 and 2460

reflections (6.0—2.3 A resolution range), respectively, out of the ‘.‘4300 theoretically available

could be measured using an Enraf-Nonius CAD4-F11 diffractometer equipped with a sealed

beam X-ray tube.

Beyond crystal size, another significant factor in the numbers of reflections that can be

measured from a given crystal is the detection instrumentation used. As noted earlier, midway

through the studies conducted in this thesis, the laboratory acquired a Rigaku R-AXIS II area

detector and RU300 rotating anode generator. The increase in X-ray beam intensity available,

coupled with the increased sensitivity of the area detector, meant that more complete diffrac

tion data sets could be collected even when crystal size was a severely limiting parameter. For

example, for the F82M and F821 mutant protein crystals discussed above, collection of cliffrac

tion data using the area detector resulted in 2913 and 3727 observed reflections, respectively.

These significantly improved data sets greatly facifitated the structural refinements of these

mutant proteins (Chapter 5). However, it should be noted that despite this improvement, the

limitations imposed by only being able to grow relatively small crystals could not be entirely

overcome and a number of reflections from the F821 and F82M mutant protein crystals remained

too weak to be observed. For those crystals of other mutant proteins for which only the CAD4

diffractometer was available during the collection of X-ray diffraction data, the completeness

of the data sets measured is poorer, corresponding to the less intense X-ray source used and

therefore the overall weaker intensity of the data available. A plot of data completeness versus

resolution for each mutant protein diffraction data set is provided in the experimental sections

of Chapters 3—6.

After collecting the best possible diffraction data set, another concern is how the weakest,

and therefore most inaccurately measured, reflections should be handled. These reflections are
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the most likely to contribute to noise in electron density maps, thereby obscuring the interpre
tation of such maps during the process of structural refinement. To remedy this situation, it
is common to impose a threshold value or a cutoff to filter reflections used in refinements. A
survey of the literature reveals that there is a wide range of o cutoffs in use, with the most
common values ranging from IFI (O—3)a(F) (McRee, 1993; Watkin, 1994). Close scrutiny of
the effects of using different cutoffs of this magnitude to exclude weak data show that these do
not adversely affect the structure resulting from refinement (Stenkamp & Jensen, 1975; Smalas
& Hordvik, 1993).

In the current structural studies a consistent a cutoff of 2a(F) was employed, except for
the L85A mutant protein data set where a 2.5a(F) cutoff was applied (problems with crystal
slippage were encountered during data collection for the L85A mutant protein — see Chapter 3).
Experience showed that this cutoff level met the dual goals of including the greatest amount of
data possible and being able to facifitate structure refinement with the clearest electron density
maps. For data collected on the CAD4-F11 diffractometer, these cutoffs did affect a fair number
of reflections depending on the size of the crystal used. In contrast, data sets collected on the
Rigaku area detector had very few reflections faffing below this threshold value, with the worst
case involving the F82M mutant protein data set where only 51 reflections fell into this category.

To assess the utility of the 2a(F) cutoff imposed, a test was made with the L85M mutant
protein data set which had been collected with the CAD4-F11 diffractonieter. Using the final
refined structure of this protein, an additional eight cycles of restrained parameter least-squares
refinement (Section 2.6.1) were carried out using all observed data between 6.0 and 1.9 A reso
lution (6396 reflections, 83% completeness). This resulted in an average cumulative positional
shift of 0.07 A for all atoms over the 8 cycles of refinement, a value similar to the cumulative shift
of 0.06 A observed over the last 6 cycles for the original data set with a 2a(F) cutoff. Therefore,
at the end of structural refinement, shifts with the inclusion of all data were of the same order

as those with the 2a(F) cutoff and a comparison of the two refined structures showed there

were no significant structural differences. One factor that was affected was the crystallographic
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R-factor which was 0.208, compared to 0.178 for the 5210 reflections with IFI 2(F) in the

same resolution range (Table 4.15; Chapter 4). Thus as expected, inclusion of all data has little

impact on structural shifts while leading to a considerably higher R-factor and noisier electron

density maps.

Two other factors affecting diffraction data were contributions resulting from the disordered

solvent continuum and alternative crystal lattice packing arrangements. The first of these is a

dominant contributor to low resolution reflections; to account for this, diffraction data below

6.0 A resolution were excluded from refinement (Blundell & Johnson, 1976; Schoenborn, 1988).

An example of the latter factor was found for the F82L mutant protein crystals which were

found to be of a different space group than those grown for other mutant proteins. As discussed

in Chapter 5, these crystals diffracted relatively poorly even when crystal size was taken into

account. This resulted in a correspondingly higher rate of fall off in the number of observed

reflections at high resolution as illustrated in Figure 5.30. For this protein, even with the use

of the Rigaku area detector system, the resolution of the best structure that could be obtained

was 2.5 A.

2.6.3.2 Difference electron density maps

During structural refinements, it was necessary to carry out manual fittings on poorly behaved

amino acids based on reference to different types of difference electron density maps. In addition,

such maps covering the whole of the polypeptide chain were calculated periodically (from 4—7

times) during refinements to provide a means of checking the course of refinement and for any

other adjustments to the structure that might be necessary. This approach also provided the

primary means for locating solvent molecules bound to the protein surface or within the protein

itself.

All of the difference electron density maps utilized were based on the calculation shown

in Equation 2.6, but for which different structure factor and phase coefficients were used. In

one case this was a simple difference map with coefficients of IFo,hklI — IFc,hkll and exp 2tc,hk1.
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Here, JF0,hkzI represents the experimentally measured structure factor amplitudes and IFc,hklI

and c,hkl are the structure factor amplitudes and phases computed from the refinement model.

A related difference electron density map calculated with coefficients of21F0,hklj — IFc,hklI and

exp icr,hk1 also proved very useful in assessing the fit of the refinement model to its electron

density. A third type of map that particularly facilitated interpretations in those regions where

it proved difficult to fit the polypeptide chain was the omit difference electron density map. Here

the atoms of the structural feature being analyzed (this might be just a few atoms or those of

several amino acids) are excluded and structure factor amplitudes I Fomjt,jjk and phases cromjt,hkl

are calculated based on the resultant structural model. In this way a difference electron density

map can be calculated by using the coefficients IFO,hklI — IFomit,hklI and exp omit,hk1 in a

formulation of Equation 2.6. In this map the excluded feature should be present as a large

positive peak and thereby facilitate fitting of this part of the structure. The use of these three

types of difference electron density maps was a powerful tool in achieving the best fit of mutant

protein structural models to their electron density maps.

2.6.3.3 Course of a typical refinement

The course of the refinement of the N521/F82S mutant of yeast iso-i cytochrome c is ifiustrated

in Figure 2.15 and provides a typical example of that followed for other mutant proteins. Note

that the precise details for this and other mutant protein structural refinements are given in

Chapters 3—6. After initial placement of the starting model for the N521/F82S structure in

the unit cell as discussed in Section 2.4.3.1, a series of refinement cycles was conducted using

lower resolution data until the crystallographic R-factor was sufficiently lowered. Then further

refinement was carried out with higher resolution data, interspersed with rounds of manual

interventions based on difference electron density maps. The water molecules associated with

the protein structure were also examined during each manual intervention and were added or

deleted to the refinement model as necessary. Possible water molecules were also identified

by a peak search of a F1, — F difference electron density map or with the assistance of an
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Figure 2.15: The course of the structural refinement of N521/F82S yeast iso-i cytochrome c by
the restrained parameter least-squares method. This plot shows the crystallographic R-factor
(Equation 2.10) as a function of refinement cycle number. Modeling of the side chains of 11e52
and Ser82 into F0 — F difference electron density maps occurred after refinement cycle 24.

Manual interventions during which the fit of the entire polypeptide chain was examined and a
water search conducted using 2F0 — F, F0 — F and omit difference electron density maps are
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automated procedure utilizing alternating cycles of peak searching and refinement cycles (Tong

et at., 1994). The criteria for the inclusion of a water molecule into the protein structure were

that the potential water position had to be within 3.5 A of a hydrogen bond donor or acceptor

atom and that it refine to an isotropic thermal factor under 50 A2. The refinement process

was continued until convergence was reached for both positional shifts and the crystallographic

R-factor. A paramount consideration during refinements was that acceptable stereochemistry

be maintained for the mutant protein structure. A compilation of stereochemical values and

the restraint weighting used during refinements is given in Table 2.4. Values pertaining to

individual mutant proteins can be found in Chapters 3—6.

2.6.3.4 Calculation of atomic coordinate errors

In this thesis, error estimates for the atomic coordinates of iso-i cytochrome c mutant structures

were determined by two methods. One method was that of Luzzati (1952) where overall coordi

nate errors are estimated by comparison of the dependence of the crystallographic R-factor on

resolution with theoretical estimates of this dependence assuming that these errors are the only

source of differences between observed and calculated structure factors. Luzzati plots for each

of the mutant protein structures determined are presented as part of the experimental sections

of Chapters 3—6. Coordinate errors estimated by this method ranged between 0.16 and 0.26 A
for the fourteen mutant iso-i cytochromes c studied. In a second method (Cruickshank, 1949,

1954), the errors in the coordinates of a given atomic position are dependent on the fit between

observed and calculated structure factors, the atom type and the thermal factor of the atom.

Estimates for the overall r.m.s. coordinate error using this method ranged between 0.12 and

0.21 A for all mutant protein structures studied. In general there was a close correspondence

between the error estimates obtained by the Luzzati and Cruickshank methods. Nonetheless it

must be remembered that these are both empirical methods relying on assumptions that are

not completely valid and care must be taken when using such error estimates as an absolute

measure of coordinate error.
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Table 2.4: Compilation of stereochemistry observed in refined yeast iso-i cytochrome c mutant
structures

Stereochemical parameter r.m.s. deviation from Restraint weighting
ideal values value

Distances (A)
Bond (1-2) 0.019 0.020
Angle (1-3) 0.037—0.051 0.030
Planar (1-4) 0.045—0.057 0.045

Planes (A) 0.012—0.015 0.018

Chiral volumes (A3) 0.132—0.202 0.120

Non-bonded contacts (A)t
Single torsion 0.211—0.229 0.250
Multiple torsion 0.179—0.220 0.250
Possible hydrogen bonds 0.185—0.239 0.250

Torsion angles (°)
Planar (0° or 180°) 1.9—2.5 2.5
Staggered (±60° ,180°) 19.0—28.4 20.0
Orthonormal (+90°) 17.4—27.1 15.0

f The r.m.s. deviations from ideality for this class of restraint incorporates a reduction of 0.2 A
from the radius of each atom involved in a contact.



Chapter 3

The Roles of Residues 82 and 85 at the Interactive Face of Cytochrome c

3.1 Introduction

The objective of the studies conducted in this chapter is to examine the roles of Phe82 and

Leu85 as participants in forming a part of the interactive surface between cytochrome c and

complexed electron transfer partners. The side chain of Phe82 forms an integral part of the

hydrophobic heme pocket in cytochrome c and packs directly against the heme prosthetic group

in a coplanar fashion. The side chain of Leu85, in turn, packs against the distal edge of the

aromatic ring of Phe82, as illustrated in Figure 1.9. The side chains of both of these residues are

exposed to the external solvent environment in that surface region of cytochrome c which, along

with the exposed edge of the heme moiety, is located at the putative site of complex formation

and electron transfer between cytochrome c and its redox partner proteins. Evidence for the

involvement of Phe82 and Leu85 in the formation of electron transfer complexes has come from

molecular modeling (Salemme, 1976; Poulos & Kraut, 1980; Mauk et aL, 1986; Lum et al.,

1987), computational studies (Wendoloski et aL, 1987; Eltis et al., 1991; Northrup et aL, 1993),

NMR (Pielak et aL, 1988; Burch et aL, 1990), X-ray crystallography (Pelletier & Kraut, 1992)

and comparative studies of electron transfer kinetics (Nocek et al., 1991). Following chapters

deal in greater depth with other aspects of the contributions of Phe82 (Chapters 5 and 6) and

Leu85 (Chapter 4) to the structural and functional properties of cytochrome c.

Phe82 is a phylogeneticaily invariant residue (Hampsey et al., 1988; Moore & Pettigrew,

1990) and it has been shown that substitution of this residue by glycine, serine or tyrosine results

in decreased steady-state rates of electron transfer between cytochrome c and cytochrome c

peroxidase (Pielak et at., 1985) and cytochrome c oxidase (Michel et a!., 1989). Furthermore,

61
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these substitutions and others at Phe82 also have a detrimental effect on yeast growth rates

(Hilgen & Pielak, 1991; Inglis et al., 1991) and modify the kinetics of electron transfer mediated

by cytochrome c (Everest et at., 1991; Hazzard et at., 1992). These results serve to emphasize

the important role Phe82 plays in the formation of complexes between cytochrome c and redox

partner proteins.

With respect to the electrochemical reduction potential of cytochrome c, Phe82 also appears

to play an important role that is related to the close packing of the side chain of this residue next

to the heme group (Rafferty et at., 1990). Previous structural studies of the F82S and F82G

mutants of yeast iso-i cytochrome c revealed that the lowered reduction potentials observed

for these two mutant proteins arise from changes in the hydrophobic heme environment (Louie

et at., 1988b; Louie & Brayer, 1989). Specifically, the mutation of Phe82 to serine results in the

introduction of a solvent channel into the heme pocket and the substitution of glycine at this

location causes a comformational change in the local polypeptide backbone that places polar

groups next to the heme moiety. Both substitutions substantially disrupt the hydrophobic

nature of the heme pocket and thereby provide an explanation for the changes observed in the

functional behavior of these mutant proteins.

For the case of the substitution of tyrosine for Phe82, it is surprising that there is little

impact on heme reduction potential (Rafferty et at., 1990) even though this replacement has

a significant impact on electron transfer complex formation (Pielak et at., 1985) and overall

protein stability (Greene et at., 1993). Molecular graphics modeling of the F82Y amino acid

replacement, as described in Section 2.2, indicates that a structural conflict is likely to arise

between the hydroxyl group of Tyr82 and the side chain of the adjacent Leu85. This conifict

would be expected to necessitate a shift in either of the side chains of TyrS2 or Leu85, or

perhaps in both. An earlier NMR study has tentatively assigned the residue shifted as being

Leu85 (Pielak et at., 1988; Greene et at., 1993). Although this result provides an adequate

explanation for the maintenance of heme reduction potential, it does not explain the significant

impact this mutation has on the formation of electron transfer protein complexes.
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In this chapter, to address the issue of precisely what structural changes occur as the result

of replacement of Phe82 by tyrosine, the three-dimensional structure of this mutant protein

has been elucidated using X-ray diffraction techniques. Furthermore the role of Leu85 in these

structural shifts was assessed by examining the structure of the F82Y/L85A mutant protein in

which the steric conflict that would normally occur between these residues should be relieved.

To assure that the L85A mutation in itself does not lead to unexpected structural consequences,

the structure of the mutant protein having this single amino acid substitution was also deter

mined. By examining the structures of all three of these mutant proteins and that of wild-type

yeast iso-i cytochrome c, it was hoped that a comprehensive structural understanding of the

relationship between Phe82 and Leu85 could be achieved in light of the available functional

studies. Note that the studies in this chapter form an important part of the following chap

ters where additional mutations at both Phe82 and Leu85 are examined. The results of the

structural analyses in the present chapter have been published in Lo et a!. (1995a).

3.2 Experimental Procedures

Crystals of the F82Y, L85A and F82Y/L85A mutants of yeast iso-i cytochrome c were grown

under reducing conditions as discussed in Section 2.3. For these proteins the hanging drop

vapour diffusion method was augmented with either seeding from macro-crystals or hair-seeding

from micro-crystals. As summarized in Table 3.5, crystals of all three mutant proteins grew

isomorphously to those of wild-type yeast iso-i cytochrome c.

Following the methods outlined in Section 2.5.2, each mutant cytochrome c data set was

collected from a single crystal on an Enraf Nonius CAD4-Fii diffractometer having a crystal

to counter distance of 36.8 cm and equipped with a helium filled beam tunnel. A nickel-ifitered

copper-target X-ray tube with a focal spot of 0.75 mm x 0.15 mm and operated at 26 mA and

40 kV was used to generate the incident radiation. The ambient temperature was maintained

at 15°C during data collection.

During data collection for the L85A mutant protein, an examination of the reflections used



Chapter 3. Roles of Residues 82 and 85 in Cytochrome c 64

Table 3.5: Data collection parameters for F82Y, L85A and F82Y/L85A yeast iso-i cyto
chromes c

Iso-i cytochrome c mutant

Parameter F82Y L85A F82Y/L85A

Space group P43212 P43212 F43212
Cell dimensions (A)

a = b 36.43 36.60 36.52
c 136.67 138.30 136.74

Number of reflections collected 7073 12191 10278
Number of unique reflections 6173 6909 5408
Resolution (A) 1.97 1.9 2.0

to monitor decay and slippage indicated that the crystal was gradually shifting within the X-ray

capillary tube, probably due to the presence of excess mounting buffer around the crystal. To

correct this, the X-ray capillary tube was unsealed and the excess buffer was removed with a

microcapillary pipette, with special care being taken to avoid disturbing the protein crystal.

The column of buffer above the crystal was then replaced with fresh mounting buffer and the X

ray capillary was resealed with wax. Following this process, the matrix defining the orientation

of the L85A mutant protein crystal relative to the diffractometer was redetermined to confirm

that no significant shift in the position of the crystal within the X-ray capillary had occurred.

No further problem with slippage of this crystal was encountered.

The intensity data sets for all three mutant proteins were corrected for backgrounds, ab

sorption (North et al., 1968), crystal decay, and Lorentz and polarization effects as described in

Section 2.5.2. In order to statistically improve high resolution intensity measurements for the

three diffraction data sets. local background averaging was employed (Louie & Brayer, 1990;
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Murphy et al., 1992). Prior to structural refinement, the diffraction data sets for the F82Y,

L85A and F82Y/L85A mutant proteins were placed on an absolute scale by the method of

Wilson (1942) (Section 2.5.4).

Starting models for the three mutant protein structure refinements were constructed based

on the wild-type reduced iso-i cytochrome c structure determined to 1.2 A resolution (Louie &

Brayer, 1990). The initial Fmutant — Fwjld_type difference electron density maps for each mutant

structure are shown in Chapter 2 (Figure 2.13) and have clear positive electron density peaks

for the addition of the Tyr82 hydroxyl groups in the F82Y and F82Y/L85A mutant proteins,

along with negative electron density peaks representing the truncation of the Leu85 side chain

in the L85A and F82Y/L85A mutant proteins. In addition, these maps have electron density

peaks representing conformational shifts in the side chains of Argi3 and Leu94 in the L85A

mutant protein and in the side chain of Argl3 in the F82Y/L85A mutant protein. Examination

of these maps allowed the modeling of the new positions of the side chains of Argi3, Tyr82

and Leu94 into the starting models for the structural refinement of these mutant proteins. All

ordered waters with refined isotropic thermal factors under 50 A2 from the high resolution wild-

type structure were used in the starting models except for those which were in close proximity

(< 4 A) to the mutation sites. The sulphate anion bound to the amino terminal end of the

os-helix comprised of residues 3 through 12 in the wild-type structure was also included in the

starting models of all three mutant proteins.

Structural refinements were carried out using a restrained parameter least-squares approach

(Hendrickson, 1985) following the general protocols outlined in Section 2.6. This process uti

lized structure factors having a resolution greater than 6.0 A and a F/u(F) ratio greater than

2.0 (2.5 in the case of the L85A data set) as discussed in Section 2.6.3.1, and employed the

restraint weights listed in Table 2.4. The solvent water molecules included in structural re

finement were modeled as neutral oxygen atoms with full occupancies. Overall, between 60—90

individual cycles of least-squares computational refinement were carried out for each structure

determination. During structure refinements, an average of 5—8 sequential examinations of the
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entire polypeptide chain using omit, F0 — F and 2F0 — F difference electron density maps were

conducted at regular intervals to check the progress of refinement and make manual corrections

where necessary. These manual corrections included the identification of additional solvent

waters by searching for strong difference electron density peaks within 3.5 A of hydrogen bond

donor or acceptor atoms, and the deletion of weakly resolved water molecules. Additional ex

aminations of specific areas of each protein were required using F0 — F and omit difference

electron density maps due to poorly defined electron density resulting from the high thermal

motion of these regions. The most significant of these problem areas were the first 5 amino-

terminal residues of each protein and the placement of various surface side chains including

that of Argl3 in the F82Y mutant protein. Whereas the side chain of Argl3 is substantially

disordered in the F82Y and wild-type proteins, in the case of the L85A and F82Y/L85A mutant

structures well ordered electron density is present for Argl3 as demonstrated in Figure 2.13.

This feature of Argl3 is probably due to the replacement of Leu85 by alanine as discussed in

the results section of this chapter. The final refined structures of all three mutant proteins ex

hibit good stereochemistry and this is summarized in Table 3.6 along with the final refinement

parameters for these structures.

Atomic coordinate errors for mutant protein structures have been estimated using two meth

ods (see Section 2.6.3.4). Inspection of the Luzzati (1952) plot drawn in Figure 3.16 indicates

that these errors are in the range of 0.18—0.22 A. Overall atomic coordinate errors can also be

estimated by evaluating the individual atomic errors (Cruickshank, 1949, 1954). On the basis

of this method, the estimated overall r.m.s. coordinate error is 0.16 A for the F82Y structure,

0.18 A for the L85A structure, and 0.20 A for the F82Y/L85A structure.

3.3 Results

To allow for a comprehensive analysis of the effects of mutations in the F82Y, L85A and

F82Y/L85A mutant proteins, all the available coordinate sets, along with that of wild-type yeast

iso-i cytochrome c, were superimposed using a least-squares procedure based on all of-carbon
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Table 3.6: Refinement results and stereochemistry for the F82Y, L85A and F82Y/L85A yeast
iso-i cytochrome c mutant structures

F82Y L85A F82Y/L85A

1. Refinement results

Resolution range (A) 6.0—1.97 6.0—1.9 6.0—2.0
Number of observed reflections 4546 4886 3761
Completeness in resolution range (%) 66.4 62.3 57.2
Number of protein atoms 895 891 892
Number of solvent atoms 70 79 72
Average thermal factors (A2)

Protein atoms 14.8 15.4 16.6
Solvent atoms 23.4 27.2 27.4

R-factor 0.186 0.196 0.185

2. Stereochemistry of final models
r.m.s. deviation from

ideal values

Distances (A)
Bond (1-2) 0.019 0.019 0.019
Angle (1-3) 0.038 0.039 0.039
Planar (1-4) 0.045 0.046 0.045

Planes (A) 0.013 0.012 0.013
Chiral volumes (A3) 0.163 0.138 0.159
Non-bonded contacts (A)f

Single torsion 0.212 0.216 0.226
Multiple torsion 0.192 0.220 0.207
Possible hydrogen bonds 0.215 0.239 0.234

Torsion angles (°)
Planar (0° or 180°) 2.0 1.9 2.0
Staggered (±60°,180°) 24.7 23.1 23.6
Orthonormal (±90°) 21.7 19.5 17.4

t The r.m.s. deviations from ideality for this class of restraint incorporates a reduction of 0.2 A
from the radius of each atom involved in a contact.
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Figure 3.16: A plot of the crystallographic R-factor at the end of refinement as a function of res

olution for the F82Y (0), L85A (Q) and F82Y/L85A (vi) mutants of yeast iso-i cytochrome c.

