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ABSTRACT

Although it is recognized that electrostatic potential
roughly shapes the energetic landscape of macromolecules,
he scale and the number of interacting entities in these
systems hinders the quantitative appreciation of this
contribution. The biophysics of two electrostatically-
sensitive equilibria in cytochrome c has been studied using
protein engineering. First, a pH-induced ligand exchange
known as the alkaline transition was investigated using an
(alternative) linear regression of titration curves. The
alkaline transition proved to be a 2 step equilibrium that
is led by the deprotonation of the high-pH ligands and
another ionization, thought to trigger this cooperative
change. Second, the thermodynamics of oxido-reduction of
cytochrome c¢ was investigated by point-charge probing and
by engineering the intermal polarity of the protein matrix.
From the discrimination between enthalpic and entropic
contribution to the equilibrium, it appears that the
dielectric susceptibility is constant within the protein
matrix. However, an entropic factor thought to be
conformational polarisability dominates the dielectric
effect. This explains why no predictable dielectric
constant can be derived directly from Coulom’s law. It also
appears that dipolar and conformational susceptibilities
combine in a form of homeostasis that preserves the
function of the cytochrome. This functional cocperativity
is proposed to confer the robustness and flexibility
necessary for the protein to survive (near-) random

mutations throughout evolution.

xil
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Chapter 1l: Introduction

1.1 Conformation of biomolecules

Multifunctional molecules and polymers display
physical and biological properties that accord with their
conformation. The number of possible conformations grows
exponentially with the number of freely rotating bonds in
the molecule, to attain some billions of <theoretical
conformations in a small protein. However, this number
usually narrows down to a single, native, conformation
decermined by a complex ensemble of atomic interactions.
This ensemble is in part explored through protein
enginsering and molecular modeling in this work.

This thesis focuses on the role piayed by

electrostatic forces in the determination o

™h

native

conformations and biophysical properties.

1.2 Concepts of physics

1.2.1 Coulomb’s law
The =lectrostatic force is one of the five fundamental
forces affecting matter. Two bodies of identical or

spposite polarity will respectively repel or attract each

other. The energy required to bring two of these bodies

N

rom an infinite to a finite distance apart defines their

t—

electrostatic potential. In the macroscopic



world, the relationship between two charges (qx), distance

(r) and potential (Ug) is defined by Coulomb’s law

(Equation 1) .
(1)
U ri= 9,9,
Elec
G4ﬂ? o) Er
Two other terms are present in this

relationship: €; the permittivity of the vacuum (8.85419

107" kg™ m? s* A) and &; the dielectric constant. The

dielectric constant represents an environmental factor by
which the electrostatic potential of a charge is
decreased.

A vacuum has an ideal € value of 1. The
dielectric constant ranges in liquids from 4 (cyclohexane)
o 110 (HF), with a value of 78.54 for water at 25°C
{Eisenberg and Crother, 1979). The effective dielectric
~onstant of dried protein powder varies from 1 to 5
{Takashima et al. 1965; Bone et al., 1982). This value 1is
ilso thought to be representative of the apolar interior
3f a protein in solution. However, the broad range of
~hemical properties found in the interior of a protein

matrix and the ensuing dielectric screening is likely to



yield € values around 10-40 (Moore, 1983). Finally, an

offective value of 50-80 is typically observed for solvent

~xposed charges (Rees, 1980).

1.2.2 Physical meaning of dielectrics

The dielectric susceptibility, historically
referred to as dielectric constant or effective dielectric
constant (Rees, 1980), is a factor by which the
=lectrostatic potential is dissipated by the polarisation
cf the medium subjected to an electrostatic field. This
medium-specific property has a “constant” nature only if
one can treat the medium as a continuum of matter. This
assumption formally fails in microscopic systems where the
polarisability of individually defined molecules must be

accounted for.

The microscopic dielectric susceptibility has
been broken down by theoreticians into dipolar relaxation
and electronic relaxation (Simonson et al., 1991). It was
also postulated that the biological functions of

catalysis, binding, and electron transport in proteins,

all exploited this paradoxical distinction between



polarity and dielectric susceptibility (Simonson et al.,
1950) .

Due to its high polarisability, solvent water
is a potent dielectric material. The study of the
structure and function of proteins therefore must account

for this major factor.

1.3 Concepts of physical chemistry

1.3.1 Historical perspective

The early model to represent a protein in
solution was that of an oil droplet surrounded by a polar
environment: a core of low dielectric properties made of
nydrophobic side chains surrounded by a high dielectric
environment made of polar side chains and a solvent shell
(Tanford, 1961). This model was later shaken by the
resolution of crystal structures of proteins. 1In these
structures, many polar groups were observed to interact
with each other inside proteins. With this new
information, the model of the low dielectric, non-polar,
nature of the protein interior seemed to be too

reductionist to be applicable.



From a theoretical point of view, the treatment
~f a protein as a homogenous dielectric entity was thus
becoming impossible. However, recent molecular dynamics
~xperiments showed that it 1is reasonable to treat the
interior of a protein as a low dielectric environment,
despite the polar nature of its components (Simonson,
1995; Simonson, 1998). The rationale is that the motion of
rhese buried groups is restrained in a lattice of
interactions and hence cannot polarize in response to an

=slectrostatic field.

1.3.2 Oxido-reduction couples

Oxido-reduction (redox) potential and hydrogen
ion potential (pH) are two analogous characteristics of a
solution. They determine, respectively, the oxidation and
ionic states of compounds in solution capable of such
~quilibria. Equations 2 and 3 show the two relationships.
in Equation 2, E, is the redox potential of a solution (in
7oits) and EBp® is the standard redox potential of an
oxido-reduction couple. In Equation 3, pK, 1is the
ionisation constant of an ionisable group and HA and A

represent the acid and the base forms of this group.



’ [ (2)
E.=F'- 006 log reduced]

| oxidized

s (3)
pH =pK - log 4
’ | HA

The standard reduction potential of an oxido-
reduction couple reflects how well a molecule stabilizes
its reduced state over the oxidized. In a protein,
prosthetic groups and metal ions are common redox centres.
in cytochrome ¢, the bonds between the 1iron and its
ligands determine roughly the standard redox potential
while the protein environment finely tunes it (Moore,
1983), with electrostatic interaction playing an 1important
role (Churg et al., 1986; Langen et al., 1992; Gunner et
al., 1991; Davies et al., 1993; Berghuis et al., 19%ia).
This contribution to the redox potential reflects the
ability of a protein to differentially solvate.the reduced

state versus the oxidized.



1.3.3 Cooperative nature of biopolymers

In the native conformation of globular domains,
rhe ensemble of chemical functionalities form a coherent
system that behaves as a unit. The energetics of
conformational stability thus depend on a geometrical
factor in which all interacting components have to
maintain their favourable states. This was observed first
in protein unfolding experiments where the plot of the
heat capacity of a protein with respect to temperature
yields a sharp peak at the midpoint temperature. This
binary behaviour in globular domains is known as
cooperativity.

The local variations in stability have thus to
match the global transition midpoint, which implies that
the strongest and the weakest interactions have to form or
break in the same event. It is 1likely that a global
rransition midpoint does not correspond to any of the
.solated local properties: however, all interactions see
their energetics focused to this single event. Most of the
non-ideal microscopic behaviours observed in
macromolecules, such as altered pK.s, thermal denaturation

or interaction energetics, can thus be attributable to

~ooperativity.



1.4 Concepts of molecular modeling

Molecular modeling is a discipline that would
benefit from an enhanced quantitative treatment of the
eslectrostatics of macromolecules. Due to the lack of
computing technology to model accurately at the orbital
level large molecules and their solvent milieu, molecular
mechanics is used to perform conformational searching.
This method proves itself invaluable in geometrical
ootimization of a near-native protein. However, it fails
to consistently and accurately fold an extended

polypeptide into its 3D structure in a timely fashion.

1.4.1 Assumptions of forcefield calculation modeling

An empirical set of optimizations replaces sub-
atomic properties.

The computing cost of applying quantum chemistry
modeling to large molecules is beyond our current level of
rechnology. The bonded and non-bonded atomic interactions
are modeled using a best-fitting algorithm based on
spectroscopic observations, electronic structure

~alculations or simply reproducing empirically known XRD



structures (Jensen, 1999). In forcefield calculations,
each atom is assigned a precise coordinate and a parameter
commonly known in modeling as “potential”. The potential
defines a large number of characteristics such as the
valence, van der Waals radius, bond length and angles,
partial electrostatic charge with regards to its connected
atoms, and a series of factors (in kJ * mol™!) with which
the potential energy of each of these parameters can be
weighted. The bonds are modeled as either harmonic
oscillators or using a more realistic “morse” function
itending to O KJ*Mol™* for long bonds). A collection of
~hese potentials is compiled in a forcefield file. The
reiiability of a modeling calculation will largely depend
on the relevance of the modeled structure to the purpose
of a given forcefield. The forcefield used in this study
is cvff heme; a derivative of the Constant Valence
ForceField (cvff), a general purpose forcefield for

proteins, with added parameters to model heme proteins.
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A cutoff range for non-bonded interactions

The large number of calculations per iteration
limits the practical length of simulations. Since this
numpber increases exponentially with the number of
interacting elements in the model, the significance of
distant atoms is arguably low. To avoid cluttering the
modeling process with non-significant contributions, a
cutoff system is introduced. The use of cutoff distances
~an be tailored -differentially for van der Waals and
siectrostatic potential in order to further minimize the
number of <calculations per iteration. It is common
practice to use cutoffs between 8 and 14 A. This means
that any group of atoms found beyond this distance will
have no direct influence on the triple derivative of the
chemical potential of an atom. It has been demonstrated
rhat the contribution of the interactions neglected by the
cutoff does not significantly affect the course of a
simulation (Simonson, 1998).

These two main assumptions of forcefield
‘atculation explain why this type of molecular modeling 1is
s fast and reliable means to explore the conformational
space by restraining the conformational freedom to a
native or near native fold. The large scale rearrangement

involving the high energy barrier of partial unfolding of
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a model cannot be reproduced using empirical forcefield

simulation in the picosecond time scale.

1.4.2 Triple derivative calculations

This iterative process 1is commonly known as
energy minimisation. During minimisation, the ensemble of
all energy terms is first calculated for each atom so a
derivative of potential energy is determined. Depending on
the algorithm used, each atom is then moved along this
triple derivative vector by a certain value. This process
15 repeated for as many iterations required to balance the
attractive and repulsive forces. At this point, the model
protein is at a local minimum. Which is not guarenteed to
be the global minimum of the model.

The two most common algorithms used in
minimization are: Steepest Descent and Conjugate Gradient.
Steepest Descent performs fewer calculations per
i—eration, 1s more stable in distorted structures, but
will approach the local minimum hyperbolically. Conjugate
Gradient requires more calculations per iteration but does
tbetter at reaching a local minimum when the potential

gradient 1s very small.
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1.4.3 Molecular dynamics

Molecular dynamics allows the exploration of the
conformational space by initially providing a vector of
kineric energy to each atom. The direction of the vector
is randomly generated in the initialization of the
simulation, and its energy value is a function of the
simulated temperature. This additional energy allows the
model to adopt transitory structures between potential
minima and settle on the most stable of them. This minimum
15 =xpected to be the global minimum, assumed to be the

native conformation.

1.5 Cytochrome c as model protein

The protein cytochrome c¢ is a classic model
protein to investigate structure-function relationships.
Its sclubility, stability, and its extensive

‘haracterization permit numerous experimental approaches.
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Figure 1.5la Metabolic pathway used in the
succinate oxidase and cytochrome ¢ oxidase
assays. The standard redox potential is indicated
for each natural component of the pathway.
Blurred components are irrelevant to the assays
described in the text. This figure was adapted
from Voet and Voet (1990).
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Also, the large number of determined structures (see
section 2.4.1 for a partial list) of variant cytochromes
and its small size are two assets to undertaking a

parallel study using molecular modeling.

1.5.1 Biological function and assays of cytochrome c.

Cytochrome ¢ acts as an electron carrier for a
variety of metabolic pathways. The best known of these
nathways 1i1s the respiratory chain that drives oxidative
rrosphorylation in which one cytochrome c¢ carries one
=izctron from cytochrome c¢; to cytochrome a of complexes
111 and IV respectively (Figure 1.51). In the succinate
sxidase assay, the activity of a sample cytochrome ¢ in
its biological context can be expressed relative to the
ictivity of the wild type protein. This assay uses
»smotically shocked, outer membrane depleted mitochondria,
and succinate as an electron source (Figure 1.5l1a). Also,
rhe activity of cytochrome ¢, specifically with the
cytochrome c oxidase, can be assayed using
retramethylphenylenediamine (TMPD) as artificial reducing

igent for the cytochrome c.
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1.5.2 Interaction of cytochrome c with its

physiological partners

The fast electron transfer from cytochrome ¢ to
4 variety of physiological partners makes this protein a
model of choice to study protein-protein interactions.
Extensive spectroscopic characterization has been
undertaken to study the interactions of cytochrome ¢ with
cytochrome bs (Mauk et al., 1995), cytochrome c peroxidase
iMauk et al., 1994) and cytochrome c¢ oxidase (Dopner et
2al., 1999 and references therein). The cytochrome b5 -
cytochrome ¢ interaction fostered pioneering work in
molecular modeling, first on electrostatics of rigid body
binding (Salemme et al., 1976) and later on a flexible
binding mechanism (Guillemette et al., 1994).

A trend has been identified, for all of these
intermolecular interactions, that the highly basic protein
is interacting via its lysine-rich surface with negatively
‘narged surfaces such as lipid bilayers (Hildebrandt et
1., 1993) and acidic proteins. The electrostatic
potential is responsible for steering the cytochrome into
favourable binding conformations and salt-bridge mediated
specific binding (Moore and Pettigrew, 1990) . There 1is

1lso evidence that the heme crevice of the cytochrome c¢ 1is
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altered (Dopner et al., 1999) and may even substitute Met?®°
as the iron-ligand with another ligand. This is thought to
reduce the standard redox potential of the protein, and
thereby increase the thermodynamic driving force of the
nlectron transfer reaction (Dopner et al., 1999). These
(data revived the interest in the ligand exchange

Lsomerization that cytochrome ¢ undergoes at alkaline pH.

1.5.3 pH-dependent spectroscopic states

The ligation of the heme iron in ferricytochrome

by the side chains of the protein is a pH-dependent
process and yields 5 spectrosceopically distinct states (I
- V) (Theorell and Akesson, 1941). The functional
conformation is known as state III. In state III, the
nresence of a band at 695 nm is the result of a charge
~ransfer between the ferric ion and the d-sulphur atom of
Met®®, the sixth ligand of heme iron (Schejter et al.,
19564; Harbury et al., 1965; Eaton et al., 1967; Schejter
~t al., 1991). During the transition from state III to IV,
the 695 nm band disappears with an apparent pK value

ranging between 8.5 and 9.5 depending on the species of
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Lys73

Figure 1.53 Position of the putative lysine
ligands in the state III of yeast iso-l
ferricytochrome c. All lysines are in the Q-
loop including residues 69 to 83. Lys’® is
interacting with the carbonyl group of Sert’
Lys’ is fully exposed to the solvent. Tml’

-

L]

is displayed as reference since the
untrimethylated Lys’® in the horse variant
occupies a similar position. Only the

backbone from residues 45 to 93 is
displayed.
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origin (9.35 in the horse variant) (Moore et al., 1990) and

ritration conditions (Pearce et al., 1989) . The

replacement of Met? at pH - 8.5-10 by another iron ligand

is commonly referred to as the alkaline transition of
«~ytrtochrome c.

