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Protein folding is important because all proteins must fold to achieve their active
conformer. In many cases, misfolding is the cause of disease and thus, understanding
folding may lead to cures for disease. This thesis focuses on the dynamics and
thermodynamics of partially unfolded states of proteins that lie near the bottom of a
folding funnel. Various studies have provided evidence that partially unfolded proteins
can be key intermediates in metabolic processes and in aggregation diseases. Partially
unfolded proteins also provide insight into the types of structures that guide/misguide the
process of protein folding. Less is known about how stability affects the roughness of an
energy landscape at the bottom of the folding funnel. Histidine-heme alkaline conformers
of cytochrome c are used as a model for a late folding intermediate or partially unfolded
state that can be exploited to study roughness near the bottom of a folding funnel.
In my thesis work, I have developed a novel method using electron transfer (ET)
reactions to probe these conformational changes and thus provide insight into the
dynamics of late folding processes not available through standard stopped-flow methods.
This method has helped to probe two factors that affect dynamics near bottom of funnel:
overall stability and the position of a residue in a loop that stabilizes a misfold. The main
findings from my work include: a decrease in stability decreases the roughness of a
folding funnel and changing the position of a residue responsible for misfolding strongly
affects stability and dynamics of the misfolded state. The robustness pertaining to the
gated ET method highlighted in this work is that it allows extraction of discrete rate
constants for conformational changes under conditions where these rate constants cannot
usually be measured directly. The method has also been applied to the dynamics of
proline isomerization. The data demonstrate that rates of ET in proteins can be tuned
efficiently using a combined strategy of modulating the sequence position and nature of
the metal ligand involved in conformational gating. Thus, ET gates can be readily tuned
for metabolic processes or the development of molecular switches.
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CHAPTER 1
INTRODUCTION
1.1 Protein Folding and Partially Unfolded Proteins
Proteins are the workhorses of biological systems that carry out most of the
biochemical processes and constitute the majority of cellular structures [1]. They are
made up of 20 different amino acids arranged in a linear chain and joined together by
peptide bonds between the carboxyl group of one amino acid and the amino group of the
following amino acid residue. Regular repeating local structure stabilized by hydrogen
bonds leads to formation of secondary structures like alpha helix or beta sheet as shown
in figure 1.1.
To carry out their function proteins must fold into complex three dimensional
(3D) structures. In 1958, more than fifty years ago, John Kendrew and coworkers
published the first paper showing the 3D structure of the protein myoglobin [2]. Since
then various landmarks have been achieved in the protein science field. These include the
famous experiment by Christian Anfinsen on ribonuclease which suggested the relation
between the amino acid sequence of a protein and its conformation, and the predictability
of folding and unfolding pathways [3]. In 1969, Cyrus Levinthal pointed out that it is
impossible for an unfolded protein to fold on the biological timescale if a complete
conformational search is necessary [4]. Oleg Ptitsyn suggested a hierarchical process with
the rapid initial formation of secondary structures, such as alpha helices or beta sheets. At
each step stabilization is achieved by interaction with previously formed structure. The
initial structure formed is partially folded; it is referred as a molten globule [5]. It can be
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further defined as a stable, partially folded protein state found in mildly denaturing
conditions, occurring between denatured and fully native states of a protein.

Figure 1.1 (a) Basic protein structure showing carboxyl group and amino group with side chain R
connected to the α-carbon atom. (b) Two amino acids connected through a peptide bond between
the carboxyl group of one amino acid (n) and the amino group of the adjacent amino acid (n+1) to
form the primary protein structure. Panel (c), shows primary structure connected through
hydrogen bonds to form the secondary structures, α-helix and β-sheet, which are part of the
tertiary

structure

of

a

globular

protein.

Figures

tigger.uic.edu/.../phys/phys461/phys450/ANJUM05/

(a)

and

and

figure

(b)

are

taken

from:

(c)

is

taken

from

http://kvhs.nbed.nb.ca/gallant/biology/secondary_structure.jpg

Hydrophobic collapse is a hypothesized event that occurs during the folding
process of globular proteins (soluble in aqueous solution). In this hydrophobic collapse,
amino acids with non-polar side chains are buried in the protein interior to form the
hydrophobic core and most of the amino acids with polar side chains are exposed to the
solvent forming the protein surface. This is considered to be a relatively early step in the
2

folding pathway, occurring before the formation of the secondary structure and native
contacts. Pitsyn proposed rapid hydrophobic collapse of a protein to form a molten
globule in which the native secondary structure leads to formation of native tertiary
structure [6].
Tremendous amounts of experimentation have been done since Ptitsyn’s proposal
dealing with understanding the thermodynamics and kinetics of protein folding. Prior to
the mid-1980s, protein folding was considered to be the sum of many different small
interactions such as hydrogen bonds, ion pairs, van der Waals attractions and water
mediated hydrophobic interactions. However, hydrophobic interactions have emerged as
the dominant component in protein folding. Various models arose in 1980’s and 1990’s
to probe the shape of the energy landscape and the nature of the conformational space of
a protein. These studies led to the conclusion that proteins have funnel shaped energy
landscapes, i.e., many high energy states and few low energy states. Figure 1.2 represents
four types of possible protein folding energy landscapes, leading to different folding
mechanisms. Figure 1.2a represents a simple funnel for fast folding, figure 1.2b
represents a rugged energy landscape with kinetic traps, figure 1.2c represents a golf
course energy landscape in which folding is dominated by a diffusional conformational
search and figure 1.2d represents a moat landscape, where folding must pass through an
obligatory intermediate [7]. A funnel describes the heterogeneous nature of the process
by which a protein attains the native state, which is confirmed by various experiments
including studies on the folding of the seven repeats of the Notch receptor ankyrin
domain [8]. These experiments suggest that chain entropy increases as protein structure
becomes less stable, that there are multiple folding routes and that different routes
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dominate under different folding conditions [7]. It is also believed that proteins with
similar functions rather than similar structure have similar energy landscapes [9].

Figure 1.2 Folding funnel energy landscape cartoon taken from reference 7 showing the possible
paths a protein can follow to attain the low energy native (N) state from the high energy
denatured state. (a) A smooth energy landscape for a fast folder, (b) a rugged energy landscape
with kinetic traps, (c) a golf course energy landscape in which folding is dominated by a
diffusional conformational search, and (d) a moat landscape, where folding must pass through an
obligatory intermediate [7].

The rugged funnel model (figure 1.2b) is accepted as the most realistic model of the four
shown in figure 1.2, which can be applicable to many types of proteins. This statistical
energy landscape is built with three tools: the statistical mechanics of disordered systems
like glasses, where material is arranged randomly in space, the properties of polymers,
and the properties of phase transitions in finite systems. The phase transition of a protein
is shown in figure 1.3. This phase diagram is based on three axes, hydrophobicity, ratio
of temperature and solvent energy changes, and the free energy change. This shows the
conversion of a random coil to a molten globule followed by a collapsed glassy state and
finally attaining the native state, on the right hand side for slow folding proteins. The left
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hand side, where a random coil directly goes to the formation of native state represents
the fast folding protein phase transition.

Figure 1.3 The phase diagram is taken from reference 10. The phase diagram along a line of
some average sequence hydrophobicity shows the possible thermodynamic states of a protein
modeled as a minimally frustrated heteropolymer. Varying the hydrophobicity by changes in
solvent (Es, solvent energy) and temperature (T) can modify the number of phases observed in the
folding process [10].

According to this model a protein is considered to be a minimally frustrated
heteropolymer. The main point from this statistical energy landscape theory is that
globally the folding landscape resembles a funnel which is to some extent rugged i.e.,
riddled with traps in which a protein can temporarily reside. The early folding steps lead
to a collapsed structure with the overall topology of the native protein. There is not a
single pathway but multiple pathways or routes of folding. Figure 1.4 represents the
folding landscape of a small helical protein which is funnel-like, with a preferred
direction of flow to attain the unique native state. The upper broad part of this figure
represents the denatured state with higher entropy, higher free energy and little ordered
structure. The lower tapered part represents less entropy and lower free energy as the

5

protein approaches structural similarity with the native state. In between these states lies
the molten globule state, which is a partially folded structure of the protein. The molten
globule state is above the glass transition temperature (Tg) [11] and behaves like a
viscous liquid.

Figure 1.4 A rugged folding landscape of a small helical protein taken from reference 10. The
upper part of funnel represents the denatured state with high free energy and high entropy while
lower part refers to the native state of protein with low free energy and low entropy. E, represents
the solvent-averaged energy, Q represents the fraction of native like contacts, describing the
position of an ensemble of states within the funnel. ΔE is the average ruggedness and δES is the
stability gap between the compact misfolded or molten globule state and the native state [10].

6

Below Tg, transition rates between different low energy states slow down and
protein now has more glass-like transitions between partially unfolded forms of the
protein. A glass transition occurs at a temperature where there are too few states
available, so the system remains frozen in one of a few distinct states. At the folding
temperature (Tf), the probability of being in the folded state is equal to the probability of
being in a misfolded state. As shown in figure 1.4 some routes can lead to a low energy
misfolded conformation from which the protein has to partially unfold to reach the native
state. Efficient folding requires that this commitment to folding occurs before the glass
transition (Tf > Tg). If not, a frustrated landscape results with deep, slowly interconverting
traps below the glass transition. For small proteins like cytochrome c, which is used in
this study, discrete pathways emerge only in the late folding process when the protein has
already achieved a correct global configuration. Such late folding intermediates are
observable because they occur below the glass transition where the kinetics are slow [10].
One of the approaches to understand late folding processes below the glass
transition is to study partially unfolded states of proteins. Partially unfolded states exist in
a wide range of structures [12-16] and can be close to the secondary structure of the
native state. Partially unfolded states provide clues for understanding folding and
misfolding. NMR studies of the SH3 module of P13 kinase have shown that at low pH,
where the protein is at least partially unfolded, the solution turns into a viscous gel after
several hours [17]. Electron microscopy showed this gel to contain well-defined fibrils as
seen in amyloid diseases like Alzheimer's disease, Parkinson's disease, Mad Cow Disease
(thus there is a role for partially unfolded proteins in prion disease), Huntington's disease,
Rheumatoid arthritis, Aortic medial amyloid, Atherosclerosis, Cardiac arrhythmias and
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many more [18]. Partially unfolded states have been closely associated with performing
various vital metabolic processes, which include binding of enzymes to substrate, transfer
of ions and metals, electron transfer reactions, and various catabolic and anabolic
processes in biological systems. It is also known that partially unfolded and/or moltenglobule like states play an important role in vitro, in particular for photoreceptormediated signaling [19]. Studies have shown that partially unfolded proteins efficiently
penetrate cell membranes which can be used for oral drug delivery [20].

1.2 Cytochrome c
Cytochrome c (cyt c) provides a unique opportunity to study protein folding
mechanisms. One can study the early mechanism of folding from the denatured state or
the partially folded state [21] and also the late stages of formation of the native state, i.e.,
the partially unfolded state [22-24].
Cyt c is a 12-13 kDa protein encoded by a nuclear gene. It normally resides in the
space within the lumen of the cristae of the inner mitochondrial membrane (IMM). On
the surface of the inner mitochondrial membrane, cyt c participates in the mitochondrial
electron transport chain, using its heme group as a redox intermediate to shuttle electrons
between cytochrome c oxido-reductase (Complex III) and Cytochrome c oxidase
(Complex IV) (figure 1.5). Ubiquinone (Q) acts as a carrier in transfer of electrons from
NADH dehydrogenase complex (complex II) to complex III. The transfer of electrons
yields a highly exergonic reaction which is used to pump protons out of the mitochondrial
matrix. This generates the membrane potential across the IMM and electrochemical
energy, in the form of a proton motive force. The proton motive force then drives the
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synthesis of ATP (energy currency of intracellular processes) as protons flow passively
back into the mitochondrial matrix through a proton pore that is associated with ATP
synthase.

Inter-membrane
space

Matrix

Figure 1.5 A schematic of the electron transport chain occurring in the inner mitochondrial
membrane. Figure extracted from the website,
http://www.columbia.edu/cu/biology/courses/c2005/handouts/etccomplexes.jpg

The role of cytochrome c in the electron transfer mechanism both in aerobic and
anaerobic respiration is long known, but its function goes beyond this process which is
often referred to as cellular respiration and is considered its life supporting function. One
of the minor but interesting roles of cytochrome c in eukaryotes is in the pathway of
hydrogen peroxide scavenging. Cytochrome c is also widespread in the bacterial world,
where it takes part in biochemical processes such as respiration and H2O2 scavenging, as
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well as in a number of other pathways. Cytochome c in the presence of H2O2 is also
known to cause tyrosine dependent in vitro peroxidative aggregation of proteins [25]. In
particular, it is sometimes fused to redox enzymes and constitutes an entry and exit point
for electrons in the catalytic cycle of the enzyme [26].
Research studies from the last 10 to 15 years have shown the important role of
cytochrome c in apoptosis [27]. Apoptosis, also referred to as programmed cell death, is
crucial for life in that it eliminates unwanted cells and is vital for embryonic
development, homeostasis and immune defense. Deregulation of this process can lead to
disease or death. There are extrinsic and intrinsic pathways for this process. The extrinsic
pathway is initiated by the engagement of a trans-membrane death receptor by an
extracellular ligand. This interaction leads to assembly of the death indicating signaling
complex (DISC) as shown in figure 1.6b.
The intrinsic pathway is also known as the mitochondrial pathway. This is
activated by apoptotic stimuli, which lead to the permeabilization of the outer
mitochondrial membrane and release of cytochrome c from the intermembrane space of
mitochondria as shown in figure 1.6b. Cytochrome c regulates caspase activity and thus
induction of apoptosis [27].
Cytochromes were first discovered by Charles A. MacMunn (1886) [28] and rediscovered by David Keilin (1926) [29-31] who also identified their function in cell
respiration. Since then this has been an extremely popular protein. More than 84,300
articles can be found on Scifinder Scholar with the word cytochrome c either in the title
or abstract. Out of these, 36,727 articles were published between the years 1999 and
March 2009.
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Figure 1.6 Release of cytochrome c and its downstream effects during apoptosis. This figure is
taken from reference [27].