Tue theoretical dependence of R-factor on resolution assuming various levels of r.m.s. error

in the atomic positions of the model (Luzzati, 1952) is shown as broken lines. This analysis

suggested an overall r.m.s. coordinate error for the mutant structures of between 0.18 and

0.22 A. The top portion of this figure (axes at top and right) shows the fraction of reflections

observed and used in refinement as a function of resolution.
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Table 3.7: Overall average positional deviations (A) between wild-type yeast iso-i cytochrome c
and the F82Y, L85A and F82Y/L85A mutant proteins

Iso-i cytochrome c mutant

Atom groups F82Y L85A F82Y/L85A

All common protein atoms 0.31 0.37 0.35
All main chain atoms 0.18 0.21 0.22
All common side chain atoms 0.47 0.57 0.52
All heme atoms 0.13 0.15 0.15

atoms. This comparison is shown in Figure 3.17 and reveals that the overall polypeptide chain

fold of yeast iso-i cytochrome c is retained upon introduction of these mutations at residues

82 and 85. As indicated in Table 3.7, average deviations for main chain atoms between the

wild-type and three mutant proteins are on the order of 0.18—0.22 A.

Plots of the average positional deviations of residues along the polypeptide chain of the

mutant proteins are shown in Figure 3.18. The N-terminal residues, Thr(-5) and Glu(-4), are

substantially disordered and therefore the large positional deviations seen at these positions

are likely the result of positional mobility rather than a reflection of the induced mutations.

Tables 3.8 and 3.9 show that the overall geometry and solvent exposure of the heme group

of each mutant protein is comparable to that of wild-type cytochrome c. For each individual

mutant protein, specific structural alterations are observed at or near the sites of mutation and

these are discussed in detail in the following sections.
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A

B

Figure 3.17: Stereo diagrams of the a-carbon backbones of the wild-type, F82Y, L85A and
F82Y/L85A iso-i cytochrome c structures in (a) the standard view looking at the heme edge-on
and (b) an alternate view looking directly down into the mutation sites at residues 82 and 85.
Also drawn are the side chains of the mutated residues, Phe82 and Leu85, and the heme moieties
of all four proteins, along with the ligands to the heme iron atom (Hisi8 and Met8O) and
cysteines 14 and 17, which form covalent thioether bonds to the heme porphyrin ring. Every
fifth amino acid residue is indicated by its one-letter amino acid designation and sequence
number.
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Figure 3.18: continued on next page.
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Figure 3.18: continued. Plots of average positional deviations from the wild-type iso-i cyto
chrome c structure for the (a) F82Y, (b) L85A and (c) F82Y/L85A mutant proteins. Thick
lines indicate average deviations of main chain atoms while thin lines indicate average devia
tions of the equivalent side chain atoms. In each diagram, the filled circle at residue position
104 represents the average positional deviation of the heme group and the horizontal dashed
line represents the average positional deviation for all main chain atoms.
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Table 3.8: Heme geometry of F82Y, L85A, F82Y/L85A and wild-type yeast iso-i cytochromes c

Wild-type F82Y L85A F82Y/L85A

1. Angular deviations (°) between the pyrrole nitrogen plane normal
and the four individual pyrrole ring plane normals and the heme
coordinate bonds.

A 9.4 9.0 9.2 13.5
B 11.1 11.2 8.8 11.6
C 8.8 8.5 9.2 10.1
D 8.1 9.5 10.2 10.2

Fe - Hisl8 NE2 2.2 2.8 3.3 8.3
Fe - Met8O SD 4.9 2.1 4.3 5.6

2. Angular deviations (0) between the porphyrin ring plane normal
and the four pyrrole ring plane normals, the pyrrole nitrogen
plane normal and the heme coordinate bonds.

A 6.7 5.9 5.7 7.9
B 11.9 10.7 10.1 12.4
C 9.8 10.8 9.8 10.5
D 6.0 7.0 6.7 4.7

NNNN 2.6 3.1 3.4 5.6
Fe - Hisl8 NE2 3.2 4.7 0.3 2.9
Fe - Met8O SD 7.5 4.9 7.9 11.1

3. Bond distances (A) between the heme iron atom and its
six ligands.
HisiS NE2 1.98 1.95 1.92 2.14
Met8O SD 2.36 2.28 2.38 2.33
Heme NA 1.97 1.98 1.99 2.01
Heme NB 2.00 2.02 1.98 2.00
Heme NC 1.99 2.02 1.98 2.02
Heme ND 2.01 2.05 2.11 2.01

The pyrrole nitrogen plane is defined by the four pyrrole nitrogens of the heme group. The four

pyrrole ring planes are each defined by the five atoms of the ring and the first carbon atom

attached to each of the four carbons of the ring. The porphyrin ring is defined by the five atoms

in each of the four pyrrole rings, the four bridging methine carbon atoms, the first carbon atom

of each of the eight side chains of the heme and the central iron atom of the heme. The heme
atom nomenclature used in this table follows the conventions of the Protein Data Bank (see
Figure 1.2).
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Table 3.9: Heme solvent accessibility in F82Y, L85A, F82Y/L85A and wild-type yeast iso-i
cytochromes c

Yeast iso-i cytochrome c structure

Wild-type F82Y L85A F82Y/L85A

1. Solvent accessible lieme atoms
and surface area exposed (A2)

CHD 2.9 2.9 2.8 3.1
CMC 9.2 11.2 12.3 9.2
CAC 3.4 4.1 3.3 4.4
CBC 20.1 20.6 18.4 18.3
CMD 10.8 11.2 10.3 10.1

2. Total heme exposure (A2) 46.4 50.0 47.1 45.1

3. Total heme surface (A2) 513.1 515.0 514.7 512.2

4. % heme surface area exposed 9.0 9.7 9.2 8.8

Solvent exposure was determined by the method of Connolly (1983) with a probe sphere having
a 1.4 A radius.
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3.3.1 Structure of F82Y cytochrome c

In wild-type yeast iso-i cytochrome c, the side chain of Leu85 lies directly adjacent to the distal

edge of the aromatic ring of the side chain of Phe82. Thus, mutation of Phe82 to a tyrosine

places the additional hydroxyl group into direct spatial conifict with the Leu85 side chain. As

the current structural analysis shows, this potential conflict is resolved by the side chain of

Tyr82 undergoing a significant positional displacement (zd = 0.7 A ), involving a rotation

toward the surface of the protein (‘.xi 30; zX2 = 100; Figure 3.19). At this location, the

side chain of Tyr82 exhibits significantly increased thermal mobility (zB 8 A2; Table 3.10)

and the hydroxyl group of this residue hydrogen bonds to a new surface water molecule. Also

having increased thermal mobilities are the main chain atoms of residues 81 and 82. In contrast,

the Leu85 side chain is shown to retain a position comparable to that in the wild-type structure,

with an average deviation of 0.3 A for side chain atoms. Tyr82 displacement also decreases the

angle between the normal of its planar group and that of the heme to 9° from the 23° observed

in the wild-type protein. The difference in these values, 14°, is significantly larger than the 40

and 50 observed in the LS5A and F82Y/L85A structures, respectively.

Leu9 and Argl3 are two residues in the region of the mutation site which adopt altered

conformations. The average side chain deviations observed are 1.1 A and 2.5 A, respectively
(Figure 3.19). The shift of the side chain of Tyr82 to a more solvent exposed position necessitates

the displacement of the nearby side chain of Argl3. The new conformation of Argl3 as well as

the positional shift of Tyr82 toward the protein surface (Figure 3.19) account for the marked

increase in the solvent exposure of the aromatic ring of Tyr82 (Table 3.11). In contrast, the

altered position of the side chain of Argi3 partially masks the side chain of Leu85 from solvent

exposure (Table 3.11). A further spatial consequence of Argl3 movement is the displacement

of the side chain of Leu9. The conformation observed for Leu9 (Xi = -104°; X2 = 128° ) in

the F82Y protein corresponds well to an alternative conformation observed for this side chain

in the high resolution wild-type structure (Xi = -111°; X2 = 123°; Louie & Brayer, 1990). In

wild-type yeast iso-i cytochrome c, this alternative site appears to have an occupancy of -.30%.
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Figure 3.19: Stereo diagrams showing two views of the region about Tyr82 in F82Y iso-i
cytochrome c. In each diagram the wild-type protein structure has been superimposed and is
shown with thick lines, while the mutant protein structure is depicted by thin lines. Altered
side chain conformations for Leu9, Argi3 and Tyr82 are clearly evident.

L94
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Table 3.10: Average thermal factors (A2) of residues 80 through 85 in F82Y, L85A, F82Y/L85A
and wild-type yeast iso-i cytochromes c

Yeast iso-i cytochrome c structure

Atom groups Wild-type F82Y L85A F82Y/L85A

Met8O main chain 9.9 9.5 10.7 7.4
Met8O side chain 5.2 5.5 8.0 6.2
A1a81 12.0 16.7 11.5 10.7
Phe/Tyr82 main chain 15.2 20.4 13.6 12.1
Phe/Tyr82 side chain 16.9 25.2 10.9 13.2
Gly83 19.0 21.2 16.4 12.4
G1y84 17.4 21.2 17.2 14.3
Leu/Ala85 main chain 13.8 16.3 12.8 13.6
Leu/A1a85 side chain 17.9 12.6 12.9 8.9

All heme atoms 5.3 6.0 7.9 7.6

The average thermal factor for all protein atoms of the wild-type iso-i cytochrome c structure

was 16.5 A2. The distributions of protein atomic thermal factors for the three mutants were

normalized to this value for this comparison.
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Table 3.11: Solvent accessibility of residues 82 and 85 in F82Y, L85A, F82Y/L85A and wild-type
yeast iso-i cytochromes c

Yeast iso-i cytochrome c structure

Wild-type F82Y L85A F82Y/L85At

Side chain surface area exposure (A2)

Phe/Tyr82 CD2 10.9 11.8 8.6 10.3
Phe/Tyr82 CE2 6.8 14.2 11.4 12.9
Tyr82 OH — 6.9 — 5.7
Leu85 CD2 13.3 8.7 — —

Total Phe/Tyr82 aromatic ring
exposure (A2)
(atoms CD2 and CE2) 17.7 26.0 20.0 23.2

Solvent exposed areas were calculated by the method of Connolly (1983) with a
probe sphere of 1.4 A radius.

t The internal water molecules numbered 24 and 248 were considered to be an
integral part of the protein for this calculation.

Other prominent features in Figure 3. 18a involving side chain groups represent amino acids in

the disordered amino terminal region of the polypeptide chain or polar side chains extending

from the protein into solvent (Lys54, Lys86 and LyslOO).

3.3.2 Structure of L85A cytochrome c

Mutation of leucine 85 to a much smaller alanine residue would be expected to create con

siderable free volume in this region. The current structural studies show that in response, the
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Figure 3.20: Stereo diagrams showing two views of the region about A1a85 in L85A iso-i
cytochrome c. In each diagram the wild-type protein structure has been superimposed and is
shown with thick lines, while the mutant protein structure is depicted by thin lines. Altered
side chain conformations for Leu9, Argi3 and Leu94 are clearly evident.
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nearby side chains of Leu9, Argl3 and Leu94 have all adopted new conformations (Figures 3.18b

and 3.20). The side chain of Leu94 is found to shift (zd = 1.8 A ) into the additional space

available near A1a85. The side chain of Argl3 also moves toward A1a85 (Ld = 2.4 A ) and at

this alternate location forms a new interaction with the side chain of Asp9O (Argl3 NH1-Asp9O

OD1; d = 3.6 A ). This new interaction has a marked effect on the thermal factors of the atoms

of the Argl3 side chain, which have an average B of 32.4 A2 in the wild-type structure and

16.7 A2 in the L85A protein. The movements of both Leu94 and Argl3 appear to cause a shift

in the side chain of Leu9 away from the mutation site (M = 1.9 A ) in order to avoid spatial

conflicts with these residues. The new conformation of Leu9 differs from both of those seen in

the wild-type protein (Louie & Brayer, 1990).

3.3.3 Structure of F82Y/L85A cytochrome c

As can be seen in Figure 3.21, in the F82Y/L85A mutant protein the removal of the side chain

of Leu85 allows the additional hydroxyl group of Tyr82 to be accommodated with minimal

perturbation of the overall position of the phenyl ring of this residue (zd 0.4 A ). This

hydroxyl group is found to point directly into the region formerly occupied by the Leu85 side

chain in the wild-type protein. In addition, two new water molecules are bound in this region,

one of which (Wat 248) forms a hydrogen bond to the hydroxyl group of Tyr82. The second

water molecule (Wat224) hydrogen bonds to the guanidinium group of Argl3 as well as to

Wat248 (Figure 3.21).

As observed for the L85A protein, the side chain of Argl3 in the F82Y/L85A double mutant

moves toward the region vacated by the Leu85 side chain (i..d = 2.6 A ) and forms a new

interaction with the side chain of Asp9O (Argl3 NH1-Asp9O OD1; d = 3.3 A ). The average

thermal factor for Argl3 side chain atoms is 19.3 A2 and, as in the L85A mutant protein,

this is considerably lower than found in the wild-type protein. New conformations are also

assumed by both Leu9 (zd = 1.5 A ) and Leu94 (Ld = 1.5 A ). As seen in Figure 3.21, the

Leu9 side chain has shifted away from the mutation site to avoid spatial conflicts with the
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Figure 3.21: Stereo diagrams showing two views of the region about the mutated residues in
F82Y/L85A iso-I cytochrome c. In each diagram the wild-type protein structure has been
superimposed and is shown with thick lines, while the mutant protein structure is depicted by
thin lines. Altered side chain conformations for Leu9, Argl3 and Leu94 are clearly evident.
Two internally bound water molecules (Wat224 and Wat248) observed in the mutant protein
are depicted as asterisks.
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repositioned side chain of Argi3. Unlike the Leu94 shift observed in the L85A mutant protein,

in the F82Y/L85A double mutant, reorientation of this residue is more localized likely due to

the two newly bound internal water molecules in this region.

3.4 Discussion

3.4.1 Structural consequences of residue 82 and 85 mutations

A summary of the structural changes seen in the F82Y, L85A and F82Y/L85A mutants of

yeast iso-i cytochrome c is given in Table 3.12. From this overview it can be seen that most

of the structural changes present are localized to the region about the mutation sites. In the

F82Y protein, increased spatial requirements for the larger tyrosyl side chain appear to be the

dominant factor and lead to the rotation of the side chain of Tyr82 toward the protein surface

where its hydroxyl group hydrogen bonds to a surface water molecule. The increased thermal

mobifity of the side chain of this residue is indicative of less than optimal packing of this side

chain with neighboring amino acids which may explain the observed decrease in the stability of

this mutant protein (Greene et al., 1993). Interestingly, earlier modeling and NMR studies of

the F82Y mutant protein suggested that the Tyr82 side chain occupied a position equivalent

to that of the Phe82 side chain in wild-type iso-i cytochrome c and that the side chain of

Leu85 had an altered conformation (Pielak et al., 1988; Greene et al., 1993). These results

are in disagreement with the present structural analysis. However, the clarity of the current

Fmutant — Fwjld_type (Figure 2.i3a), fragment deleted and 2F0 — F difference electron density

maps in the vicinity of residues 82 and 85 clearly indicate that Tyr82 as opposed to Leu85 is

shifted in the F82Y mutant protein. It should be noted that crystaffine lattice contacts are

not likely to be a potential factor in the disagreement with earlier data since the region about

Leu85 and Tyr82 is unconstrained by such interactions.

The induced structural incompatibility between Tyr82 and Leu85 in the F82Y mutant pro

tein is relieved in the F82Y/L85A mutant protein. The mutation of Leu85 to aianine opens up

additional space next to the Tyr82 side chain so that it can retain a conformation comparable
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to that of the normally resident Phe82. This additional space also allows the hydrogen bonding

potential of the hydroxyl group of Tyr82 to be satisfied by permitting the binding of two new

internal water molecules. In the L85A mutant protein, the hydrophobic cavity that otherwise

would be created is filled by the side chain of Leu94 and the nonpolar portion of the side chain

of Argi3. No internal water molecules are found in this highly hydrophobic interior region and

the positioning of the aromatic group of Phe82 is not affected.

A further point of interest arising from these studies is that the conformation of Argi3 is

clearly dependent on the presence of both Phe82 and Leu85 in the structure of wild-type yeast

iso-i cytochrome c. One role of the side chains of Phe82 and Leu85 may be to restrict the

potential interaction of Argi3 and Asp9O in order for the former residue to be fully available

at the interactive face of cytochrome c with redox partners (Pelletier & Kraut, 1992; Northrup

et al., 1993; Guillemette et al., 1994; Huang et aL, 1994). Shifts in the side chain of Argi3 have

also been observed in other mutant proteins with replacements at Phe82 (Louie et al., 1988b;

Louie & Brayer, 1989). Overall, the structural changes observed for the three mutant proteins

examined in this chapter are directly related to satisfying the spatial requirements of new side

chains, the minimization of unoccupied internal space and the solvent exposure of hydrophobic

groups, as well as attaining the maximal hydrogen bonding between available polar groups.

3.4.2 Impact of mutations on reduction potential

The dielectric constant of the heme pocket is a primary determinant in setting the reduction

potential of cytochrome c (Kassner, 1973; Louie & Brayer, 1989; Moore & Pettigrew, 1990).

Two essential factors affecting the heme pocket dielectric constant are the solvent exposure of

the heme moiety and the polarity of amino acids in close proximity to this group. One important

structural element in this regard is the side chain of Phe82. For example, the mutation of this

residue to serine leads to the creation of a solvent channel into the heme pocket (Louie et aL,

1988b), thereby dramatically increasing heme solvent exposure and decreasing the observed

reduction potential of this mutant protein (iEm = -35 mV; Rafferty et al., 1990). Similarly,
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the introduction of polar groups into the heme pocket, occurring as the result of polypeptide

rearrangements in the F82G mutant protein (Louie & Brayer, 1989), has a pronounced effect

on reduction potential (LEm = -43 mV). By examining a wide range of side chain replacements

for Phe82, it is possible to determine that this residue’s contribution to the observed +290 mV

reduction potential of wild-type yeast iso-i cytochrome c is ‘—+40 mV (Rafferty et al., 1990).

Replacement of Phe82 by a tyrosine has a modest impact on heme reduction potential (tEm

= -10 mV; Table 3.13). The increased polarity of the tyrosyl side chain might be expected to

have a larger effect, but this is apparently offset by a small positional shift in this group so

that the tyrosyl hydroxyl group is oriented out toward the protein surface where it can interact

with solvent molecules (Table 3.11). In this conformation, the Tyr82 hydroxyl group is quite

distant (d = 6.5 A ) from the porphyrin ring of the heme and is shielded from direct heme

plane contact by the CBB side chain atom of the heme group. In addition, the hydrophobicity

of the heme pocket remains intact since the tyrosyl ring remains in position to shield the heme

from any significant increase in solvent exposure (Table 3.9).

In both the L85A and F82Y/L85A mutant cytochromes c, even smaller effects are seen on

heme reduction potential (Table 3.13). For the L85A mutant protein, this is to be expected

since the side chain of Phe82 retains its wild-type conformation and the internal cavity left by

replacement of Leu85 is filled by the hydrophobic portions of other side chains (Figure 3.20).

Thus the hydrophobic integrity of the heme pocket is preserved in this mutant protein and the

reduction potential is not significantly perturbed.

Although the hydroxyl group of Tyr82 takes on a more internal positioning and two new

water molecules are bound in the FS2Y/L85A mutant (Figure 3.21, Table 3.9), this has only

a small effect on heme reduction potential (Table 3.13). This result is somewhat surprising

given the larger impacts of the glycine and serine substitutions at Phe82 (Louie et al., 1988b;

Louie & Brayer, 1989). However this might be explained by the fact that the tyrosyl hydroxyl

and the two newly bound internal water molecules which contribute to increased polarity in

the mutation site are substantially further removed from the heme plane than are the polar
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Table 3.13: Reduction potentials for F82Y, L85A, F82Y/L85A and wild-type yeast iso-i cyto
chromes c

Cytochrome C Em (mV)

Wild-type 290±2

F82Y 280±2

L85A 285±3

F82Y/L85A 283±3

Experimental conditions were: 25°C, pH 6.0 and i = 0.1 M. Values are listed relative to a stan
dard hydrogen electrode reference. The first two values listed were taken from Rafferty et al.
(1990) while the last two values have resulted from collaborative work performed in conjunction
with this thesis and presented in Guillemette et al. (1994).

groups introduced in the F82S and F82G mutant proteins. In these latter proteins, the newly

introduced polar groups not only are located immediately adjacent to the central face of the

heme plane, but are also near the central heme iron atom. In the F82Y/L85A protein, the

tyrosyl hydroxyl group is projected away from the heme porphyrin ring (d = 6.5 A ) and the

new internal water molecules are located along the heme edge where heme substituent side

chains shield direct access to the porphyrin ring. The shortest heme porphyrin ring plane to

water distance is 5.4 A. Thus it appears that the increased local polarity introduced into the

F82Y/L85A mutant protein is too distant from the central heme porphyrin core to substantially

affect heme reduction potential.
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3.4.3 Electron transfer in mutant proteins

The steady-state rate of the electron transfer reaction of yeast iso-i cytochrome c with yeast

cytochrome c peroxidase varies considerably upon mutation of Phe82, with the F82Y, F82S and

F82G proteins having 30%, 70% and 20% of wild-type activity, respectively (Pielak et aL, 1985).

Similar trends were observed for the activity of these mutants in the electron transfer reaction

with bovine cytochrome c oxidase (Michel et al., 1989). Such decreases in reaction rate may arise

from perturbation of either the intrinsic rate of electron transfer within these protein-protein

complexes or the interactions that are a part of the formation of such complexes. Recent studies

have shown that the multiphasic kinetics observed in the electron transfer reaction between

reduced iso-i cytochrome c and a Zn-substituted cytochrome c peroxidase porphyrin ir cation

radical does not require the presence of an aromatic residue at position 82 of cytochrome c

(Everest et al., 1991). Studies of electron transfer between bovine cytochrome c oxidase and

iso-i cytochromes c with replacements of Phe82 produced similar conclusions (Hazzard et al.,

1992).

The fact that the kinetics of intracomplex electron transfer involving Phe82 mutants of

iso-i cytochrome c do not correspond to the steady-state activity decreases observed for these

proteins suggests that complex formation with redox partners is the major factor influencing

these changes in steady-state activity. This is supported by the proposed interactive surface of

cytochrome c as elucidated by modeling of such complexes (Poulos & Kraut, 1980; bum et al.,

1987; Northrup et al., 1988) and the recent determination of the structure of the complex

formed between yeast iso-i cytochrome c and cytochrome c peroxidase (Pelletier & Kraut,

1992). In this latter complex, Phe82 is completely sequestered within the region of protein-

protein interactions, although the side chain of Argi3 and several water molecules prevent

Phe82 from making direct contact with the cytochrome c peroxidase molecule. In the case of

the F82Y mutant protein, the side chain of Tyr82 would protrude off the surface of the protein

into the site of complexation and, in conjunction with corresponding movements of the Argi3

side chain, would disrupt the formation of a productive electron transfer complex. This could
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explain the considerably lower steady-state activity of this mutant protein. In contrast, the

mutation of Phe82 to serine does not present such a physical intrusion into the interaction

region of the complex and steady-state activity is affected to a lesser extent. The lower rate of

the Ser82 protein could be attributed to the increase of solvent molecules in this region leading

to somewhat less specific complex surface interactions. Another example of a large change in

the contour of the complex contact surface can be found in the mutation of Phe82 to glycine in

which the exposed face of cytochrome c is drastically altered (Louie & Brayer, 1989). As would

be expected from the present work, this greatly reduces the steady-state electron transfer rate.