The iron in state IV remains low spin due to its
coordination by strong field ligands. In yeast cytochrome
¢ (isoform 1), NMR spectroscopy was used to show that
state IV consists of two possible conformations. Each has
~ither of two deprotonated e-NH, groups as ligands at the
sixte position (Hong and Dixon, 1989). These ligands were
identified in the yeast cytochrome c (iso-1) as Lys’  and

pL)

Lys' ' (Ferrer et al., 1993; Rosell et al., 1998; Dopner et
al., 1998). In the yeast variant, the apparent pK of the
ilkaline transition (pK’ = 8.7) is an intermediate value
between the pKs of two ionisations (pKs = 8.44 and 8.82)
(Rosell et al., 1998). In the bacterially expressed yeast
cytochrome c¢ 1iso-1, the apparent pK of the alkaline
transition is decreased by 0.6 pK units, to about 8.1.
This is hypothesized to be due to the absence of post-
rranslational trimethylation at position 72 that makes

this lysine side-chain a plausible ligand, once

deprotonated. Animal cells do not undercake this



trimethylation modification (Moore and Pettigrew, 1990);
for that specific reason, the alternative ligands for
rhese variants were proposed to be Lys72 and Lys79 (Pollock
<t &l., 1998). Further observations showed that no major
conformational rearrangement occurs in the protein other

than the iron ligand replacement (Rosell et al., 1998).

1.5.4 A complex hydrogen bond network inside the

protein

The work of Churg et al. (1986) showed that the
dielectric nature of the heme crevice is ambiguous: A - It
serves as a low dielectric environment to favour the
terrous form over the ferric cytochrome ¢ and, B - It acts
as a high polarity medium to stabilize the positive charge
on the heme. This paradoxical situation is the result of a
finely tuned network of hydrogen bonds around the heme
prosthetic group. Figure 1.54 shows the various components
of this network.

Heme propioconates

The heme has two propionate groups named Hpr6
and HprT. Hpr6 is partially buried while Hpr7 is entirely

buried inside the heme crevice. Hpr7 has been the focus of
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interest for the study of the standard redox potential
‘Moore et al., 1980) of mutants at position 38 (Cutler et
2i. 1989), and for its interaction with the absolutely
-onserved residues Trpsg(Davies et al. 1993).

Only one of these carboxylic groups 1s thought
to be ionized at pH = 7, most probably Hpr7 (Hartshorn et
2i. 1989). This propionate group is shielded from the
solvent by the alkane portion of Lys79 and tightly held in
clace by the amide hydrogen and the y-OH of Thr'®. Also,

~n= of the oxygens is in contact with Thr’® and water 166.

Threonine 78

This residue is conserved in 95 known sequences
‘Moore and Pettigrew, 1990) except for that of
Chlamydomonas reinhardtii where the residue is replaced by

an asparagine (Amati et al., 1988). Mutant T78G (Rafferty

W
rt

al. 1996) was observed to have an apparent pK for its
.1kaline transition of ~7 (Guillemette, unpublished) and a
s=misynthetic derivative having a N-butyric group as side
c-nain at this same position, a pK’ < 7 (Wallace et al.,
1989). The alteration of the chemical nature of this side
chain has the largest effect on the pK’ of the alkaline
~ransition. In fact, as shown in Figure 1.55 (see page

., a close inspection of the chemical context of this



N
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residue indicates that Thr'® is the sole potential hydrogen
bond acceptor for the propionic group of Hpra. This
residue is thus 1likely to play a critical role in

increasing the microscopic pK of Hpr?

Asparagine 52

This amino acid interacts with Hpr7 and the
buried water 166 (Louie et al., 1990). It plays a critical
role in the thermodynamics of oxido-reduction (Schejter et
ii., 1994; Langen et al., 1994; Berghuis et al. 1994),
rhermal denaturation (Linske-0’Connell et al., 1995; Koshy
er al., 1994), electron transfer kinetics (Whictford et
al., 1991) and the alkaline transition (Schejter et al.,
1994) of the cytochrome c. Along with the Wtr'®®, this is
the only side chain undergoing a significant rearrangement
upon oxido-reduction (Takano et al., 1981;198la) (Figure
1.54).

Much attention was drawn to this position when
rhe mutation NS2I was reported to increase both the
rhermal stability and the oK’ of the alkaline transition.
'n mutant N52I, the Wtr'®® cavity is filled by the bulkier
iie side chain, and in mutant N52A, the amide group of the

asparagine is replaced by a second water molecule.



Tyrosine 67
As visible in Figure 1.55, Tyr® interacts via
its hydroxyl group with Wtr!®® and the &-sulfur of Met®’.

The contribution of this chemical group has also been
extensively studied by semisynthetic (Wallace et al.,
1989) and mutagenic approaches (Berghuis et al., 1994;
Lett et al., 1996). The mutation Y67F, responsible for a
drop in standard redox potential of 56 mV, was suggested
o modulate the redox equilibrium by electron withdrawal
on the sulfur ligand (Berghuis et al., 1994), and was
later shown to contribute both enthalpically and
sntropically to the equilibrium (Feinberg et al., 1999).
in the reduced state of mutant Y67F, XRD crystallography
resolved a second buried water molecule located where the
hydroxyl of Tyr67 used to be (Berghuis et al., 1994). This
second water molecule could not be resolved 1in the
oxidized form. This latter mutation has a strong
stabilizing effect on the fold of the protein (Tn = 107

and increases the pK’ar to 10.65 (Wallace et al.,

1239) .



Isoleucine 75

This residue is conserved in all mitochondrial
cytochromes ¢ except for a few protists where it is
replaced by a methionine or a valine (Moore and Pettigrew,

1990). This residue is part of the polar cavity in which

Wwer'*® is located and is shielded from the bulk solvent.
The mutation I75M was studied by XRD and electrochemical
characterization (Rafferty et al., 1996). This minor
structural alteration provoked a drop in standard redox
potential of 33 mV. On the basis of the solved crystal
structure, the investigators proposed that the increased
polarity of the cavity was diverting the hydrogen bond
donor potential of Wwer'®® from the hydroxyl group of Tyrm.
This data set provided little information on the role of
rhis physically neutral residue. However, it reveals more
on the role of Wtr'®® as a modulating element of the

nrotein’s standard redox potential (Berghuis and Brayer,

1992; Berghuis et al., 1994a; Lett et al., 1996).



1.5.5 Redox dependent conformations

A redox state change breaks the crystals of
cytochrome ¢ (Swanson et al., 1977), suggesting a
significant conformational difference between the two
oxidation states. The alteration of the pKs of surface
lysines 53 and 55 (Bosshard et al., 1980) and histidines
33 and 39 (Cutler et al., 1989) also suggested a change in
the chemical nature of their immediate environment. The
comparison of the two redox state crystal structures in
tuna (Takano et al., 1981 and 198la) and S. cerevisiae
isoforms-1 (Berghuis and Brayer, 1992), however, indicates
that the protein does not undergo any redox state-
associated conformational change. According to these
studies the buried water molecule 166 of the heme crevice
moves toward the iron atom in the oxidized state,
extending the side chain of Asn®®> and altering Wtrtse
interaction with Tyr“ (Figure 1.55). Subsequent work using
NMR solution structures of the horse variant has shown
that, in the oxidized state, the heme solvent access is
increased by a slight rearrangement of residues 81-82 (Q1
et al., 1994). Also, that the number of bound water

molecules increases in the oxidized conformation
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Figure 1.55 Superposition of crystal structures
of Tuna cytochrome c¢ in the oxidized (Black) and
reduced (grey) form. The oxidized structure was
determined by Takano et al. (198la) and the
reduced by Takano et al. (1981). The key residues
interacting with the buried water 166 are
labeled. The measured RMSD for the two models 1is
0.43 A2,
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(Qi et al., 1994). This observation was however contested
by another group whose solution structure resembled the
crystal structure more closely (Banci et al., 1997). These
diverging data at least agree that no major rearrangement
Ls occurring upon oxido-reduction, and that the structural
reaction of the protein to the charge on the iron is of a
dynamic nature.

Solution structures of the horse cytochrome ¢
indicates that one of two water molecules in the .heme
~revice (water 166) can reorient and act as a microscopic
dielectric element to the iron charge (Qi et al. 19%a;
Battistuzzi et al., 1997). Also, it was suggested cthat
this water molecule influences the standard redox
potential via charge withdrawal on the ligating sulfur of
Met’® by interacting with the hydroxyl group of Tyr®

{Berghuis et al., 1994).

1.6 Objectives of this Study

1.6.1 Partial electrostatic scan of the cytochrome c

The chemical modification of proteins 1is a
powerful means to extend the variety of side chain

functionalities beyond the range of naturally encoded
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amino acids. However, the limitation of this approach is
the difficulty in attaining site specificity. A selective
modification of amino acids can be achieved by exploiting
the differential reactivity of some protein side chains
(Bosshard et al., 1980), or by limiting the number of
rarget residues on the protein surface (Ando et al.,
1966,1966a). This section will report selective alkylation
of single methionine residues in cytochrome ¢, using
iodoacetamide to generate a non-titratable, non-
delocalisable positive charge on a series of methionine

mutant proteins.

The cytochrome ¢ of S. cerevisiae (isoform-1)
nhas two methionines found at position 64 and 80 (Narita et
ai., 1969). Met®, is the sixth ligand of the iron of this
heme-protein, and was reported ¢to be shielded from
reactivity with iodoacetamide in bovine ferrocytochrome c
‘Ando et al., 1966, 196€a). Our preliminary results have
shown that this also holds for S. cerevisiae iso-1, a
+ariant for which a partial methionine mutant scan
-comprising a single exposed methionine side chain was
(iecsigned (Woods et al., 1996). In this partial methionine
scan, the wild-type Met® was replaced by a leucine and a

mathionine was introduced at one of six other locations:



Pro’®, val®®, Lys®, Leu®®, Ile’” and Ser®. From this series
of mutants, a corresponding set of site-directed
carboxyamidomethylmethionine-sulfonium ion (CAMMS)
derivatives was generated. A similar approach to the
qeneration of site-specific chemical modifications has
been taken by other workers, using the introduction of
unique cysteine residues to provide the target for
derivatisation (Wang et al., 1995).

Iodoacetamide reacts with nucleophilic chemical
aqroups found in proteins. Under mild acidic conditions
(Ando et al., 1966), only the &-sulphur of methionines
attacks the acetamide methylene group of the halogenoamide
using an SN2 mechanism which yields an iodide ion and &
CAMMS side chain (Figure 1.61). The polarity of the adduct
is greatly increased from that of the methionine side
chain by the addition of a positive charge and an amide
group. In this study, most of these chemical

modifications occur at the surface of the protein, hence

important consequence of this modification.
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The selective alkylation of these mutant
proteins was used as a model system to explore the
biochemical and biophysical effects of the addition of a
punctate positive charge at the surface of the cytochrome.
In addition, the structural effects of the chemical change
and consequent altered electrostatics were assessed using

molecular dynamics.

1.6.2 Dissection of a pH-induced conformational change

Spectroscopic monitoring of pH-induced
conformational <changes often generates an irregular
titration curve. This 1is due to the multiplicity of
microscopic components involved. The nature of these
components and the detail of their interactions define the
structure and the properties of a molecule. As a molecule
passes from one conformation to another, some of these
components become limiting. It is thus possible to resolve
rhese microscopic components from the macroscopic change.
This study introduces the use of a linear regression of
titration curves to identify the microscopic components of

a ligand exchange isomerization in the protein cytochrome

C.
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This study shows that the determination of
Limiting microscopic components reveals details about the
structure and mechanism of a transition that were not
available previously: the mere absence of trimethylation
st Lys’® in the yeast cytochrome c alters the process of
its alkaline transition by generating a new conformer at a
lower pH. This conformer must, to account for the
hysteresis observed in the titration, overcome a high-
energy barrier to equilibrate with the other, more stable,
alkaline conformers. I also show that the loss of Met®®
iron ligation is not solely determined by the ilonisation
ot the lysine ligands, but is likely to involve a third
microscopic trigger. I finally argue that the resolution
of microscopic components can be applied to any
spectroscopic technique to contribute to the investigation

ot the biophysics of structural biology.

1.6.3 Protein matrix and dielectric effect

This section investigates the premise that the
srandard redox potential of a redox centre is affected by
rhe local structural effects (Springs et al., 2000), the
alectrostatic landscape of the polypeptide (Moore, 1983),

including the protein’s own charges (Churg et al., 1986;
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Moore et al., 1980), dipolar matrix (Simonson et al.,
1291; Simonson et al., 1995) and surrounding solvent

molecules (Edholm et al., 2000).

Since the standard redox potential defines the
thermodynamics of equilibrium between two redox states,
E. ' can, therefore, be regarded as a measure of the
:itelectric response to the change in electrostatic charge

oy the environment (i.e., a higher level of polarisability

N

e

.1 favour the +3 charge on the iron over the +2 state as
4+ lower polarisable environment will disfavour 1it).
Assuming that the nature of the iron-ligand interaction
-2mains unchanged, the values of AAE,"’ of mutant proteins
t7rrsus a suitable control) can be regarded as a measure
~~f the dielectric response of a mutated structural feature
no the charge of the redox centre.

The Van’t-Hoff method, based on the temperature
izpendence of equilibria, was chosen to measure the

~harmodynamics of oxido-reduction (Kredox) as shown in the

rhermodvnamic cycle in Figure 1.63.

With virtually no redox dependent conformational

-nange and ligand effects (Takano et al., 1981,1981la;
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Conformation
Dipolar relaxation
polarisation

4

N

e-

Oxido-reduction

Figure 1.63 Thermodynamic cycle of redox of
cytochrome c. The oxidation state of the iron and
the polypeptide associated conformation are
separately stated respectively in the first and
second line in the boxes. The monitored
equilibrium is labeled as K g4ox-
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Berghuis et al., 1994; Banci et al., 1997; Qi et al.,
1996), cytochrome c¢ is an suitable model to investigate
the dipolar and electronic contributions to dielectrics by
using the standard redox potential of 1its iron as a

measurement of solvation of the extra charge 1in the

oxidized protein.

This section will exploit a series of mutants at
nosition 52 (Linske-0’Connell et al., 1995), three CAMMS
‘terivatives (Blouin and Wallace, unpublished) using the
methionine mutants (Woods et al., 1996) as references; and
~he series of point mutations Y67F, NS5S2I, N52V and their
icuble mutants (Schroeder et al., 1997). The effect on the
redox centre will be, in most cases, correlated for these
subtle modifications to the ER"’ of the protein and
rationalized in terms of polarisability of the matrix in

rhe context of the theory of microscopic dielectrics.



Chapter 2: Materials and Methods
2.1 Expression and purification of proteins
2.1.1 Site directed Mutagenesis of arginine mutants in

plasmid pING4

Site directed mutagenesis was performed using a
procedure based on the QuickChange method by Stratagene
{La Jolla, Ca). The entire gene for the mutant
R13K/R38K/M64L/C102T yeast iso-l-cytochrome ¢ and parts of
the upstream and downstream untranslated regions were cut

from pING4 (Inglis et al., 1991) wusing HindIII and

subcloned into Bluescript KS* vector.

The resulting plasmid, named pWEE8, was used as the
template for performing mutagenesis reactions to avoid
problems originally encountered with the large 10.5 kbp
pING4 phagemid when using this mutagenesis technique. For
each mutagenic reaction, a set of complementary forward
and reverse nucleotide primers «carrying the desired
mutation was synthesised by the MOBIX facility at McMaster
University. For each mutagenesis reaction, 35S0 ng of
plasmid pWEE8 DNA, 50 pmol of each of the appropriate

forward and reverse primers, 5 pl of the 10X PWO buffer

(supplied by the manufacturer) and 2.5 mM of each dNTP
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were mixed together on ice and brought to a final volume
of 50 unl, then 2 units of PWO polymerase (Boehringer
Mannheim, Laval, Canada) were added per reaction. The PCR

parameters used consisted of 22 cycles of sequential
incubations of 30 s at 959C, 1 min at 55°C and 3 min at
h8OC. Upon completion of the amplification reaction, the

samples were <cooled to 37°C and 10 units of Dpnl
endonuclease (Boehringer Mannheim, Laval, Canada) added
and the samples incubated for 2 h to selectively digest
rhe methylated parental DNA template. The nuclease-
-reatad DNA was used to transform electrocompetent E. coliil

CHSa cells. The mutant DNA was then fully sequenced to

verify the incorporation of the desired modification and
rule out the production of spontaneous mutations during
amplification. The mutant cytochrome c¢ genes were cut
using HindIII from the respective plasmids and subcloned
back into pING4 restricted with the same enzyme. The
plasmids carrying the mutant cytochrome c genes were used
ro transform yeast GM3C-2 cells for expression of the

protein as previously described (Inglis, 1991).
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2.1.2 Mitochondrial S. cerevisiae iso-1 mutant protein

expressed in S. cerevisiae strain GM3C-2

Cytochrome c protein was expressed in a strain
of S. cerevisiae in which both isoforms of mitochondrial
cytochrome c¢ are knocked out. This strain retains 1its
ability to grow with partially functional protein but is
free from wild-type protein contamination. Cultures were
grown at 30°C in 1% (w/v) yeast extract, 2% (w/v)
bactopeptone, 0.17% (w/v) yeast nitrogen base without
amino acids, 0.5% (w/v) ammonium sulphate and 3% (v/v)
glycerol serving as carbon source. Cell density was
monitored at 660 nm until stationary phase was just
reached and the media was then supplemented with 1% lactic
acid (pH 5.5) to stimulate the production of cytochrome c.
This culture was then allowed to progress for three days
and the cells were spun down at 4000 g for 15 min. Cell
lysis was performed for 20 h in 0.5 M KCl and 25% (v/v)
ethyl acetate in the presence of a cocktail of proteolysis
inhibitors (35 ug/mL PMSF, 0.3 mg/mL EDTA and 0.1% pB-
mercaptoethanol). Lysate was spun down at 4000 g for 15
min and the supernatant was fractionated by bringing the

solution to 50% ammonium sulphate. The supernatant
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following centrifugation was dialysed once against 12.5 mM
potassium phosphate (pH 7.0), 35 ug/mL PMSF, 0.3 mg/mL

EDTA, 0.133 uL/mL fp-mercaptoethanol, and twice against
distilled water.