Some of the reasons for the widespread popularity of cytochrome c are as follows:
(i) it is small, stable, monomeric, possesses a single tryptophan residue, a heme moiety
and it can reversibly withstand extreme conditions; (ii) it is easy to express in bacteria
and yeast and its purification procedure is straightforward via cation exchange
chromatography; (iii) it can be obtained in large amounts in pure form and dissolves at
high concentrations, which has made it popular for various spectroscopic techniques like
EPR, NMR, fluorescence, EXAFS, Mössbauer, and resonance Raman; (iv) it is widely
distributed from prokaryotes to eukaryotes providing a large resource to study the
differences due to structural variations; (v) early determination of its amino acid sequence
11

made it a prime object for studies of protein evolution and the relation between
phylogeny and protein primary structure [32]; (vi) and it can be easily modified and since
it is a very well-studied protein it is ideal for use with new techniques like single
molecule studies [33].
It is of historical interest that cytochrome c was prepared from bakers yeast and
fundamental properties were established related to this protein between 1930 and 1935
[31, 34]. Iso-1-cytochrome c was the major fraction obtained from chromatographic
separation containing approximately 95% of the total complement of cytochrome c in
yeast [35]. Iso-1-cytochrome c is a small protein (MW = 12,710 D for the naturally
occurring sequence). It contains 108 amino acid residues in a single polypeptide chain
and the fold of the protein consists of α-helical and loop structures. According to R.P.
Ambler’s classification of c-type cytochromes in 1991 [36, 37], iso-1-cytochrome c (iso1-cyt c) belongs to Class I of type c cytochrome.
Class I cytochromes c include the low spin soluble cytochrome c found in
mitochondria and in bacteria. The heme attachment site is towards the N-terminus, and
the sixth ligand is provided by a methionine residue which is situated about 40 residues
further on towards the C-terminus. The protein contains three conserved core helices
(blue color N and C helix, and, green color 60’s-helix in figure 1.7) which form a basket
around the heme group with one heme edge exposed to the solvent [38].
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Figure 1.7 The cooperative units in horse heart cytochrome c. The five foldons in decreasing
order of stability are, the Blue unit (N and C-terminal helices), the Green unit (60’s helix and
20’s-30’s Ω loop), the outer yellow neck (a short anti-parallel β-sheet; residues 37-39, 58-61), the
Red unit (71-85 Ω loop) and the Infrared or N-yellow Ω loop (shown in gray, residues 40-57).
The outer Yellow neck and the N-yellow Ω loop constitute the Yellow unit (residues 37-61).
Figure is taken from ref [39].

The two original vinyl groups of the heme are converted into thioether bonds
(figure 1.8) following the addition of thiol sulfurs from two cysteines of a CXXCH motif
within the protein to the α-carbons of the heme vinyls [40]. The presence of heme gives a
strong characteristic α/β band near 550 nm. An absorbance band in the spectroscopic
region from 390-430 nm, which is also known as the heme Soret band, provides
information about the heme environment. Both these bands are due to π → π* transitions
[41].
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Figure 1.8 Structure of heme. A schematic representation of the atomic skeleton of the
heme group of cytochrome c. Iron is coordinated with the four pyrrole rings that form the
porphyrin ring. Cys 14 and Cys 17 form thioether bonds to the heme. Positions are labeled using
the Fischer system of nomenclature.

In iso-1-cyt c used in this study, two cysteines are present at positions 14 and 17
and the fifth ligand for the iron in the porphyrin ring is provided by His18, (see figure 1.7
for analogous heme ligation in horse cyt c). Heme synthesis is completed through the
action of ferrochelatase in the mitochondrial matrix. Cytochrome c is first formed as
apocytochrome c, which is produced by translation and co-translational modification in
the cytosol. Apocytochrome c is then translocated to the mitochondrial intermembrane
space where the heme moiety is covalently attached by cytochrome c heme lyase. Heme
lyase, encoded by the CYC3 gene, is considered to act like a chaperone or as a catalyst,
although its role is still not clear for the formation of bond between the thiols of the
cysteines and the vinyl groups of heme. Heme attachment causes the partially extended
conformation of apocytochrome c to become the fully folded holocytochrome c.
14

The structure of horse cyt c is shown in figure 1.7. Horse cyt c is composed of
five cooperative folding units. The folding units from order of stability from most to least
stable are, blue, N and C helices; green, 60’s helix and loop; yellow; red, Ω-loop; and
infrared, Ω-loop [39]. Recent studies from Englander’s lab with horse heart cytochrome c
have shown branching in this sequential folding pathway as shown in figure 1.9.
According to this study, either the infrared or red loop can unfold first followed by the
yellow loop, then branching can take place again with either the green loop or green helix
unfolding and finally unfolding of the most stable blue helices takes place [42].

Figure 1.9 Sequential unfolding and refolding pathway of Cyt c. Pathway steps are determined
by the intrinsically cooperative protein foldons. The pathway order is determined by the
sequential stabilization mechanism in which previously formed structure templates the formation
of and stabilizes subsequent foldons, all in the native context, to progressively build the target
native structure. This figure is taken from reference [42].

1.3 Alkaline Conformational Transition
Theorell and Åkesson in 1941 [43] observed five distinct electronic spectra for
ferricytochrome c over the pH range 0 to 14. These five spectral states displayed by
oxidized protein were linked by protonation events corresponding to four distinct pK
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values. The reduced protein has three states linked by two deprotonation steps. These
results are summarized in figure 1.10 [44]. In the case of ferrocytochrome c, state III
(figure 1.10), which appears at alkaline pH is unfolded. No stable intermediate is known
to appear in between the folded and unfolded state.

Ferricytochrome c I → II → III → IV → V State
pK
0.4 2.5 9.35 12.8
Alkaline transition
Ferrocytochrome c I → II → III
pK
<4 >12

Figure 1.10 Summarized spectral states for reduced and oxidized cytochrome c observed by
Theorell and Ǻkesson [43].

Ferrocytochrome c is likely to be present in the reductive intracellular milieu after
post-translational modification but most of the studies have been done on the oxidized
form of cytochrome c, i.e., ferricytochrome c. The redox potential of ferrocytochrome c is
-164 mV in the unfolded state and that for the folded form is 254 mV. As a result,
reduced heme is extremely susceptible to oxidation by molecular oxygen dissolved in
solution. Thus, studies on ferrocytochrome c must be done in degassed solutions
containing an excess of sodium dithionite. This requirement of a highly basic
environment to unfold ferrocytochrome c, (pK >12), and the need to work under
anaerobic conditions makes experimental studies very difficult with ferrocytochrome c
[45].
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State III in ferricytochrome c dominates near neutral pH and is regarded as the
native conformation of the protein. This state gives a characteristic spectroscopic band at
695 nm in the visible region which is due to methionine 80 bound to heme. This band is
due to a ligand-to-metal (Fe) charge transfer band with very low extinction coefficient
~0.7 mM-1 cm-1 [46]. The biological role of State V, the unfolded state of the protein, is
still not clear. State IV is referred to as the alkaline state. In state IV, Met 80 is replaced
by one of the many lysine residues present on the surface of the protein. There are 16
lysine residues in iso-1-cyt c from yeast. Out of these, lysine at positions 73, 79, 86, 87
and 88 were proposed as possible ligands, as shown in figure 1.11 [47].

Figure 1.11 This figure is taken from reference 47, showing the crystal structure of oxidized iso1-cytochrome c, with lysine residues as the possible ligands to participate in the alkaline
transition [47].
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But 1H NMR and EPR studies established the lysines at position 73 and 79 as the
ligands replacing Met 80 as shown in figure 1.12. Lysine 72 is trimethylated in yeast
cytochrome c but not in bacteria or mammalian cytochrome c [48].

Figure 1.12 Heme ligation schemes (upper) and structural models (lower) for ferricytochrome c
state III (A) as shown in figure 1.9 with Methionine 80 bound heme, state IV, the alkaline state
(B) Lys73/Lys79 bound form, and state V, unfolded form (C). Two possible conformers exist as
either of Lys 73 or 79 can act as the sixth axial heme ligand in the alkaline state. Heme is shown
as a yellow square with iron in the center, helices are shown as green bundles, beta sheets are
shown as blue arrows and loops are shown in black. This figure is taken from ref [33].

These lysines are present in the red loop of iso-1-cyt c (the 70-85 or Ω-loop D as
shown in figures 1.7 and 1.11). This Ω-loop D participates in the first step of unfolding of
iso-1-cyt c (as shown in figure 1.9). As a result, this base induced conformational
transition represents a partially unfolded state of iso-1-cyt c that can serve as a model for
a late folding intermediate [23]. This transition is coupled to a large redox potential
change [49]. Thus, for mitochondrial cytochrome c, state IV is proposed to have a
functional role in the control of the electron transfer pathway and hence in energy
transduction [47, 50-54]. Other than high pH, high temperature, exposure of the protein at
neutral pH to the action of protein denaturants (urea, guanidine hydrochloride) and other
18

choatropic agents (lithium perchlorate) can also induce this conformational change [44].
These alkaline forms are also considered to play a role in apoptosis [55].
Studies have been done to understand the alkaline conformational transition in
other labs by mutating lysines in the Ω-loop to alanine [48, 56-60] and in our lab by
mutating these lysines to histidine [23, 61-63]. Previous studies with a Lys 73→ His
(K73H) variant of iso-1-cyt c suggest that histidine is the ligand bound to heme near
neutral and mildly acidic pH (pH 6-8) and lysine the ligand bound to heme at more
alkaline pH (pH 8-11) [23, 61]. This can be represented as shown in figure 1.13:

+

LysH 79

Met80

His73
+

HisH 73

+

-H

Fe

+H+

pH 6-8

His18

+

Met80

LysH 79

Fe
+

Met80

HisH 73

His18
+

-H

pH 5-7

Lys79

+H+

pH 8-11

Fe

His18

Figure 1.13 schematic representations of the ligands replacing Met 80 in the alkaline
conformational transition of the K73H variant of iso-1-cyt c. The Met 80-heme bound form is the
native state, the His73-heme bound form and the Lys79-heme bound form are alkaline
conformers at lower and higher alkaline pH, respectively. Figure is adapted from [64].
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1.4 Electron Transfer
Electron transfer (ET) is the process by which an electron moves from one atom or
molecule to another atom or molecule; one being oxidized and the other reduced, as
shown in figure 1.13. A* represents the reduced form and B represents the oxidized form.
Transfer of an electron leads to the generation of A+ (electron deficient species) and B(electron rich species).

Ared + Box

Aox + Bred

Figure 1.14 Representation of the change of state before and after an electron transfer reaction.

Initial studies on ET started after World War II because of the availability of
radioactive isotopes, which permitted studies on isotopic exchange reactions in aqueous
solution. Numerous ET experiments have been carried out since then in other areas like
solar energy conversion semiconductors, electrochemistry, chemiluminescence, etc.
ET reactions are integral to biological processes like oxygen binding and/or
transport, photosynthesis or respiration, metabolic syntheses, and detoxification of
reactive species. ET reactions commonly involve transition metal complexes, but there
are now many examples of ET in organic molecules. This involvement of ET reactions in
various fields led to the development of theory and experiment to better understand the
chemical and biological systems around us. Rudolph Marcus received the Nobel Prize in
Chemistry in 1992 for his semi-classical electron transfer theory. This theory is used in
various aspects of chemistry and biology, including photosynthesis, corrosion, etc., and is
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considered as the dominant theory for understanding ET chemistry. The basic equation
for Marcus theory [65] is:

Equation 1.1

k ET

2π 2
=
H AB
h

(

⎛ − λ + ΔG °
1
exp⎜
⎜ 4λkbT
4πkbT
⎝

)

2

⎞
⎟
⎟
⎠

where kET is the rate of electron transfer, HAB is the electronic coupling between the initial
and final states, λ is the reorganization energy between the product and the reactant states
at the equilibrium nuclear configuration of the reactant (i.e., the minimum free energy),
ΔGº is the total Gibbs free energy change for the electron transfer reaction, kb is the
Boltzmann constant, ħ is Plank’s constant divided by 2π and T is the temperature of the
reaction.
HAB, also referred to as the tunneling matrix element, is a measure of the
electronic coupling between the donor and the acceptor at the transition state. Its
magnitude depends upon donor-acceptor separation, orientation, and the nature of the
medium where this reaction is to take place. In simple models, the electronic-coupling
strength is predicted to decay exponentially with increasing donor-acceptor separation
[65, 66].
The reorganization energy, λ, contains both inner and outer sphere components.
As can be seen in eq 1.1, variation in λ can have a large impact on electron transfer rates.
The inner sphere reorganization energy (λi) is the free energy change associated with
changes in the bond lengths and angles of the reactants. The outer sphere reorganization
energy (λo) includes contributions from the size of the reactants, the separation distance
between the reactants and changes in the polarization of solvent molecules during
electron transfer (taking into consideration the dielectric constant and the refractive index
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of the medium). The response of λo to solvent polarity suggests that metalloenzymes that
contain buried redox cofactors need not experience large outer sphere reorganization
energies [67].
The ΔGº for ET reactions depends on the electrochemical potential of the system
(Eº). The change in the free energy of electron transfer, ΔGº (in eq 1.1), can be related
with the electro potential of the system through the Nernst equation (equation 1.2).
ΔG = − nFE

Equation 1.2

where n is the number of moles of electrons associated with the oxidation/reduction
process, F is the Faraday constant and E is the electrode potential of the system which in
turn is related to the standard electrode potential as given in Equation 1.3,