Thus there appears to be a close relationship between the integrity of the complexation

surface of cytochrome c and the overall electron transfer activity observed. The importance of

this factor is further emphasized by the observed species specificity in attaining optimal protein

protein electron transfer reactions involving cytochrome c (Ho et al., 1985; Nocek et al., 1991;

Moench et al., 1992, 1993). Such effects on electron transfer most likely arise from differences in

the makeup of the interactive surface of cytochrome c between species, not unlike the structural

changes that have been introduced by site-directed mutagenesis.



Chapter 4

Replacements in a Conserved Leucine Cluster in the Hydrophobic Heme Pocket

of Cytochrome c

4.1 Introduction

In Chapter 3, the structural and functional effects arising from the introduction of the F82Y

and L85A substitutions into cytochrome c were examined along with the complementary

F82Y/L85A double mutant protein having both of these amino acid replacements. The ob

jective of the experiments presented in this chapter is to expand on studies of the role of LeuS5

in cytochrome c as well as the role of the adjacent Leu94 residue. These two leucine residues,

along with leucines 9, 68 and 98, form a cluster of conserved leucines in the hydrophobic heme

pocket of cytochrome c. This leucine cluster is also adjacent to, and in part forms the boundary

of, an internal hydrophobic cavity that is positioned toward the back of the heme pocket near

one edge of this moiety. In addition to these features, previous studies have implicated Leu85

as being a primary hydrophobic contact point in complexes formed between cytochrome c and

its electron transfer partners. Evidence for this arises not only from the results of modeling

studies (Salemme, 1976; Northrup et at., 1993) but also from the results of studies utilizing

NMR that indicate a shift in the side chain of residue 85 in the complex of cytochrome c with

cytochrome b5 (Burch et al., 1990). It has also been pointed out that amino acid replacements

or conformational shifts at Leu85 may influence the kinetics of cytochrome c function as these

would require different packing restraints with complexed electron transfer partners (Pielak

et at., 1988; Nocek et at., 1991). Such replacements and conformational shifts of Leu85 have

previously been examined in conjunction with structure-function studies of the adjacent Phe82

residue (see Chapter 3; Pielak et at., 1988; Greene et at., 1993).

89
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To evaluate Leu85 from both the structural and functional perspectives, a family of variant

proteins has been constructed in which this residue is replaced with several alternative amino

acids. In almost all species for which the amino acid sequence of cytochrome c is known, residue

85 is either a leucine or an isoleucine. In those few instances where this is not the case, this

residue is phenylalanine or methionine (Hampsey et at., 1988; Moore & Pettigrew, 1990). Past

work has shown the conformation of an isoleucine at residue 85 as the result of the structure

determination of horse cytochrome c (Bushnell et at., 1990). In addition, the structure of the

L85A variant of yeast iso-i cytochrome c was described in Chapter 3 as part of an assessment

of the role of the nearby invariant Phe82 residue.

In the current chapter, the L85F and L85M variants of yeast iso-i cytochrome c, contain

ing the two other residues that naturally occur at this position, are examined. Both of these

replacement amino acids should alter the interactive face of cytochrome c in this region signifi

cantly and therefore act as probes of complexation interactions. These substitutions, one being

aromatic and the other a longer unbranched hydrophobic residue, are also likely to have altered

packing interactions within the leucine cluster in which the side chaln of Leu85 normally resides.

Also constructed was the L85C variant, with the cysteine side chain potentially providing two

useful functions. First, as a considerably smaller side chain one would expect the formation

of a cavity within the leucine cluster but with a more moderate effect than that observed for

the L85A substitution (see Chapter 3). Second, the L85C mutation provides the opportunity

to form a crosslink, via a disulfide bond, to a suitably altered and complexed electron transfer

partner in future experiments.

Leu94 is also of interest, not only because it is part of the leucine cluster in yeast iso-i

cytochrome c, but in addition its side chain packs directly against that of Leu85 and the cen

tral heme group (Louie & Brayer, 1990). Also of importance is the location of this residue at

the highly conserved interface formed by the nearly perpendicular packing of the N-terminal

(residues 2 to 14) and C-terminal (residues 87 to 102) helices in the structure of cytochrome c.
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This helix-helix packing arrangement has been linked to early events in the folding of cyto

chrome c (Roder et al., 1988).

An analysis of 100 cytochrome c amino acid sequences from different organisms (Hampsey

et at., 1988; Fredericks & Pielak, 1993) shows that Leu94 is highly conserved, with a leucine

occurring at this position in 95 sequences, an isoleucine in 3 sequences and a valine in 2 se

quences. Interestingly, mutagenic studies have shown substitution of serine at residue 94 or

similar substitutions at the related leucine cluster residues Leu68 and Leu98 has a significant

and deleterious effect on yeast iso-i cytochrome c function (Hampsey et at., 1986, 1988). Thus

despite nearly normal amounts of cytochrome c being observed for the L94S variant, only 30%

of the normal yeast growth rate was observed at 22°C. At 30°C, substantially less folded pro

tein was present, indicating that this substitution had an effect on protein stability and that

the variant protein was thermally labile (Hampsey et at., 1988). This led to the proposal that

the L94S substitution prevents proper folding of cytochrome c. Similar results were obtained

by Fredericks and Pielak (1993) who examined a wider range of substitutions at Leu94. These

authors propose that the helix-helix interface at Leu94 is couformationally flexible and shifts

in helical positions adjust to substitutions made in residues in this region. To assess the degree

to which this helix interface can adjust and at the same time study the role of Leu94 in the

function of cytochrome c and as part of the hydrophobic leucine cluster in the heme pocket,

yeast iso-i cytochrome c with the substitution of serine at this position has been constructed

and examined in this chapter.

At this point, little attention has been focused on the contributions of hydrophobic inter

actions on the stability of cytochrome c complexes with electron transfer partners or the roles

that a heme pocket leucine cluster, an adjacent internal cavity and a nearby helix-helix interface

play in the function of this protein. Previous studies have shown that two residues important to

these features are leucines 85 and 94. To gain further insight into their functional and structural

roles in cytochrome c, the work in this chapter examines a total of four variant proteins with

substitutions at these residues. This work has been published in Lo et at. (i995c).



Chapter 4. Replacement of Conserved Leucines in Cytochrome c 92

Table 4.14: Data collection parameters for the L85C, L85F, L85M and L94S mutant yeast iso-i
cytochromes c

Iso-i cytochrome c mutant

Parameter L85C L85F L85M L94S

Space group P43212 P43212 P43212 P43212
Cell dimensions (A)

a = b 36.51 36.55 36.46 36.50
c 137.11 138.24 137.55 136.63

Data collection method RAXIS CAD4 CAD4 CAD4
Number of reflections collected 35500 12913 12574 10787
Number of unique reflections 7920 6435 6741 6197
Resolution (A) 1.81 1.9 1.9 1.9

4.2 Experimental Procedures

The L85C, L85F, L85M and L94S yeast iso-i cytochrome c mutant proteins were initially

crystallized by the hanging drop vapour diffusion method under reducing conditions as discussed

in Section 2.3. Diffraction quality crystals were obtained after further seeding with micro-

crystals (Leung et al., 1989). All crystals obtained were of the space group P43212and were

found to be isomorphous with those of wild-type yeast iso-i cytochrome c. Unit cell dimensions

obtained for mutant protein crystals are listed in Table 4.14.

Each of the X-ray diffraction data sets for the L85F, L85M and L94S mutant proteins was

collected from a single crystal on an Enraf Nonius CAD4-Fii diffractometer as described in

Section 2.5.2. The incident radiation was generated by a nickel-filtered copper-target X-ray

tube operating at 26 mA and 40 kV, with the crystal to counter distance set to 36.8 cm and

the ambient temperature maintained at 15°C during data collection. Corrections to intensity



Chapter 4. Replacement of Conserved Leucines in Cytochrome c 93

data sets were applied to account for background radiation (Murphy et at., 1992), absorption

(North et at., 1968), crystal decay (Louie et at., 1988a), and Lorentz and polarization effects as

described in Section 2.5.2. Diffraction data for the L85C mutant protein was collected from a

single crystal on a Rigaku R-AXIS II imaging plate area detector as described in Section 2.5.3.

The incident radiation was generated by a RU-300 rotating anode generator operating at 100 mA

and 60 kV. Crystals were oscillated through a 4 angle of 1.00 for each frame. Processing of

this data set was carried out using the R-AXIS II data processing software (Higashi, 1990; Sato

et at., 1992) as described in Section 2.5.3. All four mutant protein data sets were put on an

absolute scale by inspection of Wilson (1942) plots as discussed in Section 2.5.4.

The crystals used for the collection of the diffraction data sets for the L85F and L94S mutants

of yeast iso-i cytochrome c were particularly small, as indicated in Table 2.3. The small size

of these crystals was reflected in the relatively weak intensity data measured for these mutant

protein data sets and the correspondingly higher number of unobserved reflections. Although

the size of the crystal used in the collection of the L8SC mutant protein diffraction data set

was comparable to that of the L85F mutant protein (Table 2.3), this data collection benefited

greatly from the increased intensity of the incident X-ray beam produced by the rotating anode

generator of the R-AXIS area detector and the improved sensitivity of the imaging plate area

detector, as discussed in Sections 2.5.3 and 2.6.3.1. Thus a correspondingly more complete data

set to higher resolution was obtained for the L85C mutant protein (Table 4.15; Figure 4.22).

Starting models for structural refinement of mutant proteins were constructed from the

coordinates of the wild-type iso-i cytochrome c protein (Louie & Brayer, 1990). This was

assisted by examining Fmutant Fwild_type difference electron density maps (Equation 2.6; Sec

tion 2.4.3.1). The replacement of Leu85 by cysteine and methionine, and the replacement of

Leu94 by serine could be readily built into the starting models based on these difference electron

density maps. For the L85F structure, the — FjId_type difference electron density map

was less clear and this residue was initially modeled as an alanine residue. Also included in

the starting models used for structural refinement of the mutant proteins were water molecules
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from the wild-type iso-i cytochrome c structure having isotropic thermal factors below 50 A2
and a sulphate anion bound to the amino terminal end of the N-terminal helix of this structure.

The four cytochrome c mutant structures were refined using a restrained parameter least-

squares approach (Hendrickson, 1985) following the methods described in Sections 2.6.3.1 and

2.6 and using the restraint weights listed in Table 2.4. The solvent water molecules included

in structural refinement were modeled as neutral oxygen atoms with full occupancies. During

refinement, as many as 80 individual cycles of least-squares refinement were carried out for

each mutant protein structure. The side chain of Phe85 in the L85F mutant protein structure,

which as discussed above could not initially be satisfactorily modeled, was clearly visualized in

a 2F0 — F difference electron density map obtained after 11 cycles of least-squares refinement

and the appropriate missing side chain atoms were added at this point. During the refinement

of each mutant protein structure, at least 3, and in some cases up to 6 (L8SF structure),

complete examinations of the entire polypeptide chain and all associated solvent molecules

were made with the aid of omit, F0 — F and 2F0 — F difference electron density maps to allow

for manual corrections to the refinement models. In addition to these overall examinations

of the polypeptide chain structure, less comprehensive manual interventions were carried out

during the course of the refinements, consisting for the most part of the adjustment of the

conformations of individual side chains and the addition and deletion of water molecules. A

water molecule was included in the structural model if it was found to be within 3.5 A of a

hydrogen bond donor or acceptor atom and refined to a thermal factor of less than 50 A2.

The final refinement parameters and structural stereochemistry for all four mutant protein

structures are summarized in Table 4.15.

Atomic coordinate errors for the four structures studied were estimated by two methods

as described in Section 2.6.3.4. Figure 4.22 shows the resultant Luzzati (1952) plot indicating

coordinate errors ranging between 0.16 A and 0.22 A for these structures. The Criiickshank

(1949) method produces overall atomic coordinate errors of 0.12 A, 0.18 A, 0.15 A and 0.18 A

for the L85C, L85F, L85M and L94S structures, respectively.



Chapter 4. Replacement of Conserved Leucines in Cytochrome c 95

Table 4.15: Refinement results and stereochemistry for the L85C, L85F, L85M and L94S yeast
iso-i cytochrome c mutant structures

L85C L85F L85M L94S

1. Refinement results

Resolution range (A) 6.0—1.81 6.0—1.9 6.0—1.9 6.0—1.9
Number of observed reflections 7614 4466 5210 4223
Completeness in resolution range (%) 85.8 57.2 67.3 55.3
Number of protein atoms 892 897 894 892
Number of solvent atoms 76 63 69 83

Average thermal factors (A2)
Protein atoms 21.6 15.9 15.3 14.6
Solvent atoms 33.3 24.4 27.6 24.7

R-factor 0.200 0.190 0.178 0.189

2. Stereochemistry of final models
r.m.s. deviation from ideal values

Distances (A)
Bond (1-2) 0.019 0.019 0.019 0.019
Angle (1-3) 0.037 0.040 0.039 0.039
Planar (1-4) 0.049 0.047 0.048 0.048

Planes (A) 0.014 0.013 0.015 0.014

Chiral volumes (A3) 0.146 0.160 0.156 0.166

Non-bonded contacts (A)f
Single torsion 0.211 0.214 0.212 0.216
Multiple torsion 0.188 0.202 0.186 0.194
Possible hydrogen bonds 0.194 0.225 0.198 0.236

Torsion angles (°)
Planar (0° or 180°) 2.3 1.9 2.5 2.2
Staggered (+60°,180°) 20.3 23.2 19.2 21.9
Orthonormal (±90°) 20.4 22.0 19.7 19.2

t The r.m.s. deviations from ideality for this class of restraint incorporates a reduction of 0.2 A
from the radius of each atom involved in a contact.
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Figure 4.22: A plot of the crystallographic R-factor at the end of refinement as a function
of resolution for the L85C (Q), L85F (v), L85M (s), and L94S (D’) mutants of yeast iso-i
cytochrome c. The theoretical dependence of R-factor on resolution assuming various levels
of r.m.s. error in the atomic positions of the model (Luzzati, i952) is shown as broken lines.
This analysis suggested an overall r.m.s. coordinate error for the mutant structures of between
0.16 and 0.22 A. The top portion of this figure (axes at top and right) shows the fraction of
reflections observed and used in refinement as a function of resolution.
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Table 4.16: Overall average positional deviations (A) between wild-type yeast iso-i cyto
chrome c and the L85C, L85F, L8SM and L94S mutant proteins

Iso-i cytochrome c mutant

Atom groups L85C L85F L85M L94S

All common protein atoms 0.19 0.39 0.27 0.30
All main chain atoms 0.13 0.25 0.15 0.19
All common side chain atoms 0.27 0.57 0.41 0.43
All heme atoms 0.10 0.17 0.14 0.13

4.3 Results

4.3.1 Structural comparison of mutant and wild-type cytochromes c

To facilitate structural comparisons, each of the four mutant protein structures was super

imposed onto the backbone of the high resolution wild-type structure (Louie & Brayer, 1990) by

a least-squares fit of of-carbon atoms. As shown in Table 4.16 and Figure 4.23, the global fold of

the polypeptide chain of all four mutant proteins is similar to that found in wild-type yeast iso-i

cytochrome c. Plots of the average positional deviations of residues along the polypeptide chain

of the mutant proteins are shown in Figure 4.24. The N-terminal residues, Thr(-5) through

Phe(-3), are largely disordered in the wild-type protein (Louie & Brayer, 1990) and display

large positional deviations in the mutant proteins. Other large positional deviations involve

the side chains of Lys(-2), Lys4, Lysil, Lys54, Asn63, G1u66, Lys87, Lys89, Lys99, LysiOO

and GluiO3 which are all located on the protein surface and have large thermal factor values.

The differences observed for these residues and those at the N-terminus are likely the result of

positional disorder rather than a consequence of the mutations introduced in this study. Also
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A

B

Figure 4.23: Stereo diagrams of the a-carbon backbones of the wild-type, L85C, L85F, L85M
and L94S iso-i cytochrome c structures in (a) the standard view looking at the heme edge-on
and (b) an alternate view looking directly into the mutation sites at residues 85 and 94. Also
drawn are the side chains of the mutated residues, Leu85 and Leu94, and the heme moieties
of all five proteins, along with the ligands to the heme iron atom (Hisi8 and Met8O) and
cysteines 14 and 17, which form covalent tliioether bonds to the heme porphyrin ring. Every
fifth amino acid residue is indicated by its one-letter amino acid designation and sequence
number. Residue numbering is based on an alignment of the primary sequence of yeast iso-I
cytochrome c (Table 1.1) where the amino-terminal residue of this protein is designated as
residue (-5).
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Figure 4.24: continued on next page.
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Figure 4.24: continued. Plots of average positional deviations from the wild-type yeast iso-i
cytochrome c structure for the (a) L85C, (b) L85F, (c) L85M and (d) L94S mutant proteins.
Thick lines indicate average deviations of main chain atoms while the thin lines indicate average
deviations of the equivalent side chain atoms. In each diagram the filled circle at residue position
104 represents the average positional deviation of the heme group. The plotted horizontal
dashed line represents the average positional deviation for all main chain atoms.
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examined between the four mutant proteins studied and wild-type yeast iso-i cytochrome c

were overall heme group geometry (Table 4.17) and solvent exposure (Table 4.18). Additional

conformational differences are observed about substituted residues in each mutant cytochrome c

and these are discussed below in subsequent sections.

4.3.2 Structure of L85C cytochrome c

Examination of the amino acid side chains directly in the mutation site reveals that the xi
torsion angle of Cys85 (-94°) is similar to that of the normally resident Leu85 in the wild-type

structure (-95°). The SG atom of Cys85 is positioned close to the aromatic ring of Phe82,

being only 5.0 A from the ring centroid and 3.7 A from the CZ atom. Thus, this sulfur atom

forms a favorable nonpolar interaction with the edge of the Phe82 aromatic ring of the type

described by Reid et al. (1985). The sulfur atom of Cys85 also forms a hydrogen bond (d =

2.8 A ) to a new water molecule, Wat227, which occupies a position similar to that of the CD2

atom of Leu85 in the wild-type protein. This latter group constitutes the branch of the leucine

side chain projected toward the surface of the protein (Figure 4.25). Although the smaller size

of a cysteine side chain at residue 85 might be expected to result in the formation of a direct

interaction between the side chains of Argl3 and Asp9O, as observed in the F82Y/L85A and

L85A mutant proteins (Chapter 3), this is prevented in the current structure by the intervening

Wat227 and the positioning of the sulfhydryl moiety of Cys85 (Figure 4.25), which together

provide comparable steric bulk to that of the normally resident leucine side chain in the wild-

type protein.

Although there is no corresponding replacement for the buried CD1 carbon atom of Leu85

in the L85C mutant protein and therefore no spatial constraint preventing reorientation of

the side chain of Leu94, this latter residue does not exhibit the conformational rearrangement

seen in the L85A mutant protein (Chapter 3). This may arise since the sulfur atom of Cys85

effectively excludes bulk solvent from the hydrophobic interior of the protein unlike the solvent

channel formed when an alanine residue is substituted at this location. This would suggest that
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Table 4.17: Heme geometry of L85C, L85F, L85M, L94S and wild-type yeast iso-i cytochromes c

Wild-type LS5C L85F L85M L94S

1. Angular deviations (°) between the pyrrole nitrogen plane normal
and the four individual pyrrole ring plane normals and the heme
coordinate bonds.

A 9.4 11.4 10.4 11.5 14.1
B 11.1 10.5 10.0 10.7 11.1
C 8.8 9.0 13.3 9.1 11.6
D 8.1 8.3 8.1 9.4 12.5

Fe - His 18 NE2 2.2 3.9 3.5 4.2 4.6
Fe - Met8O SD 4.9 3.9 0.9 3.5 1.9

2. Angular deviations (°) between the porphyrin ring plane normal
and the four pyrrole ring plane normals, the pyrrole nitrogen
plane normal and the heme coordinate bonds.

A 6.7 8.3 6.4 8.7 7.9
B 11.9 11.8 12.1 12.2 12.5
C 9.8 9.4 11.5 9.2 11.4
D 6.0 5.8 4.0 7.3 6.3

NNNN 2.6 3.3 4.5 3.3 6.2
Fe - Hisl8 NE2 3.2 2.4 1.8 6.7 2.9
Fe - Ivlet8O SD 7.5 7.1 5.1 6.7 5.7

3. Bond distances (A) between the heme iron atom and its
six ligands.

Hisi8 NE2 1.98 1.98 2.00 1.97 1.97
Met8O SD 2.36 2.28 2.43 2.28 2.34
Heme NA 1.97 2.01 2.01 1.98 1.99
Heme NB 2.00 2.00 2.01 2.03 2.03
Heme NC 1.99 2.01 1.98 2.01 2.01
Heme ND 2.01 2.06 2.05 2.04 2.04

The pyrrole nitrogen plane is defined by the four pyrrole nitrogens of the heme group. The four
pyrrole ring planes are each defined by the five atoms of the ring and the first carbon atom
attached to each of the four carbons of the ring. The porphyrin ring is defined by the five atoms
in each of the four pyrrole rings, the four bridging methine carbon atoms, the first carbon atom
of each of the eight side chains of the heme and the central iron atom of the heme. The heme
atom nomenclature used in this table follows the conventions of the Protein Data Bank (see
Figure 1.2).
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Table 4.18: Heme solvent accessibility in L85C, L85F, L85M, L94S and wild-type yeast iso-i
cytochromes c

Yeast iso-i cytochrome c structure

Wild-type L85C L85F L85M L94S

1. Solvent accessible heme atoms and
surface area exposed (A2)

CHD 2.9 3.1 3.6 3.3 0.0
CMC 9.2 9.8 9.7 10.4 9.7
CAC 3.4 3.5 2.3 3.2 4.3
CBC 20.1 19.5 20.2 19.4 20.9
CMD 10.8 11.1 6.8 10.5 7.7

2. Total heme exposure (A2) . 46.4 47.0 42.6 46.8 42.6

3. Total heme surface (A2) 513.1 515.8 511.7 516.2 514.5

4. % heme surface area exposed 9.0 9.1 8.3 9.1 8.3

Solvent exposure was determined by the method of Connolly (1983) with a probe sphere having
a 1.4 A radius.
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Figure 4.25: Stereo diagrams showing two views of the region about Cys85 in the L85C mutant
protein. In each diagram the structure of the wild-type protein (thick lines) has been superim
posed on the mutant protein structure (thin lines). A water molecule (Wat227) which forms a
hydrogen bond (d = 2.8 A; dashed line) to the sulfur atom of Cys85 is depicted by an asterisk.
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Leu94 side chain reorientation in the L85A protein is not a result of simple spatial compensation

caused by the decrease in side chain size at residue 85, but arises from a need to minimize the

exposure of its hydrophobic side chain to bulk solvent.