The protein solution was then diluted to reduce
conductivity prior to loading into a cation exchange
Trisacryl-SP Plus-M resin (Sigma) and eluted with a
continuous potassium phosphate (pH 7.0) gradient from 100
mM to 250 mM. Appropriate fractions were pooled, desalted
on G-25 gel filtration resin (1% acetic acid as =luant),

lyophilised and stored at -20°C.

2.1.3 Mitochondrial S. cerevisiae iso-1 protein

expressed in E. coli

The recombinant protein expressed in pBPCYC1l-3
was expressed and purified as described in Pollock et al.,
19598. However, many attempts to recover the bulk of the
product from the pellet of cell debris failed to produce
vi2lds as plentiful as those reported by the authors. The
imount of purified cytochrome c¢ was however suitable for

bicphysical characterization.
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2.2 Chemical Modification of proteins

2.2.1 Selective Iodoacetamidation of Methionines

Ferrocytochrome <c¢ (10 mg/mL) and 0.65 M
1odoacetamide (Sigma, Oakville, Can) were incubated at
38°C for 4 - 24 hours in an air tight syringe containing
degassed 50 mM potassium phosphate pH 5.4 with a small
amount of ascorbate (SIGMA, Oakville, Can) to keep the
protein in the reduced state. The course of reaction was
monitored using high pressure 1liquid cation exchange
chromatography on a SP 5PW column (Waters Associates,
Milford, MA) and the reaction product was separated at the
pnreparative scale using SP trisacryl PLUS-M (Sigma,
Oakville, Can) cation exchange resin eluted with a

phosphate buffer gradient (50 -250 mM).

2.2.2 Reductive alkylation of Lysines

Alkylation was undertaken as previously

4described (Wallace and Corthésy, 1987), using acetone toO

produce a fully alkylated isopropyl-lysine derivative.
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2.3 Biological and biophysical assays
2.3.1 Succinate oxidase assay

Mitochondria were isolated from rat liver
homogenate by cell fractionation. The homogenisation was
performed in 8.5% sucrose followed Dby low speed
centrifugation (600 g, 10 min) to get rid of nuclei and
cellular debris. Further centrifugation of the supernatant
(8000 g, 10 minutes) yielded a mitochrondria-enriched
pellet washed with and recentrifuged twice from 8.5%
sucrose.

Removal of the organelle outer membrane and
=ndogenous cytochrome c were performed consecutively by
osmotic shock of the pellet in 15 mM KCl (10 min, 4°C) and
centrifugation (6000 g, 10 min) of the preparation and
then four iterations of resuspension/centrifugation of the
sediment in 150 mM KCl. The resulting pellet was finally
resuspended in 8.5% sucrose and kept on ice until used.

The biological activity of the mitochondria was
followed by oxygen consumption monitored with a Clark-type
oxygen electrode. A volume of 4.1 mL of assay buffer (300
mM sucrose, 75 mM glucose, 1 mM MgCl,, 12 mM K;HPO4, 11 mM
succinate, 2 mM ATP and 0.113 mg/mL hexokinase (ICN)) was

mixed with 1 mL of mitochondrial suspension and left to



equilibrate until a steady consumption baseline could be
established. Cytochrome c was incrementally  added.
Velocities were recorded and plotted with respect to the
mass of cytochrome c present in the assay. First order
initial rates were then established for each sample and
expressed as % of activity with respect to the appropriate

control cytochrome c.

2.3.2 Cytochrome c oxidase assay

The cytochrome c oxidase membrane complex was
purified from cow hearts using the technique of Darley-
Usmar et al. (1987). The activity was measured by
molecular oxygen consumption using a Clark-type oxygen
slectrode. First, 5 mL of reaction buffer (50 mM MOPS and
0.3% Tween 80, pH 7.5) and ascorbate was added to a final
concentration of 7 mM (70 ML of 0.5 M sodium ascorbate).
TMPD was prepared by recrystallisation from 80% acidified
-stnanol and added to a final concentration of 0.7 mM (70
uL of 50 mM TMPD). The solution was left to equilibrate
until a steady consumption baseline was established and a
small volume (0.5 uL) cytochrome c oxidase was added,

followed by incremental additions of sample cytochrome c.
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First order initial rates were then established for each

sample and expressed as % of activity with respect to the

appropriate control cytochrome c.

2.3.3 Determination of Redox potential

The measurement of redox potential was made
using the method of mixtures (Wallace et al., 1986) in 50
7.0). A series of

potassium phosphate (pH

mM
rro/ferricyanide redox buffers were used to assess the

2

~xidation state of the heme iron by spectrophotometry and

alculated using the following relationships:
(2)

S

E=E" 006 log Reduced
Oxidised

Ferrocytochrome

I FeC’N -0.06 log Ferrcfcyanfde = Eo'C_vlochrome -0.06 lOg N
Ferricyanide Ferricvtochrome

] (3)

ratio ferro/ferricytochrome ¢ was assessed

The
by comparing the peak height at 550 nm versus those cof the
fully oxidized and reduced protein at the same
fer was set

The redox potential of the buti

ncentration.
to a ferrocyanide

by incremental addition of ferricyanide
varying from 500 to 7.14.

solution with molar ratio
ratio

By

logarithm of the ferro/ferricyanide

piotting the
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with respect to the logarithm of the ratio of

ferro/ferricytochrome c, we obtain the linear
relationship:

log Ferrocyanide o Ferrocytocrome | E° FecN - E° Cytochrome (4)

“| Ferricyanide Ferricytochrome 0.06

From this relationship, the standard redox
potential of the sample cytochrome c could be calculated
using equation (5). However, a correction factor for the
deviation from the theoretical slope of one was applied
and proved to accurately recover data failing to achieve a
slope of 1. The actual equation used to determine redox

potential was then equation 6 (Appendix A) .

. . (5)
E° Cytochrome = E® Fecn -0.06 b

. . 3 (6)
E Cytochrome = E° Fecy —0.06 (’ = ”’) b
The value of the standard redox potential for

~he couple ferro/ferricyanide (E“Fecy) was taken to be

+0.43 V (Wallace et al., 1986).
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2.3.4 Determination of REDOX potential with the Fe-

EDTA buffer system

The use of an alternate redox buffer system was
iound necessary for a better coverage of the lower redox
potential range in the study of mutant proteins with low
En'’". A method using EDTA-complexed iron in both oxidation
states was adapted from Moore et al. (1984). Samples were
iided to 50 mM potassium phosphate (pH = 7.0) and 10 mM
ECTA, in the presence of ~0.5 mM of ferric ammonium
sulphate (this solution was prepared by dissolving 96.4 mg
s ferric ammonium sulphate in 5 mL of 0.5 M EDTA, left to
r=st for a few hours, then diluted to approximately 0.5 mM
in degassed 50 mM phosphate/ 10 mM EDTA). Incremental
addition of ferrous ammonium sulphate was made to cover
butfer redox values of 180 to 300 mvV ( 5 X 1 uL, 5 pL, 10
uL of 0.05 mM and then 5 puL and 10 puL of 0.5 mM ferrous
ammonium sulphate).

Buffer redox potential was calibrated with the

narallel titration of two Cl02T yeast iso-1 cytochrome c

L

= 279 mV) and the ratio of mutant ferrous over

tarricytochrome ¢ was plotted against the solution redox



48

potential value. The data was best fitted with a suitable

relationship and the mid-point potential evaluated.

2.3.5 Thermodynamics of oxido-reduction

Temperature dependence of the equilibrium
between the reduced and the oxidized form of the
cytochrome c was measured in 50 mM potassium phecsphate (pH
7.0) with its redox potential set at 268 mV using a
ferro/ferricyanide ratio of 500. The sample was f{first
prepared, then degassed for 15 min under vacuum, flushed
with argon and kept in an airtight quartz cuvette for the
whole experiment.

The temperature sweep occurred between 16 and
30°C with a 2°C increment using a HP89090A Peletier
element thermostated cuvette holder (Hewlett-Packard,
Missisauga, Canada) and the 550 nm absorption band was
monitored with a HP8452A diode array spectrophotometer.
Fully oxidized and reduced protein were generated
respectively by addition of ferricyanide up to a
ferro/ferricyanide ratio of 3 and then a small amount of

ascorbate.
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Despite multiple precautions to overcome
apparent autooxidation of the sample protein, the data
collection has to proceed in such a way to correct for
rhis minor, but critical, source of error. The temperature
sweep proceeded from 30°C to 16°C and then back to 30°C.
Corresponding measurements in both direction could be
compared to evaluate the constitutive autooxidation. In
practice, the two titrations superimposed well up to 26°.
Control runs evaluating the temperature dependence of En
of the buffer indicated that no correcting £factor was

necessary to be applied.

2.3.6 Titration of the 695nm charge transfer band

Sample cytochromes c were fully oxidised using
excess potassium ferricyanide, then desalted on a Sephadex
G-25 PD-10 column (Pharmacia, Baie D’Urfé, Canada) and
brought to a final concentration of about 2.5 - 8 mg/mL in
50 mM potassium phosphate. The charge transfer band at 695
nm was evaluated by subtracting the absorbance at 710 nm
(baseline) from that at 695 nm measured using a HP 8452A
diode array spectrophotometer (Hewlett-Packard,

Mississauga, Canada). The titration was performed for pH
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values typically ranging from 6.5 ¢to 10.5 and at
approximately 0.15 pH unit intervals using small volumes
of 0.01, 0.1, 1 and 5 M KOH or HCl. Special care was taken
to avoid large pH swings in the pH range of 8.2-8.9 since
direction of titration was important in some samples and

therefore no backward step could be performed.

2.3.7 Mathematical processing of titration data
Equation 7 is derived from the mathematical
definition of an ionisation constant with 1its signal
decreasing as the pH increased. In this equation, Asgss mm
sorresponds to the absorbance at 695 nm, Agax 1S the
maximal peak height at neutral pH and Ka is the ionisation

constant of the ionizing group:

Ane
Agosam = (7)

1+(K,/ [H'])

A695mn = Amax - 1 A695nm
[H*] K, K,

The titration curve was evaluated with & non-
linear regression algorithm to determine the offset in
absorbance of the sigmoid best fit. This offset was then

subtracted from the data. By plotting Asesam/ [H'] VS Asesnms
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the slope of a linear segment determined using the least-
squares method could be used to calculate discrete K,
values. Most samples assayed yielded two or three of these
linear segments and their slopes were determined
separately. The precision in measurements of pK was

typically within +/- 0.05 unit of pH.

2.3.8 Partial titrations of the 695 nm charge transfer

band

Freeze dried commercial horse heart cytochrome cC
(Boeringer Mannheim, Laval, Canada) was dissolved in 50 mM
sodium phosphate buffer (pH 7.0). The protein was totally
oxidized using potassium ferricyanide and buffer exchanged
tro 50 mM sodium phosphate pH 9.2 or 10.5 using a G-25
resin in a PD-10 desalting column. The titration was then
either immediately performed in ~0.1 pH unit increments
back to pH 7.4, or to pH 10.5, or incubated at room
remperature for 10 minute prior to titration. Finally, the
ritration curve was sampled over a few data points in the
pH range of 10.5-11 to determine the titration curve

baseline. The corresponding fragments of the titration
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pseudosigmoid were then mathematically processed as

described.

2.3.9 Thermodynamics of the alkaline transition

This was performed using the graphical method of
van’t Hoff. Samples were dissolved in 50 mM sodium
phosphate, pH 6.5, to measure the maximum of the 695 nm
band using a UV spectrometer. The samples were then taken
ro a pH corresponding to their apparent transition
midpoint and left to equilibrate in a thermostated cuvette
n~lder HP 89090A (Hewlett-Packard, Mississauga, Canada).
The 695 nm peak height was monitored over 20 - 34 °C using
increments of 2 °C. A final measurement was made at pH =

10.5 to assess the baseline of the titration curve.

2.3.10 Secondary structure analysis by circular

dichroism

Sample cytochromes c¢ were prepared in 10 mM
phosphate pH 7.0 in a 1 mm quartz cuvette and the spectra
were recorded from 260 nm to 180 nm at 10 nm*s™*, at 25°C.

Molar ellipticity was then calculated with exact
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cytochrome concentrations measured at 410 nm (=106 M'cm™')
in a regular UV-vis spectrometer. The typical domain of

qgood signal-to-noise ratio was 183 - 260 nm.

2.4 Computer modeling

Computer modeling was carried out on a INDIGOZ
SGI platform running under IRIX 6.5.5 using MSI’s modeling
package INSIGHTII v.98.0 with licenses to BIOPOLYMER,
DISCOVER 2.7.7, DISCOVER 3.0 and SKETCHER. A custom
forcefield was used to accommodate the peculiar character
~nf the type-c cytochromes. This force field, named
cvif heme (gift from Dr. G. Brayer, UBC), is & derivative
of the standard Constant Valence Force Field (cvff) with
rhe necessary parameters to process the heme prosthetic
group. Cvff heme was further modified to allow the
modeling of the sulfonium sulfur atom found 1in the

chemical derivative CAMMS.

2.4.1 Starting structures
Protein DataBase (PDB) structures were
downloaded from the Entrez database

( --://www.ncbi.nlm.nih.gov) for a variety of X-Ray and
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NMR solution structures with the accession numbers as
shown on table 2.41.

PBD file format is a simple system including information
on molecular coordinates, atom type and crystallographic
remperature factor for each atom. These were then
processed into a functional molecular model with the
addition of hydrogen atoms to cap open valences and adjust
rhe ionisation states of basic and acidic groups as
typically charged at pH 7.0. Potential was then assigned
-5 each atom using the automated feature of the modeling
-nvironment. The output was manually checked and adjusted
-sr the heme prosthetic group and the trimethylysine at
nvosition 72 in the yeast models. A typical minimisation
step (Steepest descent, 5000-10000 iterations, Morse and
Cross terms turned on) was then performed using DISCOVER
'.7.7 with all the atoms belonging to the protein fixed in
space to generate an appropriate solvent-mediated
nydrogen-bond lattice.

Balanced structures were then soaked using a
lavering algorithm with 5 A of discrete solvent molecules
.nd this solvation shell was in turn solvated with an
sxtra 5 A of water molecules that will form the shell of

“frozen” water molecules, decreasing the rate of



55

evaporation during the course of molecular dynamics. This
method was preferred over the use of Periodic Boundary
Conditions (PBC) given available computing resources.

Initial structures were assayed for stability as

control.

2.4.2 Modeling mutant proteins

Mutant and chemical derivatives were modeled using the
closest related initial structure, modified using
BIOPOLYMER. Side chain replacement was performed
automatically and then bond torsions were manually
adjusted to minimise steric clashes and initialise the
calculation with the highest local stability. The modified
side chain was then allowed to minimise (Steepest descent,
1000 iterations, harmonic bond, no cross terms), then the
neighbouring side-chains and finally the protein was fixed
and the solvent shell was relaxed prior to the actual
modeling calculation. Addition or omission of one or many
steps of initial minimisation was decided on a case-by-
case basis with respect to the magnitude of the modeled

modification versus the geometry of the original

structure.
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Table 2.41 Crystallographic coordinates used to model the

cytochrome c¢ in this study.