E = E° +

Equation 1.3

RT
ln K
nF

where K is the equilibrium constant of the oxidation-reduction reaction, R is the gas
constant, Eº is the standard cell potential which is referenced to the standard hydrogen
electrode potential (NHE).
Factors that influence Eº include ligands for metal cofactors, protein imposed
constraints on organic cofactor conformation or metal ligation geometry, hydrogen
bonding around the cofactor, the presence of water, hydrophobicity and electrostatic
effects [68].
As all these above parameters can be determined experimentally, studies on ET
can provide the insight to understand and solve some of the mechanistic problems related
to drug delivery, collagen synthesis, steroid metabolism, immune response, drug
activation,

neurotransmitter

metabolism,

photosynthesis.
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nitrogen

fixation,

respiration,

and

In biological systems the role of conformational changes has been recognized as
an important factor in controlling ET reactions. Studies with these systems have led to
development of kinetic models by Victor L. Davidson [50, 51] for inter-protein and intraprotein ET reactions. These reaction models can be summarized as follows:
Inter-protein ET:
Aox + Bred

Ka

Aox/Bred

kx

[Aox/Bred]*

kET
k-ET

k-x

Ared/Box

Intra-protein ET:
Aox-Bred

kx

[Aox-Bred]*

k-x

kET

Ared-Box

k-ET

True ET:

kET<< kx and kx / k-x >>1; kobs = kET

Gated ET:

kx << kET; kobs = kx

Coupled ET: kET<< kx and kx / k-x <<1; kobs = Kx* kET
where Ka is the association constant, kx and k-x are the rate constants for the gating step or
the conformational change preceding the electron transfer and kET and k-ET are the
forward and backward rate constants for electron transfer.
In Davidson’s models for both inter and intra-protein ET reactions, the donor and
acceptor species have to be conformationally reorganized to attain optimal geometry for
the efficient transfer of the electron, which is represented by the middle part of the
equations. Three conditions highlighted from these equations are based on the limiting
rate constants. A reaction is considered to be a True ET reaction when kET is rate
limiting, k-ET, backward flow of the electron is negligible and the forward rate constant
for the conformational change is dominant over that for the backward reaction.
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When the forward rate constant of the conformational change is rate limiting and
the backward conformational rate constant is small compared to ET, the conformational
change has to take place before ET. This condition is referred as Gated ET. But when
forward and backward conformational rate constants are rapid compared to ET, then ET
is dependent on both kx and k-x. This situation is referred to as Coupled ET [50, 51].
Understanding the conformational dependence of ET in ferricytochrome c is of
interest for several reasons. Firstly, various proteins like plastocyanin [69], growth
hormones [70] and influenza virus hemagglutinin [71] have been recognized to exhibit
pH linked conformational diversity. Ferricytochrome c is an excellent model for such
systems and a variety of spectroscopic techniques can be applied for characterization of
the mechanism of its conformational change. Secondly, the structure of cytochrome c
changes with pH and also leads to a change in the functional properties of the protein as
mentioned earlier. Native cytochrome c has a redox potential of 262 mV vs NHE and that
of a His-heme conformer of iso-1-cyt c has been found to be 41 mV when methionine at
position 80 is mutated to histidine [49]. For these reasons, the inter-conversion of native
and His-heme alkaline cytochrome c can act as an efficient switch that has a dramatic
effect on the activity of the protein electron transfer reaction. Thirdly pH-linked
conformational changes of cytochrome c have shown local structural changes in the heme
pocket as well as global changes to the protein matrix. Lastly magnetic circular dichroic
(MCD) and circular dichroic (CD) studies have provided evidence that the structural
changes occurring at high pH may be related to those associated with the electron transfer
process of cytochrome c in complex with its natural partners [72].
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Based on these studies, a scheme for conformationally gated electron transfer was
proposed for iso-1-cyt c by the Bowler lab as shown in figure 1.14 [73]. According to this
scheme, either electron transfer can take place before the conformational change (Path A)
or the conformational change can precede the ET reaction (Path B).

Figure

1.15

ET

square

scheme

for

the

reaction

of

oxidized

iso-1-cyt

c

with

2+

hexaammineruthenium(II) (a6Ru ). Horizontal equilibria represent ET, and vertical equilibria are
conformational changes. The oxidized and reduced alkaline conformers of iso-1-cyt c are shown
in the upper row of the ET square scheme. The alkaline state iron ligand is shown as L, The
oxidized and reduced native conformers of iso-1-cyt c are shown in the lower row of the ET
square scheme. The rate constants controlling the conformational change in the oxidized (Fe3+)
state of iso-1-cyt c are kLM3 and kML3 and in the reduced (Fe2+) state of iso-1-cyt c are kLM2 and
kML2. The rate constants controlling ET in the alkaline state are kET(Alk) and k-ET(Alk) and in the
native state are kET(Native) and k-ET(Native). Path B is expected to be dominant for the reaction of the
oxidized alkaline state of iso-1-cyt c with a6Ru2+. Therefore, gated ET will be controlled by the
rate constant kLM3 and direct ET by the rate constant kET(Native). This figure is taken from ref [73].
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Since the alkaline conformer requires strong reductants to be reduced, Path B
involving conformationally gated ET reaction is favored for iso-1-cyt c. In this scheme,
reduced hexaamineruthenium is used as an electron donor. For this reaction, a stopped
flow apparatus can be used to follow the kinetics. The difference in molar extinction
coefficient of oxidized and reduced cytochrome c is ~18.5 x 103 at 550 nm [74]. As a
result, an increase in absorbance is observed (figure 1.15) in these ET kinetic experiments
at 550 nm. Using known concentrations of reduced ruthenium and the alkaline conformer
of cytochrome c one can determine the rate of electron transfer, and the forward and
backward rates of the conformational change.

Figure 1.16 Electronic absorption spectra of Horse cytochrome c at pH 7.0. Solid line is for
oxidized cytochrome c and dashed line is for reduced cytochrome c. This figure is taken from ref
[41].

1.5 Goals of Thesis

1. Lys73 and Lys79 have been identified as the ligands replacing Met80 in the
alkaline state of yeast iso-1-cytochrome c. The alkaline transition kinetics of a
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Lys73→His (K73H) variant of iso-1-cytochrome c have been found to be
triggered by three ionizable groups [61]. The goal for the project described in
Chapter 2 is to probe the mechanism of the alkaline conformational transition and
its effect on the dynamics of gated electron transfer reactions with a Lys 79→ His
variant of iso-1-cyt c. In particular, it is of interest to understand how the position
and nature of the alkaline state ligand affects the dynamics of the conformational
change. The main focus is on the effect of this mutation on stability, the number
of ionizable groups triggering the alkaline transition, the rate of formation of this
conformer and the rate of electron transfer.

2. The goal for the project described in Chapter 3 is to probe the bottom of a folding
funnel using conformationally gated ET reactions with the AcH73 variant of iso1-cyt c. The AcH73 variant lacks a naturally-occurring hydrogen bond between
the green and the infrared loops, which stabilizes the protein [75]. This less stable
AcH73 variant is compared with the more stable K73H variant in this study. The
main point of emphasis in this study is to see how stability can affect the
dynamics of a late folding intermediate as modeled by the alkaline conformer. In
this study, thermodynamic and kinetic studies are undertaken to understand the
mechanism of partial unfolding. For this study, ET reactions are used as a tool to
gain

insight

into

the

complexities

of

a

folding

mechanism

using

hexaamineruthenium(II) chloride and the oxidized Ac73H variant of iso-1-cyt c.
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3. Studies done on an A79H73 variant (K73H, K79A, C102S) of iso-1-cyt c [62] in
the Bowler lab have shown the presence of a slow phase on the time scale
relevant to proline isomerization during the alkaline transition. The goal for the
project described in Chapter 4 is to gain insight into the effect of pH on proline
isomerization. This study mainly focuses on the determination of the change in
the kinetics of this slowest phase using ET reactions with hexaamineruthenium(II)
chloride over a pH range of 5 to 9.5.

4. The goal of the project described in Chapter 5 is to vary the position of a histidine
alkaline state ligand in the red loop of iso-1-cyt c, beyond the naturally-occurring
positions (73 and 79) used for the alkaline state. We thus probe more broadly the
effect of ligand position in the loop on the dynamics of the alkaline transition.
These studies also probe the role of proline at position 76 in the alkaline
transition. Besides hexaamineruthenium(II) chloride, we also test the ability of
tris(terpyridyl)Cobalt(II) to probe slower conformational dynamics.

5. The goal for the project described in Chapter 6 deals with intraprotein ET by flash
photolysis using ruthenium bipyridine complexes to initiate ET. For this project
mutations were designed based on the efficiency expected for ET reactions from
the protein surface to the heme. The results in this chapter are preliminary and
focus on expression of variants in both yeast and bacteria and measurement of
their stabilities by guanidine hydrochloride denaturation.
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CHAPTER 2
THE ALKALINE CONFORMATIONAL TRANSITION AND GATED
ELECTRON TRANSFER WITH A LYS 79 → HIS VARIANT OF ISO-1CYTOCHROME C
2.1 Introduction

Iso-1-cytochrome c from yeast is an electron transfer protein with a covalentlybound heme. It is a class I cytochrome c which includes low spin soluble cytochrome c of
mitochondria and bacteria with the CXXCH heme attachment site towards the Nterminus and the 6th ligand provided by a methionine located near the C-terminus [76].
Cytochrome c undergoes a base induced conformational transition, commonly called the
alkaline transition. This transition is characterized by the loss of the heme-Met 80 ligation
of the native state of the protein [44]. Due to the small difference in the enthalpy of the
fully folded and this partially unfolded state (alkaline conformational transition), cyt c
has been used as a model to understand late folding intermediates [23, 39, 77].
Lys73 and Lys79 have been identified as the ligands replacing Met80 in the
alkaline state of yeast iso-1-cyt c [48, 60], although for iso-1-cyt c expressed in
Escherichia coli, Lys72 is not trimethylated, and it becomes an important ligand in the
alkaline state [56, 57]. For the Lys73-heme alkaline conformer, NMR structural data is
available [58]. The alkaline state ligands have been replaced by alanine [48, 56-60] and
by histidine [23, 61-63] to obtain more insight into the alkaline transition. Studies done
in our lab [61, 62] have shown the alkaline transition kinetics of Lys73→His variants of
iso-1-cyt c to be modulated by three ionizable groups. Kinetic data have provided the
acid constants, pKH, for the triggering groups, one of which is consistent with ionization
of the histidine ligand. The identity of the two other ionizable groups affecting the
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kinetics of this conformational change is more speculative [59, 61, 62]. Recent data
suggest that the lysine ligand may be the triggering ionizable group for formation of
lysine-heme alkaline conformers [57].
In this work, we have mutated Lys79 to His generating a K79H variant of iso-1cyt c to probe how ligands at position 79 affect the alkaline transition. The histidine
introduced at position 79 in this variant is located in the next to least stable surface loop
(red loop, Figure 2.1) of the protein (residues 70-85 or Ω-loop D, [78, 79]), which
appears to be substantially disrupted in the Lys73-heme alkaline conformer [58]. Lys79 is
closer to the native state heme ligand, Met80, and thermodynamic data indicate that the
structural disruption is smaller [23, 56, 63]. Figure 2.2 represents the expected behavior
for this variant based on studies done previously [23, 61-63]. The specific goals for this
study are firstly to find whether the Lys79→His mutation makes the alkaline conformer
more or less stable than for the Lys73→His mutation [23] and secondly to determine if
the kinetic mechanism involves the same number of ionizable groups [61, 62].
Conformationally-gated electron transfer (ET) reactions can regulate metabolic
processes [50] and several studies have suggested a role for the alkaline state in
modulating the ET dynamics of cyt c in the electron transport chain [47, 48, 58, 80].
Recent studies in our lab have shown the usefulness of different alkaline state ligands in
modulating the dynamics of conformational gates that control cyt c ET reactions [73, 81].
Conformational gates operating at near neutral pH can be of biophysical importance,
potentially serving as molecular switches. This serves as the third goal of this study, to
correlate the thermodynamic and kinetic properties of the His79-heme alkaline state with
the conformationally-gated ET reactions of K79H iso-1-cyt c and to determine whether
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moving the position of the alkaline state ligand in Ω-loop D can modulate the dynamics
of gated ET.

Figure 2.1 Ribbon diagram of iso-1-cyt c showing the engineered histidine at position 79 in
magenta. Lysine73 the other alkaline state ligand is also shown in magenta. The colors on the
ribbon diagram outline the substructures of cytochrome c from least to most stable in the order
gray, red, yellow, green and blue as defined by the native state hydrogen exchange experiments of
Englander and coworkers [78, 79]. The gray and red substructures are disrupted in the alkaline
form of cyt c.
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Figure 2.2 Schematic representation of the ligands replacing Met80 in the alkaline
conformational transition of K79H iso-1-cyt c.

2.2 Materials and Methods
2.2.1 Preparation of the K79H Variant.

The Lys79→His mutation was introduced with the unique restriction site
elimination site-directed mutagenesis method [82] using the pRS/C7.8 phagemid vector,
which carries the pseudo wild type iso-1-cyt c gene, (pWT, C102S, prevents dimerization
of iso-1-cyt c) as previously described [83, 84]. The pRS/C7.8 phagemid vector (figure
2.3) has two unique restriction sites Sac I and Sac II that are adjacent to each other and
upstream of the iso-1-cyt c gene (CYC1, [85]).

32

Apa LI (178)

2 MICRON

Ava I (6694)

Eco RI (1117)
LEU2

Apa LI (6151)

Cla I (1604)

pRS/C7.8

APr

7812 bp

PMB1

Apa LI (4905)
P(LAC)

F1 ORI

Sac I (4197)

Ava I (3143)
T7 P

Sac II (4188)
BamHI (4157)

Cla I (3159)
T3 P

Hin dIII (3164)

Sma I (4153)

CYC1

Ava I (4151)

Eco RI (3761)

Xma I (4151)
Ava I (4015)

Figure 2.3 Schematic representation of pRS/C7.8 phagemid vector used for preparation of the
H79 variant of iso-1-cyt c. 2 Micron allows for replication as a multicopy phagemid in yeast. F1
ORI allows production of ssDNA, Apr confers ampicillin resistance and Leu2 complements the
leucine deficiency in GM-3C-2 S. cerevisiae.