Other conformational changes in the vicinity of the mutation site involve G1y83 and Leu9

(Figure 4.24a). For G1y83, the average main chain deviation observed is 0.31 A, which is

more than two times the overall average deviation of 0.13 A between the L85C and wild-type

proteins (Table 4.16). It would seem that G1y83, being part of a flexible double glycine sequence

which can readily adopt alternate conformations, is responding to the need to attain an optimal

packing arrangement in the vicinity of the mutation site. Such compensatory behavior by G1y83

has been previously observed in the F82S (Louie et al., 1988b) and F82G (Louie & Brayer, 1989)

mutant proteins. In the wild-type iso-i cytochrome c structure, the side chain of Leu9 is located

at the protein surface and exhibits two distinct conformations (Louie & Brayer, 1990). The

side chain of Leu9 in the L85C structure adopts neither of these, but has a conformation (Xi

-80°; X2 = 153° ) which resembles that of Leu9 in L85A cytochrome c (Xi = -70°; X2 =

177°; Chapter 3). In this alternate conformation, the side chain of Leu9 is farther away from

the newly bound Wat227 than would be the case if this residue were to adopt either of the

conformations observed in the wild-type protein. This suggests that reorientation of the side

chain of Leu9 arises in order to decrease the interaction of this aliphatic side chain with Wat227.

4.3.3 Structure of L85F cytochrome c

Introduction of a phenylalanine residue at position 85 allows the formation of a direct aromatic

ring to aromatic ring interaction with Phe82. This occurs between the edge of the phenyl

group of Phe82 and the face of the Phe85 aromatic ring (Figure 4.26), with the CZ atom of

Phe82 being 4.0 A from the centroid of the Phe85 ring. The centroids of these aromatic rings

are 5.4 A apart and the normals of their rings form an angle of 57°; values consistent with

energetically favorable aromatic ring to aromatic ring interactions (Burley & Petsko, 1985;

Singh & Thornton, 1985). Notably, the larger size of the phenylalanine replacement of Leu85



Chapter 4. Replacement of Conserved Leucines in Cytochrome c 106
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Figure 4.26: Stereo diagrams showing two views of the region about Phe85 in the L85F mu
tant protein. In each diagram the structure of the wild-type protein (thick lines) has been
superimposed on the mutant protein structure (thin lines).
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causes the a-carbon of Phe85 to be shifted toward the protein surface (Lid = 0.4 A ), requiring
compensating adjustments in the conformations of nearby polypeptide chain, including the

main chain atoms of residues 81 through 86 (Figures 4.24b and 4.26). Surprisingly, these shifts

do not affect the orientation of the Phe82 side chain (LIXi = 50; X2 = 40 ) Retention of

side chain torsional angles in combination with the displacement of main chain segments is not

an uncommon response to the mutation-induced repacking of protein interiors (Baldwin et al.,

1993).

Of the residue side chains which pack directly against the side chain of residue 85, Leu9 and

Argl3 undergo the largest shifts upon mutation of Leu85 to phenylalanine (Figure 4.26). Leu9

assumes a novel side chain conformation not seen in either the wild-type protein or in other

mutants with replacements of Leu85. Other nearby residues such as Leu68, Asp9O and Leu94

occupy positions similar to those seen in the wild-type protein (Figure 4.26).

4.3.4 Structure of L85M cytochrome c

The xi. torsion angle of Met85 exhibits a conformation (-154°) which differs from all other

replacements at this position. If Met85 were to adopt a xi. conformation similar to that of

Leu85 in the wild-type protein (Xi = 950 ), the SD atom of this residue would form an

unfavorable interaction with the ir-electron cloud of the aromatic ring of Phe82 (Reid et al.,

1985). Thus the Met85 orientation observed apparently arises from the need to position the

delta sulfur atom of this residue away from the aromatic ring of Phe82. This is in contrast

to the SG atom of Cys85 in the L8SC mutant protein which makes an energetically favorable

interaction with the edge of the side chain of Phe82. The added side chain length of Met85 also

impinges upon the region occupied by Leu9 in the wild-type protein. This potential conifict

causes Leu9 to adopt the conformation observed in Figure 4.27 (Xi = -80°; X2 = 164° ) which

is similar to that seen in the L85C and L85A mutant proteins.
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Figure 4.27: Stereo diagrams showing two views of the region about Met85 in the L85M mu
tant protein. In each diagram the structure of the wild-type protein (thick lines) has been
superimposed on the mutant protein structure (thin lines).
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4.3.5 Structure of L94S cytochrome c

In wild-type yeast iso-i cytochrome c the side chain of Leu94 is buried in the hydrophobic heme

pocket at the crossover point between the N (residues 2-14) and C (residues 87-102) terminal

helices (Figure 4.28). To accommodate the hydrophilic nature of a serine side chain at this

position, a novel conformation is adopted. The Xi torsion angle of Ser94 rotates by -135°

with respect to that of Leu94, placing the OG atom in a position to form bifurcated hydrogen

bonds to the main chain carbonyl atoms of Asp9O and Arg9i (Figure 4.28). Despite these

new interactions, both of these carbonyl groups retain their hydrogen bonds to the main chain

amide groups of Leu94 and fle95, respectively. Conformations of serine residues in a-helices

which allow hydrogen bonding between the side chain hydroxyl group and main chain carbonyl

oxygen atoms of the previous helical turn are common when these residues are buried in the

hydrophobic interiors of proteins (Gray Matthews, 1984).

In response to the movement of Ser94 away from the interior of the protein, the side chain

of Leu98 shifts toward the region vacated by residue 94 (Figure 4.28), with the CD1 atom of

this residue moving by 1.3 A. The Leu9 side chain orientation seen in this mutant protein (Xi

-129°; X2 = 137° ) corresponds to an alternative conformation of this residue seen in the

wild-type protein (Xi = -111°; X2 123° ). It appears that this conformation of Leu9 is favored

to avoid direct contact with the hydroxyl group of Ser94.

4.4 Discussion

4.4.1 Structural consequences of residue 85 and 94 mutations

As summarized in Table 4.19, significant structural changes observed in mutants of yeast iso-i

cytochrome c with replacements of the conserved leucines at positions 85 and 94 are localized

to the vicinity of the mutation sites. These appear to arise primarily as a consequence of the

spatial requirements of the new side chains and the need to optimize the new intramolecular

interactions formed. For example both CysS5 and Phe85 are oriented to form energetically
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A

B

Figure 4.28: Stereo diagrams showing two views of the region about Ser94 in the L94S mutant
protein. The structure of the wild-type protein has been superimposed and is shown with
thick lines while the mutant protein structure is depicted by thin lines. Altered side chain
conformations for Leu9 and Leu98 are clearly evident. Hydrogen bonds formed between the
hydroxyl group of Ser94 and the main chain carbonyl oxygen atoms of Asp9O and Arg9l are
represented by dashed lines. Intra-helical hydrogen bonds formed between these carbonyl groups
and the amide nitrogen atoms of Leu94 and 11e95 are also represented by dashed lines.
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favorable interactions with the edge of the aromatic ring of Phe82. The conformation of Cys85

is such that the SG atom of this residue interacts with the edge of the aromatic ring of Phe82

(Reid et at., 1985) while for Phe85, an edge-face interaction with Phe82 is introduced (Burley &

Petsko, 1985; Singh & Thornton, 1985). A similar perpendicular edge-face interaction between

two phenylalanine rings was recently noted in a mutant of T4 lysozyme and resulted in the

stabilization of that protein (Anderson et at., 1993). Although the precise geometries of these

two interactions are somewhat different, it is likely that this interaction in L85F cytochrome c

would have a similar stabilizing effect. In contrast, in the L85M mutant protein, Met85 adopts

a more distant conformation which prevents a potentially unfavorable interaction of its SD

atom and the 7r-electron cloud of Phe82 (Reid et at., 1985). Finally, the side chain of Ser94 in

the L94S mutant protein adopts a conformation which allows interaction with two main chain

carbonyl groups of the C-terminal a-helix (residues 90 and 91), thereby satisfying the hydrogen

bonding potential of the Ser94 hydroxyl group.

4.4.2 Effects on reduction potential

An essential factor controffing cytochrome c reduction potential is the dielectric constant of

the heme pocket (Kassner, 1973; Louie & Brayer, 1989; Moore & Pettigrew, 1990). This is

dependent in large part on both the solvent exposure of the heme group and the polarity

of those residues in the immediate heme environment. For example, the reduction potential

of yeast iso-i cytochrome c can be significantly decreased by an increase in either the solvent

exposure of the heme moiety (Louie et at., i988b) or the polarity of protein substituents packing

directly against the heme plane (Louie & Brayer, 1989). However, this effect rapidly drops off

with distance so that the introduction of polar groups such as hydroxyl moieties or internal

water molecules at distances greater than A from the heme porphyrin plane do not result in

a significant decrease in reduction potential (Chapter 3).

The reduction potential of the L85C mutant protein is very similar to that of wild-type

yeast iso-i cytochrome c (Table 4.20), despite the introduction of a polar side chain and a
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Table 4.20: Reduction potentials for L85C, L85F, L85M, L94S and wild-type yeast iso-i cyto
chromes c

Cytochrome c Em (mV)

Wild-type 290±2

L85A 285+3

L85C 288+3

L85F 285±2

L85M 284+2

L94S 280±2

Experimental conditions were: 25°C, pH 6.0 and it = 0.1 M. Values are listed relative to a stan
dard hydrogen electrode reference. The first value listed was taken from Rafferty et at. (1990)
while the values for the mutant proteins have resulted from collaborative work performed in
conjunction with this thesis and published in Lo et at. (1995c) and Guillemette et at. (1994).

newly bound water molecule (Figure 4.25). Examination of this structure shows that the sulfur

atom of Cys85 is pointed toward the protein surface and is distant from the heme porphyrin

ring (d 7.1 A ), while Wat227 is located at an even greater distance (d = 9.1 A ). Thus these

new features of the L85C mutant protein do not change the dielectric constant in the direct

vicinity of the heme group. A further factor which preserves the hydrophobic pocket about the

heme is the manner in which the orientation of the Cys85 side chain excludes entrance of bulk

solvent into this region.

Replacement of Leu85 by either phenylalanine or methionine also does not result in reduction

potentials which are significantly different from that of the wild-type protein (Table 4.20). This
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is to be expected given that the substitutions are hydrophobic and the solvent exposure of the

heme groups in these two proteins do not differ greatly from the wild-type protein (Table 4.18).

These results indicate that conformational changes occurring to accommodate these amino acid

replacements do not significantly impact the heme environment.

Replacement of Leu94 by a serine does result in a modest decrease in the reduction potentiai

of cytochrome C (LE = -10 mV; Table 4.20). This effect is unlikely to arise from changes in

side chain polarity since the gamma oxygen atom of Ser94 is distant from the heme porphyrin

plane (d = 7.4 A ). Temperature dependence measurements (data not shown) reveal that the

decreased reduction potential of L94S cytochrome c is more the result of changes in the entropy

of reduction, LS° (-12.6 e.u. in L94S; -9.1 e.u. in wild-type), rather than changes in the

enthalpic contribution, iH° (-14.9 kcal/mol in L94S; -14.0 kcal/mol in wild-type). Two factors

proposed to affect the entropy of reduction are the reordering of solvent around the polypeptide

chain (Taniguchi et at., 1980) and alteration of side chain packing in the hydrophobic core

(Murphy et at., 1992). It is possible that either or both of these factors may play a role in the

decreased reduction potential of the L94S mutant protein given the structural changes observed.

4.4.3 Functional alterations

Earlier studies have implicated residue 85 in the formation of bimolecular electron transfer

complexes involving cytochrome c (Pielak et at., 1988; Burch et at., 1990; Nocek et at., 1991).

However, a recent examination of model complexes formed between cytochrome c and cyto

chrome b5 shows that Leu85 is not likely to reside at the interface between these two proteins

(Northrup et at., 1993; Guillemette et at., 1994). Furthermore, measurements of the rate of elec

tron transfer in this complex have revealed no significant changes when Leu85 of cytochrome c

is replaced by either cysteine, phenylalanine or methionine (Guillemette et at., 1994). Our

results support the conclusion that Leu85 is not a major factor in bimolecular complexation

with cytochrome b5, given the absence of functional effects in light of the significant protein

surface changes observed for the L85C, L85F and L85M mutant proteins.
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In the case of Leu94 in cytochrome c, mutation to serine has been found to significantly

decrease the growth of yeast (Hampsey et aL, 1986; Fredericks & Pielak, 1993). These effects

have been ascribed to both defective formation of the hydrophobic heme pocket (Hampsey

et al., 1986) and alteration of the nature of the interaction between the N (residues 2-14)

and C-terminal (residues 87-102) c-helices of cytochrome c (Fredericks & Pielak, 1993). Our

results show that the L94S mutation does have a direct effect on the hydrophobic heme pocket,

precipitating structural changes in the adjacent conserved leucine cluster and the hydrophobic

internal cavity. However, the N and C-terminal helices which intersect in a nearly perpendicular

manner (Figure 4.23) and appear to be an essential component in the folding of cytochrome c

(Roder et aL, 1988) are unaffected (Figures 4.24 and 4.28) by the L94S mutation in terms of

structural integrity and orientation. These results show that the yeast growth rate alterations

caused by this mutation are most likely the result of disruption of the heme pocket region.

A study of a mutagenic library has also suggested that the large number of substitutions

observed at Leu94 and at the adjacent Tyr97 are likely accommodated by shifts in the position

of the interacting N and C-terminal helices (Fredericks & Pielak, 1993). Our results show that

at least in the case of the L94S mutant protein, no such structural change is observed. It is likely

that the presence of a cluster of leucine side chains in this region of the protein, including Leu9,

Leu68, Leu85, Leu94 and Leu98, in conjunction with a nearby internal cavity, provide sufficient

structural plasticity such that any of the mutant side chains introduced can be accommodated

without shifts in the relative orientations of these two helices.

4.4.4 Hydrophobic internal cavity fluctuations

As illustrated in Figure 4.29, a large internal cavity is found in yeast iso-i cytochrome c,

bounded by the side chains of Leu32, 11e35, Met64 and Leu98, and one edge of the heme

group (Louie & Brayer, 1990). There are no potential hydrogen bonding partners on the cavity

surface and no water molecules are observed to be present. This cavity can be eliminated by

the replacement of Leu98 by a methionine residue (Murphy et aL, 1992) or by a positional shift
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Figure 4.29: A stereo diagram showing the location of the hydrophobic internal cavity (dot
surface) found in wild-type iso-i cytochrome c. The heme group and nearby side chains that
define the outer limits of this cavity in the L85F (thick lines) and L94S (thin lines) mutant
proteins have been superimposed on the structure of the wild-type protein (medium lines). The
different conformations observed for the Leu98 side chain are largely responsible for determining
the size of this internal cavity. In the L85F mutant protein, the Leu98 side chain moves into
the internal cavity, effectively eliminating this feature. In the L94S mutant protein, the Leu98
side chain moves toward the side chain of Ser94, causing an increase in cavity size. The volume
and surface area of this cavity in a wide range of mutant proteins is tabulated in Table 4.21.

of the side chain of Leu98 (Murphy et al., 1993). A tabulation of the volume and surface area

of this hydrophobic cavity for a series of mutant proteins having replacements of Leu85 and

Leu94, as well as Phe82, is presented in Table 4.21.

As evident in Table 4.21 there is a trend for the size of the internal cavity to be affected by

volumetric changes brought about by mutagenesis, even if the site of mutation is not immedi

ately adjacent to the cavity wall. For example, mutations in which one residue is replaced by

a larger one (F82Y, L85F) tend to eliminate this cavity. Conversely, substitution of a smaller

residue for the native amino acid (F82G, F82S, L85A, L94S) tends to cause an increase in cavity
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Table 4.21: Surface area and volume of the hydrophobic internal cavity in mutant and wild-type
yeast iso-i cytochromes c

Protein Surface area (A2) Volume (A3)

Wild-type 40.4 35
F82G 54.1 42
F82S 50.0 40
F82Yt — —

F82Y/L85A 25.8 15
L85A 47.8 40
L85Ct — —

L85Ft — —

L85M 44.4 31
L94S 72.1 56

Surface areas and cavity volumes were calculated by the methods of Connolly (1983, 1985) with
probe spheres of radius 1.4 A and 1.2 A, respectively. The values for surface areas and volumes
are estimated to have errors of ±5.0 A2 and ±5 A3, respectively. The structure of the wild-type
protein was from Louie & Brayer (1990); the F82G mutant from Louie & Brayer (1989); the
P825 mutant from Louie et al. (1988b); and the F82Y, F82Y/L85A and L85A mutants from
Chapter 3.

f no cavity could be detected with a 1.4 A radius probe sphere.
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size. Furthermore, mutation to a similar sized (L85M) residue seems to help maintain the size

of the cavity. Although the behavior of the F82Y/L85A and L85C mutants would seem to

contradict these trends, it must be realized that newly bound water molecules are introduced

either into the protein interior (F82Y/L85A; Chapter 3) or onto the protein surface (L85C;

Figure 4.25) in these mutants, causing a net increase in steric bulk.

The position of the side chain of Leu98 seems in large part to determine cavity size, with

even small shifts of this residue having significant effects. In some cases, this dependence can

be readily explained by changes in immediately adjacent residues such as in the L94S mutant

protein (see Figure 4.29). However, in other mutant proteins, the cause for a positional shift

in Leu98 and a subsequent change in cavity size is not as obvious. It is likely that small,

cumulative changes in the positions of both main chain and side chain atoms result from the

introduced mutations, and that there are subtle structural strains arising from these changes.

It is possible that the combination of a hydrophobic internal cavity and the presence of the

nearby flexible leucine cluster composed of not only Leu98, but also Leu9, Leu68, Leu85 and

Leu94, can act as a structural buffer in these cases.

Previous studies of residue substitutions resulting in a decrease in side chain size can provide

some insight into the current structural results. For example, such mutations in a hydrophobic

protein core can result in either the creation of internal cavities (Eriksson et at., 1992) or the

contraction of the protein around the affected region (Katz & Kossiakoff, 1990; McRee et at.,

1990). From our results, we observe that for the internal L94S cytochrome c mutant, the nearby

internal cavity has been enlarged by the largest amount (Table 4.21) without contraction of the

protein, indicating that the immediate region has considerable structural rigidity. In contrast,

the introduction of size decreasing mutations at protein surfaces can result in the reorganization

of the local solvent structure around newly available hydrogen bonding protein moieties (Katz

& Kossiakoff, 1990; Nair et at., 1991; Nair & Christianson, 1993) or a combination of positional

shifts in nearby side chains with the introduction of bound solvent molecules (Bone et at., 1989;

Varadarajan & Richards, 1992). While the former situation applies in the case of the L85C
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cytochrome c mutant, a unique scenario was observed in the L85A mutant protein (Chapter 3).

Without compensating structural changes, this latter mutation would result in the creation of

a hydrophobic invagination exposed to bulk solvent. The presence of the flexible leucine cluster

in this region of the protein allows compensatory adjustments which effectively exclude solvent

from the hydrophobic protein interior. Although the effect of these adjustments increases

the size of the internal cavity of iso-i cytochrome c, the energetic cost involved appears to

be adequately offset by the gain from preserving the hydrophobic environment of the protein

interior. These examples show that the response to structurally disruptive mutations will vary

depending on the rigidity of the protein backbone and the flexibility of nearby side chains.

Overall, our results suggest that the conserved leucine cluster found in cytochrome c along

with an internal hydrophobic cavity allows this protein to retain a measure of conformational

flexibifity. Apart from an abifity to adapt to mutations, it is also conceivable that these two

features have a role in cytochrome c function from the standpoint of providing the fiexibifity

to assist in the structural switch of this protein between oxidation states (Berghuis & Brayer,

1992). Many of those residues affected in an oxidation state dependent manner are located

adjacent to the leucine cluster region, as well as the nearby internal hydrophobic cavity.



Chapter 5

Replacement of the Invariant Phenylalanine 82 in Cytochrome c by Aliphatic

Residues

5.1 Introduction

The previous two chapters have dealt with the potential role of Phe82 and Leu85 in form

ing contact face interactions, as well as looking at the contribution of Leu85 to an internal

hydrophobic leucine cluster and a related internal hydrophobic cavity. As part of this latter

study Leu94 was also investigated since it contributes to both the leucine cluster and cavity

structures in addition to being located at the juncture between the N and C-terminal helices

of the cytochrome c fold. In the present chapter a closer study is made of the role of Phe82, in

particular as this relates to its replacement by large aliphatic amino acids.

As discussed in Chapter 3, Phe82 is a phylogenetically invariant residue in cytochrome c

(Hampsey et at., 1988; Moore & Pettigrew, 1990) that plays a role in electron transfer complex

formation (Pielak et at., 1985; Michel et at., 1989), electron transfer kinetics (Everest et at.,

1991; Hazzard et al., 1992) and heme reduction potential (Rafferty et aL, 1990). Previous

structural studies have looked at mutant proteins wherein Phe82 was replaced by glycine (Louie

& Brayer, 1989), serine (Louie et at., 1988b) or tyrosine (Chapter 3), but as yet these studies

have not been extended to replacements by large aliphatic side chains.

Replacement of Phe82 by leucine, methionine or isoleucine leads to mutant proteins that

exhibit unique functional properties and it is therefore of considerable interest to be able to

correlate structural studies with these data. For example, these mutant proteins all behave dif

ferently in their kinetics of electron transfer with cytochrome b5 (Wiffie et at., 1993; Guillemette

et ci., 1994) and cytochrome c peroxidase (Everest et at., 1991; Nocek et at., 1991). Especially
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notable is the F821 mutant protein, in which 50 x tighter binding with cytochrome c oxidase

is observed (Michel et at., 1989) along with strikingly different kinetics of electron transfer

(Hazzard et at., 1992).

Another aspect of cytochrome c function addressed in the present studies involves the

reduction potential of cytochrome c. All three replacement aliphatic side chains are smaller

and of different shape than that of the normally resident phenylalanine, and the substitution

of each could be expected to result in the formation of a cavity or even potentially a solvent

channel into the heme pocket. This would be expected to produce a concomitant decrease in

heme reduction potential. While this result is observed in the F821 mutant protein, albeit to

a smaller than expected degree, this is not the case for the F82L and F82M mutant proteins

(Rafferty et at., 1990). Thus the question arises as to how the side chains of leucine and

methionine, when substituted for Phe82, act to preserve the hydrophobic nature of the heme

pocket. The goal of the present chapter is to address this question and others related to the

unique features demonstrated by the F821, F82L and F82M mutants of cytochrome c. This

work has been submitted for publication as part of Lo & Brayer (1995).

5.2 Experimental Procedures

5.2.1 Crystallization and data collection

Using the conditions detailed in Table 2.3, the F821 and F82M mutant proteins were crystallized

by the hanging drop vapour diffusion method, while the F82L mutant protein was crystallized

by the free interface diffusion technique. Both of these crystallization methods are described

in Section 2.3. All crystaffizations of these proteins were aided by seeding with micro-crystals

(Leung et at., 1989). Crystals of the F821 and F82M mutant proteins grew isomorphously to

those of the wild-type protein and belong to the space group P43212, with the cell dimensions

listed in Table 5.22.

In contrast, the morphology of the crystals formed by the F82L mutant protein was unique

and these crystals were not isomorphous to those found for wild-type yeast iso-i cytochrome c.
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Table 5.22: Data collection parameters for F821, F82L and F82M yeast iso-i cytochromes c

Iso-i cytochrome c mutant

Parameter F821 F82L F82M

Space group P43212 I222 P43212
Cell dimensions (A)

a 36.49 62.92 36.52
b 36.49 69.15 36.52
c 136.87 104.26 138.33

Number of reflections collected 13825 13183 8514
Number of unique reflections 6250 5101 3820
Merging R-factort 0.069 0.094 0.134
Resolution (A) 1.9 2.5 2.1
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Instead of the normally observed rounded pifiow shape found for crystals of the wild-type

and related mutant proteins, crystals of the F82L mutant protein were rectangular prisms

with sharp well defined edges and faces. It is also notable that F82L mutant protein crystals

required considerably more time to grow (nearly 2 years) than those of other mutant proteins.