PDB

Key Structure description Reference

Ferricytochrome ¢ Banci et al., 1997
E. caballus
NMR min., RMSD = N/A

LAKK

Ferricytochrome c Banci et al., 1997
E. caballus
NMR min., RMSD = N/A

LAKK

N52I / Cl02T Ferricytochrome c Berghuis et al., 1994a
S. cerevisiae isoforms-1l
X-Ray, RMSD = 2.00 A

1CRG

N521 Ferrocytochrome ¢ Berghuis et al., 199%4a
S. cerevisiae isoforms-1
X-Ray, RMSD = 1.90 A

LCRH

N52I/Y67F/C102T Ferricytochrome ¢  Berghuis et al., 199%a
8. cerevisiae isoforms-1
¥-Ray, RMSD = 2.00 A

a0l

N521/Y67F/Cl02T Ferrocytochrome c Berghuis et al., 1994a
S. cerevisiae isoforms-1
X-Ray, RMSD = 2.05 A

LCRJ

Y67F/Cl02T Ferricytochrome c Berghuis et al., 1994
S. cerevisiae isoforms-1
X-Ray, RMSD = 2.20 A

1CTZ Y67F/C102T Ferrocytochrome cC Berghuis et al., 1994
. S. cerevisiae isoforms-1

X-Ray, RMSD = 1.90 A

Ferrocytochrome c Banci ec al., 199%
E. caballus
NMR (minimised), RMSD = N/A

I75M / Cl02T Ferricytochrome ¢ Rafferty et al., 1996
S. cerevisiae isoforms-1
X-Ray, RMSD = 1.9 A

NS2A / Cl02T Ferrocytochrome c Berghuis et al., l9%6a
S. cerevisiae isofcrms-1
X-Ray, RMSD = 2.00 A

LIRW

Ferricytocnrome ¢ Qi et al., 1996
E. caballus
NMR (minimised), RMSD = N/A

10CD
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C102T Ferrocytochrome c Louie et al
S. cerevisiae isoforms-1
X-Ray, RMSD = 1.23 A

., 1990

C102S Ferricytochrome c Qi et al., 1997

E. caballus

NMR (minimised), RMSD = N/A

Ferrocytochrome c Qi et al., 1996

E. caballus

NMR (minimised), RMSD = N/A

C102T Ferricytochrome c Berghuis et al., 1994

S. cerevisiae isoforms-1

X-Ray, RMSD = 1.9 A

Cytochrome ¢ Bushnell et al., 1990
Horse heart

X-Ray, RMSD = 1.9 A
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A typical calculation involved first a
minimisation step of 10000 iterations of steepest descent
or Conjugate Gradient. This was followed by over 100000
iterations (100 ps) of Leapfrog molecular dynamics at 300
K, 1 fs per iteration with a trajectory sampling rate of
200 steps.

Unavoidable evaporation of some of the solvent
molecules forbids the potential energy of the system from
perfectly levelling. However, the course of the molecular
simulation was assessed for stable conformation using a
matrix of Root Mean Square Deviations (RMSD) for clusters
of parent conformations (< 0.33 A RMSD). These matrices
were typically calculated using 3-5 key amino acids to
optimise reliability versus computing time. The members of
the identified families of conformation were then averaged
and the resulting structures used for analysis. This
method was preferred over a complete process of averaging-
minimising because raw averaged structures give a better
feel of the dynamics of motion in the actual mcdel than a
minimised model. The exception was in the case where

freely rotating groups were critical for the analysis.
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2.4.3 Modeling Alkaline Isomers

The replacement of the sixth iron ligand
required special considerations. The ligation bond between
the 85 of Met® had to be broken and the potential of &S
restored to the forcefield methionine default values. The
bond between the target nitrogen of the amino group
destined to ligate the iron was then defined and the
potential was approximated to that of the His'® ligating
nitrogen. This highly distorted structure was minimised
for 10 000 iterations of Steepest descent and visually
assessed for further structure stabilisation prior to a
tvpical molecular dynamic calculation for 100 to 150 ps

and processed the same way as described in section 2.4.2.

2.4.4 Calculating Net Dipolar moment

Net dipolar moment was calculated by analysing
rhe trajectory file of a molecular simulation of a given
model cytochrome c. A RMSD matrix was generated to
identify domains of local stability. Cartesian coordinates
of atoms were averaged over the life span of a chosen

~luster of conformation and the relevant water molecules
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were extracted into separate files for spreadsheet
processing.

The value for the dipole moment of a relaxed
water molecule was 1.85 Debyes and the length of the
vectorial sum of O-H bonds was calculated from a model
water molecule and found to be 1.278 A. The vectorial sum
of each water molecule was then calculated relative to the
vectorial sum of a relaxed molecule and then multiplied by

rthe full dipole moment of a water molecule (equation 9).

| 2 @ v ob@ v .

Where ¥, refers to the averaged coordinate of

one of the two hydrogen atom and ¥, the averaged

position of the oxygen atom that is considered as

reference point.



Chapter 3: Results

3.1 Stability and validity of the model of wild type

ferrocytochrome ¢

A control dataset was collected on the model of
ferrocytochrome c¢ to assess the stability and validity of the

model protein versus the original crystallographic coordinates.

3.1.1 Stable conformation of the model protein

Two matrices of RMSD were determined to identify
groups of stable conformations (Figure 3.11). The first matrix
involved all heavy atoms (77 atoms) of the following residues:
Tyr®’, Thr'®, Asn®?, 1Ile”> and the heme ring. This matrix
indicated that the heme crevice stays within 1 A RMSD for the
duration of the simulation (100.5 ps) and that a stable
structure (RMSD < 0.66 A%) was adopted at t=60 ps and maintained
for the remaining 40.5 ps. It appears, then, that the 50 ps
early in the simulation were necessary to recover the exact
native heme crevice conformation following the initiation of

the simulation.

61
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A similar matrix was established for the positions of
all Ca atoms of the protein backbone that adopted a stable

structure within 20 ps (Figure 3.11), with RMSD ranging between

0.33 to 1 A throughout the entire simulation.

3.1.2 Validity of the model protein

A moving window RMSD scan was then run on the
averaged coordinates of the protein for the last 40 ps of the
simulation. This averaged structure (1.55 A RMSD vs. crystal
coordinates) was then compared to the original coordinate file
using the moving window RMSD data analysis script (Appendix C).
Figure 3.12 shows that no region of the protein is distorted
above the background noise, except for a slight drift in the
vicinity of residue 40. Also, the RMSD scan of the backbone
with a window of 12 residues shows that the Q-loop, including
the residues 20 to 30, drifts slightly more than the rest of
the protein.

Figure 3.12 also shows that there is no correlation
between the crystallographic temperature factors (B-factor),

the backbone and the local RMSD.
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3.2 Selective alkylation of methionines in cytochrome c

3.2.1 Alkylation of Methionines

The alkylation of a surface methionine is efficient
and nighly specific at most of the positions chosen for
methionine insertion. Under reducing conditions, wunreacted
protein was left, in most cases, only in trace amounts after 2
- 8 h of reaction (Figure 3.21), and polyalkylation was not
observed unless exposure was prolonged. The variant L68M failed
to be specifically alkylated. Leu®® is a completely buried
residue situated in the left loop of the cytochrome c. When
Leu”® was mutated to methionine, the apparent pK of the alkaline
isomerization is shifted to a lower value (Table 3.21)
indicating a significant distortion of the chemical nature of
the heme environment. Upon prolonged treatment with this
substrate the reaction generates polyalkylated derivatives,

most probably including the double derivative Met68 / Met80.
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Table 3.21 Biological and biophysical properties of the

methionine mutants and their CAMMS derivatives

Succinate Cytochrome ¢ E'm pK ®

oxidase oxidase (mV) (695 nm)
(% Native) (% Native)
CAMMS CAMMS CAMMS CAMMS

c102T7° 100 105 100 103 276 277 8.4 8.6
S65M 100 33 72 76 270 276 8.5 8.3
P25M 100 95 103 105 288 287 8.5 8.5
V28M 63 65 85 10 268 284 8.1 8.1
K55M 55 58 46 95 284 267 7.8 73
L68M" 73 N/A 52 N/A 268 N/A 7.6 N/A
I75M 48 56 92 65 247 278 8.1 8.1

* Mutant protein Cl02T is considered as the wild type in

this study.

® Apparent pK of the alkaline transition evaluated by non-

linear regression.

“ Mutant L68M failed to selectively alkylate at position 68.
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3.2.2 Activity of CAMMS derivatives with physiological

partners

The activity of mutant cytochromes ¢, and their
chemical derivatives, with physiological partners was assayed.
Table 3.21 presents the results of these assays for each type
of cytochrome c¢. The alkylation of Met® in the wild type
protein does not significantly change the activity with
cytochrome ¢ oxidase nor in the succinate oxidase assay. Yet
alkylating the next position (CAMMS65) decreases the relative
activity of the cytochrome c¢ in the succinate oxidase assay by
667, rnough only by 25% in the cytochrome ¢ oxidase assay.

The effects of methionine alkylation on the activity
of these mutants with the purified cytochrome c¢ oxidase can
also be quite pronounced. Derivative CAMMS28 has an activity
decreased by one order of magnitude while the restoration of
the positive charge at position 55 regenerates the wild type

activity level in the derivative CAMMSS55 (Table 3.21).
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3.2.3 Alkaline transition of CAMMS derivatives

The apparent pK of the alkaline transition is
affected by the mutation K55M (pK’ar=7.8) and the pH lability of
the spectroscopic state III is further increased by the
alkylation at this position (Table 3.21). Mutant L&E8M also
shows a significant decrease in the midpoint of its state III
to IV conformation transition with a pK’ = 7.6. Other mutants

and derivatives show no substantial ApK’ar.

3.2.4 Modeling of the CAMMS28 derivative

The modeling of the CAMMS28 derivative yielded two possible
conformers, varying by a bond rotation in the CAMMS side chain.
The CAMMS side chain either extends across the heme edge and
interacts with the backbone carbonyl group of Lys  (Figure
3.24), or has its amide moiety within hydrogen bonding distance
of the neighbouring Gln't. In both conformations, the positive
charge of the sulfonium ion contacts the heme edge and none of
these surface structural alterations are seen to affect the

wild type fold of the cytochrome c.
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3.2.5 Modeling of CAMMSSS5 derivative

The modeling of the mutation KS5M and its CAMMS
derivative did not show any modification of the fold of the
protein. As shown in Figure 3.25, the mutation of the lysine
residue to methionine negated the ability of this side-chain to
bind to the backbone carbonyl of Tyr”. This potential 1is,

however, regained with the acetamidation of the d-sulfur: the

amide hydrogens are able to bind to this carbonyl oxygen in the
model of the CAMMS derivative (Figure 3.25). The longer side
chain changes the geometry of the interaction and the average
hydrogen bond length is increased by about 1 A. In the absence
of other changes, the structural basis for all alterations of
the physical characteristics of these cytochrome ¢ variants
will lie in the energetics of the hydrogen bonding potential
and/or the electrostatic charge on the side chain and this role

is governing the stability of the local protein fold.

3.2.6 Modeling of CAMMS7S derivative

The model of CAMMS75 was derived from the crystal

structure of the mutant cytochrome c I75M (PDB accession key:
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1IRV :Rafferty et al., 1996)). The assumption was made,
supported by a near native pK’ of the alkaline transition of
this variant, that the amide group would occupy the heme
crevice cavity filled in part by a structural water molecule.
In the model, the polar SP2 nitrogen component of the CAMMS
amide is stabilized within the protein interior in a similar
fashion to that of the amide of Asn®® in the wild type
structure, pushing this latter residue slightly away from the
heme. As shown in figure 3.26, the modeled amide group of the
CAMMS side chains is interacting with the carboxyl group of
heme propionate 7 and with Thr’® via its amide hydrogen atom and
its carpbonyl group respectively. Finally, the dipole of the
amide group of Asn®® aligns itself with the electrostatic field
of the sulfonium charge, with its carbonyl group pointed at the
positive charge that stays buried in the modeled cytochrome c.
The model also suggests that a polar cavity in this area would
be sufficiently large to accommodate a structural water
molecule, although this water molecule occupies a binding site
unrelated to these of Wat!®® in the wild type protein (Figure

3.25).
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Figure 3.26 The heme crevice in model of chemical
derivative CAMMS75 of S. cerevisiae cytochrome c
isoform 1. Structure averaged over 50 ps. The
water molecule displayed (white) 1is a solvent
molecule that introduced itself during the
simulation and plays a structural role. Residue
displayed for reference are (clockwise): Tyrs’,

val’’, Lys®%, Asn® and Thr'®.
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3.3 Modeling of the alkaline conformers

The study of the mechanism of the alkaline transition
is complicated by the lack of structural information on the
alkaline isomers. This section presents models of these

isomers.

3.3.1 Modeling of conformer IV,

The existence of state 1IVqs was long hypothesised
before its existence was finally confirmed. The relatively
small movement that the backbone must undergo to replace Met??
by Lys '~ makes IV;s a plausible isomer. A conformational search
using molecular mechanics shows that Lys79 can replace Met® at
the sixth coordination position with a displacement of ca’® of
only 2.20 A and a minimal amount of rearrangement (Figure
3.31).

The alteration of the local conformation upon ligand
exchange is minor within the heme crevice. As indicated in the
Figure 3.31la, the local RMSDs of the backbone and the
backbone/side chains are altered in the second half of the 70s
loop, past the double proline turn that rigidifies this area.

Most of the backbone rearrangement appears in the extended
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peptide stretch of the 80s. In this model, the side chain of

Met”™ is extended outward from the protein’s centre, which

exposes the heme edge and the heme propionate (Hprs) to the bulk

solvent.

3.3.2 Modeling of conformer IVis

It was assumed that the formation of the Lys73 ligated
alkaline isomer (IV,;3) happens with a minimum of backbone
rearrangement (in order to satisfy the spectroscopic evidence
postulating & minimum rearrangement). The shortest and simplest
way ro c<onnect the iron and the amino group of the lysine
residue was chosen by biasing the isomerisation to occur
through rotation of the proline double turn clockwise so the
side chain of Lys73 would penetrate the protein and be within
reach of the heme-iron ligation sphere.

The backbone rearrangement 1is, in this case, more

extensive than in the previous model (Figure 3.31), although
its scope is limited from position 70 to the late 80s (Figure
3.31a). The 70s loop is fairly rigid because of secondary

structural constraint and ligation of the iron, and thus has to
rearrange en bloc which further influences the conformation of

the 80s peptide stretch.
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To accommodate the displacement of Cawsnl_[m to 1its

proposed position in IVs3, a distance of 7.02 A, the
architecture of the heme-crevice must be rearranged: the side
chain of Ser®® is now in close interaction with the amide

nitrogen-bound hydrogen of Asn®%; contact explains the

0 52

perturbation in the surroundings of Ser'® in figure 3.31. Asn

caps a cluster of aromatic side chains that form a network of

plane-to-edge aromatic interactions involving Tyr’*, Trp®®, Tyr®’

and the heme plane itself. Tyr® is further hydrogen bonded to
the amine group of Lys’® and its ring is in Van der Waals
contact with Ile’ and the y-methyl of Thr'®. This extensive

packing of hydrophobic and aromatic groups is completed by a
tight stabilisation of the heme propionates by Thr'® (HP6),
Trp®®, Arg®® and Ser®® (HP7), bridged via the nitrogen amide of

Asn®®

and the two well ordered water molecules. In this case,
the side chains of both Lys’® and Met®® are seen extending along

the surface of the protein, partially covering the heme edge.

3.3.3 Modeling of conformer IV

The modeling of the alkaline species IV;: in yeast

isoform-1 was undertaken to explore possible conformations of

the untrimethylated Lys72 in state IVy; as postulated by Pollock
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et al. (1997). This latter isomer may also be relevant to the
understanding of the nature and mechanism of the alkaline
transition of the horse protein.