The selection oligonucleotide SacI-II+ (5’-d(GCC ACC GCG GTG CAG CTC
CAG C)-3’) [84] was used to eliminate the unique Sac I (GAG sequence was changed to
the underlined sequence in the parenthesis) restriction enzyme site upstream from the iso1-cyt c gene (CYC1, ref [85]) and restore the Sac II restriction enzyme site (which is
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CCG

CGG).

The

mutagenic

oligonucleotide

K79H

{5′-

d(CAAAGGCCATGTGGGTACCAGG)-3′); site of mutation is underlined} was
purchased from Operon Biotechnologies, Inc. (Huntsville, Alabama). The sequence
analysis to confirm the mutation was done using a Beckman CEQ 8000 capillary
electrophoresis autosequencer.
After confirming the K79H mutation, large-scale preparation of pRS/C7.8 dsDNA
was carried out using a Qiagen MidiPrep kit followed by spectrophotometric quantitation
(ε260 = 6600 M-1cm-1) and restriction analysis using the HindIII and SacII restriction
enzymes to confirm the presence of the CYC1 fragment [86]. Phagemid DNA was
transformed into the GM-3C-2 strain ([87] deficient in CYC1 gene) of Saccharomyces
cerevisiae by the LiCl method [88].
As previously described [83], the transformants were evaluated for the
functionality of the variant cyt c, by curing to confirm the phagemid-based expression
and by phagemid recapture and re-sequencing to eliminate the possibility of further
mutation under the selective conditions used to express iso-1-cyt c. The K79H and pWT
iso-1-cytochromes c were isolated and purified as described previously [89-91]. Both the
K79H and pWT proteins contain the C102S mutation to prevent formation of
intermolecular disulfide dimers during physical studies.

2.2.2 Molecular Weight Determination by MALDI-TOF Mass Spectroscopy.

The purification of the K79H protein by cation-exchange HPLC gave two small prepeaks, one main peak (highest intensity) and 1 small post-peak. Mass spectrometry was
carried out as described previously using synapic acid as matrix [59]. The main peak
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gave m/z = 12,697.2 ± 2.3 (average and standard deviation of two independent spectra),
consistent with the expected molecular mass of 12,687.26 g/mol for the K79H variant.
All experiments were carried out with this material.

2.2.3 Oxidation of Protein.

To ensure that the purified protein was fully oxidized, 5 mg of K3Fe(CN)6 per mg
of protein was added and the solution was incubated at 4 °C for 1 hr. To remove
oxidizing agent, it was then run through a G-25 size exclusion column pre-equilibrated
with the buffer appropriate to the experiment. The concentration and degree of oxidation
of the protein were determined, as described previously [83].

2.2.4 GdnHCl Denaturation Monitored by Circular Dichroism Spectroscopy.

Global stability of the protein was determined by gdnHCl denaturation monitored
by circular dichroism (CD) spectroscopy using an Applied Photophysics π*-180
spectrophotometer coupled to a Hamilton Microlab 500 titrator, as previously described
[63]. The experiments were carried out in CD buffer (20 mM Tris, 40 mM NaCl, pH 7.5)
at 25 °C. A 6 M gdnHCl stock solution was prepared in the same buffer and its
concentration was determined using refractive index measurements [92]. Ellipticity was
measured at 222 nm and the ellipticity at 250 nm was used as a baseline. The ellipticity
measured at 222 nm as a function of gdnHCl concentration was fitted to equation 2.1 [83]
which assumes a linear free energy relationship and two-state unfolding [92, 93].
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Equation 2.1
⎧ m[ gdnHCl ] − ΔGu° (H 2 O ) ⎫⎤
⎬⎥
RT
⎩
⎭⎥⎦

⎡

θ N° + ⎢(θ D° + m D [ gdnHCl ])exp⎨
θ=

⎢⎣

⎧ m[ gdnHCl ] − ΔGu° (H 2 O ) ⎫
1 + exp⎨
⎬
RT
⎩
⎭

where θ is the ellipticity of the sample, θoN is the ellipticity of native protein at 0 M
gdnHCl, θoD is the ellipticity of denatured protein at 0 M gdnHCl, mD is the denaturant
dependence of the ellipticity of the denatured state, m is the gdnHCl concentration
dependence of the free energy of unfolding, ΔGu, and ΔGou (H2O) is the free energy of
unfolding extrapolated to 0 M gdnHCl. A set of four titrations were done, and the
parameters were averaged.

2.2.5 Partial Unfolding by GdnHCl Monitored at 695 nm.

Partial unfolding of protein was monitored at 695 nm, A695, as a function of
gdnHCl concentration using Beckman DU 640 or DU 800 spectrophotometers. This band
is sensitive to the presence of Met 80-heme ligation [94]. Studies were done at pH 5 in
acetate buffer (20 mM sodium acetate, 40 mM NaCl, pH 5) and pH 7.5 in CD Buffer with
~100 μM or ~200 μM protein at 25 oC. Equal volumes of the appropriate buffer and 2x
protein stocks (~200 μM or ~400 μM) protein in the appropriate buffer) were mixed to
produce a 500 μL protein sample and the gdnHCl concentration was gradually increased
from 0 to 2 M using previously described titration procedures [63]. Absorbance at 750
nm was used as the background wavelength to control for small variations in the baseline
yielding A695corr = A695 - A750. The concentration of the titration solution at 0 M gdnHCl
was evaluated at 570 and 580 nm using oxidized state extinction coefficients [95] and
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used to convert A695corr to ε695corr. Then ε695corr as a function of pH was fit to equation 2.2,
which assumes that the dependence of ΔGu on gdnHCl concentration is linear and that
protein folding can be approximated as a two state process [92, 93].
Equation 2.2
⎡

⎧ m[ gdnHCl ] − ΔGu° ( H 2 O) ⎫⎤
⎬⎥
RT
⎩
⎭⎦⎥

ε N + ⎢ε D * exp⎨
ε 695corr =

⎣⎢

⎧ m[ gdnHCl ] − ΔGu° ( H 2 O) ⎫
1 + exp⎨
⎬
RT
⎩
⎭

In eq 2.2, εN and εD are the corrected extinction coefficients at 695 nm of the Met80
bound native state and the denatured state, respectively, and other parameters are as in eq
2.1. Since the K79H variant does not appear to fully attain the native state, the change in
the ε695corr for native versus denatured pWT iso-1-cyt c, Δε695corr = εN – εD, was
determined using data obtained at pH 5 [96], yielding Δε695corr = 0.57 ± 0.02 mM-1cm-1.
Δε695corr was used to constrain εN relative to εD when fitting data for the K79H variant.

2.2.6 pH Titration Experiments.

The alkaline conformational transition for the K79H variant was monitored, as
previously described [62], at 22 ± 1 °C as a function of pH in 100 mM NaCl using the
695 nm absorbance band. Briefly, the initial sample was made by mixing 500 μL of ~400
μM oxidized protein in 200 mM NaCl (2x protein in 2x buffer) with 500 μL of doubly
deionized water (ddH2O). The solution was mixed with a 1000 μL pipet and pH was
adjusted to about 2 by adding equal amounts of 2x protein and 3 M HCl solution. The
pH was measured with an Accumet AB15 pH meter (Fisher Scientific) using an Accumet
semimicro calomel pH probe (Fisher Scientific Cat. No. 13-620-293). 100 mM NaCl was
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used as blank. Equation 2.3 (analogous to eq 8 in ref [59]) based on Scheme 2.1, was
used to fit the curve obtained from a plot of ε695corr, evaluated as described above, as
function of pH.
Scheme 2.1

Kobs,1
A1

Kobs,3

Kobs,2
A2

Alk

N

Equation 2.3

ε 695corr = ε Alk +

(ε A1 − ε Alk ) + K obs ,1 {(ε A2 − ε Alk ) + K obs , 2 (ε N − ε ALk )}
1 + K obs ,1 {1 + K obs , 2 (1 + K obs ,3 )}

In eq 2.3, εN is the corrected extinction coefficient at 695 nm of the Met80–heme
bound native state, εAlk is the corrected extinction coefficient at 695 nm of the alkaline
state, εA1 and εA2 are the corrected extinction coefficients at 695 nm of the low pH acid
state, A1, and higher pH acid state, A2. Kobs has the form shown in eq 2.4 (see ref [59],
equation 6) for Kobs,1 and Kobs,2
Equation 2.4

K obs

10 − pKC
=
=
n
1 + 10 n ( pK H − pH )
⎛H+ ⎞
⎟⎟
1 + ⎜⎜
⎝ KH ⎠
KC

(

)

where KC (pKC) is the conformational equilibrium constant associated with the A1 to A2
or A2 to N conformational transitions, n is the number of protons associated with each
conformational transition and KH (pKH) is the acid dissociation constant for the ionizable
groups triggering each conformational transition. pKH1 was arbitrarily set to 4, which
assumes that an Asp or a Glu side chain triggers the A1 to A2 transition. pKH2 was
arbitrarily set to 6, which assumes a heme propionate or a histidine triggers the A2 to N
transition. The value for εA2 - εAlk was constrained empirically based on the magnitude of
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ε695corr near pH 3.3, where there is a shift in the position of the isosbestic points during
the acid transition (see figure 2.7). Since the K79H variant does not appear to fully attain
the native state near neutral pH, the value for (εN - εAlk) was set to 0.66 ± 0.02 mM-1cm-1
based on the pH titration data for pWT iso-1-cyt c. For the K79H variant, Kobs,3 in eqn.
2.5 is analogous to K1,2(obs) from eq 16 in ref [23] representing the transition from the
native to the alkaline state, shown in Scheme 2.2. The alkaline transition of the K79H
variant yields a biphasic transition as for the K73H variant of iso-1-cyt c [23].
In Scheme 2.2, T2 and T3 are the triggering ionizable groups, which may be the
same as the His79 and Lys73 ligands replacing Met80 in the alkaline conformer [57, 61,
62].
Scheme 2.2

pKH3a

N(Fe-Met 80 |T 2)

pKC3a(H79)

Alk(Fe-His79 |Met80)

N(Fe-Met 80|T2H+, T3H+)
pKH3b

N(Fe-Met 80|T3)

pKC3b(K73)

Alk(Fe-Lys73|Met80)

Kobs,3

Equation 2.5

K obs ,3 =

K C 3a (H 79 ) K C 3b (K 73)
10 pKC 3 a ( H 79 )
10 − pKC 3b ( K 73 )
+
=
+
⎛ [H + ] ⎞
⎛ [ H + ] ⎞ 1 + 10 ( pK H 3 a − pH ) 1 + 10 ( pK H 3b − pH )
⎟⎟ 1 + ⎜⎜
⎟⎟
1 + ⎜⎜
⎝ K H 3a ⎠
⎝ K H 3b ⎠
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Equation 2.5 describes the pH dependence of Kobs,3, where KC3a(H79) (pKC3a(H79)) and
KC3b(K73) (pKC3b(K73)) are the conformational equilibrium constants associated with the
replacement of Met 80 with His79 or Lys73, respectively, during the alkaline transition.
KH3a (pKH3a) and KH3b (pKH3b) are acid dissociation constants for the triggering
deprotonation equilibrium constants. For curve fitting, the magnitude of pKH3b was set to
10.8 to be consistent with analysis reported for the K73H variant [23]. All other
parameters in eq 2.5 were obtained from the fit of eq 2.3 to the data; using non-linear
least squares methods (SigmaPlot, 2001).

2.2.7 NMR Studies.

NMR studies on the oxidized K79H variant were done at 25 oC, 2.5 mM protein
concentration in 0.1 M NaCl D2O solution. The pH was adjusted by using 1 M NaOD or
1 M DCl. pH* was measured before and after each spectrum as previously described [23]
and is not corrected for the solvent isotope effect. Spectra were obtained with a 500 MHz
Varian Innova NMR spectrometer at the University of Colorado Health Sciences Center
with 512 scans and a sweep width of 40,000 Hz. The residual HOD signal was
suppressed using the pre-saturation pulse sequence.

2.2.8 pH Jump Stopped-Flow Experiments.