Precession photography and subsequent diffraction data collection indicated that these crystals

were of either space group 1222 or I22i2, with the cell dimensions listed in Table 5.22.

Unfortunately, these two orthorhombic body-centered space groups are indistinguishable from

one another on the basis of systematic absences, since the absences expected for the 2i screw

axes of space group I222 form a subset of the general absences caused by body-centering in

both space groups. It is of interest to note that if one assumes there is one protein molecule

per asymmetric unit, a solvent content of ‘-72% can be calculated for these crystals (Matthews,



Chapter 5. Aliphatic Replacements of Phe82 in Cytochrome c 123

1968). A solvent content of ‘.‘44% is expected if the assumption is made that there are two

molecules per asymmetric unit. As both of these situations are theoretically possible, each was

considered during the structure solution of this protein, as described below.

Diffraction data for the F821, F82L and F82M mutant proteins were collected on a Rigaku

R-AXIS II imaging plate area detector system with incident radiation provided by a RU-300

rotating anode generator operating at 90—100 mA and 50—60 kV, as discussed in Section 2.5.3.

Crystals were oscifiated through a 4 angle of 1.00 for each frame, with the X-ray exposure

time ranging between 20 and 30 minutes. X-ray intensity data were processed to structure

factors following the procedures described in Section 2.5.3 using the R-AXIS II data processing

software (Higashi, 1990; Sato et al., 1992). The method of Wilson (1942) was used to put each

mutant protein data set on an absolute scale as described in Section 2.5.4.

As illustrated in Figure 5.30, an examination of the diffraction data sets obtained for the

F821, F82L and F821V1 mutant proteins revealed that the crystals of all three proteins diffracted

poorly, having a rapid fall off in intensities with increased resolution. For the F821 and F82M

mutant proteins this was likely a consequence of the extremely small size of the crystals that

could be grown (Table 2.3) despite numerous crystallization trials to improve on these. A

primary factor in successful data collection in these cases was undoubtedly the sensitivity of

the R-AXIS II area detector and the availability of a rotating anode X-ray source. As discussed

in Section 2.6.3.1, earlier attempts to collect diffraction data sets from crystals of these two

mutant proteins using a CAD4 diffractometer with a sealed beam X-ray tube were unsuccessful

since the poor quality of the data sets obtained precluded their use in structural refinement.

For the F82L mutant protein, although the best crystal that could be grown was also

relatively small, it was of a size comparable to a number of other crystals of mutant iso-i

cytochromes c used in structural analyses (Table 2.3). However, this F82L mutant protein

crystal diffracted considerably poorer than might be expected at higher resolution. This result

may be related to the very open packing of the alternative crystalline lattice of these crystals

as discussed in later sections. As shown in Figure 5.30, the completeness of the diffraction data
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Figure 5.30: A plot of the crystallographic R-factor at the end of refinement as a function of
resolution for the F821 (Q), F82L (v) and F82M (0) mutants of yeast iso-i cytochrome c. The
theoretical dependence of R-factor on resolution assuming various levels of r.m.s. error in the
atomic positions of the model (Luzzati, 1952) is shown as broken lines. This analysis suggested
an overall r.m.s. coordinate error for the mutant structures of between 0.20 and 0.26 A. The
top portion of this figure (axes at top and right) shows the fraction of reflections observed and
used in refinement as a function of resolution.
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that could be collected for the F82L mutant protein crystal was low beyond 3.0 A resolution

and was oniy 27.6% for the 2.6—2.5 A resolution shell. Even though it was limited, the collection

of diffraction data for the F82L mutant protein was extended to 2.5 A resolution in the hope

of getting a reasonable definition of the protein structure despite the weakness of the data at

high resolution.

5.2.2 Structure solution for the F82L mutant protein using molecular replacement

methods

Crystallization of F82L yeast iso-i cytochrome c in a unique space group necessitated the use

of the molecular replacement approach in the solution of the structure of this protein. A brief

summary of the theoretical basis for this method is presented in Section 2.4.3.2. The set of

molecular replacement programs used in these studies was the MERLOT package (Fitzgerald,

i988) running on a Silicon Graphics 4D/340 workstation.

A key factor in the success of a molecular replacement search is the quality of the initial

search model. For mutant proteins with a small number of amino acid substitutions, molecular

replacement analyses are facilitated since the search model that can be constructed closely

resembles the target structure. The search model used in this case was based on the high

resolution structure of wild-type yeast iso-i cytochrome c (Louie & Brayer, 1990) and consisted

of residues -.1 through 103, the heme group and four internal water molecules. The four residues

at the N-terminus were not included since these are largely disordered in the wild-type structure.

The four internal water molecules included in the search model, WatilO, Wati2i, Wati66 and

Wati68, are highly conserved and can be considered to be an integral part of the protein

structure. The side chain at residue 82 was modeled as an ala.nine since the conformation of a

leucine at this position was not known.

The search model was initially centered at the origin of a P1 unit cell with a=b=c=90 A

and o=/3=7=90°, and structure factors were calculated to 3.0 A resolution. The thermal factors

of all atoms were assumed to be 15.5 A2, the same as the average of the thermal factors of
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the wild-type iso-i cytochrome c atoms included in the search model. A fast rotation function

search (Crowther, 1972) was carried out with data between 10.0 and 3.5 A resolution. This

search was performed for 0.0° a < 180.0° in 2.5° steps, 0.0° < /3 < 90.00 in 1.00 steps

and 0.0° ‘y < 360.0° using 5.0° steps. The radius of the search about the Patterson origin

was limited to 19.0 A and origin removal was applied. The highest peak observed was 6.2a

above background, with the next highest peak being of height 4.5o as illustrated in Figure 5.31.

Fine scans to optimize the best rotation function solution obtained (Lattman & Love, 1972)

employed 1.00 steps spanning +5.0° in each of a, j3 and 7.

The translation function of Crowther and Blow (1967) was used to determine the trans

lational positioning of the rotationally oriented model of the F82L mutant protein within the

crystallographic unit cell. Due to crystallographic symmetry, there are four symmetry related

rotation function solutions in each of the two orthorhombic body-centered space groups. The

translation function search was applied to each different pair of rotationally related molecules

utilizing diffraction data between 10.0 and 3.5 A resolution. The height of the largest peak from

each translation search ranged from 6.5u to 8.3u (Figure 5.32). This set of peaks was consistent

with the I222 space group but not with the 1222 space group. The correctly oriented and

translated search model obtained from this molecular replacement search resulted in a starting

crystallographic R-factor of 0.398 for data between 6.0 and 3.0 A resolution.

Given the large size of the unit cell of the F82L mutant protein crystals (72% solvent con

tent if only one molecule is present in the asymmetric unit), the possibifity of a second protein

molecule being present within the asymmetric unit was carefully assessed during and after the

studies discussed above. In particular, application of translation function searches to the next

highest peaks resulting from the rotation function search did not produce any additional solu

tions. Furthermore, a self rotation search was performed to determine if non-crystallographic

symmetry elements were present. The results of this analysis were also negative. After the

completion of refinement of the F82L mutant protein structure (discussed in Section 5.2.3), a

further inspection of 2F, — F and F0 — F difference electron density maps also failed to show
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Figure 5.31: Two sections of the rotation function map calculated for F82L iso-i cytochrome c.
The correct solution (a = 1°, fi = 83°, -y = 82°), having a peak height 6.2o above background,
is shown on the left in the map section at ,8 = 83°. For comparison, on the right is shown the
map section having the second highest peak found (a = 70°, /3 = 37°, -y = 235°) contoured at
the same levels.
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Figure 5.32: A section of a translation function map for F82L iso-i cytochrome c. The correct
translation function solution is represented by the highest peak in the map (zIy = 0.75, /z =

0.77). This section was calculated at x = 0 for two molecules related to each other by a 1800

rotation about the a axis. An equivalent solution exists in the section at ZSx 0.50 representing
a molecule translated by half a unit cell length along each of the three orthogonal axes.
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any evidence for an additional protein molecule in the asymmetric unit. Additional support for

this result was the ability to refine the crystallographic R-factor for this structure to a value

comparable to that of the other mutant proteins studied.

5.2.3 Refinement of mutant protein structures

The starting models for the refinement of the F821 and F82M mutant proteins consisted of the

high resolution structure of wild-type yeast iso-i cytochrome c (Louie & Brayer, 1990) in which

residue 82 was represented as an alanine. With the exception of those near residue 82, all solvent

molecules having isotropic thermal factors less than 50 A2 in the wild-type protein structure

were included in these two starting models, as was a bound sulphate anion. For the F82L

mutant protein, the starting model employed was that oriented in the molecular replacement

analysis described in Section 5.2.2 where residue 82 was also represented as an alanine. Initial

refinements of the three mutant proteins were carried out by the restrained parameter least-

squares method (Hendrickson, 1985) as described in Section 2.6 using the restraint weights

listed in Table 2.4.

lii the case of the F821 mutant protein, the side chain of 11e82 was built into a 2F0 —

difference electron density map calculated after 14 cycles of refinement. Interspersed at 5

points during a subsequent 66 cycles of refinement were complete examinations of the entire

polypeptide chain and all solvent molecules using omit, F0 — F and 2F0 — F difference electron

density maps as a guide, with manual adjustments being made as necessary. An iterative peak

searching and refinement procedure was used to identify the likely location of additional water

molecules (Tong et al., 1994). Water molecules which refined to isotropic thermal factors greater

than o A2 were eliminated from the refinement model, as were those more than 3.5 A from

hydrogen bond donor or acceptor atoms.

The structural refinements of the F82L and F82M mutant proteins proved to be considerably

more difficult. For the F82L mutant protein, clearly defined electron density for the side chain

of Leu82 was observed in a F0 — F difference electron density map after 24 cycles of refinement
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and on this basis this side chain was fit. The four amino-terminal residues which had been left

out of the molecular replacement model were added after a further 8 cycles of refinement based

on 2F0 — F and F0 — F difference electron density maps. Despite the clarity of the Leu82 side

chain in difference electron density maps, problems arose during refinement in maintaining the

conformation of this residue within normally accepted geometric restraints. It proved fruitless

to correct the conformation of this residue through manual fittings since further refinement

simply resulted in a return to the original unacceptable conformation. In addition, the progress

of the structural refinement of the F82L mutant protein as a whole proved unsatisfactory as

indicated by convergence to a standard crystallographic R-factor of 0.250 after 72 cycles. For

the F821v1 mutant protein, the side chain of Met82 was placed on the basis of a F0 — F difference

electron density map calculated after 32 cycles of least-squares refinement. Although refinement

of the conformation of Met82 was within accepted norms, the overall progress of the refinement

of the F82M mutant protein also proved unsatisfactory as indicated by convergence of the

crystallographic R-factor to an unacceptably high value of 0.237.

To overcome the problems encountered in the refinement of the F82L and F82M mutant

proteins, simulated annealing refinement using the program X-PLOR (Brünger, 1992) was

performed. The objective of simulated annealing refinement is to conduct an enhanced search

of conformational space while optimizing the fit of the observed and calculated structure factor

amplitudes. The major advantage of this technique is that it permits the structural model access

to a large number of alternative conformations which are beyond the local potential energy

minimum and are not accessible in conventional least-squares refinement. A brief description

of this method is presented in Section 2.6.2.

For the F82L and F82M iso-i cytochrome c structures, the slow-cooling protocol (Briinger,

1990) was employed for simulated annealing refinement. The first step in this process involves

the minimization of both structure factor and energy terms to optimize the conformation of the

refinement model. In the second step, velocities are assigned to individual atoms based on the

kinetic energy that would be present at an arbitrarily high temperature, in this case 2500 K. This



Chapter 5. Aliphatic Replacements of Phe82 in Cytochrome c 131

kinetic energy drives the conformational search of the model, allowing large barriers of potential

energy to be overcome in the search for a best fit. In the third step, the molecular dynamics

search is allowed to continue, with the kinetic energy of the system being periodically decreased

in steps of 25 K until an energy representing 300 K is reached. Finally, the structural model

is extensively refined to minimize both the crystallographic R-factor and the potential energy

function, in effect giving the optimal structure in the local energy minimum. The simulated

annealing refinement of the F82L and F82M mutant proteins resulted in significant overall shifts

in the positions of atoms in these two structures (d = 0.56 A for F82L; id = 0.60 A for F82M).

The phases of the calculated structure factors for these structures also underwent significant

changes, averaging 32° and 41° for the F82L and F82M structures, respectively. Surprisingly,

the overall crystallographic R-factors resulting from the simulated annealing process were found

to be only slightly lowered (0.236 for F82L; 0.225 for F82M) from starting values.

Examination of electron density maps showed that despite the small lowering of R-factor ob

served, a much improved fit of polypeptide chain for both the F82L and F82M mutant proteins

was observed after the application of simulated annealing refinement. Of special note was the

conformation around Leu82, where a shift in nearby polypeptide chain allowed for an improved

fit of this side chain that satisfied all normal stereochemical requirements. As had been hoped,

these optimized structural fits allowed conventional restrained parameter least-squares refine

ment to proceed. Thus each of these two mutant protein structures were subjected to a further

60—70 cycles of refinement, in addition to 4 overall examinations of the complete polypeptide

chain to allow for manual adjustment using difference electron density maps, as previously out

lined for the F821 mutant protein. These manual interventions were concerned with optimizing

the conformations of surface side chains, locating water molecules and adjusting the N-terminal

region of these proteins (residues (-2)—(-5) ). The final parameters and stereochemistry for the

refinement of all three cytochrome c mutant protein structures studied in this chapter are given

in Table 5.23.

The two methods described in Section 2.6.3.4 were used to estimate atomic coordinate
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Table 5.23: Refinement results and stereochemistry for the F821, F82L and F82M yeast iso-i
cytochrome c mutant structures

F821 F82L F82M

1. Refinement results

Resolution range (A) 6.0—1.9 6.0—2.5 6.0—2.1
Number of observed reflections 5991 4482 3520
Completeness in resolution range (%) 78.3 59.5 61.3
Number of protein atoms 891 891 891
Number of solvent atoms 75 52 76
Average thermal factors (A2)

Protein atoms 19.6 20.9 19.7
Solvent atoms 31.3 32.6 17.6

R-factor 0.188 0.197 0.192

2. Stereochemistry of final models
r.m.s. deviation from

ideal values

Distances (A)
Bond (1-2) 0.019 0.019 0.019
Angle (1-3) 0.042 0.051 0.042
Planar (1-4) 0.052 0.057 0.051

Planes (A) 0.013 0.015 0.014
Chiral volumes (A3) 0.143 0.202 0.164
Non-bonded contacts (A)$

Single torsion 0.215 0.229 0.224
Multiple torsion 0.179 0.214 0.211
Possible hydrogen bonds 0.187 0.231 0.227

Torsion angles (°)
Planar (0° or 180°) 2.3 2.5 2.1
Staggered (±60°,180°) 22.5 28.4 27.6
Orthonormal (±90°) 21.2 22.9 27.1

t The r.m.s. deviations from ideality for this class of restraint incorporates a reduction of 0.2 A
from the radius of each atom involved in a contact.
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errors for the refined structures obtained. The Luzzati (1952) plot shown in Figure 5.30 gives

estimates for overall coordinate errors for the F821, F82L and F82M mutant proteins of 0.20 A,
0.26 A and 0.22 A, respectively. Evaluation of overall atomic coordinate errors by the method

of Cruickshank (1949) results in r.m.s. coordinate errors of 0.13 A for the F821 structure, 0.18 A
for the F82L structure, and 0.21 A for the F82M structure.

5.2.4 Direct electrochemistry

As part of the work described in this thesis, the midpoint reduction potential of the F82M

mutant of yeast iso-i cytochrome c was obtained by cyclic voltammetry using the methods of

Rafferty et al. (1990). However, a detailed discussion of the theory and methodology used in

the measurement of this value is beyond the scope of this work and the reader is referred to

excellent descriptions of this technique in Rafferty et al. (1990) and Burrows et al. (1991).

The experimental apparatus used in this experiment was described by Rafferty et al. (1990)

and the conditions employed are briefly described here. Prior to the measurement of the

electrochemical potential of the F82M mutant protein, a gold disk electrode was carefully

polished. This electrode was then cleaned by immersion in a solution of 100 mM NaC1O4having

20 mM phosphate buffer and adjusted to pH 6, while cycling a current over a potential range

of -1 to 1.2 V through the electrode. The gold surface of the electrode was then modified by

immersion in a saturated solution of 4,4’-dithiodipyridine. This treatment promotes the transfer

of electrons between the electrode and cytochrome c. A sample of F82M iso-i cytochrome c (at

0.4 mM concentration) in a buffer with ionic strength = 0.1 M and at pH 6.0 (containing

50 mM KC1 and enough sodium phosphate to provide the remaining ionic strength) was used

for the determination of electrochemical potential. A voltammogram was obtained at 25°C by

scanning a potential range of 44 to 544 mV at a rate of 20 mV s. The midpoint reduction

potential of the protein was calculated by averaging the peaks from the oxidizing and reducing

currents.
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Table 5.24: Overall average positional deviations (A) between wild-type yeast iso-i cyto
chrome c and the F821, F82L and F82M mutant proteins.

Iso-i cytochrome c mutant

Atom groups F821 F82L F82M

All common protein atoms 0.23 0.77 0.63
All main chain atoms 0.15 0.54 0.43
All common side chain atoms 0.33 1.06 0.87
All heme atoms 0.10 0.32 0.43

The three N-terminal residues (Thr(-5) - Phe(-3) ) were excluded from
these calculations.

5.3 Results

5.3.1 Structural comparison of mutant and wild-type cytochromes c

Prior to a detailed analysis of the F821, F82L and F82M mutant protein structures, all three

were superimposed onto the wild-type yeast iso-i cytoclirome c structure using a least-squares

fitting procedure that included all a-carbon atoms in the polypeptide chain with the exception of

the three at the amino-terminal end. As discussed later, these three residues were found to have

large positional deviations between these structures. Although the global fold of cytoclirome c

is retained in the mutant proteins (Figure 5.33), it is apparent from Table 5.24 that the main

chain atoms of the F82L and F82M mutant proteins have undergone significant conformational

changes. Plots of the average positional deviations of residues along the polypeptide chain of the

mutant proteins are shown in Figure 5.34. For the F82L and F82M mutant proteins, particularly

large positional deviations are observed for the N-terminal residues, Thr(-5) through Lys(-2),
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and a number of flexible surface side chains.

5.3.2 Structure of F821 cytochrome c

The longer branch of the substituted 11e82 side chain is directed toward the interior of the

protein (Xi 66°; X2 = 136°) and resides near the bottom of the pocket normally occupied

by the aromatic ring of Phe82. The a-carbon atom of 11e82 is found in a more surface exposed

location relative to that of Phe82 and this appears to result in shifts in the flexible Gly83-G1y84

portion of the polypeptide chain (Ad 0.32 A; Figures 5.34a and 5.35). The shorter branch

of the 11e82 side chain is projected toward the heme group and makes van der Waals’ contact

with the CMC methyl group of the heme (d = 3.2 A ). The conformation and geometry of the

heme group in the F821 mutant protein is tabulated in Tables 5.24 and 5.25. As indicated in

Table 5.26, there is a small increase in the heme solvent exposure in this mutant protein.

5.3.3 Structure of F82L cytochrome c

As shown in Figures 5.34b and 5.36, substitution of leucine for Phe82 results in significant

shifts in nearby polypeptide chain backbone (Ad = 0.70 A for residues 81—84). Other large

main chain shifts occur around G1y23 (Ad = 1.3 A for residues 22—23) and Lys54 (Ad =

1.3 A for residues 53—54), as well as at the amino (Ad = 5.7 A for residues (-5)—(-4) ) and
carboxy (Ad = 1.0 A for residues 102—103) termini. At least some of the shifts in these

latter four regions are likely due to alternative crystaffine lattice packing interactions formed

by the F82L mutant protein as compared to those found in crystals of wild-type yeast iso-i

cytochrome c. This is supported by a crystal packing analysis (Figure 5.37) which shows that

three of these polypeptide chain segments do form different lattice interactions while the fourth,

the C-terminus of the polypeptide chain, forms lattice interactions in wild-type protein crystals

but not in those of the F82L mutant. This packing analysis also shows that large solvent

channels are present between the protein molecules in crystals of the F82L mutant protein.

It is not clear what has led to the new space group observed for crystals of the F82L mutant
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A

B

Figure 5.33: Stereo diagrams of the overlapped os-carbon backbones of the wild-type, F821,
F82L and F82M iso-i cytochrome c structures in (a) the standard view looking at the heme
edge-on and (b) an alternate view looking directly down into the mutation site at residue 82.
Also drawn for all four proteins are the side chain of residue 82, the heme group, the ligands to
the heme iron atom (Hisl8 and Met8O) and cysteines 14 and 17, which form covalent thioether
bonds to the heme porphyrin ring. Every fifth amino acid residue is indicated by its one-letter
amino acid designation and sequence number. A complete listing of the primary sequence of
yeast iso-i cytochrome c can be found in Table 1.1.
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Figure 5.34: continued on next page.
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C

Figure 5.34: continued. Plots of average positional deviations from the wild-type iso-i cyto
chrome c structure for the (a) F821, (b) F82L and (c) F82M mutant proteins. Thick lines
indicate average deviations of main chain atoms while thin lines indicate average deviations of
the equivalent side chain atoms. In each diagram the filled circle at position 104 represents
the average positional deviation of the heme group. For each structure, the average positional
deviation for all main chain atoms (except those of the three N-terminal residues) is displayed
as a horizontal dashed line.
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Figure 5.35: Stereo diagrams showing two views of the region about 11e82 in the F821 mutant
protein. The structure of the wild-type protein (thick lines) has been superimposed on the
mutant protein structure (thin lines).
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Table 5.25: Heme geometry of F821, F82L, F82M and wild-type yeast iso-i cytochromes c

Wild-type F821 F82L F82M

1. Angular deviations (°) between the pyrrole nitrogen plane normal
and the four individual pyrrole ring plane normals and the heme
coordinate bonds.

A 9.4 11.3 12.9 9.4
B 11.1 10.4 13.6 6.2
C 8.8 10.3 11.7 12.3
D 8.1 9.6 17.9 7.8

Fe - Hisi8 NE2 2.2 5.5 4.9 6.8
Fe - Met8O SD 4.9 1.7 12.2 10.0

2. Angular deviations (°) between the porphyrin ring plane normal
and the four pyrrole ring plane normals, the pyrrole nitrogen
plane normal and the heme coordinate bonds.