The Tml’® residue was converted to a deprotonated
lysine, and the smallest overall rearrangement was assumed. The
subsequent minimisation and molecular mechanics steps however
led to global structural rearrangement of the interaction
between the protein and its prosthetic group. As we can see in
Figure 3.33, the heme is rotated by 33" relative to the centre
of mass of the protein. A backbone superposition of the whole
protein yields a RMSD of 1.85 A%, which indicates a reasonable
overall fold conservation despite the appearance. Closer
inspection of Figure 3.33 shows that to satisfy the bond length

and angles of the Lys72

side chain atoms, the segment of the
double proline turn has forced the 80s segment to move toward
the back of the protein. The GlleTh:%, Il1e**/Asn®**-Phe™’ and
Ser -Asp’’ contacts found in the native species of state III are
kept, thus pushing both the N-terminal 10 amino acids and the
90s a-helix back. This pulls on the 2-14 a-helix that loses its
helical conformation, altering the position of the two cysteine

attachments of the heme. Furthermore, the hydrogen bond between

Lys © and Ser'’ seen in state III is preserved
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Figure 3.33 Lys’’-iron 1ligated state 1V
cytochrome ¢ model. Native State III protein
(Purple) undergoes a global shift in
conformation as the omega-loop in the 70s has
to rearrange to position the g-amino group of
Lys’®. The model protein was generated by
molecular mechanics and averaged over 20 ps.
Lys’? is shown in blue, and Lys’® in a lighter
color to highlight some subtle structural
features conserved in the model despite large
conformational shifts.
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(Figure 3.33). This results in a relative rotation of the heme

with respect to the protein fold.

3.4 Study of a pH-induced transition using linear regression

3.4.1 Linearisation of a pseudosigmoid titration curve

The alkaline transition was monitored using high
cytochrome c¢ concentration to facilitate measurement of the
faint signal. The irreqgularities of the pseudosigmoidal
titration curve of the 695 nm band of ferricytochrome ¢ were
revealed as a broken line with two or three linear segments, by
plotting the spectroscopic signal divided by the concentration
of protons against the signal itself (equation 8 in section
2.3.7). The linearised plots show a sharp change in slope over
the course of the titration. From such a biphasic plot, it is
possible to reconstitute a series of overlapping sigmoidal
components from the discrete pK values and pH windows to which
they are limited, as shown in Figure 3.41. Parameters
calculated from the plot reproduce with accuracy the irregular
shape of the titration curve. From such linearity, it is clear
that the non-ideal character of the titration curve 1is not

originating from the sum of multiple microscopic titration

curves.
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Figure 3.41 Deconvolution of transition IV -> III in
horse heart cytochrome c¢. A - 695 nm Peak height
titration. B - Linear regression of the transition and
least-square best-fitting of its two linear segments.
¢ - Reconstituted titration function superimposed with
data as shown in A.
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(10)

J A/

[H+] 1
| K.

Equation 10 shows the derivative of the described

linear plot, where A represents the absorbance at 695nm and Ka

is the ionisation constant of a single ionizing group.

1% ([Pl

‘4 K\ ([H+] +K,)’

In equation 11, K; and K; represent the lonisation
constants of two additive groups. Its derivative (Equation 12),
however, will fail to be linear, since it will be dependent on

the concentration of protons in solution (Appendix B).
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3.4.2 Asymetry of the alkaline transition in horse

cytochrome ¢

The alkaline transition of the horse mitochondrial
cytochrome ¢ does not follow an identical path in both
directions as shown in figure 3.42. Direct observation of this
hysteresis is almost impossible, but the sensitivity provided
by the linearisation of the data makes the phenomenon evident.

The hysteresis was assumed to arise from a
structural or mechanistic feature in the transition mechanism.
The linear regression treatment was used to determine which
pathway the protein would be subjected to when the species III
and 7 involved would be allowed to equilibrate at mid-
transition.

Table 3.42 shows the measured pK values obtained under
different titration conditions. Under equilibrated conditions,
the alkaline transition of the horse mitochondrial cytochrome c
follows two ionisations with pK of 9.08 * 0.03 and 9.38 £ 0.05
in either direction, which correspond to the IV->III profile.
On +tne other hand, if the titration is performed from
spectroscopic state III to state IV and equilibration 1is not
allowed at mid-transition, the two limiting pKs are 8.9 = 0.1

and 9.25 + 0.02.
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Figure 3.42 Hysteresis in the alkaline
transition of horse cytochrome c. Linearised
titration plot of the 635 nm band from
functional state III to state IV (solid) and
from state IV to state III (open).

006



Table 3.42 Profile of effective pKs of the horse
protein alkaline transition following rapid pH change by

buffer exchange.

Titration 1Initial Delay Limiting ionisation®
pH? (min)
PKe PKay PKez PKs:2
Yorward” 7.0 10+¢ 8.9(1) 9.25(2!
9.20° 0 9.2414)
9.20 10 9.33(4)
Reverse 10.5 0 9.08(3) 9.38(5)
9.20 0 8.95(6) 9.14(5)
9.20 10 8.82(6) 9.13(5)

* All sample stocks were at pH
initial pH by buffer exchange.
® The numbers in parentheses indicate the precision of
rhe last significant digit.

Titration to alkaline pH.

No buffer exchange was performed.

Arbitrarily chosen pH,

<

d

a

transition.

near the midpoint of the

87

7.0 and then taken to the
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3.4.3 Alkylamine derivative of mitochondrial horse
cytochrome ¢

A total lysine alkylation was performed and the
effective pKs of the alkaline transition were evaluated in an
attempt to determine whether the visible ionisations were due
to ionisation of lysine £-NH; groups. Alkylation of amino groups
to secondary amines will alter their pK without changing their
ability to donate, accept a hydrogen bond or coordinate the
heme iron. In the isopropyl-lysine secondary amine, we observe
that the limiting ionisations are shifted by about +0.6 units
of pH with pKs of 9.65 * 0.01, 10.02 t 0.05 and 10.43 + 0.07.
It is noteworthy that the alkaline transition of this

cytochrome c¢ derivative has three limiting effective pKs and

shows no hysteresis.

3.4.4 Alkaline transition of yeast cytochrome c

The 695 nm band titration of the §. cerevisiae
cytochrome c¢ does not show any hysteresis. As shown in figure
3.44, its transition is determined by two effective pKs of 8.59
+ 0.0l and 8.9 + 0.1. A large number of S. cerevisiae mutant
proteins are available and were screened for significant

irreqularity in the effective pK profile of their alkaline
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Figure 3.44 Alkaline transition of S.
cerevisiae cytochrome c (iso~-1 c102T) .
Resolved using a linear regression.
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transition. In all cases except one (Tml72K), which will be
presented later, no hysteresis was observed. The effective pK
measured in 14 of these mutants group into three ionisations
with pKs values of 8.01 + 0.06, 8.53 £ 0.06 and 8.85 + 0.09.
These suggest that there are three limiting pH-dependent

contributions to the relative distribution of state III and

state IV in the yeast cytochrome.

3.4.5 Position 72 and hysteresis in yeast cytochrome c

E. coli-expressed yeast isoform-1 cytochrome c is
identical in every way to the endogenously expressed
mitochondrial cytochrome c, except for the absence of a post-
translational trimethylation at position 72. However, the
nature of the alkaline transition in this protein differs
significantly.

First, as with the horse protein, the alkaline
transition of Tml72K shows hysteresis. The two effective pKs of
8.59 + 0.01 and 8.9 = 0.1 in the endogenously expressed (Tml7?)
are replaced by a different set with pK 7.84 £0.1 and 8.49 =
0.06 in the state III to IV direction and 8.00 = 0.1, 8.35 =%
0.07 and 8.56 + 0.05 in the opposite one (Figure 3.45). The
ionisations, although similar in pattern to these of the horse

alkaline transition, are shifted by ~0.85 unit of pH.
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Figure 3.45 Hysteresis of the alkaline transition
of S. cerevisiae Tml72K cytochrome ¢ (iso-1
C102T). As resolved using a linear regression
relationship. Upper part of the transition from
state IV to III is magnified.
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3.4.6 Resolving two independent equilibria in Tml72R

Substitution of the trimethyl-lysine at position 72
by an arginine yielded some surprising results. Figure 3.46
shows that the bleaching of the 695 nm charge transfer band is
concomitant with the appearance of a shoulder with its center
at o602 nm.

These two spectroscopic characteristics are however
not the consequence of a single chemical process. Linearization
of thess two spectroscopic events yields two different sets of

effect

p

ve pKs and the thermodynamics of each also differ
(Figure 3.46a), suggesting the presence of two distinct
chemical equilibria.

The appearance of a shoulder, albeit less
pronounced, around 600 nm was also observed in the mutant K79R.
Effective pKs for these two mutants are tabulated and presented
in Table 3.46. Mutant K79R was targeted because of the
implication of Lys'® in the alkaline transition of this
cytochrome c. Both spectroscopic events occur with an identical
effective pK of 8.2. However, the temperature dependence of its
equilibrium suggests that the two spectroscopic features are

diagnostic of two distinct processes.
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Figure 3.46a Van’'t Hoff plot of the spectroscopic
changes observed at 695 nm (soclid) and 602 nm
(open) at pH 8.35 in mutant Tml72R. Both
experiments were run concurently in each
replicate by monitoring both wavelengths in
parallel.
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Table 3.46 Thermodynamic parameters calculated from Van’t Hoff
plots for some alkaline transition-associated equilibria.

Sample Ly . _a Limiting Enthalpy
Equilibrium pKa (kJ*mol-!)
Wild type Yeast c 8.59 £ 0.01
iso-1 695 nm 8.9 0.1 26 *0.8
Wild ty i
/ild type Horse 695 nm 54
Iso-1-K72 695 nm Forward® 42 + 1
7.8 £+ 0.1
Reverse
8.0 £ 0.1
8.35 + 0.07
8.56 £ 0.05
Iso-1-Tml72R 695 nm 76 = 4
602 nm* 8.59 = 0.07 56 + 3
9.25 * 0.08
Tsn-1-K
fs0-1-KT9R 695 nm 8.20 £ 0.02 80.3 £ 0.3
595 nm?’ 8.20 £0.02 93 + 2

* Temperature dependence of the conformational equilibrium
detectable by the spectroscopic band of noted wavelength relative to

i{ts maximum height.
® As presented in Davis et al.,
© A Sulphur-Iren charge transfer band. Characteristic of state III

frerricytochrome c.

® ~haracteristic of a weak field iron-ligand replacing Met 80

;2 iron sixth ligand.
® Tarward pKs refers to the limiting pKs observed in the
III-»IV titration while reverse refers to IV->III.

1974.
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3.5 Structural aspects of an engineered protein matrix

3.5.1 Structural alterations in the Asn®’ mutant series

Previously in this dissertaticn, AER ' mut. Was postulated to
be a measure of the perturbation of the effective dielectric of
the protein matrix by a local structural modification. In order
to assess the relevance of this measurement, the global
structure of the fold must be ascertained to ensure that the
alteration of Ep°’ is limited to the local effect of the
modification and not due to a larger alteration of the
polypeptide fold.

The method chosen was circular dichroism spectroscopy
(CD). The following Figures 3.51-3.51lb compare the CD spectra
of various oxidized mutants with the wild type protein,
ferricytochrome ¢ C102T.

The minute changes to the 180-260 nm spectra could
not be interpreted in terms of secondary structure alteration
using a neural network based evaluation (CDNN 2.1 Win98, Bohm
et al., 1992). Instead, the spectroscopic features in the
characteristic region of 206 to 226 nm were compared to the
wild type protein.

Position 52 is located in a small stretch of a-helix

assumed to give a sensitive signal that can be monitored by CD
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Figure 3.51 Circular dichroism spectra of
replacement by site directed mutagenesis
of Asn’? by large side chains. The
superimposed spectra are of: T102
(black), N52Q (blue), N52I (green), N52H
(red) and NS52M (pink).
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Figure 3.51a Circular dichroism spectra
of replacenent by site directed
mutagenesis of Asn5? by small side chains.
The overlayed spectra of N52A (diamonds),
N52S (circles), N5S2T (squares) and N52V
(X) is compared to the wild type protein
(black line).
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Figure 3.51b Circular dichroism spectra
of mutants N52C (X), NS2D (squares) and
Y67F (circles). The spectrum of the wild
type (T102) 1is shown as a plain dark
line.
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spectroscopy. Consistent and small changes in Ar (molar
ellipticity) throughout the 206-226 region were not considered
significant. For this reason, the mutants N52Q, N52H and N52M
(Figure 3.51), N52V, N52S and N52T (Figure 3.5la) are
spectroscopically similar to the structures of Cl102T (Wild
type), N52A and N5S2I.

Three mutant proteins gave significantly different
spectra; Y67F, N52C and N52D (Figure 3.51b). In N52D and N52C,
the ¢ at 208 nm has increased compared to the wild type
protein, and the major peak has undergone a blue-shift to 195

nm.

3.5.2 Modeling of Asn®? mutant series

A conformational search using molecular mechanics was
performed for each of the mutants of the Asn®® mutant series.
Table 3.52 shows the assumptions made prior to setting up the

initial structures for each of the modeled mutants.

Conformational searching was performed to explore the
potential rearrangement within the hydrogen bond network as

described in section 1.5.4. Four of these mutants are shown in
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Figure 3.52 - Models of mutants of the Asn®
series. The modeling was carried out using
molecular mechanics. Average positions of atoms of
residues Thr’®, Tyr®, Ile”, Met?® and position 52
are displayed. Lighter colour in the N5ZH model
indicates the nitrogen atoms. Modeling of N52Q
yielded two families of conformations: the oxygen

of the Gln side-chain is shown in a lighter shade
of grey.



102

Figure 3.52. These mutations alter the nature of the cavity

occupied by Wat'®® in the wild type structure.

3.5.3 Sampling molecular dynamics for net dipolar moment

The motion of dipoles, such as water molecules, was evaluated
by molecular mechanics. Figure 3.53 shows the distribution of
net dipolar moment of 2001 water molecules during the modeling
of alkaline isomer IVsy. This simulation was chosen because some
water molecules were buried during the course of the
simulation, offering a suitable range of structural water
molecuies to analyse.

As shown in Figure 3.53, the water molecules
distribute themselves in three general ranges of net dipolar
moment, according to the position of each water molecule in the
model and the length of the sampling prior to coordinate

averaging.

Dipolar moment range

(Debye)
0 to 0.25 Random molecules
0.25 to 1.25 Polarized molecules

1.25 to 1.75 Fixed molecules




Table 3.52 Setup of initial structure for molecular

mechanics of the Asn°’ mutant series.

# of buried

maation MR L wecer SR
molecules

N52 1YCC 1 5.86
N521 1CRG 0 9.96
N52A 1IRW 2 8.83
N52V 1IRW 2 .88
N52S 1IRW 2 5.49
N52T 1IRW 2 1.76
N52H 1YCC 0 4.16
N52M 1CRG 0 9.90
N52Q 1ycc 0 >-02
N52D 1YCC 1 -

' PDB coordinates used to build <the model, bold
accession keys indicate actual XRD structure.
Number of water molecules present in the initial
coordinates.
Taken from Linsk-0’Connell et al., 1995.
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The “random” molecules suffer little or no influence
on their orientation from external constrains. They are likely
to accumulate in a higher number in a dynamic simulation
because of the absence of ions in solution and the existence of
cutotf distances for electrostatic interactions that isolate a
distal water molecule from the system. The time dependence of
the distribution of net dipolar moment for the polarized
molecules reflects the molecular motion of the water molecules
in the two first layers of the solvation shell of the protein.
The changing nature of the immediate surrounding of the solvent
moclecules due to a lack of geometric constraints annihilates
part of their dipolar moment, which eventually drifts to values
close to 0.5 at 18.5 ps. However, there is a small fraction of
these water molecules that dwell in the upper range of net
dipolar moment values, regardless of the sampling time. These
water molecules were discretely monitored in Figure 3.53a from
which it is evident that their net dipolar moment is stable
over time. These molecules are playing key structural roles and
their net dipolar moments seem to overcome the variability due
to molecular tumbling after 10 ps of averaged sampling.