After oxidation with ferricyanide as described above, the protein concentration was
determined spectrophotometrically. The protein was then adjusted to a concentration of
20 μM and an initial pH of 5 in 0.1 M NaCl for upward pH jump experiments and an
initial pH of 7.8 in 0.1 M NaCl for downward pH jump experiments. Buffers used for
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controlling the final pH were 20 mM prepared in 0.1 M NaCl. Buffers used in these
experiments were acetic acid (pH 5 – 5.4), MES (pH 5.6 – 6.6), NaH2PO4 (pH 6.8 – 7.6),
Tris (pH 7.8 – 8.8), H3BO3 (pH 9 – 10) and CAPS (pH 10 – 11.2). Buffer pH was
adjusted with HCl or NaOH. Stopped flow mixing was done using an Applied
Photophysics π*-180 spectrophotometer operating in kinetics mode, as described
previously [59, 61, 62]. Protein at pH 5 or 7.8 and final buffer at each specific pH were
mixed in equal volumes to achieve the desired pH. The final conditions after mixing were
10 μM protein in 10 mM buffer and 0.1 M NaCl.
All pH jump experiments were carried out at 25 oC and the conformational
change from the native to alkaline state was monitored by absorption spectroscopy at 405
nm, which is the wavelength of maximum change in absorbance for the conversion of
native (Met80-heme ligation) to the histidine – heme alkaline state [23, 61]. At every pH,
at least 3 to 5 kinetic trials were acquired. A total of 1000 points on a logarithmic time
scale were collected for each trial. Data were collected on 5 s and 50 s time scales. Each
trial of upward pH-jump data was fit using single or double exponential rise to maximum
equations, as appropriate, for both time ranges. Each trial of downward pH jump data was
fit to a single or double exponential decay equation, as appropriate.
The kobs and amplitude data as a function of pH for the slow phase were fit to the
usual mechanism for the alkaline conformational transition [97], a rapid protonation
equilibrium followed by a conformational change, which yields equation 2.6 for kobs
versus pH:
Equation 2.6

1
⎧
⎫
k obs = k b + k f ⎨
( pK H − pH ) ⎬
⎩1 + 10
⎭
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where kobs is the observed rate constant, kf and kb are the forward and backward rate
constants for the alkaline transition, respectively, and KH (pKH) is the equilibrium
constant for the deprotonation reaction. The pH dependence of the amplitude data was fit
to eq 2.7:
Equation 2.7

ΔA405

⎛
⎜
⎜
= ΔA405t ⎜
⎜ ⎛ kb
⎜⎜ 1 + ⎜⎜
⎝ ⎝kf

1
⎞
⎟ 1 + 10 ( pK H − pH )
⎟
⎠

(

)

⎞
⎟
⎟
⎟
⎟
⎟⎟
⎠

where ΔA405 is the change in amplitude at 405 nm, ΔA405t is the limiting change in
amplitude at high pH and other parameters are the same as described for eq 2.6. In fitting
eq 2.7, kf and kb were set to the values obtained from fits of slow phase kobs versus pH
data to eq 2.6.
The kobs data as a function of pH for the fast phase were fit to a mechanism for the
alkaline conformational transition involving two ionizable groups (Scheme 2.3), as
previously described (Supporting Information in ref [61]) The mechanism assumes that
the ligand, L, replacing Met 80 must be deprotonated (KHL) for the alkaline transition to
occur and it yields eq 2.8 for the pH dependence of kobs. In eq 2.8, kf1 and kb1 are the rate
constants for the forward and backward reactions respectively, when the ionizable group,
X, corresponding to KH2 is protonated and kf2 and kb2 are those rate constants when that
ionizable group is deprotonated. The pH dependence for the amplitude up to pH 10 was
fit with eq 2.9. Eqs 2.8 and 2.9 were fitted using an iterative procedure described in the
footnotes to Table 2.2
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Scheme 2.3
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Equation 2.8

k obs

⎛
⎞⎛ k f1[ H + ] + k f2 K H2
K HL
⎟⎜
= ⎜⎜
+ ⎟⎜
+
⎝ K HL + [ H ] ⎠⎝ K H2 + [ H ]

⎞ ⎛ k b1 [ H + ] + k b2 K H2
⎟⎟ + ⎜⎜
+
⎠ ⎝ K H2 + [ H ]

⎞
⎟⎟
⎠

Equation 2.9

⎛
⎜
⎜
1
ΔA405 = ΔA405t ⎜
+
⎜ ⎛ k b1 [ H ] + k b 2 K H 2
⎜⎜ 1 + ⎜⎜
+
⎝ ⎝ k f 1[ H ] + k f 2 K H 2

⎞
⎟
⎟
⎟
⎞⎛ [ H + ] ⎞ ⎟
⎟⎜1 +
⎟⎟
⎟⎜⎝
K HL ⎟⎠ ⎟⎠
⎠

2.2.9 Electron Transfer Experiments by the Stopped Flow Method.

Hexaammineruthenium(II) chloride (a6Ru2+) was prepared by reducing
commercially available [Ru(NH3)6]Cl3 (Strem Chemicals) with zinc by the method of
Fergusson and Love [98]. Briefly, 0.5 grams of [Ru(NH3)6]Cl3 was dissolved in 2.5 mL
of ammonia solution (concentration ~15 M and density ~0.88) by stirring for a brief time.
To this homogeneous solution, 0.1 grams of zinc granules were added and the solution
was boiled for 3 - 4 mins. This hot solution was filtered immediately to remove excess Zn
and then kept on ice for 10 to15 mins producing yellow crystals of a6Ru2+. The yellow
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crystals were then filtered and washed with a minimum amount of cold ammonia
solution. The [Ru(NH3)6]Cl2 was dried in a vacuum dessicator which was refilled with
Argon. The approximate yield obtained was 20-30%. Ruthenium metal is produced if the
reduction is allowed to proceed for a longer time. The solution turns deep purple or
magenta and no formation of crystals is seen if dilute ammonia is used. The product was
stored at -20 °C. Formation of a6Ru2+ was confirmed by IR spectroscopy using the 1217
cm-1 band which is characteristic of the Ru(II) complex [99].
The day before ET experiments syringes and the flow cell were soaked in solution
of 50 μM riboflavin and 1 mM EDTA to scavenge oxygen. Experiments were done with
10 mM NaH2PO4 in 0.1 M NaCl, pH 7.5 buffer. Argon gas that was further purified with
an oxy-trap column (Alltech, Inc) was used to degas all solutions for anaerobic work.
Stopped-flow mixing of oxidized K79H iso-1-cyt c with a6Ru2+ was done, as described
previously [81, 82].
Reduction of the heme was monitored at 550 nm. At each concentration of a6Ru2+,
five kinetic traces were collected. For all traces, 1000 points were collected
logarithmically on either a 5 sec or 50 sec time scale. Analysis of the data was done using
the curve fitting program, SigmaPlot (v. 7.0). The data were fit to a double exponential
rise to maximum equation for both 5 sec and 50 sec time scale data.

2.3 Results
2.3.1 Global Unfolding by GdnHCl Denaturation.

GdnHCl denaturation monitored by CD spectroscopy was used to determine the
overall stability of the K79H variant of iso-1-cyt c (figure 2.4). The experiments were
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done at pH 7.5, so that His79 would be predominantly deprotonated. The fit to the data
(eq 2.1, Materials and Methods) gives ΔGºu(H2O) = 4.45 ± 0.30 kcal/mol, m = 3.53 ±
0.25 kcal/(mol×M) and a titration midpoint, Cm = 1.26 ± 0.01 M. These values compare
well to those observed for the previously reported K73H variant of iso-1-cyt c
(ΔGºu(H2O) = 4.32 ± 0.11 kcal/mol, m = 3.59 ± 0.01 kcal/(mol×M) and a titration
midpoint, Cm = 1.15 ± 0.01 M, see ref [100].
The similarity of ΔGºu(H2O) and the m-value for these two variants indicates that
the global unfolding transitions are similar in character and different from that for pWT
iso-1-cyt c which has a much larger denaturant m-value (ΔGºu(H2O) = 5.77 ± 0.40
kcal/mol, m = 5.11 ± 0.36 kcal/(mol×M), see ref [101]).

Figure 2.4 Plot of ellipticity observed at 222 nm as a function of gdnHCl concentration for the
K79H variant of iso-1-cytochrome c. Data were acquired at 25 ºC in 20 mM Tris, pH 7.5, 40 mM
NaCl and at 4 μM protein concentration. The solid curve is a fit of the data to eq 1 in Materials
and Methods.
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2.3.2 Partial Unfolding by GdnHCl.

The low m-value observed for global unfolding of the K79H variant suggests that its
global unfolding transition at pH 7.5 occurs from a partially unfolded form of the protein
involving His79-heme ligation, paralleling the role of His73-heme ligation in the
unfolding of the K73H variant [23, 96, 100]. To test this hypothesis, partial unfolding of
the K79H variant was studied at both pH 5.0 and 7.5 as a function of gdnHCl
concentration by monitoring the loss of Met80-heme ligation at 695 nm. At pH 7.5,
absorbance at 695 nm was very low and the titration data were too noisy to be fit to eq
2.2 (Materials and Methods).
Previous studies [23, 96, 100] have shown that the absorbance at 695 nm is
maximal near pH 5 for iso-1-cyt c variants with a histidine at position 73, as the protein is
in its fully native state. At pH 5 we find that A695corr decreases with increasing gdnHCl
concentration, however the signal is much weaker than observed for the WT protein
under the same conditions (figure 2.5) suggesting that the K79H variant is not fully
native in the absence of denaturant even at pH 5. Fitting the data for this variant to eq 2.2
as described in Materials and Methods yields ΔGºu(H2O) = -0.34 ± 0.06 kcal/mol and m =
1.0 ± 0.1 kcal/(mol×M). Thus, the maximal population of the native state by this analysis
is ~35% at pH 5. The difficulty in following loss of the heme-Met80 ligation at pH 7.5
indicates that the native form of the K79H variant has much lower population at pH 7.5,
even at 0 M gdnHCl. Thus, the gdnHCl unfolding data at 695 nm are consistent with
global unfolding at pH 7.5 monitored by CD occurring from a partially unfolded state.
The m–value of ~1 kcal/(mol×M) obtained for partial unfolding at pH 5 is similar
to values of 0.8-1.1 kcal/(mol×M) obtained for formation of the Lys79-heme alkaline
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conformer [23, 63] and less than the m-value of 1.4 to 1.8 kcal/(mol×M) observed for
partial unfolding mediated by His73-heme ligation [23, 63, 100]. Thus, m-value data are
consistent with the smaller structural disruption expected when His79 (versus His 73)
replaces Met80 (see figure 2.1 and ref [48]).

Figure 2.5 Plot of ε695corr versus gdnHCl concentration for K79H (Δ) and WT (○) iso-1cytochromes c. Data were acquired at 25 ± 1 ºC in the presence of 20 mM sodium acetate, pH 5.0,
40 mM NaCl. The WT data is from ref. [96]. The solid and dotted curves are fits of the data to eq
2.2 as described in Materials and Methods.

2.3.3 pH Dependence of the Stability of the Native Heme-Met 80 Conformer.

To more fully characterize the heme ligation state of the K79H variant, the
absorbance at 695 nm was monitored from pH 2 to 11 in the absence of gdnHCl. This
method provides another means of assessing the stability of the native state relative to
His-heme and Lys-heme alkaline conformers, as shown in previous work from our lab
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[23, 59, 62, 63]. The data for the K79H variant are compared to data for the WT protein
in figure 2.6.

Figure 2.6 Plot of ε695corr versus pH for K79H (Δ) and WT (○) iso-1-cytochromes c at room
temperature (22 ± 1 ºC) in 0.1 M NaCl. The solid curves are fits to eq 2.3 as described in
Materials and Methods.

It is immediately apparent that ε695corr for the K79H variant never reaches the
magnitude observed for the fully native state of the WT protein. It is also evident that the
alkaline transition observed above pH 5 is biphasic; ε695corr decreases rapidly from pH 5
to 7 and then more slowly from pH 7 to 10. Similar behavior is observed for the alkaline
transition of the K73H variant [23], where the alkaline transition involves both histidine
and lysine ligation (See figure 2.2). Initial attempts to fit the pH dependent data for the
K79H variant to a four-state equilibrium involving an Acid state, a Native state and two
alkaline conformers produced unsatisfactory fits. Closer inspection of the pH dependent
spectral data (figure 2.7) reveals significant complexities in the acid to native state
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transition, indicating that this transition deviates from two-state behavior. Similar results
are observed for the WT protein (figure S3 in ref [64]) and for other mitochondrial
cytochromes c [94, 102-106]). In fact, two variants of iso-1-cyt c with K79A mutations
undergo acid unfolding through a well-defined intermediate [59, 62].
Thus, data for both K79H and pWT iso-1-cytochromes c were fit to a more complex
equilibrium model (Schemes 2.1 and 2.2, Materials and Methods) involving two acid
states which yielded improved fits. Previous data indicate that the magnitude of ε695 in
the native state of cyt c may depend on the conformational constraints on the Met80
ligand [107, 108]. NMR data demonstrating Met80-heme ligation when this band is
decreased in magnitude or absent have been observed for both wild type and variant cyt c
[108, 109]. Thus, we have fit the pH dependent ε695corr data for the K79H variant in two
ways. In the first, we use the value of εN-εAlk from fits of the pH titration data for pWT
iso-1-cyt c. In the second, we assume that the observed εN-εAlk value for the K79H variant
near pH 5 approaches a fully native state (parameters in brackets in Table 2.1). These
two extremes for εN-εAlk provide limits for the range of the thermodynamic parameters in
Schemes 2.1 and 2.2.

49

2.0

1.0

A
0.8

D

0. 5

pH 4.27
pH 4.47
pH 4.66
pH4 .88
pH 5.11

0. 4

1.5

0. 3

0.6

0. 2

Absorbance

1.0
0.4

0. 1

0. 0

pH 1.99
pH 2.04
pH 2.27
pH 2.45
pH 2.62

0.0
560

580

600

620

640

660

680

700

720

740

Absorbance

0.2

580 590 600 610 620 630 640 650 660 670 680 690 700 710 720 730 740 750

Wavelengt h, nm

0.5

0.0
560

580

600

Wavelength, nm
B

1.4

0.4

0.3

0.6

1.0

0.2
0.0

pH
pH
pH
pH
pH
pH
pH
pH
pH
pH
pH
pH
pH
pH

640

660

680

700

720

740

0.1

6 00 610 62 0 630 640 650 660 6 70 680 69 0 700 710 720 730 740 750

0.5

Wavelegnth, nm

5.35
5.59
5.72
5.98
6.11
6.38
6.51
6.81
6.95
7.12
7.27
7.43
7.60
7.82

0.0
560

580

600

620

640

660

680

700

720

740

Wavelength, nm

Wavelength, nm
2.0

740

0.0

Absorbance

Wavelength, nm

620

720

0.2

0.1

580 590 600 610 620 630 640 650 660 670 680 690 700 710 720 730 740 750

600

700

0.3

1.5

0.2

0.4

580

680

0.4

0.0

560

660

0.5

Absorbance

Absorbance

0.8

E

2.0

pH 2.62
pH 2.86
pH 3.05
pH 3.30

0.5

1.0

640

Wavelength, nm

0.6

1.2

620

0. 5

C

pH 3.30
pH 3.50
pH 3.65
pH 3.83
pH 4.01
pH 4.27

0. 4

1.5

0. 3

0. 2

F

0.15

2.0
0.10

1.5

0. 1

0. 0
580 590 600 610 620 630 640 650 660 670 680 690 700 710 720 730 740 750

1.0

Wavelength, nm

0.0
580

600

620

640

660

680

700

720

740

Absorbance

0.5

560

0.20

Absorbance

Absorbance

1.0

2.5

0.05

0.00
620 630 640 6 50 660 6 70 680 6 90 700 710 72 0 730 74 0 750

Wavelength, nm

0.5

pH 7.99
pH 8.15
pH 8.32
pH 8.46
pH 8.60
pH 8.81
pH 9.02
pH 9.20
pH 9.45
pH 9.64
pH 9.81
pH 10.03
pH 10.32
pH 10.62
pH 10.77
pH 10.9