A 6.7 7.2 8.2 7.1
B 11.9 11.8 13.1 10.4
C 9.8 10.1 15.9 8.7
D 6.0 5.8 13.7 4.1

NNNN 2.6 4.3 4.8 4.2
Fe - Hisl8 NE2 3.2 1.7 4.7 8.4
Fe - Met8O SD 7.5 5.5 16.9 8.2

3. Bond distances (A) between the heme iron atom and its
six ligands.

Hisl8 NE2 1.98 2.07 2.10 1.92
Met8O SD 2.36 2.21 2.03 2.20
Heme NA 1.97 1.98 2.00 2.05
Heme NB 2.00 2.02 2.02 1.99
Heme NC 1.99 2.00 2.03 1.98
Heme ND 2.01 2.04 2.01 2.02

The pyrrole nitrogen plane is defined by the four pyrrole nitrogens of the heme group. The four
pyrrole ring planes are each defined by the five atoms of the ring and the first carbon atom
attached to each of the four carbons of the ring. The porphyrin ring is defined by the five atoms
in each of the four pyrrole rings, the four bridging methine carbon atoms, the first carbon atom
of each of the eight side chains of the heme and the central iron atom of the heme. The heme
atom nomenclature used in this table follows the conventions of the Protein Data Bank (see
Figure 1.2).
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Table 5.26: Heme solvent accessibility in F821, F82L, F82M and wild-type yeast iso-i cyto
chromes c

Yeast iso-i cytochrome c structure

Wild-type F821 F82L F82M

1. Solvent accessible heme atoms and
surface area exposed (A2)

CBB 0.0 7.4 0.0 0.0
CHD 2.9 2.6 0.0 4.4
CMC 9.2 7.8 10.3 11.5
CAC 3.4 2.8 4.7 1.4
CBC 20.1 20.0 18.1 25.4
CMD 10.8 10.8 12.6 12.5

2. Total heme exposure (A2) 46.4 51.4 45.7 55.2

3. Total heme surface (A2) 513.1 515.8 514.3 513.5

4. % heme surface area exposed 9.0 10.0 8.9 10.7

Solvent exposure was determined by the method of Connolly (1983) with a probe sphere having
a 1.4 A radius.



Chapter 5. Aliphatic Replacements of Phe82 in Cytochrome c 142

A

B

Figure 5.36: Stereo diagrams showing two views of the region about Leu82 in the F82L mutant
protein. The structure of the wild-type protein (thick lines) has been superimposed on the
mutant protein structure (thin lines).
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B

Figure 5.37: A packing diagram of the crystalline lattice containing the F82L iso-i cytochrome c
structure showing (a) the eight symmetry related molecules which pack within a single unit cell
and (b) one such molecule (thick lines) and the three neighboring cytochrome c molecules (#2,
#3 #4) with which it forms direct protein-protein contacts. These latter three molecules
are related to the origin molecule by the following symmetry operations: #2:(1/2 — x, y, —z);
#3:(x, —y, 1/2 — z); #4(—x, 1/2

—
y, z).
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protein (Table 5.22). While there are significant conformational shifts in the vicinity of the

mutation site, in light of other studies of related mutant proteins (for example see those having

F82Y: Figure 3.19, Chapter 3; F82M: Figure 5.40; F82G: Louie & Brayer, 1989), these seem

insufficient to promote alternative lattice packing. Other major polypeptide changes are in

flexible exterior ioop regions and as such, it is not surprising that these changes accompany a

new lattice packing arrangement. It is notable that earlier crystaffization screens of wild-type

yeast iso-i cytochrome c did result in crystals of the same morphology as those of the F82L

mutant protein, although these were much too small for use in diffraction analyses. Apparently

some feature of the F82L mutant protein enhances the ability of such crystals to attain a greater

size.

A novel feature of the F82L structure is the unique orientation found for the N-terminal

portion of its polypeptide chain (Figure 5.34b). This new conformation is accompanied by a

significant decrease in average main chain thermal factors for the three N-terminal residues,

Thr(-5) to Phe(-3) (47.4 A2 in wild-type; 31.4 A2 in F82L; Figure 5.38), allowing for much

better definition of this region in electron density maps. This is likely due to the alternative

lattice contacts formed by this region of the polypeptide chain in the F82L mutant protein

crystals, as noted above. As shown in Figure 5.38, other regions of polypeptide have significant

changes in main chain thermal factors, including increases about Leu9, Pro25, A1a43 and Lys79

and a decrease around Asp6O. These changes in polypeptide chain mobility may be related to

conformational changes observed in nearby segments of polypeptide chain (Figure 5.34b), or

changes in the lattice packing contacts of these regions.

To demonstrate the good fit achieved, the final refined conformation of Leu82 overlaid on its

corresponding omit difference electron density map is shown in Figure 5.39. It was anticipated

that substitution of a smaller leucine side chain at residue 82 would lead to increased heme

solvent exposure. Unexpectedly, this does not occur due to a shift in the main chain atoms

of Ala.8i and Leu82 toward the interior of the heme pocket (Table 5.26; Figure 5.36). As can

be seen in Figure 5.36, the side chain of Leu82 is also found positioned much deeper in the
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Figure 5.38: Thermal factor difference matrices from the comparison of wild-type iso-i cyto
chrome c with the (a) F821, (b) F82L and (c) F82M mutant proteins. Each matrix point P,
represents a pairing of amino acids x and y. The value of the pairing is calculated from the
equation: = (B — By)mutant(Bx — By)wild_type where B is the average thermal factor

(A2) of the main chain atoms of a given amino acid i. Positive matrix values are displayed
according to the scale shown. Due to the inverse symmetry of the matrix across the diagonal,
negative values are redundant and have been omitted. Amino acids producing vertical streaks
within the matrix have significantly higher main chain thermal factors in the mutant structure
relative to the wild-type structure while horizontal streaks indicate significantly lower main
chain thermal factors in the mutant protein.
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Figure 5.39: Omit difference electron density map of the F82L iso-i cytochrome c structure in
the vicinity of Leu82 computed with the omission of the whole of this residue. Contours are
shown at the 3cr level. Superimposed on this map is the final refined structure of the F82L
mutant protein.
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hydrophobic pocket than expected. The main chain shift of residues 81 and 82 coupled with

the formation of a close contact between the Leu82 CD2 side chain methyl group and the

CE methyl group of Met8O (d = 3.1 A; Figure 5.36), appear to play a role in perturbing the

conformation of the side chain of Met8O. Primarily affected are the length and orientation of

the heme iron ligand bond formed by Met8O (Table 5.25).

5.3.4 Structure of F82M cytochrome c

Placement of a methionine at residue 82 is accompanied by positional shifts in nearby polypep

tide chain, including residues 8 1—84 (Figure 5.40). A further adjustment in the side chain of

Leu85 is observed, wherein it shifts toward the Met82 side chain (Ld 1.1 A; Figure 5.40)

and fills much of the free volume created by the substitution of a smaller methionine for the

normally resident phenylalanine. As discussed in Chapter 4 (Section 4.4.4), Leu85 also appears

to have a certain amount of flexibility to respond to nearby mutations by virtue of belong

ing to a cluster of conserved leucines, including those at positions 9, 68, 94 and 98, which is

able to accommodate structural changes in adjacent protein groups by undergoing positional

displacements in concert with changes in the size of an adjacent internal hydrophobic cavity.

A methionine at position 82 also results in a conformational shift in the side chain of the

Met8O heme ligand. As can be seen in Figure 5.40, the CE methyl group of Met82 points into the

hydrophobic heme pocket where it forms a close contact with the CE methyl group of Met8O (d

= 3.3 A) and displaces this latter group by 0.9 A from its normal position. This displacement

occurs primarily via a rotation of -41° in. the X3 torsion angle of Met8O. While movement

of Met8O CE avoids a potential steric conflict, it does result in an increase in the thermal

parameters of the polypeptide backbone atoms of Met8O and the adjacent Lys79 (Figure 5.38).

A contributing factor to these higher thermal factors may be the loss of a hydrogen bond

between the side chain of Lys79 and the main chain carbonyl oxygen of Ser47 (d = 2.6 A in

wild-type; 4.0 A in FS2M mutant). This hydrogen bond is formed across the solvent exposed

edge of the heme crevice and is believed to play a role in stabilizing the structure of cytochrome c
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Figure 5.40: Stereo diagrams showing two views of the region about Met82 in the F82M mutant
protein. The structure of the wild-type protein (thick lines) has been superimposed on the
mutant protein structure (thin lines).
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(Hampsey et at., 1986).

One apparent consequence of the shift observed in the side chain of Met8O is a ‘5° rotation of

the heme moiety as a whole about an axis normal to the heme plane and running approximately

through the heme NA atom. Heme rotation leads to a correspondingly large displacement of

heme atoms in the F82M mutant protein compared to their positions in wild-type yeast iso-i

cytochrome c (zd = 0.43 A; Table 5.24), but does not greatly perturb the internal geometry of
the heme (Table 5.25). Two heme substituents particularly perturbed include the CBC methyl

group (d = 0.5 A ) which becomes more exposed to solvent (Table 5.26) and the CBB methyl

group (td = 1.1 A ) which comes into contact with the CD2 methyl group of the side chain

of Leu94 (d = 3.2 A). This latter interaction may account for the positional shift observed for

the side chain of Leu98 (d = 1.4 A ) and the subsequent abolition of the normally present

internal hydrophobic cavity in the back of the heme pocket. The potential roles of Leu94 and

this internal cavity are discussed in more detail in Chapter 4.

Another prominent structural change observed in the F82M mutant protein, but which is

far removed from the mutation site at residue 82, involves the conformationaily flexible region

around residues 37 and 38, which forms part of a type 11/3-turn on the surface of yeast iso-i

cytochrome c (Table 1.2; Louie & Brayer, 1990). Here G1y37 has adopted a new conformation

(4 = 168°; & = -77°) which differs markedly from that found in the wild-type protein (qS =

87°; b = -11°). Although conformational variability about G1y37 has previously been noted

in different cytochronies c, this has been attributed to local amino acid substitutions (Murphy

et at., 1992). The current study suggests that while this may be a contributing factor, regional

flexibility of the polypeptide chain is sufficient to result in different structural isoforms. In the

F82M mutant protein it seems likely that heme group rotation is responsible for inducing this

rearrangement.

In addition to conformational shifts in the main chain atoms of Arg38, the position of the

side chain of this residue also undergoes a significant alteration in the F82M mutant protein

(d = 1.1 A ). Normally, the guanidinium group of this side chain participates in hydrogen
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bonding interactions with two conserved water molecules, Wat 121 and Wat 168, which are in

turn hydrogen bonded to the propionate A group of the heme (Figure 1.5; Louie & Brayer,

1990). Heme rotation in the F82M mutant protein shifts the position of both the propionate A

group (zd = 0.55 A) and Watl2l (tid = 0.73 A). The conformational shifts observed for Arg38
compensate for heme movement and preserve the hydrogen bonding interactions observed in

the wild-type protein. However, as evident from Figure 5.38, these shifts do result in increased

thermal mobility for residues 39—41.

5.4 Discussion

5.4.1 Structural implications

Replacement of Phe82 by the aliphatic residues isoleucine, leucine and methionine substantially

alters the character of the side chain present at this position both in terms of bulk and overall

shape. Surprisingly, substitution by isoleucine, which has the fewest degrees of side chain

conformational freedom among these three residues, results in the smallest structural changes.

The positional shifts observed (Figures 5.34a and 5.35) appear to be a consequence of the beta

branching of the 11e82 side chain and the difficulty in packing this group into the shape of

the available space. Particularly affected by this are G1y83 and G1y84 which provide some

conformational flexibility in this region to compensate for this new group. The orientation of

the side chain of 11e82 appears to be for the most part set by the close contact of the CG2

methyl group of this residue with the plane of the heme group. Some increased heme solvent

exposure (Table 5.26) is observed but the conformation of 11e82 is such as to avoid the formation

of a solvent channel into the hydrophobic heme pocket.

As illustrated in Figure 5.34b, substantive conformational shifts are found in the F82L

mutant protein. These are evident both in the direct vicinity of the mutation site (Figure 5.36)

as well as more globally about the outer surface of the protein. These latter changes are related

to the new lattice packing arrangement adopted by this protein in the crystalline state, with

the regions about G1y23, Lys54 and the N and C-termini being the most affected. All of these
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regions form prominent lattice contacts in one or both of the F82L mutant and wild-type yeast

iso-i cytochromes c. Directly in the mutation site, significant shifts in the adjacent backbone

of residues 81 to 84 are observed and these serve to partially fill open space present as the result

of the smaller leucine side chain. These adjustments coupled with the positioning of this side

chain further than expected into the hydrophobic heme pocket (Figure 5.36) mean that for this

mutant protein no increase in heme solvent exposure is observed (Table 5.26). One result of

the tight packing of Leu82 in the heme pocket is a close contact with the heme ligand residue

Met8O, which perturbs the nature of the heme ligand bond formed by this residue (Table 5.25).

A completely unexpected consequence of methionine substitution at Phe82 is the novel

orientation observed for the heme group (Figure 5.40), which is found rotated by .-‘5° within

the hydrophobic pocket in which it is bound. Heme rotation appears to be promoted by a close

contact between the side chains of Met82 and the heme ligand Met8O, and as a consequence the

CD methyl group of the side chain of this latter residue is considerably displaced. The effects

of heme rotation are widespread and include conformational changes in a cluster of conserved

leucines, rearrangement of a surface /3-turn formed by residues 35—38, positional shifts in the

internal Wati2i and the side chain of Arg38, and an increase in the thermal mobility of the

polypeptide segments involving residues 39—41 and 78—81 (Figure 5.38).

In the F82M mutant protein at the mutation site itself, the nearby backbone of residues 81

to 84, along with the side chain of Leu85, shift in toward the heme pocket and thereby fill in the

free volume that would otherwise be created by the smaller Met82 side chain. Nevertheless a

small increase in heme solvent exposure is observed for this protein (Table 5.26), which appears

to be related to the observed rotation of the heme group. The heme atoms most affected (CMC,

CBC and CMD) occur on the solvent exposed edge of this group (Figures 1.2 and 5.40), a region

rotated up and further out into solvent. It is notable that in no other mutant form of yeast

iso-i cytochrome c has such a substantive and concerted movement of the heme group been

observed. Much of the ability of the heme group to undergo this rotation is likely the result

of the presence of an internal cavity and a nearby cluster of flexible leucine side chains at the
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back of the heme pocket (see Chapter 4 for further discussion in this regard).

5.4.2 Functional effects

As discussed in Chapter 3, Phe82 occupies a central position in what is believed to be the

contact face formed between cytochrome c and associated electron transfer partners. Changes

in this interactive surface by mutation of P1ie82 to other amino acids lead to alterations in the

kinetics of electron transfer within such complexes (Wiffie et al., 1993; Guillemette et al., 1994).

Especially notable is the behavior of the F821 mutant protein, which binds 50 x tighter to cyto

chrome c oxidase than does the wild-type protein (Michel et al., 1989). This might be related

to the unique shape of the aliphatic side chain of 11e82 which permits a tighter and more exten

sive fit between cytochrome c and cytochrome c oxidase when these proteins are complexed.

Figure 5.35 suggests this might result from the smaller size of the side chain of isoleucine and

perhaps the positioning of this residue as dictated by its /3-branched structure. Unfortunately,

the structure of the complex formed between cytochrome c and cytochrome c oxidase has not

been determined and therefore a more definitive understanding of the interactions occurring

is not yet possible. It should be remembered that while 11e82 may lead to tighter binding in

this complex, the invariant conservation of a phenylalanine at this position suggests that other

factors are of greater importance in the overall scheme of the electron transfer pathway of which

cytochrome c is only part.

Of all the mutant proteins studied, the F821 mutant protein alone has such a marked effect

on cytochrome c coinpiexation with cytochrome c oxidase, with other substitutions at Phe82

leading to less drastic changes in the interaction of these two electron transfer proteins. For

example, the positional shifts in the polypeptide backbone observed in the F82L (Figure 5.36)

and F82G (Louie & Brayer, 1989) mutant proteins lead to only slightly increased affinities

for cytochrome c oxidase (Michel et al., 1989). Furthermore, while the replacement of Phe82

by serine in the F82S mutant protein might be expected to allow for a closer approach of

cytochrome c and cytochrome c oxidase, the polar nature of the serine side chain and the
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introduction of a newly bound water molecule into a solvent channel in the heme pocket (Louie

et al., 1988b) appear to have a disruptive effect on complex formation. In the case of the F82M

mutant protein, it is conceivable that a critical factor perturbing electron transfer protein

complexation is the unexpected discovery that the heme group of this protein is rotated. A

natural consequence of this will be the formation of altered interactions with the exposed

heme edge in any complexes formed with this protein. Collectively these results show that the

character and surface contour of cytochrome c in the region of residue 82 is a determinant in

the ability of this protein to form productive electron transfer complexes, but that elucidation

of the structures of a number of these wifi be required to understand all the factors involved.

The alterations in the association of cytochrome c with redox partners observed to result

from amino acid substitutions at residue 82 account for the perturbation of the kinetics of elec

tron transfer within the protein complexes formed (Everest et al., 1991; Hazzard et at., 1992).

However, it should be pointed out that the relationship between complex formation and electron

transfer kinetics is not straightforward since multiple docking geometries having different reac

tivities are possible for these complexes (Northrup et at., 1993; Stemp & Hoffman, 1993; Zhou

& Hoffman, 1993; Mauk et at., 1994; Zhou & Hoffman, 1994). Further complicating matters is

the dependence of electron transfer kinetics on environmental factors such as temperature and

solvent (Nocek et at., 1991). Thus it is difficult to obtain a quantitative correlation between the

structural changes and electron transfer kinetics observed for the mutant proteins examined.

5.4.3 Effects on reduction potential

The reduction potential of cytochrome c is dependent on the dielectric constant of the hydropho

bic heme pocket (Kassner, 1973; Louie & Brayer, 1989). However, as discussed in Chapters 3

and 4, when substitutions are made in or near the heme pocket, the effect on reduction potential

can vary considerably and is dependent on the positioning of newly introduced groups relative

to the heme moiety. For example, when water molecules are introduced into the heme pocket

along the edge of the heme where intervening groups such as heme methyl substituents shield
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the heme plane, the effect on heme reduction potential is small, even if these polar groups are

close (5.4 A) to the heme porphyrin ring (F82Y/L85A mutant protein; Chapter 3). In contrast,

replacements which increase the polarity of the heme environment through the introduction of

polar groups against the planar face of the heme have large effects on reduction potential. Two

examples of this are found in the F82S mutant protein, in which a decrease in reduction poten

tial results from the introduction of a polar hydroxyl group and a solvent channel into the heme

pocket (Louie et at., 1988b; see also Chapter 6), and the F82G mutant protein, in which the

packing of polar main chain groups against the face of the heme porphyrin ring also results in

a decrease in reduction potential (Louie & Brayer, 1989). Thus the parameters which influence

heme reduction potential are complex and numerous, making predictions of final values based

on modeling difficult.

The small decrease observed for the reduction potential of the F821 mutant cytochrome c

(Em = -17 mV; Table 5.27) can be rationalized by its slightly increased heme solvent exposure

(Table 5.26). This increase in solvent exposure is for the most part localized at the CBB methyl

group which is normally completely buried in the hydrophobic heme pocket (Table 5.26). The

observed decrease in reduction potential is not as large as that for the F82S mutant protein

(iEm = -45 mV; Rafferty, 1990) in which more of the CBB methyl group is exposed to solvent.

In this latter case, the polar nature of the serine side chain and the binding of a new water

molecule into the mutation site also contribute to the lower reduction potential observed.

In the case of the F82L mutant protein, very little change is observed in the midpoint

reduction potential relative to that of the wild-type protein (Table 5.27). This result corresponds

to the fact that residues 81—84 shift deeper into the heme pocket, preventing the formation of

a solvent channel that would be expected from the simple replacement of Phe82 by leucine.

Thus both the nonpolar heme environment (Table 5.26) and the midpoint reduction potential

are preserved in the F82L mutant protein. Note that perturbations in the conformation of the

Met8O ligand in this mutant protein do not appear to have any impact on reduction potential.

More difficult to explain are the results for the F82M mutant protein. Here an increase in
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Table 5.27: Reduction potentials for F821, F82L, F82M and wild-type yeast iso-i cytochromes c

Cytochrome c Em (mV)

Wild-typef 290±2

F821t 273±2

F82Lt 286±2

F82M 288±2

Experimental conditions were: 25°C, pH 6.0 and = 0.1 M. Values are listed
relative to a standard hydrogen electrode reference.

f from Rafferty et al. (1990).

The protocol used to determine the reduction potential for the F82M mutant
protein is described in Section 5.2.4.

heme solvent exposure is observed (Table 5.26) without a corresponding decrease in reduction

potential (Table 5.27). A possible explanation for this discrepancy may be the fact that the

increased heme solvent exposure originates with the rotation of the heme moiety within its

binding pocket. Since the resultant increased heme solvent exposure occurs to one edge of the

heme, it is possible its effect on heme reduction potential is muted due to shielding by heme

substituent side chains as was previously observed in the F82Y/L85A (Chapter 3) and L94S

(Chapter 4) mutant proteins.

Understanding the elements involved in regulation of reduction potential in the F82M mu

tant protein is further complicated by other structural features. Some of these involve shifts

that occur in the immediate vicinity of the heme, including altered interactions between this

group and its binding pocket, and a new conformation for the side chain of the heme ligand
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Met8O. Others involve more distant groups, which cannot be discounted as unimportant given

that similar shifts in the packing of polypeptide groups distant from the heme have been shown

to have a significant effect on heme reduction potential in other instances (Murphy et al., 1993).

In conclusion, the results for the F82M mutant protein show that heme solvent exposure by

itself cannot be used as a simple predictor of the reduction potential of cytochrome c since

many other factors contribute in different ways to the regulation of this functional property.
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The Structural and Functional Effects of Multiple Mutations at Distal Sites in

Cytochrome c

6.1 Introduction

While an extensive analysis of the individual roles of Phe82 and Leu85 in the structure and

function of cytochrome c has been made in Chapters 3—5, it must be remembered that these

residues do not act in isolation and that other amino acids, both nearby and distally remote,

influence many of the same properties. For example, two other regions of cytochrome c that

make significant contributions to heme reduction potential, electron transfer rates and protein

stability are those in the vicinity of Arg38 and Asn52. Both of these highly conserved amino

acids have been studied individually with respect to the structural and functional consequences

of making amino acid substitutions. Figure 1.9 illustrates the placement of Arg38, Asn52 and

Phe82 within the structure of yeast iso-i cytochrome c and shows that each is spatially distant

(> 9 A) from the others. The goal of the present chapter is to study simultaneous mutations

at all three of these residues to gain insight into the interplay between these distal sites with

respect to functional properties that they all influence in common.

Arginine 38 is an invariant residue (Hampsey et aL, 1988; Moore & Pettigrew, 1990) which

is partially buried in the interior of cytochrome c. The side chain of this residue is involved in

a hydrogen bonding network with propionate A of the heme group and two conserved internal

water molecules, as illustrated in Figure 1.5. This residue is involved in the regulation of the

heme reduction potential of cytochrome c through both the electrostatic stabilization provided

by the charge on its guanidinium group and the electron withdrawing effect of this side chain

on herne propionate A (Cutler et al., 1989; Davies et al., 1993). Previous studies have shown

157
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that various amino acid substitutions at Arg38 result in a decrease in the midpoint reduction

potential of cytochrome c (Cutler et at., 1989). In structural terms, the substitution of Arg38

by alanine results in the removal of a positively charged side chain and creates an access point

for bulk solvent (H. Tong, personal communication).

Asparagine 52 is a completely internal residue which is invariant among eukaryotic cyto

chrome c sequences (Moore & Pettigrew, 1990). This residue participates in a hydrogen bonding

network that involves the conserved internal water molecule, Wat 166 (Figure 1.5). This water

appears to be an important component in the structural transition between oxidation states

in cytochrome c (Berghuis & Brayer, 1992). Much interest has focused on the substitution of

Asn52 by isoleucine since this has been found to increase protein stability dramatically (Hickey

et at., 1991) and act as a suppressor of mutations which would normally abolish functional

activity in cytochrome c (Das et at., 1989; Berroteran & Hampsey, 1991). The N521 substi

tution also results in a significant decrease in heme reduction potential (Burrows et at., 1991;

Guillemette et at., 1994), likely as the result of the displacement of Wat166 and the resultant

adjustment of internal hydrogen bonding (Berghuis et at., 1994a).