Not all structural water molecules, however, have a

net dipolar moment stabilizing near 1.35 Debye. Figure 3.53b
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Figure 3.53 Distribution of net dipolar moment of water
molecules in molecular dynamics simulation of
ferricytochrome c state IV,;. The 2001 discretely defined
water molecules of the simulation were processed and pooled
in 0.05 Debye groups with respect to the sampling length.
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Net Dipolar Moment (Debye)

Sampling time (ps)

Figure 3.53a Net dipolar moment of modeled
buried water molecules in ferricytochrome c¢
state IV,, with respect to length of sampling
time. The net dipolar moment of five buried
water molecules was calculated on two set of
alternate phases over 18.5 ps of simulation.
Net dipolar moment average of 2001 molecules in
the same simulation is plotted in bold.
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shows that water molecules labelled 497, 529 and 110H are
tethered in a hydrogen bond network, which explains their fixed
orientation. Figure 3.53b also shows the singular organisation
of water 522 and 504, both sharing the same internal cavity but
having different stabilizing geometries to keep them in place.
Water 504 is held in place by the amide carbonyl of Met®®, the
amide N-H of Phe”, and interacts with water 522. However, water

522 is merely filling the space left by the Ca of Met® and is

free to tumble inside the cavity. As the length of the sampling
time 1increases, the net dipolar moment of water 522 decays
along with the non-structural water molecule. This decrease,
through intermolecular interaction, influences the net dipolar
moment of water 504 (Figure 3.53a). It was, unfortunately,
impossible to extend the sampling beyond 18.5 ps for practical
reasons. The sensitive context of the geometry of a water
molecule can then, with a sampling of 10 ps or more, be

assessed by the determination of its net dipolar moment.
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3.5.4 Number and dynamics of buried water molecules in

the heme crevice

The NDM assessment was developed to assist in
determining the number and the geometrical environment of
buried water molecules.

Initial structures of the following mutations: N52S,
N52T and N52V were modeled using the coordinates of N52A.
Therefore, two water molecules were initially buried beside the
heme. Using the NDM method, the structural stability of such
molecules was then assessed.

When the hydrogen bond-donating potential of the Asn
side chain is lost, the oxygen of Wat!6® flips toward Thr’® and
the water molecule is reversed with respect to the protein. In
the models of N52S and N52T, the hydroxyl group of Ser or Thr
interacts with the carboxyl group of Hprs, which also reverses
the polarity of Wat!®®, despite the hydrogen-bond donor ability
of these side chains.

In agreement with the crystal structure, the model of
NS5ZA shows two structurally stable water molecules, which is
also observed in mutant N52S (Figure 3.54, Table 3.54). Mutant

N52T however expels the second molecule in such a way that its

average position is outside the cavity. In mutant N52V, both
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Figure 3.54 Structural water molecules in
model of N52 mutants. The averaged model
protein of wild type (white) (40ps], N52A
(blue) [35ps], N52V (green) [35ps], N52S
(red) [40ps] and NS2T (purple) (40ps] were
superposed using the coordinates of their
backbone atoms.
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Table 3.54 - Net dipolar moment of buried water

molecules in model of Asn’’? mutants series.

Model Wat!és Wathi®® 2 Wat# ®
Wild type 0.92 - 1.37
N52A 1.27 1.28 1.37
N52S 1.20 1.35 1.51
N52T 1.17 1.06 1.31
N52D 1.41 - 1.49
NS2Vv 0.78 0.63 1.63

The water molecule occupying the space of the
amide nitrogen of Asn®® in the wild type structure.

The water molecule tethered between Arg”® and Hpr'.



water molecules stay inside the protein, but their average
position is such that they overlap. In these two cases, 1t is
arguable that the cavity does not accommodate two water

molecules.

3.6 Protein matrix and microscopic relaxation

3.6.1 Electrostatic probes and experimental dielectric
constants

The values of the standard redox potential (En"’) of
mutant and derivative of cytochromes ¢ are presented in Table
3.21. The thermodynamics of reduction was measured for four of
these sample cytochromes c¢. One mutation, K55M, and three
derivatives, with CAMMS at positions 28, 55 and 75, were chosen
to measure effective dielectric constants.

As shown in Table 3.61, the effective dielectric
constant between the site of the modification and the iron atom
was calculated using two approaches. In both cases, the
theoretical AUejec. was calculated using Coulomb’s law and the
distances between the charges were measured on the appropriate
molecular model from the iron atom to the location of the 8-S of
the CAMMS side chain, except in the mutation K55M where the

relevant distance is that to the &-N of the lysine residue. The
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Table 3.61 Apparent dielectric constants applying between the
CAMMS probe and the redox centre.

Modification Dgex?’  AEm”  AAGgedox” AAHgedox P Enan®
A) (mV) (k*MT)  (kJ*MT)  AMEm AsH

146 +11+4 -11204 +6x1 (90 16%2
K55M
KSSM->CAMMSSS 160 -18+5 +18205 -2+3  (49)°  ~44'

I75M -> CAMMS75 10.5 +33+t4 -32+04 -T+2 41+8 196

V28M -> CAMMS28 8.0 +12+2 -13+202 -71+06 130120 24%2

* Distance in Angstroms from the iron atom to the site of the
modification as measured in the respective molecular models.
P Calculated using AAGges. = -RT AAER"’

° Measured using Van’t-Hoff’s temperature dependence of
equilibria graphical method.

¢ Ratio AUcaiculated/ BUexp. - AUcaic.= (e-)z/‘lneor

€ AUeup, diverged in sign from theoretically expected AAGged.-
These values have no physical meaning.

£ Approximate value considering the large error in AAHged. -
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effective dielectric constant was then calculated using either
the free energy or solely the enthalpy of the redox
equilibrium. When calculated from AUexp. = AAGred. the
calculation of dielectric effect yields very variable, indeed,
irrational values.

The effect on the Ep"’ of the mutant K55M and 1its
CAMMS derivative was of the opposite sign to that of the
expected values, and yielded a negative effective dielectric
constant. These negative values <clearly do not have any
physicai meaning.

However, this problem seems to be corrected 1f AUsjec.

is raken ro be AlQHpeqox (Table 3.61).

3.6.2 Thermodynamic profile of reduction of the Asn*?

mutant series

The thermodynamic profile of enthalpy and entropy of
reducticn of a variety of cytochromes c¢ is shown in Figure
3.62. The enthalpy and entropy of the redox equilibrium often
vary in opposing directions with respect to one other, so that
the net variation in En'’ 1is attributable to the fine balance
between the two components of AG™’. In most cases except KS5M,

CAMMSS5, Y67F/N52V and Y67F/N52I, the chemical environment
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Figure 3.62 - Thermodynamic profile of reduction
of cytochromes <c¢. AAH® was evaluated from
temperature-dependence of the oxidized-reduced
equilibrium using the graphical method of Van’t-
Hoff. The value of AAS® was calculated using the
equation AAS® = AAH® + RT AE,° . The dotted line
shows the isocurve where AE°=0. The datapoints
found below the isocurve indicate a net decrease
in E°.
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3.62 Thermodynamics of

determined by Van’ t-Hoff method.

reduction of
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cytochromes ¢

Mutation AEm"a AAGRed. b AAHRed_c AASRed_d
(mV) (kJ*M™) (kJ*M™) (J*M'KT)
V28M 8t4 0.8+0.4 -1.5+0.7 8+3
CAMMS28 5¢4 -05204. 86106 27+ 3
K55M 11t4 1.1£04 621 234
CAMMSS55 Tasen OO0 5 4235 & 121
175M 29¢4 28:04 52 27+8
CAMMS75 i#4 0% por @R k- 3928
N52M 2004 692
N52S 91 34+4
N52T -15+0.3 512
N52V 20:+:4 T9£04- . 220204 -~ 74+2
N52A 21+3 2103 20%2 70+8
NS52H 342 - 33+02. 1024 444
Y67FINS2I 30+2 29+02 71 15+ 4
N52Q B - #3504, - F-20830 77+10
N52 47+7 4507 18%1 75+3
Y67FIN52V ATEB s HEE0RE L HABROE- T2 1220
Y67F 421 41301 13302 5741
N52D 062 xR0 - - H42ET 171225

* Using the method of the mixtures.
" Calculated using AAGged.
Measured

Average error = 3mV (n=3)

= -RT AE,"'.

using Van'’'t-Hoff’s temperature

equilibria graphical method. Average error =

a

error =

Calculated using AASged. ' =
6 J*Mol™! K!

dependence of
1.2 kJ*Mol™t.
AAH Red..' - AAG Red..’

Average
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favours a reduced state over the oxidized. This change in
enthalpy is generally concomitant with a decrease in entropy
that is responsible for the observed thermodynamic drive toward
the oxidized state. In the double mutants Y67F/N52V and the
Y67F/N52I and chemical derivative CAMMS55, both enthalpy and
entropy favour the oxidized state. On rare occasions, (e.qg.
CAMMS28, CAMMS7S5 and K55M), Ep"’ increases marginally (relative
to the wild type) as described above in section 3.6.1.

Numerical data are summarized in Table 3.62.

3.6.3 Entropy of reduction of mutant cytochromes c

The calculated entropy of reduction of mutants that
did not involve change at position 52 was replotted in Figure
3.63 as grey squares. It appears in this plot that the
magnitude of the AASgs"’ is proportional to the magnitude of the
change in AE,"’. This is however not observed for Asn®?
mutations shown on the same graph as black circles, where the
AASwy ' 7alues average -73 + 3 J * Mol K! (includes N52I, N52Q,
N52V, NS5S2A and N52M). Interestingly, this value includes a
broad range of substitutions at position 52 except for the two

side chains with a hydroxyl group (N52S and N52T) and mutation
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Figure 3.63 - Entropy of reduction of Asn®
mutants as a function of E . The entropy of
reduction was evaluated using: AAS® = AAH® + RT

AE ° . Mutants that have an Asn®*? are shown in gray
and were used to generate the linear regression.

Dotted lines stress the grouping of AAS® for the
Asn’? mutants.
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N52H (Figure 3.63). The magnitude of AASps"’, OAHge ' and AER"

is such that the mutation N52D was omitted from the plots.

3.6.4 Entropy of reduction of Tyrm mutant series

The double mutations Y67F/N52V and Y67F/N52I are
shown in Figure 3.64. The thermodynamic behaviour of these
mutancs differs from that of the individual substitutions. Most
remarkably, the entropy of reduction of these mutants does not
favour any oxidation state or slightly favours the reduced
state. This radical thermodynamic behaviour will be considered
in -2rms of the chemical nature of the heme crevice in these

mutants 1n the following chapter.
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Figure 3.64 - Entropy of reduction as a function
of E,°. The entropy of reduction was evaluated
using: AAS® = AAH® + RT AE,” . Mutants that have
an Asn’? are shown in grey and were used to
generate the linear regression.



Chapter 4: Discussion

4.1 Surface electrostatics

4.1.1 Creation of model probes using protein chemistry

In order to react with iodoacetamide, the
methionine side chain must be exposed, if only
transiently, to the solvent. Molecular modelling suggests
that a reinsertion is possible for the CAMMS side chain at
75 due to the local internal polarity. However, in the
case of reaction with ©L68M, the €fact that no single
derivative accumulates suggests that once formed, the
CAMMS-68 side chain does not reinsert in the cytochrome
interior. This would consequently disrupt the native
conformation and expose residues that normally are
unreactive (such as Met®).

Iodoacetamide also reacts with lysine and
histidine (there are no free cysteines in cytochrome c¢
©102T), but at the reaction pH employed, rates with
lysines are negligible, and with histidine, low (Ando et
al.,1966). Histidines 18 and 26 are known to be quite

unreactive to iodoacetamide, but partial alkylation of the
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variable histidines 33 and 39 is to be expected, but will
not provoke any change in net charge or functional
properties. This is demonstrated by the existence of a
number of CAMMS derivatives in the series that do not
differ functionally from the respective parent protein.

In this series of mutants, the chemical
modification of surface residues by acetamidation of
methionine side chains is a simple way to alter the
surface electrostatics of cytochrome c. Molecular
modelling of the CAMMS derivatives showed that the
modification to the protein structure, except for the
derivative CAMMS7S5, was limited to the alteration of
surface electrostatic potential. Any changes to physical
or biological properties of these cytochromes then can be

correlated with these local modifications.

4.1.2 Rate 1limiting step of the Succinate Oxidase

assay

It has been argued that the rate-limiting step
measured in the succinate oxidase assay is the reduction
of cytochrome c¢ by the electron transport complex III

(Wallace and Proudfoot, 1986). This view is further



supported by the biological activity of the derivative
CAMMS28 for which the cytochrome c¢ oxidase activity is
decreased ten-fold while the succinate oxidase activity,
which encompasses electron transfer to the oxidase, 1is
still at 85% of the native level. The alteration in the
succinate oxidase activity can thus be regarded as a
measure of the reaction rate between cytochrome c¢ and the

integral membrane cytochrome ¢ reductase.

4.1.3 Biological function of derivatives

As illustrated in Figure 4.13, the changes
induced by the CAMMS derivatisation in the activity of the
analogs in the succinate oxidase assay relative to the
parent protein seem to correlate with the proximity of the
sulphonium ion to the lysines identified as critical for
complex formation. The only case in which the addition of
an extra positive charge has deleterious effects on
activity is with the CAMMS65 derivative. This effect 1is
not attributable to the loss of the widely variable serine
residue at this position, as the activity with S635M 1is
comparable to that of the wild type. It is interesting to

note how the effects of derivatisation at position 64 in
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Succinate Oxidase assay - Methionine mutations

Succinate Oxidase assay - CAMMS derivatives

Figure 4.13 Influence of mutations and chemical
derivatisations on the activity of the cytochrome
¢ in the succinate oxidase assay. The Ca trace
and the prosthetic group are displayed in purple.
The sphere are centered on the Ca of the
positions altered and are proportional in size to
the magnitude of the effect on activity. Orange
and green indicate respectively a decrease and an
increase in activity. The blue Ca spheres shows
the relative importance of various lysines for
binding to cytochrome ¢ reductase as presented in
(Zhen et al., 1999) and does noct use the same
scale as the presented results in this work.
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the wild type protein differ from those of the CAMMS65
modification. On the basis of this data set, it 1is
possible to suggest that the alteration of surface
electrostatics in the vicinity of Lys%, a residue
identified as key to the interaction with the reductase
(Moore and Pettigrew, 1990; Dopner et al., 1999), 1is
responsible for the apparent 3-fold reduction in activity
with this physiological partner. Whether this effect 1is
attributable to altered electrostatic steering 1in the
docking process or by actually generating unproductive
docked structures with a distorted electron tunnelling
pathway (Beratan et al., 1995) could not be determined,
since as yet we do not know the details of the interacting

surface with the reductase.

4.1.4 Interaction of derivatives with cytochrome ¢

oxidase

The interaction of cytochrome c¢ and subunit II
of the electron transport chain complex IV has been
extensively studied by spectroscopic methods (Falk et al.,
1983; Weber et al., 1987; Michel et al., 1989; Hildebrandt

et al., 1990; Hildebrandt et al., 1993) and more recently
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using Rhodobacter sphareoides cytochrome ¢ oxidase and
horse cytochrome c¢ (Zhen et al., 1999; Wang et al.,
1999). Also, a systematic search between the two partners
was attempted and gave results consistent with
experimental data (Roberts et al., 1999).

Figure 4.14 summarizes the effect of mutation
and chemical derivatisation on the activity of cytochrome
- with the oxidase. The interaction between these two
proteins is more generally influenced by the electrostatic
perturbations than that with reductase. This is consistent
with the observed important contribution of electrostatic
forces to complex formation (Hildebrandt et al., 1993;
Zhen et al., 1999; Wang et al., 1999).