0.0
560

Wavelength, nm

580

600

620

640

660

680

700

720

740

Wavelength, nm

Figure 2.7 Plot of absorbance spectra as a function of pH for the K79H variant of iso-1-cyt c at
22 ± 1 ºC in the presence of 0.1 M NaCl. The absorbance at 750 nm was subtracted from all
wavelengths at each pH to correct for variation in background absorbance. (A) pH 2.0 – 2.6 (B)
pH 2.6 – 3.3 (C) pH 3.3 – 4.3 (D) pH 4.3 – 5.1 (E) pH 5.4 – 7.8 and (F) pH 8.0 – 10.9 (inset is pH
8 – 10).
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An inspection of Table 2.1 shows that the A1 to A2 transition involves uptake of
~2 protons and the A2 to N process ≤0.5 protons, consistent with previous observations
that acid unfolding of cyt c is a 2 to 3 proton process [94, 96]. The alkaline transition is
well-fit as a one proton process and the pKH3a of ~6.6 obtained for the low pH phase of
this transition is consistent with the requirement that His 79 ionize for the His79-heme
alkaline conformer to form. The native state is clearly disfavored by the K79H mutation
compared to the K73H and pWT proteins irrespective of which assumption is made
regarding εN-εAlk. In particular, the magnitude of pKC3a for the histidine-heme alkaline
conformer is more negative than for the K73H protein and pKC3b for the lysine-heme
alkaline conformer is more negative than for both the pWT and K73H proteins.
The maximum population of the His79-heme alkaline conformer occurs at
approximately pH 7.3 and is ~75%, whereas the maximal population of the His73-heme
alkaline conformer is ~ 30% in 0.1 M NaCl [23]. Thus, the His79-heme alkaline
conformer is significantly more stable than the His73-heme alkaline conformer.
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Table 2.1. Thermodynamic parameters from pH titration in 0.1 M NaCl at 25 ºC for the

K79H variant of iso-1-cytochrome c.a
Variant
Thermodynamic
Parameter
pKC1

K79H
-1.6 ± 0.3
(-1.3 ± 0.3)

n1

pWT

K73Hb

-0.9 ± 0.6

n.d.

2.1 ± 0.1

n.d.

-1.72 ± 0.04

n.d.

0.5 ± 0.1

n.d.

c

1.9 ± 0.3
(1.7 ± 0.3)c

pKC2

0.12 ± 0.06
(-1.5± 0.2)c

n2

0.20 ± 0.02
(0.55 ± 0.05)

pKC3a(H79)

c

0.28 ± 0.01

-1.20 ± 0.03
(-0.63 ± 0.08)c

pKH3a

6.60 ± 0.06

6.61 ± 0.08
(6.71 ± 0.07)c

pKC3b(K73)

-3.5 ± 0.2d

-2.2 ± 0.1d

-2.2 ± 0.1d

(-2.9 ± 0.2)c
a

Parameters are from fits of the data to eq 2.3 in Materials and Methods.

b

Data are from Table 2, ref [23], where pKC3a and pKH3a involve His73-heme binding.

c

Alternate data fit assuming the maximal value of ε695corr approaches that of the fully native state

of the K79H variant.
d

pKH3 for the Lys79-heme alkaline transition was taken as 10.8 based on kinetic data in ref [48].

The same value was used for the pKH3b of the K79H variant to allow direct comparison to the
pKC3b values for the pWT (Lys73/79-heme binding) and K73H (Lys79-heme binding) proteins.

52

2.3.4 1H NMR Spectroscopy.

NMR studies were done to further characterize the conformational properties of the
K79H variant as a function of pH. The paramagnetically shifted heme-methyl
substituents were used to monitor the alkaline conformational transition as a function of
pH* as shown in figure 2.8. At pH* 5.04, it is evident that NMR resonances due to the
Met80 and heme methyl groups of the native state near -21, and at 32 and 34 ppm,
respectively, are low in intensity. By comparison, the heme methyl NMR resonances near
12, 16, 22 and 25 ppm (assignments based on ref [23, 48]) due to the Lys73-heme
alkaline conformer at pH* 10.15 are much more intense, indicating that the native state is
either not fully populated at pH 5 or is very dynamic. The resonances due to the native
state decrease both above and below pH* 5. From pH* 6.3 to 8.3, the heme methyl peaks
for His79-heme ligation are clearly present as broad peaks near ~17 and ~19 ppm
(assignments based on ref [23]). 1H NMR resonances characteristic of the His79-heme
alkaline conformer can also be seen at -10 and -14 ppm over the same pH range. Broad
peaks persist in the regions attributable to His-heme ligation at pH* 4.5 to 5.3. This
observation suggests that His-heme ligation persists in the A2 state of the K79H variant.
Unfortunately, the 1H NMR resonances attributable to His-heme ligation are too broad to
be integrated reliably, thus the NMR data provide only qualitative information.
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Figure 2.8 NMR spectra in 0.1 M NaCl, D2O solution at 25 ºC as a function of pH* for the K79H
variant of iso-1-cyt c.
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2.3.5 Stopped–Flow Kinetic Studies of the Alkaline Transition for the K79H Variant of
Iso-1-cyt c.

Kinetic studies were carried out to gain further insight into the alkaline transition
caused by His79–heme ligation using pH jump stopped-flow methods. Upward pH jumps
were initiated at pH 5 where the K79H variant is maximally in its native state. Data were
collected at final pH values from 5.6 to 11.2, to provide data that progress from the
region dominated by the His79-heme alkaline conformer to that dominated by the Lys73heme alkaline conformer. Downward pH jump experiments were initiated at pH 8, where
the His79-heme alkaline conformer is expected to dominate to provide rate constant data
from pH 5 to 6.6. Representative kinetic data for upward and downward pH jump
experiments are shown in the figure 2.9. Two kinetic phases are observed, a fast (100 ms
to 1 s time scale) and a slow (2 to 30 s time scale) phase (figures 2.10 and 2.11). The
amplitude of the fast phase increases from pH 5.6 to 8 (figure 2.10, inset) as expected for
the His79-heme alkaline conformer from equilibrium pH titrations. Thus, we assign the
fast phase to formation of the His79-heme alkaline conformer. Similarly, the amplitude
for the slow phase grows from pH 8 to 10 (figure 2.11, inset), as expected for formation
of a lysine-heme alkaline conformer. A fit of the growth in the slow phase amplitude to
the Henderson-Hasselbalch equation yields an apparent pKa of 8.59 ± 0.02, similar in
value to the apparent pKa of 8.44 ± 0.01 reported for equilibrium formation of a Lys73heme alkaline conformer with a K79A variant of iso-1-cyt c [48]. Thus, we assign the
slow kinetic phase to formation of the Lys 73-heme alkaline conformer.
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Figure 2.9 Plot of Absorbance at 405 nm as a function of time from (A) 5 s and (B) 50 s
downward pH jumps for pH 5. Buffer used was 10 mM Acetate, pH 5 in the presence of 0.1 M
NaCl. (C) 5 s upward pH jump data for pH 6.2. Buffer used was 10 mM MES, pH 6.2 in the
presence of 0.1 M NaCl. (D) 50s upward pH jump to pH 9. Buffer used was 10 mM H3BO3, pH 9
in the presence of 0.1 M NaCl. Solid lines are fits to single or double exponential equations. All
pH jump data were collected at 25º C. Time scale is logarithmic.

The rate constant for the fast phase slowly increases with pH (figure 2.10), reaching
its maximum near pH 8, after which it slowly declines finally leveling off near pH 10.
Above pH 10, the magnitude of the rate constant increases rapidly likely due to the onset
of alkaline denaturation of the protein. The pH dependence of the fast phase amplitude
follows a similar profile. Over the range pH 5 to 10, the data are consistent with
formation of the His79-heme alkaline conformer being modulated by two ionizable
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groups. The kinetic model in Scheme 2.3 was used to fit both the fast phase rate constant
and amplitude data as a function of pH (figure 2.10).

Figure 2.10 Plots of rate constant and amplitude (inset) data for the fast phase from 50 s data
collected at 25 ºC as a function of pH in 10 mM buffer and 0.1 M NaCl. Open triangles are data
from upward pH jump experiments and solid triangles are data from downward pH jump
experiments. The solid curve is a fit of upward and downward pH jump rate constants from pH 5
to 10 to eq 2.8 in Materials and Methods. The solid curve in the inset is a fit of upward pH jump
amplitudes from pH 5.6 to 10 to eq 2.9 in Materials and Methods. Rate constants and amplitudes
in this figure are collected in Tables A1, A3 and A5 in Appendix A.

The parameters from these fits are collected in Table 2.2. Both the rate constant
and amplitude data for the fast phase yield pKHL ~ 6.8, consistent with pKH3a ~ 6.6
obtained from equilibrium measurements (Table 2.1). For the second ionization, the
agreement between the amplitude and rate constant data is less good, but indicates that
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pKH2 is near 9. For iso-1-cyt c variants which form His 73-heme alkaline conformers,
values for pKH2 range from 8.6 to 9.3 [61, 62]. Thus, there appears to be general
agreement that an ionizable group with a pKa near 9 modulates the kinetics of the alkaline
transition. Unlike variants which form a His73-heme alkaline conformer, the kinetics of
the formation of the His79-heme alkaline conformer are not affected by an ionizable
group with a pKa between 5 and 6.

Figure 2.11 Plots of rate constant and amplitude (inset) data for the slow phase from 50 s data
collected at 25 ºC as a function of pH in 10 mM buffer and 0.1 M NaCl. Open triangles are data
from upward pH jump experiments and solid triangles are data from downward pH jump
experiments. The solid curve is a fit of upward and downward pH jump rate constants from pH 5
to 10.8 to eq 2.6 in Materials and Methods. The solid curve in the inset is a fit of upward pH jump
amplitudes from pH 6.8 to 10.8 to eq 2.7 in Materials and Methods. Rate constants and
amplitudes in this figure are collected in Tables A2, A4 and A6 in Appendix A.
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Table 2.2 Rate and ionization constants associated with the fast and slow phase of the

alkaline transition of K79H iso-1-cyt c.
Parameter

Fast phasea,b

Slow phasec

kf1, s-1

3.3 ± 0.2

0.23 ± 0.03

kb1, s-1

0.7 ± 0.2

0.037 ± 0.001

kf2, s-1

0.7 ± 0.1

kb2, s

a

-1a

1.1 ± 0.1

pKHL (kobs data)

6.75 ± 0.04

pKHL (Amp. data)

6.8± 0.2

pKH2 (kobs data)

9.21 ± 0.02

9.6 ± 0.2

pKH2 (Amp. data)

8.64 ± 0.02

9.44 ± 0.06

The value for kb2 was calculated from kf2 iteratively. To fit kobs versus pH data to eq 2.8, an initial

guess at the kf2/kb2 ratio was made based on the decrease in amplitude for the fast phase between
pH 8 and 10. The values for kf1, kb1 and kf2 were then used in fitting amplitude data for the fast
phase to eq 2.9, kb2 was allowed to vary to obtain the best fit. The kf2/kb2 ratio obtained by this
procedure was then used in the final fit of the fast phase kobs versus pH data to eq 2.8. A final fit
of the fast phase amplitude data to eq 2.9 was made using the rate constants obtained in the
second fit of the fast phase kobs versus pH data.
b

Parameters are averages and standard deviations obtained from fits of kobs and amplitude versus

pH data from two data sets to eqs 2.8 and 2.9, respectively. One data set was collected on a 5 s
time scale and the other on a 50 s time scale. Parameters from fits of kobs and amplitude versus pH
data from pH 5 to 8 from a third 5 sec data set fit to eqs 2.6 and 2.7 were used in the averages for
kf1, kb1 and pKHL.
c

Parameters are the averages from the fits of kobs and amplitude versus pH data from two

independent data sets collected on a 50 s time scale to equations 2.6 and 2.7, respectively.

The ratio of kf1/kb1 is ~4.7, consistent with the maximal population of ~75% for the
His79-heme alkaline conformer observed near pH 7.3 in equilibrium pH titrations. This
observation suggests that the A2 and native states behave similarly in kinetics with regard
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to formation of the His79-heme alkaline conformer and thus the exact proportioning
between these states is unimportant for formation of the His79-heme alkaline conformer.
As is typical for lysine-heme alkaline conformers, the slow Lys73-heme phase of
the alkaline transition can be fit to a simpler kinetic model involving a single ionizable
group. Fits of the slow phase kobs and amplitude data versus pH to this model (figure
2.11), yield a pKa for this ionization near 9.5. Kinetic data from our laboratory on a
K79A/N52G variant which forms a Lys73-heme alkaline conformer also yielded a pKa of
~9.5 for the ionizable group triggering the Lys73-heme alkaline conformer. At pH 10,
kobs for formation of the Lys73-heme alkaline conformer of the K79H variant is 5 to 10fold lower than for formation of the Lys73-heme alkaline conformers of the K79A [48]
and K79A/N52G variants [59].