The focus of the present studies is the analysis of mutant proteins having all possible combi

nations of the substitutions R38A, N521 and F82S. In the case of Phe82, the serine substitution

was chosen because it has the largest impact on functional properties without leading to changes

in polypeptide chain folding, a feature that might complicate interpretation of the results. The

R38A and N521 mutations were chosen since individually each of these results in well charac

terized perturbations of the functional behavior of cytochrome c. In addition, the structures

of the mutant proteins having each of the targeted substitutions at Arg38, Asn52 and Phe82

have been determined and therefore a baseline exists for documenting any additional effects

that might occur in multiply mutated proteins. The basic question posed by these studies is

whether Arg38, Asn52 and Phe82 act individually or in unison with respect to various proper

ties of cytochrome c, and if the latter is the case, to what degree does this occur. This work

has been published as part of Lo et al. (1995b).



Chapter 6. Multiple Distal Mutations in Cytochrome c 159

Table 6.28: Data collection parameters for yeast iso-i cytochromes c with multiple distal mu
tations

Iso-i cytochrome c mutant

R38A/N521/
Parameter R38A/N521 R38A/F82S N.521/F82S F82S

Space group P43212 P43212 P43212 P43212
Cell dimensions (A)

a = b 36.42 36.75 36.10 36.48
c 137.03 137.39 137.47 137.28

Number of reflections collected 19351 20721 36008 71744
Number of unique reflections 6667 6291 8048 8999
Merging R-factort 0.067 0.088 0.088 0.064
Resolution (A) 1.8 1.9 1.8 1.8

TM T f +
— Zhki >1l1hkL4hk1Ierging - acor —

•/_hk L_=i ‘hkl

6.2 Experimental Procedures

Crystals of reduced yeast iso-i cytochrome c proteins containing combinations of the R38A,

N521 and F82S mutations were grown from solutions of 88% ammonium sulphate and 70 mM

sodium dithionite buffered at pH 6.5 by 0.1 M sodium phosphate (Table 2.3). The hanging drop

vapour diffusion method (Section 2.3) was employed with seeding from micro-crystals (Leung

et al., 1989). The crystals grown for each of the four mutant proteins are of the space group

P43212with unit cell dimensions as indicated in Table 6.28 and are isomorphous with crystals

of wild-type yeast iso-i cytochrome c.

For each of the four mutant cytochromes c, X-ray diffraction data were collected on a Rigaku

R-AXIS II imaging plate area detector from a single crystal as described in Section 2.5.3. The
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incident radiation was provided by a RU-300 rotating anode generator operating at 90—100 mA

and 50—60 kV. For each frame, each crystal was oscillated through a angle of 1.0° and exposed

to the X-ray beam for 20—30 minutes. The relatively low number of total measurements made

for the R38A/N521 and R38A/F82S crystals (Table 6.28) was a result of these diffracting poorly

to high resolution and having a much higher rate of intensity decay. As documented in Table 2.3,

the best crystals that could be grown of these mutant proteins were less than ideal for analysis,

with the R38A/N521 crystal having one very thin dimension and the R38A/F82S crystal being

extremely small overall. X-ray intensity data were processed to structure factors (summarized

in Table 6.28) using the R-AXIS II data processing software (Higashi, 1990; Sato et al., 1992)

and the procedures described in Section 2.5.3. Each mutant protein data set was put on an

absolute scale using the Wilson (1942) plot method (Section 2.5.4).

Starting models for the structural refinement of the four mutant proteins were based on the

high resolution structure of wild-type iso-i cytochrome c (Loule & Brayer, 1990). New side

chains at the three mutation sites were initially modeled as alanine residues. Also included

in the starting models were all water molecules from the wild-type structure having isotropic

thermal factors below 50 A2, with the exception of those in the vicinity of residues 38, 52 and

82. Additionally, the sulphate anion bound to the amino terminal end of the N-terminal helix

of cytochrome c was included in each starting model.

The restrained parameter least-squares approach (Hendrickson, 1985) was employed for the

refinement of each cytochrome c mutant structure as described in Section 2.6. The restraint

weights listed in Table 2.4 were used for refinement and all water molecules were treated as

fully occupied neutral oxygen atoms. Each of the four mutant proteins was initially subjected

to 24 cycles of least-squares refinement, after which the first round of manual adjustments were

made based on F0 — F and 2F0 — F difference electron density maps at the three mutation

sites. In this way mutation of Arg38 to alanine was confirmed by the lack of electron density

for a longer side chain. Also observed in this case were electron density peaks representing new

water molecules bound in the cavity created by this mutation. At this point the side chain of
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11e52 could be clearly visualized and fit. These difference maps also confirmed the concomitant

elimination of the internal water molecule, Wat166, when 11e52 is present as opposed to the

normally resident Asn52. In those mutant proteins where Phe82 was replaced by serine, the

conformation of the Ser82 hydroxyl group was readily modeled, as was an adjacent newly bound

water molecule.

For each of the four mutant proteins, a further 50—60 cycles of least-squares refinement were

carried out. In addition, omit, Fc, — F and 2F0
— F difference electron density maps covering

the entire course of the polypeptide chain were examined periodically during the course of this

least-squares refinement, with each mutant protein being subjected to a thorough examination

of this type a total of four times. These checks of the progress of refinement resulted in a

number of manual corrections of the five amino-terminal residues of the polypeptide chain and

in surface side chain positions. Water molecules considered for inclusion into refinement models

were primarily found by the use of an iterative procedure involving alternating rounds of peak

searching and reciprocal space refinement (Tong et al., 1994). All water molecule positions

determined by this method were also confirmed manually by reference to F0 — F and 2F0 — F

difference electron density maps. Final refinement parameters and stereochemistry for all four

mutant protein structures are tabulated in Table 6.29.

Atomic coordinate errors for each of the four mutant protein structures have been estimated

using the two methods described in Section 2.6.3.4. Inspection of a Luzzati (1952) plot (Fig

ure 6.41) provides estimates ofr.m.s. coordinate errors ranging from 0.18 A for the R38A/N521

structure to 0.22 A for the R38A/F82S structure. The N521/F82S and R38A/N521/F82S

structures both have r.m.s. coordinate errors of 0.20 A by this method. Overall atomic coor

dinate errors can also be estimated by evaluating individual atomic errors (Cruickshank, 1949,

1954). Based on this method, the estimated overall r.m.s. coordinate error is 0.13 A for the

R38A/N521 structure, 0.14 A for the R38A/F82S structure, and 0.12 A for the N52I/F82S and

R38A/N521/F82S structures.
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Table 6.29: Refinement results and stereochemistry for the structures of yeast iso-i cyto
chromes c with multiple distal mutations

R38A/ R38A/ N521/ R38A/N521/
N521 F82S F82S F82S

1. Refinement results

Resolution range (A) 6.0—1.8 6.0—1.9 6.0—1.8 6.0—1.8
Number of observed reflections 6358 6018 7740 8665
Completeness in resolution range (%) 70.8 77.1 87.4 95.3
Number of protein atoms 886 881 887 881
Number of solvent atoms 75 80 69 73
Average thermal factors (A2)

Protein atoms 22.5 21.0 21.2 23.9
Solvent atoms 34.5 29.0 34.4 36.8

R-factor 0.188 0.198 0.197 0.199

2. Stereochemistry of final models
r.m.s. deviation from ideal values

Distances (A)
Bond (1-2) 0.019 0.019 0.019 0.019
Angle (1-3) 0.039 0.039 0.038 0.039
Planar (1-4) 0.050 0.046 0.047 0.049

Planes (A) 0.014 0.014 0.014 0.015
Chiral volumes (A3) 0.143 0.148 0.132 0.155
Non-bonded contacts (A)T

Single torsion 0.212 0.211 0.218 0.211
Multiple torsion 0.198 0.194 0.186 0.193
Possible hydrogen bonds 0.201 0.227 0.205 0.185

Torsion angles (°)
Planar (0° or 180°) 2.3 2.2 2.2 2.5
Staggered (+60°,180°) 22.1 21.9 20.9 19.0
Orthonormal (±90°) 21.0 20.6 21.3 25.1

I The r.m.s. deviations from ideality for this class of restraint incorporates a reduction of 0.2 A
from the radius of each atom involved in a contact.
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Figure 6.41: A plot of the crystallographic R-factor at the end of refinement as a function of
resolution for the R38A/N521 (Q), R38A/FS2S (7), N521/F82S (0) and R38A/N521/F82S
(D) mutants of yeast iso-i cytochrome c. The theoretical dependence of R-factor on resolution
assuming various levels of r.m.s. error in the atomic positions of the model (Luzzati, 1952) is
shown as broken lines. This analysis suggested an overall r.m.s. coordinate error for the mutant
structures of between 0.18 and 0.22 A. The top portion of this figure (axes at top and right)
shows the fraction of reflections observed and used in refinement as a function of resolution.
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Table 6.30: Overall average positional deviations (A) between yeast iso-i cytochromes c with
multiple distal mutations and the wild-type protein

Iso-i cytochrome c mutant

R3SA/N521/
Atom groups R38A/N521 R38A/F82S N521/F82S F82S

All common protein atoms 0.28 0.26 0.32 0.30
All main chain atoms 0.19 0.17 0.22 0.20
All common side chain atoms 0.38 0.36 0.44 0.42
All heme atoms 0.18 0.19 0.21 0.21

6.3 Results

6.3.1 Structural comparison of mutant and wild-type cytochromes c

To obtain an accurate assessment of the individual and cumulative structural effects of the

R38A, N521 and F82S amino acid substitutions, the three-dimensional structures of the four

mutant proteins were not only compared with each other, but also with the high resolution

structure of wild-type yeast iso-i cytochrome c (Louie & Brayer, 1990). Prior to these detailed

comparisons, the structure of each mutant protein was superimposed onto the polypeptide

chain of the wild-type protein by a least-squares fit of all os-carbon atoms. These structural

analyses showed that significant changes were observed at each of the R38A, N521 and F82S

mutation sites, and these are discussed individually in subsequent sections of this chapter.

The conformational shifts involved are for the most part localized to these mutation sites, and

no major disruptions to the overall fold of the polypeptide chain were observed (Table 6.30;

Figure 6.42).

The distribution of average positional deviations over the course of the polypeptide chain
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Figure 6.42: A stereo diagram of the of-carbon backbone of the wild-type iso-i cytochrome C

structure and those of the four mutant proteins with multiple distal mutations. The heme
moieties of all five proteins are shown, along with the side chains of the mutated residues,
Arg38, Asn52 and Phe82, the ligands to the heme iron atom, Hisl8 and Met8O, and cysteines
14 and 17, which form covalent thioether bonds to the heme porphyrin ring. Every fifth amino
acid residue is indicated by its one-letter amino acid designation and sequence number.
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is shown for each of the four mutant cytochromes c in Figure 6.43. Larger variations in the

positions of the N-terminal residues Thr(-5) through Phe(-3) arise as a consequence of thermal

disorder in this region of the protein (Louie & Brayer, 1990) rather than as a consequence of

the introduced mutations. In addition, the hydrophilic side chains of Lys(-2), Lys4, Glu2i,

G1u44, Lys54, Lys55, Asn63, G1u66, Lys86, Lys87, Lys89 and LyslOO are all on the surface of

the protein and are projected out into the surrounding solvent medium. As such, these side

chains are substantially disordered and display large positional deviations between the various

structures studied. Three hydrophobic residues on the protein surface also undergo apparent

positional shifts, but these changes arise from either the presence of multiple residue confor

mations (Leu9), the high mobility of the local polypeptide backbone (Va157), or a combination

of these factors (Leu58). These three residues display similar characteristics in wild-type yeast

iso-i cytochrome c (Louie & Brayer, 1990).

Examination of the heme geometry of the mutant proteins (Table 6.31) reveals that all

four proteins are comparable to the wild-type protein in this regard. Of note is the shorter

than expected ligand distance between the NE2 atom of Hisi8 and the heme iron atom in the

N521/F82S protein. This apparently arises from movement of the side chain of Hisi8 toward

the heme group (Lid = 0.2 A ), and leads to a perturbation of the angle between this bond and

the pyrrole nitrogen plane (becomes instead of the average of -‘2.5° ; Table 6.31).

6.3.2 R38A mutation site

The replacement of Arg38 by an alanine represents a substantial decrease in side chain size

as well as the elimination of a positive charge located partially in the interior of the protein in

close proximity to the heme propionate A group. The space vacated by the Arg38 side chain

is filled by two water molecules (Wat A and B) which serve to maintain the structure of the

hydrogen bonding network centered around heme propionate A (Table 6.32; Figure 6.44). In the

R38A/N521/F82S mutant protein only Wat A is present. Spatially, these new water molecules

are located at positions comparable to the NE and Nh atoms of Arg38 and participate in
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Figure 6.43: continued on next page.
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Figure 6.43: continued. Plots of average positional deviations from wild-type iso-i cyto
chrome c along the course of the polypeptide chain for the (a) R38A/N521, (b) R38A/F82S, (c)
N521/F82S and (d) R38A/N521/F82S mutant proteins. Thick lines indicate average deviations
of main chain atoms while thin lines indicate average deviations of the equivalent side chain
atoms. In each diagram the filled circle at residue position 104 represents the average positional
deviation of the heme group and the horizontal dashed line represents the average positional
deviation for all main chain atoms (Table 6.30).
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Table 6.31: Heme geometry of yeast iso-i cytochromes c with multiple distal mutations

R38A/N521
Wild-type R38A/N521 R38A/F82S N521/F82S F82S

1. Angular deviations (°) between the pyrrole nitrogen plane normal and the four
individual pyrrole ring plane normals and the heme coordinate bonds.

A 9.4 12.7 16.0 11.3 9.5
B 11.1 10.4 11.4 8.7 8.3
C 8.8 10.6 12.3 11.0 8.2
D 8.1 10.9 13.2 9.0 10.0

Fe - Hisl8 NE2 2.2 2.1 4.2 7.2 1.5
Fe - Met8O SD 4.9 4.4 1.4 3.6 3.2

2. Angular deviations (°) between the porphyrin ring plane normal and the four
pyrrole ring plane normals, the pyrrole nitrogen plane normal and the heme
coordinate bonds.

A 6.7 9.1 11.9 6.6 5.4
B 11.9 12.3 14.8 10.6 9.1
C 9.8 10.9 11.4 10.3 9.2
D 6.0 7.5 9.1 4.2 5.9

NNNN 2.6 4.0 4.8 4.7 4.1
Fe - Hisl8 NE2 3.2 3.0 4.5 2.8 2.5
Fe - Met8O SD 7.5 7.4 5.6 7.3 7.2

3. Bond distances (A) between the heme iron atom and its six ligands.
Hisi8 NE2 1.98 1.91 1.96 1.79 1.94
Met8O SD 2.36 2.34 2.39 2.34 2.38
Heme NA 1.97 1.98 1.97 1.99 2.00
Heme NB 2.00 2.00 2.01 2.01 2.04
Heme NC 1.99 2.00 2.03 1.98 2.03
Heme ND 2.01 2.06 2.02 2.08 2.04

The pyrrole nitrogen plane is defined by the four pyrrole nitrogens of the heme group. The four
pyrrole ring planes are each defined by the five atoms of the ring and the first carbon atom
attached to each of the four carbons of the ring. The porphyrin ring is defined by the five atoms
in each of the four pyrrole rings, the four bridging methine carbon atoms, the first carbon atom
of each of the eight side chains of the heme and the central iron atom of the heme. The heme
atom nomenclature used in this table follows the conventions of the Protein Data Bank (see
Figure 1.2).
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Table 6.32: Heme propionate hydrogen bond interactions in yeast iso-i cytochromes c with
R38A, N521 and F82S replacements

Distances (A)

Interaction 1t38A/
Wild- R38A/ R38A/ N521/ N521/
type R38A N521 F82SI N521 F82S F82S F82S

Heme Tyr48 OH 2.81 2.89 2.63 2.92 2.84 3.10 2.76 2.57
O1A Watl2l 2.81 2.58 3.48 2.88 2.89 3.47 2.69 2.69

Wat168 2.84 3.18 3.50 3.10 3.37 3.42 3.14 3.20

Heme G1y41 N 3.21 3.02 3.07 2.90 3.26 3.06 3.01 3.06
02A Asn52 ND2 3.33 3.30 — 2.70 — 3.37 — —

Trp59 NE1 3.10 2.88 2.84 (3.71) 2.89 3.08 2.95 3.10
Wati2i (4.01) (3.50) (3.91) (3.70) (3.91) (4.22) (3.74) (3.56)

Heme Thr49 N 2.94 2.72 2.79 3.07 2.92 2.72 2.82 2.89
OlD

Henie Thr49 OG1 2.64 2.56 2.49 3.16 2.73 2.76 2.53 2.61
02D Thr78 OG1 2.90 3.11 2.76 (3.67) 2.86 3.01 2.72 2.80

Lys79 N 3.18 2.95 3.03 3.01 3.09 3.13 3.03 3.12

Wati2l Arg38 NE 2.81 — 2.97 (3.72) — — 3.09 —

Wat168 (3.55) (4.31) (4.17) (4.67) (4.28) (4.92) (3.70) (4.12)
WatA — (3.92) — — 2.54 2.47 — 3.31

Wat168 Arg38 Nh 2.56 — 2.93 3.33 — — 2.63 —

WatB
— 3.22 — — 2.89 2.74 — —

WatA WatB — 2.91 — — 2.60 2.79 — —

Values listed are the distances between hydrogen donor and acceptor atoms. Values given in
parentheses are not considered to be hydrogen bonds but are listed for comparison.

t from H. Tong, unpublished results.
4rom Berghuis et al. (1994a).
¶from Louie et al. (1988b).
§WatA and WatB are the water molecules which replace the Arg38 side chain and are closest
to Wati2l and Wa.t168, respectively.
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Figure 6.44: Stereo diagrams of the region around the R38A mutation site in yeast iso-i cyto
chrome c. The structure of wild-type yeast iso-i cytochrome c is drawn with thick lines and
superimposed on the structures of (a) the N521/F82S mutant protein (thin lines) and (b) the
R38A, R38A/N521, R38A/F825 and R38A/N521/F82S mutant proteins (all drawn with thin
lines). Water molecules are shown as asterisks, with the two conserved water molecules, Wat 121
and Wat 168, labeled.
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similar hydrogen bonding interactions with two conserved water molecules, Watl2l and Wat168

(Table 6.32). In turn, the conserved Watl2l and Wat168 retain positions comparable to those

found in the wild-type protein and form hydrogen bonds to the O1A atom of heme propionate

A.

6.3.3 N521 mutation site

Substitution of Asn52 by isoleucine involves the exchange of a polar side chain for a nonpolar

side chain of approximately equivalent size but of different shape. In the N521 single-site mutant

protein, the highly conserved internal water molecule, Wat166, is excluded from the protein.

In addition, the side chain of Tyr67 moves away from the side chain of Met8O (i.d = 0.6 A)
and toward that of Thr78, forming a new hydrogen bond interaction (Table 6.33; Figure 6.45;

Berghuis et al., 1994a). These changes are observed in all of the combinatorial mutant proteins

having the N521 mutation (Table 6.33; Figure 6.45), with the Tyr67 side chain undergoing a

positional shift of 0.5—0.6 A.

6.3.4 F82S mutation site

The mutation of Phe82 to serine brings about the creation of a solvent channel directly into

the heme pocket, thereby disrupting the nonpolar environment of the heme and leading to

a significant drop in the reduction potential of cytochrome c (Louie et al., 1988b). In the

combination mutants containing the F825 mutation, a comparable phenomenon is observed,

with a single water molecule being observed in the newly created solvent channel (Figure 6.46)

and a significant increase in the solvent exposure of the heme porphyrin ring (Table 6.34; Loule

et al., 1988b). As apparent from Table 6.34, increased heme solvent exposure is caused primarily

by the F82S mutation and is not affected by either the R38A or N521 mutations.

The side chain of Argl3 is in the vicinity of the F82S mutation site and shows considerable

variability in the conformations adopted in the different combinatorial mutants (Figure 6.46).

Nonetheless, the Argl3 side chain occupies the same general surface region in each case, and
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Table 6.33: Wat166 hydrogen bond interactions in yeast iso-i cytochromes c with R38A, N521
and F82S replacements

Distances (A)

Interaction R38A/
Wild- R38A/ R38A/ N521/ N521/
type R38Af N521 F82SI N521 F82S F82S F82S

Wat166 Asn52 ND2 3.14 (3.72) — (4.13) — 3.21 — —

Tyr67 OH 2.62 2.60 — 2.36 — 2.46 — —

Thr78 OG1 2.72 2.53 — 2.89 — 2.90 — —

Tyr67 Thr78 OG1 (4.18) (4.21) 3.41 (3.73) 3.45 (4.10) 3.38 3.32
OH Met8O SD 3.25 3.19 (3.63) 3.02 (3.61) 3.26 (3.43) (3.60)

Values listed are the distances between hydrogen donor and acceptor atoms. Values given in
parentheses are not considered to be hydrogen bonds but are listed for comparison.

t from H. Tong, unpublished results.

tfrom Berghuis et al. (1994a).

¶from Louie et al. (1988b).
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Figure 6.45: Stereo diagrams of the region around the N521 mutation site in yeast iso-i cyto—
chrome c. The structure of wild-type yeast iso-i cytochrome c is drawn with thick lines and
superimposed on the structures of (a) the R38A/F82S mutant protein (thin lines) and (b)
the N521, R38A/N521, N521/F82S and R38A/N521/F82S mutant proteins (all drawn with thin
lines). The internally bound Wat166 molecule, found in wild-type iso-i cytochrome c and the
R38A/F82S mutant protein and located adjacent to Asn52, Tyr67 and Thr78, is represented
by an asterisk.
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Figure 6.46: Stereo diagrams of the region around the F82S mutation site in yeast iso-i cyto
chrome c. The structure of wild-type yeast iso-i cytochrome c is drawn with thick lines and
superimposed on the structures of (a) the R38A/N521 mutant protein (thin lines) and (b) the
F825, R38A/F82S, N521/F825 and R38A/N521/F82S mutant proteins (all drawn with thin
lines). Water molecules bound in the solvent channel formed by the replacement of phenylala
nine by serine at position 82 are shown as asterisks.
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Table 6.34: Heme solvent accessibility in yeast iso-i cytochromes c with R38A, N521 and F82S
replacements

Yeast iso-i cytochrome c structure

R38A/
Wild- R38A/ R38A/ N521/ N521/
type R38Af N521 F82S’ N521t F82Sf F82S F82Sf

1. Solvent accessible
heme atoms and
surface area
exposed (A2)

CBB 0.0 0.0 0.0 15.4 0.0 12.7 7.8 12.2
CHD 2.9 2.6 2.3 3.6 3.6 3.8 0.0 2.3
CMC 9.2 10.2 13.2 13.1 9.1 10.4 11.6 12.9
CAC 3.4 2.6 2.6 3.4 3.2 3.6 5.1 3.7
CBC 20.1 19.9 20.1 21.2 19.2 18.8 18.4 19.4
CMD 10.8 11.3 9.8 11.4 10.7 10.5 10.7 9.9

2. Total heme 46.4 46.6 48.0 68.1 45.8 59.8 53.6 60.4
exposure (A2)

3. Total heme 513.1 516.2 521.2 511.8 512.4 512.2 514.5 511.0
surface (A2)

4. % heme surface 9.0 9.0 9.2 13.3 8.9 11.7 10.4 11.8
area exposed

Solvent exposure was determined by the method of Connolly (1983) with a probe sphere having
a 1.4 A radius.

tfor all mutant proteins having the R38A mutation, Wati2i and Wat168 were considered an
integral part of the protein structure. Results for the R38A single mutant protein were provided
by H. Tong (personal communication).

lfrom Berghuis et al. (1994a).