Although Lys55 is not thought to participate in a
salt bridge between cytochrome c¢ and its docking site on
rhe oxidase (Roberts et al., 1999), the mutation KO5S5M
decreased transfer rates between this pair by about 50%.
However, restoration of the positive charge 1in CAMMSS5S
brought the activity of the cytochrome back to native
tevels (Table 3.21). The mutation K55M also has a
substantial effect on the stability of the spectroscopic
state III of the protein with a ApK’ar = -0.8 units. Yet,

although the CAMMSS5 derivative (ApK’ar = -1.3) restores
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Cytochrome c oxidase - Methionine mutations

Cytochrome ¢ oxidase- CAMMS derivatives

Figure 4.14 Influence of mutations and chemical
derivatisations on the activity of cytochrome c¢
with cytochrome ¢ oxidase. The Co trace and the
prosthetic group are displayed in purple. The
sphere are centered on the Ca of the positions
altered and are proportional in size to the
magnitude of the effect on activity. Orange and
green indicate respectively a decrease and an
increase in activity. The blue Ca spheres shows
the relative importance of various lysines for
binding to cytochrome c¢ oxidase as presented in
(Zhen et al., 1999) and does not use the same
scale as the presented results in this work.



native-level activity with the cytochrome c¢ oxidase, it
actually enhances the pH-lability of this conformer. This
implies that the evolutionary conservation of charge at
position 55, which is general but not absolute, relates
not to intramolecular aspects of electron transfer, but to
the global electrostatics of the intermolecular
interaction.

The mutation V28M did not substantially affect
zlectron transfer between the two proteins. This 1is not
surprising if one accepts that the complex, proposed by
Roberts et al.(1999), excludes the side chain of this
residue from the binding interface. However, the
introduction of a positive charge in the CAMMS derivatives
decreased the activity with the oxidase by an order of
magnitude. Although this added charge is unlikely to
affect the bound complex, the proximity of such charge may
divert the electrostatic steering leading to docking and
thus increase the occurrence of unproductive “encounter
complexes” between the partners. This interaction should
be further investigated to determine if the presented
results are the products of a decrease in binding or of

electron-transfer kinetics.
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Interestingly, the insertion/deletion of
electrostatic charge on the face of cytochrome c¢ that is
interacting with the oxidase does not affect the activity
as significantly (2-3 fold decrease in most cases). This
was also noted by Zhen et al., 1999 in a mutagenesis
study. The authors argued that no specific interaction is
crucial for binding and that the contribution of
electrostatic forces relies on a general surface

distribution of charges.

4.2 Electrostatics of conformational stability

4.2.1 Microscopic and macroscopic ionisations

In this study, effective pK were determined in
an attempt to assign them to ionizing residues associated
with a conformational transition in the protein. The two
measured pK values in S. cerevisiae (8.60 and 8.9) can be
related to the apparent pKs of the alkaline transition in
mutants K79A (pKk73 =8.44) and K73A (pKkie =8.82) (Rosell et
al., 1998) . These investigators concluded that the
apparent pK of the wild type protein was an average of the
microscopic pKs for these two alternative ligands. The

values extracted from Figure 3.44 show that these two



ionisations determine the course of the alkaline
transition in the wild type cytochrome c¢. However, the
data obtained in the present study show that the titration
curve is not a sum of these ionisations but rather an
overlay of them.

It has been demonstrated that in cases where the
sum of the curves would be operative, no linearity could
ensue. Thus, at a given pH, the derivative of the
titration curve would be comprised of <two or more
ionisations weighted by a dependence on the pH relative to
their microscopic pK values (see Equation 12 in section
3.4.1).

Additivity is commonly observed over a broad pH
range (Yang et al., 1993) and can be easily fitted using
deconvolutive algorithms. However, in the case of a pH-
induced conformational change, a lattice of cooperative
interactions has to be broken over a very narrow pH range.
The height of the 695 nm band is diagnostic of the
distribution of spectroscopic states III and IV. Over the
titration, each ionizing component appears 1n turn to
limit the transition over a small domain of pH. This
suggests that the free energy each ionizing component

provides does not contribute to the energy of a continuum
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of conformations but that these microscopic events are
stabilizing either of the two spectroscopic products
(State IITI and IV) in a binary fashion. The equilibrium
between the states is likely to be cooperative since it
was demonstrated that states IVs3; and IVsg of cytochrome c¢
are near native, stable and ordered conformers (Ddpner et
al., 1998, Rosell et al., 1998). Thermodynamics
extrapolated to a null ionic strength in fact show that
the transition is mostly enthalpic in nature, having small
positive or even slightly negative entropy (Battistuzzi et
al., 1999). For this reason, I conclude that
linearisation of a titration curve allows the microscopic
ionizing components that limit a pH-induced cooperative

conformational change in proteins to be resolved.

4.2.2 1Insight into the mechanism of the alkaline

transition

Evidence presented in this study seems to agree
with previously published data that the microscopic course
of events of the alkaline transition is determined by the
deprotonation of the alternative iron ligands. Since the

only difference between the variant Tml72K and the yeast
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wild type is the absence of trimethylation (Pollock et
al., 1998), and Tml72K is the only yeast cytochrome c , to
the author’s knowledge, to show hysteresis for the
alkaline transition, I conclude that this asymmetry is

provoked by the ionization of the €-amino group of Lysu.

Furthermore, NMR evidence indicates that a spectroscopic
state IV is observed at lower pH in the titration of the
™ml72K variant (Pollock et al., 1998). This is confirmed
in this study, and deconvolution by the linear regression
approach developed allows assignment of a pK of 7.84 to
this ionisation.

I therefore propose that the structural basis
for hysteresis arises from the formation at a lower pH of
a conformer of the spectroscopic state IVi;. Pollock et al.
suggested that this low pH-induced state IV is, however,
not as thermodynamically stable as the other conformers.
To account for a slow rate of equilibration, this
~onformer must have to overcome a high-energy barrier to
2quilibrate with the more stable conformers IV-:, and IVqg.
Indeed, the computed models of conformers of spectroscopic
state IV (Section 3.3.1) indicate that the local

rearrangement necessary to bring Lys73 or Lys79 to the iron



coordination sphere is substantially less than the global

effect of bringing Lys72 to ligate the heme metal ion.

4.2.3 Evidence of multiple equilibria in one

transition

A band at around 600 nm is acknowledged to be
diagnostic of a high-spin heme iron. Linearisation of the
concomitant appearance of a shoulder in mutant Tml72R
indicates that the presence of this high-spin species is
not determined by the same microscopic ionisation cthat
hleached the 695 nm band. Also, the thermodynamics of
their wequilibria indicate that these two events are
chemically distinct. Similarly, the formation of a high-
spin species in mutant K79R is part of a different
equilibrium but appears to be triggered by the same
microscopic ionizing group (Table 3.46).

The failure to replace the Met® side chain by
one of the lysines in these mutants may arise from the
nature of the interaction of these arginine side chains
with their local environment. The failure to break the
hydrogen bond between Ser'’ and position 79 (Louie et al.,

1990) known to be critical to the stability of the heme
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crevice in the alkaline conformation of K79R (Osheroff et
al. 1980), may forbid the backbone displacement necessary
for the introduction of the e-amine of Lys”, and may
instead force the introduction of a low field ligand, such
as a water molecule, into the iron coordination sphere.
Another factor must therefore prevent Met®® from keeping
its place as a ligand.

The identity of this weak-field 1ligand that
provokes the high-spin species - in the alkaline
conformation is unknown. In Tml72R, it appears that the
formation of the high spin species coincides with
ionisations found in the wild type protein (Table 3.46),
hypothesised to be those of lysines 73 and 79. This

implies that the displacement of the 8-S of Met® is

triggered by a third microscopic ionisation at 8.42, also
visible in the transition III to IV of the variant Tml72K.

The identity of this microscopic ionisation also
remains open. Some candidates have been proposed 1in the
nast, including the ionisation of Tyr67 (Davis et al.,
1974; Lundtz et al., 1989), a buried water molecule
(Takano et al., 1981) that has been the topic of previous
investigations (Lett et al., 1996; Berghuis et al., 1994),

and an intriguing heme propionate with an apparent pK
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similar to the apparent pK of the alkaline transition in
the horse protein (Hartshorn et al. 1989), and which 1is
also hypothesised to influence the apparent pK of the

alkaline transition in tuna (Tonge et al., 1989).

In Tml72R, the difference of pK between the
displacement of the Met® side <chain from the iron
coordination sphere and the ionisation of the alternative
ligands suggests that the alkaline transition proceeds via
an intermediate conformation that is not ligated by the
amino group of the nearby lysines. An intermediate of the
alkaline transition had already been postulated by
research groups who studied the phenomenon using stop-flow
kinetics (Davis et al., 1974, Pierce et al., 1989).

Comparisons of the horse and yeast proteins
cannot explain the large difference (~0.7 units) in
apparent pKs of their respective alkaline transitions,
since the structure of these heme crevices are very
similar. However, the difference in the structural
determinants stabilising this intermediate is 1likely to
account for the large interspecies variation. This 1is
especially true if this third ionisation is assigned to a

carboxylate with an exceptionally high pK such as Hpré.
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4.3 Protein matrix and dielectric effect

The behaviour of En"’ upon altering the
=lectrostatic landscape of cytochrome ¢, as 1in most
electron transport proteins, is hardly predictable. In the
classical model, an electrostatic field is scaled down by
a factor known as dielectric constant. This constant
‘l2pends on the medium in which the field is propagated.
‘iowever, at the molecular level, the uniform nature of
~h1s effect appears to be lost. For this reason, it 1is
nreferable to refer to an effective dielectric constant
rither than a dielectric constant (Rees, 1980).

For appropriate biological function, the
mitochondrial cytochromes c appear to have evolved toward
higher values of Ep"’ (Sober, 1970). In other words, the
protein matrix has been optimized to favour the reduced
state of the iron (Churg et al., 1986). In practice, this
is achieved by solvating the buried dipoles that would
,therwise polarize to stabilize an extra positive charge
5>f the ferric iron. This is the case in the heme crevice
where every dipole is part of a hydrogen bond network

(Berghuis and Brayer, 1992). The polarity of this network
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intrinsically acts as a suitable dielectric environment to
complement a buried, yet charged, heme without
compromising the protein stability. However, this network
as a whole has a sufficiently low dielectric character to
differentially disfavour the triple positive charged
oxidized iron. Indeed, it may be that because the
structure has evolved in this direction that most
mutations affecting the network lower the standard redox
potential of the protein, thus favouring the oxidized form
of the cytochrome ¢ (Schejter et al., 1994).

In this section, the value of En"’ 1is used to
quantitate the dielectric susceptibility of the protein
matrix. The value of AG ,.qox 1S a measurement of the
relative thermodynamics of the ferrous and ferric states
of the protein, differing by a single charge on the heme.
Therefore, AAG ;esox ©f mutation represents the difference
in the polypeptide response to the electrostatic field
generated by the redox centre, including every possible

factor. Assuming only a local effect on structure, AAG’ reqox

F'=

of mutation can thus be regarded as an alteration of the

Llocal dielectric properties of the polypeptide. The
experimental determination of AAG” fegox ©Of mutation can be

done using equation 13 from AEq ' muc-
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(13)

AAG’ =- nF AES,

Where n is the number of electron exchanged in
the equilibrium and F is the Faraday constant (9.6487x10°

C mol’ly.
4.3.1 Redox potential of the CAMMS derivative series

The magnitude of most of the AE,"’'s measured in the
~AMMS dataset was not large enough to allow the
calculation of reliable effective dielectric constants.
Oonly four modifications incurring a t 1 formal charge
change were kept for thermodynamic analysis: the mutation
K55M and the derivatives of mutants V28M, K55M and I75M.

The direct use of AAGreqox t©O evaluate ¢ vyielded a
range of values from -90 to 130. Considering the
rheoretical minimum € value of 1 and the practical maximum
value of 80, it is clear that OEgR"’ is not exclusively
attributable to a change in the dielectric properties of
rthe protein matrix (as inferred from Coulomb’s law). The

presence of a “negative dielectric effect” for K53M and
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TAMMSS5 indicate that the change in ER"’ 1is greater than
would be expected using Coulomb’s law. On the other hand,
the effect of the derivatisation CAMMS28 is much smaller
~han would have been expected from dielectric relaxation
~= 130 + 20, Table 3.61). This value is in fact higher
~han the value of ¢ for the bulk solvent itself. The
effect on standard redox potential thus extends beyond
dipolar relaxation, as treated in the macroscopic scale,
into factor(s) yet to be accounted for.
I1f, however, one uses AAH.q. to calculate an
ffective dielectric constant, the data yields a
~snsistent £ value (Table 3.61), with an average of 19 *
4. This compares with calculated values of 25 % 10 for the
whole cytochrome c derived from molecular dynamics, using
“n= Frohlich-Kirkwood theory of microscopic dielectrics
'Simonson et al., 1995). Derivative CAMMSS5 appears to be

in exception, but the standard error in the measurements

is such that it is impossible to formally calculate a e€amu-
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4.3.2 Physical meaning of eaas.

A consistent €aay Value suggests that the
dielectric constant as defined by Coulomb’s law applies to
microscopic systems, with a value of ~20 for the heme and
its immediate environment in cytochrome c. Or, at least,
this value would apply to this system at 0 °K. This
implies that, from a purely enthalpic point of view, the
polypeptide relaxation to the heme electrostatic charge 1is
consistent and independent of the position of a test
charge. This more consistent dielectric susceptibility
could thus be referred to as true dielectric constant,
which is one of two possible components forming the
apparent dielectric constant. Most importantly, this
indicates that the great variability in apparent
dielectric constants is due to entropy, and that the
magnitude of the entropic contribution (&a5s) 1s larger

than eaa4, and generally of an opposing sign.
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4.3.3 Structures of the N52 mutant series

Modeling of the structures of mutants, and
-hemical derivatives in the CAMMS series, showed that the
structure of cytochrome c¢ is not significantly changed by
surface mutation. This was also observed -earlier by
Parrish (1997), and permits the assumption that the extent
of structural alteration of all methionine mutants and
derivatives studied is limited to surface properties, and
that the geometry of the iron ligation is not affected.
This assumption cannot be made for the mutations at
position 52. The mutants were thus screened for anomalies
using CD spectroscopy of the amide band. In addition,
starting from the determined structures of N52I and N52V,
models are proposed for all of the N52 mutants discussed
in this study.

Since position 52 is located in a small stretch
of a-helix, the CD signal of the amide between 180 and 260
was expected to be sensitive to local perturbation.
Spectra of two of the mutants did not resemble that of the
wild type protein in a satisfactory fashion: N52C and
N52D. The overall spectrum of N52C deviates from the wild

type spectrum. This mutant was also reported to have an
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unstable folding baseline (Linsk-0’Connell et al., 1993).
The molar ellipticity in the spectrum of the mutant N532D
is consistently larger than that of the wild type. Since
the AE,"’ is assumed to be a measure of the dielectric
properties of the protein matrix only if the extent of the
effects of a given mutation 1is limited to the local
structure, mutants N52D and N52C were excluded from the

analysis.

4.3.4 Molecular modeling of N52 mutant series

As described in section 3.5.2, the initial
number of water molecules in the hydrophilic heme crevice
was assumed based on A - similarity with known structures
or B - on similar AGy in guanidine hydrochloride (for
N5S2M) . The cases of N52V, N52S and NS53T were treated using
the Net Dipolar Moment calculation discussed below. These
molecular modeling experiments helped to determine the
overall hydrophilicity, volume and hydrogen bond network
of the heme crevice. Molecular mechanics showed in all
cases that the hydrophilic cavity adjacent to position 52

~ould accommodate any of the discussed mutations.
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4.3.5 Net Dipolar Moment calculation and N52 series

To balance a structure through the energy
barrier to be crossed in order to insert or remove a water
molecule from a fully enclosed cavity would have required
a nanosecond-length simulation. This was however
impossible to achieve on the platform used to perform this
work. To remedy this limitation, the calculation of Net
Dipolar Moment (NDM) attempts to assess, in a shorter
sampling time, the stability of buried water molecules.
Figures 3.53a and 3.53b clearly link the NDM of a buried
water molecule with its context inside the protein. It
also shows that much can be learned about the geometry
around the water molecule with only 10 ps of sampling.

Simulation of the side-chains of Val, Ser, Thr
were initialized with two water molecules in the heme
crevice. Mutant NS2A, for which an XRD structure has been
solved, was run as a control and shows two stable water
molecules with NDM of 1.28 Debye (Table 3.54). Mutant N52S
also accomodated two water molecules inside the protein.
The extra methyl found in the Thr/Val side chain seems to

prevent the second molecule from settling within the
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crevice. This is visible by the lower NDM values for the
water molecules in mutants N52V and N52T, the overlapping
position of the these molecules in N52V and the expulsion
of one in N52T (Figure 3.54). It is thus likely that the
extra methyl creates a steric clash prohibiting the
presence of two water molecules in the crevice, despite
the failure of molecular mechanics to expel the water

during 100.5 ps of simulation.