2.3.6 Anaerobic Stopped-Flow Kinetic Measurements.

The alkaline state of iso-1-cyt c can lead to conformationally gated ET processes, as
has been shown previously [52-54, 73, 81]. Our interest in gated ET with the K79H
variant is two-fold. By changing the ligand involved in the alkaline conformer and its
sequence position, we aim to adjust the rate of the gated ET. Secondarily, gated ET can
be used to measure microscopic rate constants for conformational changes under solution
conditions where normally a pure rate constant can not be obtained. In particular, as pH
increases the rate constant for the alkaline conformational transition becomes the sum of
forward and backward rate constants (eqs 2.6 and 2.8). In principle, gated ET will allow
the backward rate constant, kb, for the alkaline conformational transition to be measured
directly at any pH, not just low pH.
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Near pH 7.5 the His79-heme alkaline conformer is predominant for the K79H variant
and is expected to have a low reduction potential (~50 mV vs NHE, see refs [49, 110]). A
small amount of the native form (Met80-heme ligation) is present with a high reduction
potential (~290 mV vs NHE, see ref [48]). Thus, immediately after mixing a6Ru2+with
the K79H variant at pH 7.5 a fast intermolecular reaction with the native state is
expected. This fast phase should depend on the concentration of a6Ru2+. The rate of ET to
the His79-heme alkaline conformer should depend on the rate of the slower
conformational change back to the native state. This conformationally gated ET should
not depend on [a6Ru2+]. At pH 7.5, the rate constant for gated ET should correlate with
kb1 measured by pH jump methods. Over a 5 s time scale, two ET phases, on ~10 ms and
~1 s time scales, are observed (figure 2.12). The faster phase is dependent on [a6Ru2+]
and its amplitude is consistent with direct bimolecular reduction of the native state of
K79H iso-1-cyt c (Table 2.3). Within error, the ~1 s time scale phase is independent of
[a6Ru2+] consistent with gated ET. The rate constant for this phase, averaged over all
[a6Ru2+] is 0.63 ± 0.02 s-1 agreeing well with the magnitude of kb1 for the His79-heme
alkaline conformational transition (Table 2.2).
A much slower kinetic phase is observed when the ET reaction of K79H iso-1-cyt c
with a6Ru2+ is observed over the course of 50 s (figure 2.12). The amplitude of this rate
constant is consistent with an ET reaction involving the Lys73-heme alkaline conformer.
This rate constant appears to be dependent on [a6Ru2+]. A linear fit of k3 versus [a6Ru2+]
extrapolates to a rate constant of 0.045 ± 0.003 s-1 at 0 M a6Ru2+ reasonably consistent
with kb = 0.037 ± 0.001 for the Lys73-heme alkaline conformer in Table 2.2. The
concentration dependence observed for this phase may be due to a slow direct
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bimolecular reaction of a6Ru2+ with the Lys73-heme alkaline conformer (also see ref
[54]).
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Figure 2.12 Plot of absorbance at 550 nm versus time (on logarithmic scale) for reduction of the
K79H variant of iso-1-cyt c with hexammineruthenium(II) chloride at pH 7.5 and 25 ºC for data
collected on a (A) 5 s and (B) 50 s time scale. In part A, the a6Ru2+ concentration is 5.0, 2.5 and
1.25 mM from top to bottom. In part B, the a6Ru2+ concentration is 5.0 mM. The buffer used was
10 mM NaH2PO4 in 0.1 M NaCl, pH 7.5. The solid curves are fits of the data to a double
exponential rise to maximum equation.
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Table 2.3. Rate constants and amplitudes for the reduction of K79H iso-1-cyt c by a6Ru2+

at 25 ºC and pH 7.5.
(a6Ru2+),
mM
1.25
2.5
5

k1, s-1a

A1, a.u.a

k2, s-1b

A2, a.u.b

k3, s-1c

A3, a.u.c

124 ± 22

0.008 ±

0.62 ±

0.074 ±

0.051 ±

0.0176 ±

0.001

0.02

0.001

0.004

0.0002

0.008 ±

0.63 ±

0.074 ±

0.062 ±

0.0179 ±

0.002

0.02

0.002

0.003

0.0001

0.005 ±

0.65 ±

0.075 ±

0.074 ±

0.0176 ±

0.001

0.02

0.003

0.002

0.0002

290 ± 90
450 ± 160

a

Parameters are average and standard deviation obtained from the 5 s data set.

b

Parameters are average and standard deviation obtained from both 5 and 50 s data sets

c

Parameters are average and standard deviation obtained from the 50 s data set.

2.4 Discussion
2.4.1 Stability of His 73-heme versus His 79-heme Alkaline Conformers.

A primary motivation of this work was to determine how the position of a
histidine in Ω-loop D impacts the stability of His-heme alkaline conformers. The results
in Table 2.1 clearly show that the His79-heme alkaline conformer is more stable than the
His73-heme alkaline conformer. Kinetics data provide additional insight into the reason
for the increased stability of the His79-heme alkaline conformer relative to the native
state. The forward rate constant, kf, for both the His73-heme and His79-heme alkaline
transitions is near 3.5 sec-1 over the pH range 6.0 to 8.0. For the His79-heme alkaline
state kb1 is 0.7 s-1 which is ten times slower than for the His73-heme alkaline conformer
(kb ~ 7 s-1 for the K73H variant in this pH regime, see ref [61]. This result indicates that
the primary cause of the increased favorability of formation of the His79-heme alkaline
conformer is stabilization of the alkaline conformer and not destabilization of the native
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state by the K79H mutation. The greater stability of the His79-heme alkaline conformer
may be due to the smaller structural disruption that occurs when this state forms (m-value
of ~1 kcal/(mol×M) for partial unfolding at 695 nm versus ~1.7 kcal/(mol×M) for the
K73H variant, see refs [23, 100]. Further support for a smaller structural disruption for
the His79-heme alkaline conformer comes from the lack of a slow proline isomerization
phase in the kinetics of its formation. By contrast proline isomerization attributable to
Pro76 [111] does occur during formation of the His73-heme alkaline conformer [61, 62].
For lysine-heme alkaline conformers, only lysines in Ω-loop D are capable of forming
alkaline conformers [48]. The pWT protein which has histidines at positions 26, 33 and
39, does not give a biphasic alkaline transition (figure 2.5). The low stability of the Ωloop D substructure [78, 79] presumably accounts for this observation.

2.4.2 Insights into the Triggering Mechanism of the Alkaline Transition.

The debate over the nature of the ionizable group(s) involved in triggering the
alkaline transition is ongoing [44, 48, 94]. In the case of the His-heme alkaline
conformers studied in this laboratory, the evidence is strong in support of ionization of
the histidine ligand being the primary trigger for the conformational transition [61, 62]. In
all cases, the magnitude of pKHL is near 6.6 (see Scheme 2.3 and Table 2.2). Recent
studies on a set of yeast iso-1-cyt c variants show a strong correlation between the
apparent pKa for the alkaline transition and the pKa for the lysine in Ω-loop D with the
lowest calculated pKa [57]. This observation is consistent with an important role for
ionization of the incoming lysine in triggering the alkaline transition. Thus, the ionization
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of the ligand replacing Met80 seems to play a primary role in triggering the alkaline
transition.
Our studies on His73-heme alkaline conformers indicate that two other ionizable
groups modulate the kinetics of the alkaline transition [61, 62], a low pH ionization near
5.5 and a high pH ionization near 9. Groups with perturbed ionizations are often
important in promoting conformational transitions. In this pH regime, His26 has a pKa <
3.6, and one heme propionate is believed to have a pKa < 4.5 and the other > 9 [94].
For the His73-heme alkaline conformer of the K73H variant, protonation of the
group with a pKa near 5.5 increases the rate of return to the native state [61]. The addition
of the mutation, K79A, in a K73H/K79A variant shifts the pKa of this ionization [62]. In
the current work, this ionization is not observed for formation of a His79-heme alkaline
conformer. Lys79 is involved in the buried hydrogen bond network of iso-1-cyt c [112],
which is believed to modulate the strength of the His26/Glu44 hydrogen bond [75, 91].
This hydrogen bond is an important cooperative stabilizer of iso-1-cyt c [75, 91] and
likely stabilizes the least stable substructure (gray in figure 2.1) of cyt c [39, 79] and thus
the native state relative to the alkaline state. However, the ionization near 5.5 is unlikely
due to protonation of His26 since His26 acts as an H-bond acceptor in the Glu44/His26
hydrogen bond. Thus, an indirect effect on this hydrogen bond via the buried hydrogen
bond network through protonation of a group, such as the heme propionate adjacent to
Lys79 (heme propionate D), is more likely. The smaller structural disruption involved in
the His79-heme alkaline conformer may preserve the Glu44/His26 hydrogen bond (which
is broken when a position 73 ligand binds to the heme, ref [58]), diminishing the impact
of the low pH ionization.
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The kinetics of formation of all His-heme alkaline conformers is modulated by
ionization near pH 9. For His73-heme conformers [61, 62] this ionization causes kobs to
increase, whereas it decreases kobs for the His79-heme alkaline conformer described here
(figure 2.10). An ionization between 9 and 9.5 is also observed for formation of lysineheme alkaline conformers of the K79H (Table 2.3) and K79A/N52G [59] variants, as
well as for several position 82 variants of iso-1-cyt c [113]. Thus, a protein group with a
pKa in this region appears to be a general modulator of this transition. In previous work,
we have suggested that this ionization may involve Tyr67 [59] based on evidence of a
high spin intermediate in the kinetics of formation of the alkaline conformer of a Trp82
variant of iso-1-cyt c [114]. However, this assignment is difficult to reconcile with
kinetic data for the His73-heme alkaline transition of the K73H variant [61]. No change
in amplitude is observed for formation of the His73-heme alkaline conformer as kobs
increases between pH 8 and 10, implying stabilization of the transition state with respect
to the native and alkaline conformers with little change in the relative stability of the
native and His73-heme alkaline states. Since the hydroxyl group of Tyr67 is solvent
exposed in the NMR structure of the Lys73-heme alkaline conformer [58] whereas it is
buried in the native state [112], the relative stabilities of the native and His73-alkaline
conformers would be expected to change upon ionization of Tyr67.
The ionizable group with a pKa near 9 must be able to stabilize the transition state for
formation of the His73-heme alkaline conformer and slow down the rate of formation of
the His79-heme alkaline conformer while having a lesser impact on the backward rate
constant. Our data are consistent with significant differences in the structure of the
His79-heme and His73-heme alkaline conformers, so such effects are possible. The
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transition state for the His73-heme alkaline conformer may better solvate a charged group
produced by this ionization than either the native or His73-heme alkaline conformers. It
is possible that the transition state for the His79-heme alkaline conformer is sufficiently
different that it solvates this group less well. One of the heme propionates has a pKa near
9 [94, 115] and this group has been put forward as a possible trigger group for the
alkaline transition [44, 94, 116]. The heme propionates make close contacts with a
number of polar groups in the native state [112], whereas these contacts are largely
disrupted in the NMR structure of the Lys73-heme alkaline conformer [58]. Heme
propionate D (outer) is reasonably solvent-exposed whereas heme propionate A (inner) is
poorly solvent-exposed in the NMR structure of the Lys73-heme alkaline conformer and
both propionates might be poorly exposed in a His79-heme alkaline conformer and also
have the polar contacts of the native state disrupted. Thus, it is plausible that ionization of
a heme propionate near pH 9 could destabilize the His79-heme alkaline conformer and
the transition state relative to the native state.

2.4.3 Gated ET

Electron transfer reactions have been used to initiate fast protein folding [117]. Gated
ET on the other hand can allow a conformational change – here the formation of the
native state of iso-1-cyt c from a partially unfolded form – to be detected by its control of
the rate of an ET reaction. The advantage of gated ET is it can permit a direct evaluation
of a rate constant for a conformational change under conditions not accessible by
standard mixing methods. In the present work, pH jump mixing can only provide kobs = kf
+ kb at pH 7.5, not the individual rate constants. The individual rate constants can only be
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obtained from fitting the data to a kinetic model. The gated ET reaction, however,
requires the native oxidized state of the K79H variant to form before a6Ru2+ can rapidly
reduce the protein. Thus, kb is obtained directly at pH 7.5. The match obtained between kb
obtained by gated ET and from our pH jump kinetics model provides strong confirmation
of the validity of the model.
Gated ET appears to be important in modulating ET reactions of a number of
enzymes and may be important in controlling the rates of metabolic pathways [50]. Thus,
understanding how the rates of conformational ET gates are controlled will be useful in
manipulating metabolic control and could be useful in developing switches for proteinbased molecular electronics. To this end we have pursued a strategy of manipulating both
the nature of the alkaline state ligand and its sequence position to modulate the rate of
gated ET. In previous work, we have shown that the His73-heme ET gate operates on a
75–200 ms, time scale [73, 81]. Lysine-heme alkaline conformers gate ET on a 15-30 s
time scale [52-54, 81] and through rational mutagenesis can provide gated ET at
physiological pH [81]. The current work shows that we can significantly slow the rate of
a His-heme ET gate by changing the position of the histidine ligand used in the alkaline
state. Gated ET due to the His79-heme alkaline conformer occurs with a time constant, τ,
of 1.58 ± 0.05 s filling in the gap between the ~100 ms gating of the His73-heme ET gate
and the ~10 s gating of the lysine-heme alkaline conformers. Thus, modulating the nature
and the position of an alternate ligand to a redox active metal in a protein appears to be a
flexible strategy for manipulating the rate of an ET gate. An ET gate involving the copper
in plastocyanin [118] has been shown to operate on a microsecond time scale indicating
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that the nature of the metal is important, too. Thus, nature appears to have a versatile
toolbox for tuning rates of gated ET to suit a particular metabolic need.