¶from Louie et al. (i988b).
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the variability observed for this residue likely arises from the high thermal factors observed for

this side chain (32.4 A2 ill the wild-type protein; Louie & Brayer, 1990; average B is 38.5 A2
in F82S mutants).

A further structural change is an increase in thermal parameters for residue 82 and the

two glycines at positions 83 and 84 (Figure 6.47; average B of these three residues is 17.1 A2
in wild-type and 32.3 A2 averaged over F82S mutants). This increase in thermal parameters

is particularly marked for the N521/F82S (B = +15.0 A2) and R38A/N521/F82S (i.B =

+18.3 A2) mutants (Figure 6.47). Increased mobility likely arises from the loss of the tight

packing interactions formed by the aromatic ring of Phe82 which is sandwiched between this

segment of polypeptide chain and the heme group. Another factor is that the water molecule

introduced into the newly formed solvent channel at residue 82 can form a hydrogen bond

to the carbonyl oxygen of Leu68 (d = 3.2 A ) and thereby interfere with the hydrogen bond

normally found between this latter group and the main chain nitrogen atom of Leu85. This

would allow more freedom of motion for the flexible Gly83-G1y84 segment of the polypeptide

chain. Comparison of the thermal parameters for the F82S single mutant and the wild-type

protein is not conclusive, probably due to the relatively low resolution (2.8 A) of the structural
determination for this mutant protein (Louie et al., 1988b).

6.3.5 The conserved internal water, Wat166

In all eukaryotic cytochromes c examined thus far, a conserved water molecule is centrally

located and hydrogen bonded to Asn52, Tyr67 and Thr78 (Bushnell et al., 1990). A shift in the

position of Wat166 toward the heme iron atom is observed in the structure of the oxidized form

of yeast iso-i (zd = 1.7 A ) and other cytochromes c (Berghuis & Brayer, 1992). This oxidation

state dependent shift results in the loss of the hydrogen bond between Wat166 and the side

chain of Asn52. Similar structural changes are observed in both the reduced R38A (H. Tong,

personal communication) and reduced F82S mutant proteins (Louie et al., 1988b), suggesting

that these structures shift toward the structure of the oxidized state. In the present study, all of
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I
I

Legend
15.0 and greater
10.0 to 15.0
5.0 to 10.0

Figure 6.47: Thermal factor difference matrices from the comparison of wild-type iso-i cyto
chrome c with the (a) R38A/N521, (b) R38A/F82S, (c) N521/F82S and (d) R38A/N521/F82S
mutants. Each matrix point P represents a pairing of amino acids x and y. The value of the
pairing is calculated from the equation: = (Bar — By)mutant(B — By)wjId_type where B
is the average thermal factor (A2) of the main chain atoms of a given amino acid i. Positive
matrix vaiues are displayed according to the scale shown. Due to the inverse symmetry of the
matrix across the diagonal, negative values are redundant and have been omitted. Amino acids
producing vertical streaJs within the matrix have significantly higher main chain thermal fac
tors in the mutant structure relative to the wild-type structure while horizontal streaks indicate
significantly lower main chain thermal factors in the mutant protein.

Residue Number Residue Number
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the protein structures determined were in the reduced state. Since the N521 mutation eliminates

Wat 166 from the protein interior, the only protein in the present study which retains this water

molecule is the R38A/F82S double mutant. Surprisingly, Wat166 in the R38A/F82S protein

does not move from the position it occupies in the reduced wild-type structure (Figure 6.45a)

and it retains a hydrogen bond with Asn52 (Table 6.33).

6.4 Discussion

The site-directed mutagenesis technique provides the opportunity to specifically make multiple

site mutations within a single protein. This can be useful in determining the extent of synergistic

functional and structural changes which arise from the interaction of individual mutations. In

the present work, a study has been made of the effects of introducing mutations at three

distally separated sites of yeast iso-i cytoclirome c involving the invariant residues Arg38,

Asn52 and Phe82. At these three residues, all four possible combinatorial mutant proteins were

made with the three single replacements R38A, N521 and F82S. It appears that the degree of

synergism between mutation sites can be quite different depending on the particular functional

or structural aspect being assessed.

6.4.1 Structural effects

The replacement amino acids all represent substantial changes in side chain character and

therefore it is not surprising that the introduction of each of these individual mutations into

yeast iso-i cytochrome c leads to significant structural and functional changes (Louie et al.,

1988b; Hickey et a!., 1991; Berghuis et a!., 1994a). The structural consequences of each mutation

in the combinatorial mutant proteins are similar to those previously observed in the single

mutant proteins (Louie et cii., 1988b; Berghuis et cii., 1994a). In general, the structural effects

of each mutation are independent of the effects arising from mutations made at the other two

sites. Thus for this set of mutant proteins with multiple distal substitutions, the structural

effects observed do not have a synergistic component.
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6.4.2 Protein stability

In terms of stability to guanidine hydrochloride denaturation (Komar-Panicucci et at., 1992,

1994), the effect of individual mutation sites can be understood from the structural changes

observed for each. For example, one structural role of the Arg38 side chain is to provide

two hydrogen bonding groups to interact with two conserved water molecules, Wati2i and

Wat 168 (Table 6.32). These hydrogen bonds are replaced in the R38A mutant protein by the

substitution of water molecules (Wat A and B) in place of the side chain of Arg38 (Table 6.32;

Figure 6.44). Apparently, the maintenance of these hydrogen bonding interactions is sufficient

to preserve the structural integrity of cytochrome c, thereby accounting for the negligible change

in protein stability observed upon the introduction of this mutation (Table 6.35).

The N521 mutant protein is significantly more stable than wild-type yeast iso-i cytochrome c

(Table 6.35). This effect appears to be due to several factors, including replacement of a polar

side chain by one of a hydrophobic nature within the hydrophobic core of the protein (Hickey

et at., 1991), displacement of an internal water molecule, Wati66 (Berghuis et at., i994a), and

realignment of the hydrogen bonding network in this region (Table 6.33; Figure 6.45). Finally,

the N521 mutation abolishes the structural transition between the reduced and oxidized states

of the protein (Berghuis et at., i994a) and this is likely an important feature in maintaining

the overall stability of the protein, especially in the oxidized state (Berghuis & Brayer, 1992).

The F82S replacement destabilizes yeast iso-i cytochrome c (Table 6.35) by the introduc

tion of a solvent channel and bound water molecule into the hydrophobic core of the protein

(Figure 6.46; Louie et at., 1988b). This is evident in the increased thermal parameters in the

immediate vicinity of the mutation site (Figure 6.47). Such changes can also account for the

lowering of the thermal stability of the heme pocket in the F82S protein relative to the wild-type

protein (Hildebrandt et aL, 1991).

An analysis of the stability data for the four multiple mutant proteins for which structures

were determined reveals the extent to which the R38A, N521 and F82S mutations interact in

this regard (Table 6.35). The combination of the N521 and F82S mutations results in a net
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Table 6.35: Unfolding of mutant and wild-type yeast iso-i cytochromes c by guanidine hy
drochloride

Cm [Gdn-HC1]t LGO

Cytochrome c (+0.1 M) (kcal/mol)

Wild-type 1.3 3.8 4.9

R38A 1.4 3.4 4.8

N521 2.1 4.2 9.0

F82S 0.9 3.8 3.4

R38A/N521 2.1 3.8 8.2

R38A/F82S 0.8 3.4 2.7

N521/F82S 1.7 3.4 5.6

R38A/N521/F82S 1.7 3.6 6.2

tMidpoints of unfolding by guanidine-hydrochioride were taken from Komar-Panicucci et al.
(1992).

is a measure of the cooperativity of the transition of the protein from the folded to the
unfolded state and is derived from the slope of the linear region of a plot of in ([folded protein]
/ [unfolded protein] ) vs. [denaturant].

§G0 free energy extrapolated to 0 M [Gdn-HC].]; G° = mCm
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stabilization of cytochrome c due to the larger stabilizing contribution of the N521 replacement.

This is not as large as in the N521 single mutant protein due to the destabilizing influence of

the F82S mutation. Since the R38A mutation has a neutral effect on stability, the R38A/N521

double mutant protein has a stability similar to that of the N521 single mutant, whereas the

R38A/F82S mutant protein is destabilized to the same extent as the F82S single mutant.

Consistent with the stability of these double mutant proteins, the R38A/N521/F82S triple

mutant has a stability which is essentially the same as that of the N521/F82S double mutant

protein. Thus with respect to stability, the effects of each of the three mutations are independent

and cumulative in the multiple mutant proteins. This is a reflection of the independent nature

of the structural changes induced at each individual mutation site, which are distally located.

6.4.3 Reduction potential effects

Each of the mutant cytochromes c containing multiple substitution sites has a midpoint reduc

tion potential significantly lower than that of either the wild-type protein or the related proteins

with single site substitutions (Table 6.36). For the R38A/F82S and N521/F82S mutant proteins,

the observed reduction potentials are similar to what would be expected if the effect of each

of the single mutations were independent and additive. In contrast, the R38A/N521 mutant

has a reduction potential which is significantly higher than the expected value (Table 6.36).

The triple mutant R38A/N521/F82S protein has the lowest reduction potential observed, with

a measured value which falls approximately midway within the range of values expected by

combining the various reduction potentials observed for single and double site mutant proteins.

The higher than expected reduction potential observed for the R38A/N521 double mutant

cytochrome c can be explained by a consideration of the individual contributions at each site

of mutation. Arg38 likely contributes to the reduction potential of cytochrome c through

two mechanisms. The first mechanism is the direct electrostatic stabilization of the reduced

state of the heme group by the positively charged guanidinium side chain of this residue.

The second mechanism is an electron withdrawing effect on the heme transmitted through
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Table 6.36: Reduction potentials for yeast iso-i cytochromes c with R38A, N521 and F82S
replacements

Expected
Cytochrome C Emt (mV) IXEm (mV) iEm (mV)

Wild-type 285±2 — —

R38A 239±2 -46 —

N521 23 1±2 -54 —

F82S 247±2 -38 —

R38A/N521 212±2 -73 -100

R38A/F82S 203±2 -82 -84

N521/F82S 189±2 -96 -92

R38A/N521/F82S 162±2 -123 -111 to -142{

Experimental conditions were: 25°C, pH 6.0 and j = 0.1 M. Values are listed relative to a
standard hydrogen electrode reference.

fElectrochemical reduction potentials were taken from Komar-Panicucci et at. (1992).

1based on a simple numerical addition of the effects of individual mutations.

¶range of values obtained by combining the various midpoint potentials observed for single
and double site mutant proteins.
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the hydrogen bonding network involving Watl2l, Wat168 and the propionate A group of the

heme (Figure 6.44; Cutler et al., 1989; Davies et at., 1993). The net result of these effects

is a contribution of +45 mV to the reduction potential of the protein. The contribution of

Asn52 to the reduction potential of cytochrome c likely has three elements. The first consists of

the maintenance of hydrogen bonding about Wat166, an internal water molecule (Figure 6.45;
Berghuis & Brayer, 1992; Berghuis et a!., 1994a,b). Second is the dipole moment of the amide
end of the side chain of Asn52 which is oriented to stabilize the reduced form of the heme iron

(Langen et at., 1992). A third element is the hydrogen bond formed between the side chain of

Asn52 and the propionate A group of the heme which would be expected to have an electron

withdrawing effect on the heme. These three factors result in a contribution to the midpoint

reduction potential of +55 mV.

Given that both Arg38 and Asn52 contribute to maintaining a high cytochrome c reduction

potential through interaction with a common element, namely the heme propionate A group,

a strict additive calculation of the effect of the R38A and N521 mutations could overestimate

the drop in reduction potential expected. As shown experimentally (Table 6.36) this appears

to be the case and suggests that in total, interactions with heme propionate A can only count

toward raising the reduction potential of cytochrome c by some maximum value.

The mechanism by which substitution of Phe82 by serine affects reduction potential is differ

ent than that of either Arg38 or Asn52 substitution, and is independent of residue replacements

at these latter two positions. The predominant role of Phe82 appears to be in forming a part

of the hydrophobic heme pocket and in excluding solvent from this pocket, and it contributes

+4O mV to cytochrome c reduction potential through these mechanisms (Louie et at., 1988b;

Chapter 3). Phe82 does not appear to influence any structural features affected by either Arg38

or Asn52. This is supported by the observation that the reduction potentials of the R38A/F82S

and N521/F82S double mutant proteins can be simply calculated based on the addition of the

individual effects of each single site substitution.

More difficult to anaiyze is the effect on reduction potential when all three substitutions are
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combined in a single mutant protein. If it is assumed that all three mutations have independent
and additive effects, the theoretical reduction potential (+147 mV) would be lower than the
experimentally observed value (+162 mV; Table 6.36). As discussed previously, this discrep
ancy may be explained by the interdependence of the R38A and N521 mutations. However,
addition of the effects of the R38A/N521 double mutant and the F82S mutant gives a theo
retical reduction potential (+174 mV) which is greater than the observed experimental value

(+162 mV). Therefore, the addition of the F82S mutation to the R38A/N521 double mutant
has in some manner increased the net effect on the reduction potential of the protein. One
possibility is that the cumulative alterations in side chain packing resulting from the multiple
mutations have functional consequences in addition to their structural effects. For example,
it has previously been observed that the disruption of hydrophobic packing at a site which is
distant from the heme group can affect the reduction potential of this latter group (Murphy
et at., 1993). A second possibility arises from the fact that only one water molecule replaces

the Arg38 side chain in the R38A/N521/F82S mutant protein whereas two water molecules are

found in the other mutant proteins with the R38A substitution (Table 6.32). The presence of

only one hydrogen bonding group in this region of the protein may account for the discrep

ancy between the theoretical and observed reduction potentials. Evidence for this arises from

consideration of the R38K mutant of yeast iso-i cytochrome c, in which a drop in reduction

potential of 23 mV is observed (Cutler et at., 1989). In this case, the substitution of Arg38

by lysine results in a decrease of available hydrogen bonding groups while still maintaining the

positive charge of the side chain.

To conclude, the introduction of multiple mutations within a single protein clearly affects

functional and structural properties in different ways. In some cases the effects of multiple

mutations are strictly additive, such as global protein stability in the present work, while the

effects on other properties will be synergistic or partly so. This of course arises because within

a single protein it is not uncommon that individual residues perform multiple functions and

that these functions overlap among multiple residues. This poses a dilemma in understanding
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the roles of residues in protein function, especially in sorting out the individual contributions
of each residue to each property. It also suggests that attempts at protein engineering, whether
in modification of existing proteins or in attempts to develop new activities de novo, will be
fraught with difficulties in assessing and compensating for the multiple roles of individual amino
acids.



Summary

The work described in this dissertation focused on understanding the contributions of Phe82,
Leu85 and associated residues (Arg38, Asn52, Leu94) in mediating reduction potential, electron

transfer, protein complex formation and protein stability in cytochrome c. Overall four specific
objectives were pursued. The first of these concerned the roles of the invariant Phe82 and the
highly conserved Leu85 in forming interactions at the complexation interface between cyto

chrome c and electron transfer partners. The importance of Phe82 to this process was clearly
shown in an analysis of the F82Y mutant protein (Chapter 3) where the additional hydroxyl
group of Tyr82 is in direct spatial conffict with the side chain of Leu85, leading to rotation of

the side chain of Tyr82 out toward the protein surface. This alteration of the surface contour in

this region of cytochrome c disrupts complex formation with redox partner proteins and leads

to perturbation of electron transfer kinetics. It was further shown that this structural pertur

bation is mitigated when a smaller side chain, such as that of alanine, is substituted at Leu85.

In contrast, despite earlier predictions that Leu85 is an important determinant in cytochrome c

electron transfer complexation, the current studies show this is unlikely to be the case since

the considerable surface contour perturbations made by various substitutions at this residue do

not correspondingly translate into significant changes in this property. However, it was shown

from these results that the placement of the side chain of Argl3 is dependent on the presence

of both Phe82 and Leu85 and one role of these residues may be to restrict interactions of this

side chain to the interactive face of cytochrome c.

A second objective of this thesis was to characterize the nature of an internal hydrophobic

leucine cluster containing Leu85 and the nearby Leu94, as well as an adjacent internal hy

drophobic cavity. Both of these features are found next to tile most buried edge of the heme

group. As shown in Chapter 4, much of the ability of cytochrome c to absorb the introduction

187
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of mutations at Leu85 and Leu94 appears to be a consequence of the conformational flexibility
afforded by this leucine cluster and the nearby internal cavity. Notably, these two structural
features also facilitate large structural changes associated with heme rotation as observed in the
F82M mutant protein. The leucine cluster and internal cavity may also play a functional role by
providing structural flexibility between oxidation states in the course of cytochrome c electron
transfer. Such conformational flexibility is not observed in an adjacent structural feature, the
highly conserved interface formed by the nearly perpendicular packing of the N and C-terminal
helices. The interaction between these helices is maintained despite structural changes in this
region arising from substitutions at either Leu85 or Leu94.

A third objective was to investigate the factors regulating the reduction potential of cyto
chrome c, especially with respect to the role of Phe82 and the effect of aliphatic replacements at
this site. Local structural changes in the F82L mutant protein were found to result in preserva
tion of the hydrophobic heme environment and thus maintenance of heme reduction potential
(Chapter 5). In contrast, the F821 mutant protein displays increased heme solvent exposure
and a corresponding decrease in heme reduction potential. Although the F82M mutant protein
also has an increased heme solvent exposure, no decrease in reduction potential is observed,
possibly due to shielding of the heme from the solvent environment by heme substituent side
chains. This shielding effect also mitigates the impact on reduction potential when polar groups
are introduced into the heme environment as the result of substitutions at Phe82, Leu85 and
Leu94.

The final objective of this thesis was to place our understanding of the role of Phe82 in
a broader perspective by undertaking analyses of yeast iso-i cytochromes c having multiple
mutations at Phe82 and two other distally located sites. The multiple mutant proteins studied
contained all possible combinations of the substitutions R38A, N521 and F82S, where each of
these individual mutations by themselves would result in a significant decrease in heme re
duction potential (Chapter 6). These studies showed that the structural consequences of each
of these amino acid substitutions were independent, in agreement with observations related to
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protein stability. However, in terms of heme reduction potential, two results were observed. For

substitution of Phe82 by serine, the mechanism by which reduction potential is lowered is dif

ferent than that occurring at either of the Arg38 and Asn52 sites, and is independent of residue

replacements at these latter two positions. For Arg38 and Asn52, overlapping interactions lead

to higher reduction potentials in proteins with multiple mutations than would be expected from

a strict additive effect of substitutions at these residues. This appears to arise from interaction

of these two amino acids with a common heme element, namely the heme propionate A group.

Overall, the analysis of multiple mutations in cytochrome c shows that the consequences of

individual mutations can be completely independent or alternatively show varying degrees of

interdependence, depending on a given protein property and the manner in which mutations are

combined. These studies and those discussed earlier point out the complex interrelationships

that occur between amino acids in a protein and the significant challenge this presents when

designing experiments to understand the individual roles of these residues in protein function.
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Addendum

I. Publications in peer reviewed journals arising from the work described in this
thesis:

1. The experiments described in Chapter 3, dealing with the determination of the structures
of the F82Y, L85A and F82Y/L85A mutants of yeast iso-i cytochrome c and the roles of
Phe82 and Leu85 at the interactive face of this protein, have been published in:

Lo, T.P., Guillemette, J.G., Louie, G.V., Smith, M. & Brayer, G.D. (1995).
Structural studies of the roles of residues 82 and 85 at the interactive face of
cytochrome c. Biochemistry 34, 163—171.

2. The determination of the structures of the L85C, L8SF, L85M and L94S mutant pro
teins and an interpretation of the structural and functional effects of these amino acid
substitutions as described in Chapter 4 have been published in:

Lo, T.P., Murphy, M.E.P., Gufflemette, J.G., Smith, M. & Brayer, G.D. (1995).
Replacements in a conserved leucine cluster in the hydrophobic heme pocket of
cytochrome c. Protein Science 4, 198—208.

3. In conjunction with the structural studies described in Chapters 3 and 4, experiments in
volving the analysis of the kinetics of electron transfer between yeast iso-i cytochrome c
mutant proteins and bovine cytochrome b5 were performed. My contribution to these
studies was the modeling of two complexes formed between wild-type yeast iso-i cyto
chrome c and bovine cytochrome b5 by computational techniques. The interpretation of
the observed electron transfer kinetics using these models of the protein-protein complex
has been described in:
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Guillemette, J.G., Barker, P.D., Eltis, L.D., Lo, T.P., Smith, M., Brayer,
G.D. & Mauk, A.G. (1994). Analysis of the bimolecular reduction of fern
cytochrome c by ferrocytochrome b5 through mutagenesis and molecular mod
eling. Biochirnie 76, 592—604.

4. The studies described in Chapter 5 regarding the structural and functional analyses of
the F821, F82L and F82M mutants of yeast iso-i cytochrome c have been prepared for
publication and submitted as:

Lo, T.P. & Brayer, G.D. (1995). Structural analysis of the replacement of the
invariant phenylalanine 82 in cytochrome c by aliphatic residues. Biochemistry,
submitted.

5. The studies presented in Chapter 6 regarding the elucidation of the structures of yeast iso-
1 cytochrome c proteins having multiple site mutations at Arg38, Asn52 and Phe82 and
the analysis of the effects of these mutations on reduction potential and protein stability
have been published in:

Lo, T.P., Komar-Panicucci, S., Sherman, F., McLendon, G. & Brayer, G.D.
(1995). The structural and functional effects of multiple mutations at distal
sites in cytochrome c. Biochemistry, in press.

II. Publications arising from collaborative work on related topics:
These studies dealt with an analysis of cytochrome b5 and mapping antibody sites with synthetic
peptides. As such, these results deal with topics that fall outside the scope of the present work
and therefore are not discussed herein.

1. In this study, the structure of a triple mutant of cytochrome b5 was determined using
molecular replacement methods (Section 2.4.3.2). These analyses revealed the manner in
which the addition of a negative charge adjacent to the heme moiety results in a decrease
in heme reduction potential for this protein.
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Funk, W.D., Lo, T.P., Mauk, M.R., Brayer, G.D., MacGiffivray, R.T.A. &

Mauk, A.G. (1990). Mutagenic, electrochemical, and crystallographic investi

gation of the cytochrome b5 oxidation-reduction equilibrium: Involvement of

asparagine-57, serine-64, and heme propionate-7. Biochemistry 29, 5500—5508.

2. This work determined the exposed surface areas of cytochrome c and the correlation of

the surface exposure of short stretches of polypeptide chain with the antigenicity of the

corresponding peptides from a peptide library.

Schrab, C., Twardek, A., Lo, T.P., Brayer, G.D. & Bosshard, H.R. (1993).

Mapping antibody binding sites on cytochrome c with synthetic peptides: are

results representative of the antigenic structure of proteins? Protein Science 2,

175—182.