4.3.6 Thermodynamic components of AAGredox-

The behaviour of AEgp "'m: depends on the AAGredox-
As had been earlier suggested by the behaviour of the
three methionine-scan mutant/derivative samples, the
enthalpic relaxation leading to the dielectric effect is
consistent and the variability must be attributed to an
entropic factor. A treatment similar to the CAMMS series
could not be applied to mutants at position 52 because of
the lack of change in charge. However, the experimental
determination of AAH.eq. as well as the OAG®! ceq.mue (through
the measurement of AE,"’) were used to calculate TAASreq..
The elimination of the dipole of the Asn®? side-

chain and its replacement by another residue induced a
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decrease in enthalpy of reduction in all «cases. This
indicates that Asn®? enthalpically favours the oxidized
state over any other single mutation at this position
(Figure 3.62). Thus, a mutation at this position would be
expected to provoke an increase in E, '. However, most are
found below the isocurve AER'’=0, indicating that these
mutations lead to a net decrease of E,°’. The favourable
enthalpy of reduction is, in these cases, opposed by a
larger unfavourable entropic cost.

It is broadly recognized that in the oxidized
and reduced structures of the horse cytochrome c¢ (Banci et
al., 1997; Qi et al., 1996; Qi et al., 1997), and S.
cerevisiae wild type (Berghuis and Brayer, 1992), YoTF
(Berghuis et al., 1994), NS5S2I and Y67F/N52I (Berghuis et
al., 19%9%4a), there is no significant confcrmational
change. The redox dependent conformations do not differ in
terms of atomic coordinates, but the differences that show
up in structural determination can be conceptualized in
rerms of the energy necessary to keep these coordinates
unchanged. This tension to keep the structure unchanged is
dependent on the temperature of the system and thus is
reflected by AAS;eqd.. Although Asn®® offers a better

solvating environment from an enthalpic aspect, the Asn
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side chain appears to offer fewer degrees of freedom
within the heme crevice in the oxidized state. The Asn
side chain will thus favour the reduced state over any
other permutation at position 52.

Finally, although it is clearly observed, there
is no obvious reason why enthalpy and entropy should line
up along the diagonal in Figure 3.62. It appears that the
chemical energy of reduction is gained at the expense of a
nigher order effect, which translates into an entropic
cost. This limits the extent of the contribution of the
Asn'-Wat'®®~-Tyr®” module of |AEgp"'| to about 50 mV (4.5

I Mol) .

4.3.7 Asn*’ and E;"’

AEn"’ values in the series of mutants involving
Asn’® ranges from -5 mV in N52M to -47 mV in N52I.
Mutations at this position have been reported to stabilize
rhe fold of both oxidation states (Schejter et al., 1994;
roshy et al., 1994), with an enhanced preference for the
reduced protein (Lett et al., 1996). In mutations I73M,
v28M, Y6TF and K55M, AAS;eq. correlates with AER"’ . This 1is
not the case for the mutants at position 52 (Figure 3.63).

2

In the Asn®? series, 0ASieq. and AER"’ are uncoupled. The
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AAS,.q. of mutation is set at -74%3 J*K'*Mol™!, regardless
of AER°’, the nature of the replacement, or the number of
internal water molecules in the heme crevice. Three
exceptions exist: mutants N52S, N52T and N52H. The Ser and
Thr mutants have thermodynamic profiles of reduction more
similar to the wild type protein (Figure 3.63). These
mutations are the only substitutions analysed that
conserve hydrogen-bond donor potential at this position.
The entropic cost then appears to-be due to the absence of
a hydrogen bond between the water molecule and side chain
at position 52, not merely to the presence of the solvent
molecule. Modeling of mutant N52H shows that the histidine
side chain does not leave enough space for a buried water
molecule inside the heme crevice. It is unclear if this
mutant protein locates along the linear regression in
Figure 3.63 by coincidence or not. In this case, the
enthalpy still favours the reduced state relatively to the
wild type protein, but the entropic cost 1is much less,
halving the effect on AE,"’. The permanent and induced
dipole of the imidazole may partially compensate for the

lost polarity of the Asn®’-Wat'°® unit.

4.3.8 Tyr® and E,."’
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The hydroxyl group at position 67 is thought to
contribute to the electron-withdrawing power of Met80
(Berghuis et al., 1994), to the binding of wat!®® (Louie et
al., 1990), and to stabilizing the lysine ligands in the
state IV alkaline isomer (Schroeder et al., 1997). The
AASceq. Of mutant Y67F suggests that the hydroxyl group of

Tyr®

is not part of the block Asn®’-Wat!'®® (Figure 3.63).
The enthalpy of reduction upon losing the hydroxyl group
also favours the reduced state. This is possible either by
affecting the electron-withdrawing power of Met®® or more
generally by deleting one dipole that is able to react
favourably to the fluctuations in the electrostatic charge
on the heme. Again, the enthalpic effect is counteracted
by a larger entropic effect, resulting in a net decrease
of En”'.

Schroeder et al. (1997) determined by second
derivative spectroscopy that the polarity of the
environment of the aromatic ring of Tyr67 was higher in the
reduced state of the wild type. This effect is reversed in
‘he mutants N52I and N52V. This suggests that Wat'®® does
indeed bind the hydroxyl group of Tyrm more tightly in the

reduced state. Schroeder also pointed out that Tyr® is not
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affected by the polarity of the second water molecule in
the mutant N52A.

The effects of the double mutations Y67F/N52I
and Y67F/N52V have nothing in common with those of the
corrasponding single mutations. The enthalpy of deleting
the polarity at position 52 and 67 actually favours the
oxidized state. This may be caused by a more direct effect
~»f the negatively charged heme propionate on the cationic
rron ion due to the lack of screening by the protein-
matrix. Alternatively, since these double mutants fail to
undergo an alkaline transition (Berghuis et al, 199%4a;
Blouin and Wallace, unpublished data), it is conceivable
that the second heme propionate (Hprs) is ionized 1in these
proteins, which would clearly favour a positive charge on
rhe heme, hence a lower Ep"’.

The entropies of reduction of both double
mutants indicate that the temperature dependent component
~f the free energy of a fully hydrophobic heme crevice 1is
similar to these of a wild type, fully hydrophilic cavity
(Figure 3.64). This means that the resistance to thermal
motion of the redox equilibrium is the same whether Asn®?
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is binding Wat or all residues in the cavity pack are

using van der Waals interactions.
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4.3.9 Entropy and E."’

From an enthalpy perspective, the presence of
the Asn32-Wat!®® bond is more favourable to the oxidized
state than any other substitutions at position 52, despite
the seemingly unfavourable dipolar moment of the chemical
groups (Langen et al., 1992). This advantage in enthalpy
is countered by an entropic cost. As partial deletion of
the hydrogen bond network occurs in the cavity, the
unsatisfied dipoles react to the electrostatic field of
rhe ferric heme. This increased field in the oxidized
protein would offer a thermodynamic drive to rotate the
dipoles away from their interacting partners. This
levelling of the energetics of the hydrogen bond network
would result in a crevice that 1is less geometrically
defined, and thus becomes entropically favourable. In the
extreme case of complete deletion of the polarity in the
crevice, the entropic advantage in the oxidized state
becomes irrelevant. This could explain why entropy and
enthalpy uncouple in mutants Y67F/N52I and Y6TF/N52V

(Figure 3.64).
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I therefore propose that mitochondrial
cytochrome ¢ evolved toward higher ER°’ by optimising a
highly polar environment incapable of polarizing upon
oxidation by having all of its dipoles already satisfied.
This conclusion is in full agreement with the theory of
microscopic dielectrics (Simonson et al., 1991), with the
added conformational polarisability. In addition to the
dipolar and electronic polarisability, the conformational
rolarisability should be accounted for. This parameter
-annot be calculated solely from molecular coordinates and

is therefore elusive to determine.

4.3.10 Homeostasis and B’

There is no known theoretical reason why the
datapoints in Figure 3.62 should align along a diagonal
line following the d(TAAS)/dAAH = 1. It appears that the
~hanges in enthalpy and entropy cancel each other, though
1enerally with a somewhat larger entropic effect.

Just as the structural properties of a protein
are cooperatively established, a property such as the
protein matrix dielectric susceptibility also seems to be

set by a form of functional cooperativity. Shallow



enthalpy wells are known to have a flat bottom while
deeper wells are narrower. The advantage of a decreased
enthalpy would naturally be offset by an entropic penalty.
The immediate environment of the heme seems to buffer
cytochrome c Ep°’ to fairly similar values despite low
interspecies sequence identity. The mechanism would
involve restraining conformational polarisability upon
oxidization by restraining the dipoles from reacting to
the electrostatic field. The presence of such buffering in
En"’ is likely to be a favourable trait as cytochrome c 1is
part of a large array of coevolving electron transport
proteins.

4.3.11 Breakdown of ¢ at the molecular level

It is intuitive that the constant nature of a
dielectric medium will be maintained only if the
dielectric material in question is homogenous between any
two points in space. This assumption is true in the
macroscopic world, but breaks down as the size of a system
approaches the atomic scale. Also, in a macromolecule,
there are no real point charges and no medium can be
considered as continuous. With this in mind, there is no

reason why one should expect a constant character for the
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dielectric susceptibility at the microscopic level.
However, it is not because a system is too small to
proceed with a formal physical treatment that no rational
explanation can be provided. Indeed, precise values of
apparent dielectric constants are measurable, which
stresses the fact that there is, somehow, a (few) simple
law(s) governing the phenomenon. In fact, the problem may
stem from deep within our conceptual vocabulary: the data
indicate that the structure of the cytochrome c¢ does not
change during the redox reaction; this suggests that the
structural change induced by the redox equilibration has
nothing to do with the Cartesian coordinates of the atoms
in the protein relative to each other.

The coordinates of the atoms of a protein define
the chemical energy of a system, also referred to 1in
molecular mechanics as energy hyperspace. The structure,
as can be observed using XRD or NMR determines the shape
of this hyperspace. The bottom of the potential energy
well in which a system will tend to dwell represents the
=nthalpies. The very precise geometrical requirements
necessary to occupy such a well will be challenged by
thermal motions, constraining the chemical groups

involved. The propensity to occupy a minimum against the
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thermal motion reflects the entropy. If an electrostatic
charge is added to a system, the hyperspace will
invariably be altered without necessarily changing the
rhysical shape of the protein.

In molecular modeling, coordinates (e.qg.
structure) are used as input to perform calculations. The
entropy is not a function of the coordinates but more of
the energy hyperspace, therefore, in molecular systems, ¢
cannot be calculated because of our inability toc calculate
€-:s5req.. This deficiency is reflected in the complex nature

of microscopic-level dielectric behaviour.
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Chapter 5: Conclusions

S.1 Methodological limitations

The experimental approaches employed, as in any
research program, were limited by the availability of
high-end equipment. The assumption that the biological
assays presented in Section 3.2 represent an assessment of
the affinity between the electron transport proteins would
have been more solid if a direct determination of the
affinities could have been made. However, the actual
driving force (A Ep"’) of reaction was in no case greatly
iltered, which leaves surface electrostatics as the main
factor responsible for any change 1in activity. This
analysis should thus be regarded as qualitative.

Also, all molecular dynamics experiments were
carried out on a modest size personal workstation. This
means that fewer experiments were run over the years, and
no attempts were made to derive biophysical constants from
rhe models. These are presented as conformational
searches, an activity for which molecular mechanics yields

satisfactory results.



5.2 Complex system

The most interesting feature of the work I
present in this dissertation concerns the fact that no
macter how intertwined the components may be, non-ideal
hehaviour can be simplified into ideal components. Also,
that simplicity in an experimental strategy can still
provide intriguing results. My main lines of investigation
pointed out that the logic behind apparently complex
behaviour is in fact simple. The mathematical models are
straightforward but the interpretation requires one to
look at proteins less as the mechanical entities that they
are usually compared to. Proteins are folded polymers
folded in a unique fashion in a lattice of highly
~onsistent interactions that have an impact both on
stability and function. The depth of this self-consistency
probably stems from the properties of the members of the
so-called “random/variable” pool of residues in a

protein’s sequence.
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5.3 Further work

Further work can be undertaken via two
strategies. Firstly, the experimental approach. After
spending 5 days with the most successful theoreticians in
the electrostatics of macromolecules, I realized that
experimental science should be promoted in order to
provide data on model systems. These can then be used to
validate the theoretical calculations (and obviously
generate new ideas). Secondly, a computational approach.
Since there are stringent technological limitations to the
depth of the calculations one can perform on
macromolecules, much work has to be done to extend the
realm of formal treatment in computational biochemistry
beyond the simple conformational sampling as presented in

this thesis.
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Appendix C - BTCL script of moving
windows RMSD analysis

X221 11133333333232232223222;

# Calculate RMSD in structures with a range of option from sampling
& size, filename to output and type for RMSD calculation

# Christian Blouin, 2000

BEBSBEEHAHHHETRARERAERUGRIRERY

# Calculate RMS deviations down the backbone for sets of proteins

# and plot the results (scan size = 9)

# Jonathan Parrish, 1996

Y I3 2223223222)

Define_Macro RMSD_scan \
Ident Molecule_ 1 \
Ident Molecule_2 \
Int Starting Residue \
int Ending Residue \
int Half Sampling_width \
Lstring Filename \
Enumer Scope_of_Scan
BHHSASHARUARGRRBERRBHRREHRIRERY

#iocal variables
Fisat rms_value
Lsrring fn

Int cresidue

Int midresidue
Int endresidue
ident Range_l
{dent Range_2
Param_Set Style Scope_of_Scan PARAM_POPUP
Cef Enum Scope_of_Scan Backbone

Def Enum Scope_of_Scan Heavy

torsion angle value

filename

current residue index

middle residue in scan

last residue in scan

molecule descriptions for superpos.

SR A FE A AR W

FHUSBHFASHBRBAANARRBRBRERRIREENY
# initialization
cresidue = $Starting_Residue
midresidue SStarting_Residue + $Half Sampling_width
sndresidue $Starting Residue + (2 * $Half Sampling_width)
in SFilename
Print "Scope_of_ Scan =" $Scope_of_Scan

tadd picking
Cet Param_Pick Molecule_ 1 MOLECULE_NAME
Set Param_Pick Molecule_2 MOLECULE_NAME

# check input parameters
[

t ( ( $Starting Residue < 1 ) || ( $Ending_Residue <=1 ) )
Print "Residue number must be greater than 1"
Return

End

If ((SStarting Residue > $Ending Residue) || \
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( ( $SEnding_Residue - $Starting_Residue) < 10) )
Print "Ending Residue number should be greater than"
Print "Starting Residue number by at least ten”
Return

End

kremove rms_devs file, if present
Bcl Unix ("rm -f " // $fn)

+ write table description information to file
drite Sfn "InsightII V95.0\n"

Arite Sfn "Date: October 1996\n#\n"

drite S$fn "TITLE: Residue Number\n"

Arice Sfn "MEASUREMENT TYPE: Dimensionless\n"
Write Sfn "UNITS OF MEASUREMENT: <no units>\n"
Write Sfn "FUNCTION: Residue Number\n#\n"
Write Sfn "TITLE: RMS deviation\n"

Write Sfn "MEASUREMENT TYPE: Distance\n”
Write Sfn "UNITS OF MEASUREMENT: Angstroms\n"
Write Sfn "FUNCTION: RMS deviation\n#\n#\n"

4#Main loop for measuring torsions
While (Sendresidue < ($Ending_Residue + 1))

Range 1 SMolecule 1//":"//Scresidue//"-"//Sendresidue
Range 2 = SMolecule_2//":"//$cresidue//"-"//Sendresidue

{Superimpose -End_definition \
$Scope_of_Scan "Label Mode” $Range_l SRange 2

Srms_value = {Superimpose End_definition}
Write $fn "%5d $11.6f\n"” Smidresidue $rms_value
cresidue = Scresidue + 1

midresidue = Smidresidue + 1
endresidue Sendresidue + 1

“nd #end of while loop

# close rms deviations file

Close $fn

4load analysis and draw the graph

Analysis
‘et Graph $fn New_Graph "Residue Number" "RMS deviation"” None

End Macro
Add To_Pulldown RMSD_scan User
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