2.5 Conclusions

These studies show that K79H variant produces an alkaline conformational
transition with distinctly different properties compared to the alkaline conformer
produced by the K73H variant. In particular, a more stable His-heme alkaline conformer
is produced. The m-value for the conformational transition is smaller indicating lesser
structural disruption than for the His73-heme alkaline conformer. This structural
difference appears to eliminate the low pH triggering ionization and proline isomerization
seen with the His73-heme alkaline conformer and to slow rather than enhance the
kinetics of the alkaline transition at higher pH. Kinetic data provide additional evidence
for a primary role of ionization of the alkaline state ligand in triggering this
conformational change. We speculate that the heme propionates may provide auxiliary
ionizations that modulate this transition.
We also demonstrate that gated ET provides a useful means to extract discrete rate
constants for conformational changes under conditions where these rate constants cannot
usually be measured directly. The gated ET data provide further evidence for the efficacy
of tuning the rate of an ET gate using a combined strategy of modulating the sequence
position and nature of the metal ligand.
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CHAPTER 3
PROBING THE BOTTOM OF THE FOLDING FUNNEL USING
CONFORMATIONALLY GATED ELECTRON TRANSFER WITH THE
ACH73 VARIANT OF ISO-1-CYTOCHROME C
3.1 Introduction

The folding funnel concept [119, 120] has provided a useful and effective means
of interpreting and understanding the process of protein folding. A key aspect of this
model is that foldable proteins favor contacts that lock in the correct topology and thus
commit a protein to fold before the protein becomes so compact that the rate of
conformational rearrangement becomes slow or glassy. Such minimally frustrated energy
landscapes leads to efficient folding, the rate of which increases as the stability of a
protein increases [121, 122]. Due to the funneling of the energy landscapes of foldable
proteins, less is known about the rate of conformational rearrangements at the bottom of a
folding funnel [122]. While it is clear that decreased protein stability slows the overall
rate of protein folding, experimental measurements of the effect of decreased stability on
the glassy kinetics at the bottom of a funneled protein folding landscape are lacking.
Here, we use engineered proteins in conjunction with novel conformationally-gated
electron transfer (ET) methods to assess the response of the kinetics at the bottom of a
folding funnel to global stability. We also use gated ET methods with the same
destabilized variant of iso-1-cytochrome c (iso-1-cyt c) to probe in detail the dynamics of
the alkaline conformation transition.
The alkaline conformation of cytochrome c represents a model for a late folding
intermediate or partially unfolded state of cytochrome c [39, 77]. Studies with iso-1-cyt c
show that Lys73 and Lys79 are the ligands that replace Met 80 in the alkaline
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conformational transition [48]. Lys73 and 79 have been replaced by Ala [48] and His [61,
64] to gain insight into the mechanism of this transition. These results have shown some
interesting differences in the triggering mechanism of His at position 73 [23, 61] as
compared to position 79 [64]. With regard to folding landscapes, an interesting aspect of
the His-heme alkaline conformers is that they are very close in stability to the native
structure near physiological pH. Thus, the variants with His at positions 73 or 79 have
double-welled folding funnels with a “native” state and a late folding intermediate (the
alkaline conformational state) with similar energies. Since the alkaline transition is
proton-coupled, the transition between this late folding intermediate and the native state
is readily measured.
A prediction of folding landscape theory is that more stable protein folds faster.
This prediction has been verified experimentally [122, 123]. In the current study, we have
investigated a highly destabilized variant with a histidine at position 73, AcH73, and
compare its properties to the K73H variant of iso-1-cyt c. The latter has approximately
twice the global stability of the former. An important question is how a transition
between a model for a late folding intermediate and the native state, presumably occuring
below the glass transition, will behave when the global stability of the protein is
compromised.
The AcH73 variant of iso-1-cyt c [83] has five mutations beyond that producing
His73 in the K73H variant. Two of these lead to N-terminal acetylation (T(-5)S and K(2)L, note that horse numbering is used, so the N-terminal amino acid is -5) and three of
these mutated histidines that are removed at or near the surface of the protein (H26N,
H33N and H39Q). The loss in global stability is attributed to the mutation at position 26,
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which leads to the disruption of hydrogen bond between Asn31 and Glu44 (green and
gray surface loops in figure 3.1) [75].

Figure 3.1 Iso-1-cyt c showing the side chains of His73 (K73H mutation) and Lys79 as stick
models. The heme cofactor is shown in blue with the heme ligands Met80 and His18 colored by
atom type. The side chain of His26 is shown hydrogen-bonded to the carbonyl of Glu44 and the
amide NH of Asn31. The substructures of cytochrome c as defined by Englander and co-workers
[77, 78] are shown from least to most stable in the colors gray, red, yellow, green, and blue.
Figure is taken from reference [24].

Histidine at position 26 has been shown to have stabilizing effects with the
formation of two hydrogen bonds that bridge between the two substructures of the wild
type protein [39, 75, 79, 91]. All other mutations (T(-5)S, K(-2)L, H33N and H39Q) have
small effects on the stability of the protein [75, 83, 101]. We have speculated that His 26
may have a role in one of the two auxiliary ionizations observed for the His-heme
72

alkaline transition of cytochrome c [61, 62], although other data suggest the role is at
most indirect (see chapter 2 and ref [64]). Weakening of this H26/Glu44 hydrogen bond
is considered to facilitate partial unfolding of the protein [62]. Thus, a secondary aim of
this work was to directly investigate the effect of the absence of His26 on the kinetics of
the alkaline transition.
To provide appropriate context for this work, we initially provide a careful
characterization of the thermodynamics of the His73-heme alkaline transition of the
AcH73 variant. We then study the kinetics of the interconversion between the native and
partially-unfolded His73-heme alkaline conformer using standard pH jump methods and
a novel electron transfer (ET) method that takes advantage of a conformationally-gated
ET reaction.
Gated ET methods allow resolution of rate constants for the interconversion
between the native and partially unfolded protein that cannot be obtained from modeling
the pH jump data in a pH regime that is critical for understanding how the removal of His
26 affects the alkaline conformational transition. We also find that the kinetics of
interconversion between the native and partially unfolded alkaline state are faster for the
less stable AcH73 variant, showing that compressing the energy dimension of a folding
funnel acts to decrease the barriers between low energy “trapped” states.

3.2 Materials and Methods
3.2.1 Isolation and Purification of Proteins

The AcH73 variant was isolated and purified from Saccharomyces cerevisiae as
described previously [89].
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3.2.2 Molecular Weight Determination by MALDI-TOF Mass Spectroscopy.

The purification of the AcH73 protein by cation-exchange HPLC gave one main peak
(highest intensity) and one small post-peak. The peaks were collected separately and
concentrated using centricon concentrators (10,000 MWCO, Millipore), exchanged into
50 mM sodium phosphate buffer, pH 7, and concentrated to a final volume of ~500 μL.
Mass spectrometry was carried out using an Applied BioSystems, Voyager–DE Pro
Biospectrometry Workstation as described previously [59]. The main peak gave m/z =
12,672.46 ± 2.5 (average and standard deviation of four independent spectra), and the
small peak gave m/z = 12,674.22 ± 2.5 (average and standard deviation of four
independent spectra). Spectroscopically the main peak was found to be the reduced (FeII)
and the second peak the oxidized (FeIII) form of the protein, consistent with the expected
molecular mass of 12,675.21 g/mol for the AcH73 variant. All experiments were carried
out with this material.

3.2.3 Oxidation of Protein

Protein was oxidized and separated from oxidizing agent as described previously
in Materials and Methods section 2.2.3 of Chapter 2. The concentration and degree of
oxidation of the protein were determined, as described previously [83].

3.2.4 Guanidine Hydrochloride Denaturation Monitored by Circular Dichroism
Spectroscopy

Global stability of the protein was determined in the same manner as described
previously in the Materials and Methods section 2.2.4 of Chapter 2.
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3.2.5 Partial Unfolding by GdnHCl Monitored at 695 nm

Partial unfolding of protein was monitored at 695 nm, A695, as a function of
gdnHCl concentration using a Beckman DU 640 spectrophotometer as described
previously in Materials and Methods section 2.2.5 of Chapter 2.

3.2.6 pH Titration Experiments Monitored at 695 nm

The alkaline conformational transition caused by His73 was monitored as a
function of pH at 0, 0.1, 0.2 and 0.3 M gdnHCl concentrations using the 695 nm
absorbance band. The experiment was done at 25 ± 1°C. The initial sample was made by
mixing 500 μl of ~400 μM protein in 200 mM NaCl or 20 mM MES in 200 mM NaCl
(2x protein in 2x buffer) with 500 μl of doubly deionized water (ddH2O). For 0.1, 0.2 and
0.3 M, back titrations were also done. The solution was mixed by a 1000 μl pipet and pH
was adjusted to either 4.5 or 5.7 by adding 3 M HCl and an equal volume of 2x protein.
The pH was measured with an Accumet AB15 pH meter (Fisher Scientific) using an
Accumet semimicro calomel pH probe (Fischer Scientific Cat. No.13-620-293). The
experiment was carried out as described previously in Materials and Methods section
2.2.6, of Chapter 2. Absorbance at 750 nm was used as the background wavelength to
control for small variations in the baseline yielding A695corr = A695 - A750. The molar
extinction coefficient at each pH was calculated for all pH titrations as described
previously in Materials and Methods section 2.2.6, of Chapter 2 and in ref [64]. The
concentration was determined from absorbance ~ pH 5 (cyt c being maximally in the
native form at this pH) using absorbance at 570 and 580 nm as described in Materials and
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Methods section 2.2.6 of Chapter 2 [95]. The molar extinction coefficient at 695 nm
versus pH data was fitted to equation 3.1 [23].
Equation 3.1
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ε 695corr =

ε N + ε alk ⎢⎜⎜

In eq 3.1, ε695corr is the observed molar extinction coefficient at 695 nm during the
alkaline transition, εN is the molar extinction coefficient at 695 nm of the Met80–bound
native state, εalk is the corrected molar extinction coefficient at 695 nm of the alkaline
state. In fitting the data for the AcH73 variant, we have constrained εAlk to be (εN - 0.53)
as observed in pH titration studies with the K73H variant [23]. KC is the equilibrium
constant associated with the replacement of Met80 with an alternative ligand and KH is
the triggering deprotonation equilibrium. For pKC1, the alternate ligand is His73 and for
pKC2 the alternate ligand is Lys79. pKH2 was set to 10.8 [48].

3.2.7 pH Titration Experiments Monitored at 380 and 398 nm

Studies were carried out with oxidized iso-1-cyt c at a concentration of
approximately 10 μM in 100 mM NaCl. The spectrum was scanned from 350 to 450 nm
at each pH step. The titration method is the same as described in the Materials and
Methods section 2.2.6 of Chapter 2.

76

3.2.8 pH Jump Experiments

All pH jump experiments were carried out at 25 oC and data were collected on 5
and 50 s time scales, as described previously in the Materials and Methods section 2.2.8
of Chapter 2 and in ref [61]. Each trial of upward pH jump data was fit to single or
double exponential rise to maximum equations. Data for downward pH jumps were fit to
single or double exponential decay equations, as appropriate. The kobs and amplitude data
as a function of pH for the fast and slow phase were fit to the usual mechanism for the
alkaline conformational transition involving a single ionizable group using eq 2.6 and
2.7, respectively, from Chapter 2, Materials and Methods section 2.2.8. In fitting
amplitude data versus pH to eq 2.7, kf and kb were set to the values obtained from fits of
kobs versus pH data to eq 2.6.

3.2.9 Electron Transfer Experiments by the Stopped Flow Method

Experiments were done using hexaammineruthenium(II) chloride (a6Ru2+) with an
Applied Photophysics SX20 stopped flow spectrophotometer, as described previously in
Materials and Methods section 2.2.9 of Chapter 2. The dead time of this instrument was
determined to be 0.8 ms using the method described in Applied Photophysics SX.18MV
Application Note 1 and in ref [124]. The stopped flow assembly was made anaerobic by
soaking the syringe assembly in 0.1 M sodium dithionite prepared in 0.1 M dibasic
sodium phosphate overnight followed by 2 – 3 hrs of soaking in fresh solution on the day
of the experiment. The syringe assembly was then thoroughly washed with 10 mM buffer
prepared in 0.1 M NaCl [125]. The 10 mM buffers used for these experiments were acetic
acid (pH 5 & 5.5), MES (pH 6 & 6.5), NaH2PO4 (pH 7 & 7.5), Tris (pH 8 & 8.5) and
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H3BO3 (pH 9). The protein concentration after mixing with a6Ru2+ was ~5 µM.
Experiments were done at six different concentrations of a6Ru2+; 0.625, 1.25, 2.5, 5, 10
and 20 mM.
Initial sets of experiments gave irregular results. The cause of this problem was
unclear. The stability of the a6Ru2+ was characterized by monitoring the UV-Vis
spectrum as a function of time at 1, 5, 10 and 20 mM concentrations in different buffers.
The buffers used for these studies were MES, pH 6 and sodium phosphate, ammonium
sulphate, ammonium acetate, MOPS and ammonium phosphate at pH 7.5, all at a
concentration of 10 mM. These studies suggested either gradual oxidation of a6Ru2+ with
time or substitution of ammonia ligands. At long times (30-90 mins), a color change from
yellow to magenta was sometimes observed. Studies have suggested this color change
could be due to the formation of Ru (IV) species or acid catalyzed substitution reactions
[126]. In order to minimize substitution reactions or oxidation, experiments were done
with minimal delay, i.e., from the time of weighing a6Ru2+ and preparation of solution
under anaerobic conditions to actual experiments.
Also the electronic absorption spectrum (250 - 500 nm) was taken for a6Ru2+
prepared in the argon-purged buffer, before and after the experiment to measure the
actual a6Ru2+ concentration. Direct concentration measurements turned out to be the
critical factor in obtaining reproducible plots of kobs versus a6Ru2+ concentration.
Concentration calculated from absorbance at 390 nm (ε390 = 35 M-1 cm-1) and 400 nm
(ε390 = 30 M-1 cm-1) [127, 128] were averaged to obtain the concentration of a6Ru2+.
Reduction of the heme after mixing the AcH73 variant with a6Ru2+ was monitored
at 550 nm. At each concentration of a6Ru2+, five kinetic traces were collected. For all
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traces, 5000 points were collected logarithmically on a 50 sec time scale. Analysis of the
data was done using the curve fitting program, Sigma Plot (v.7.0). The data were fit to a
quadruple exponential rise to maximum equation for the 50 sec time scale data.

3.2.10 NMR Studies.

NMR studies on the oxidized AcH73 variant were done at 25 oC, with ~1 mM protein
concentration in 0.1 M NaCl D2O solution as described previously in the Materials and
Methods section 2.2.7 of Chapter 2. Spectra were obtained with 500 MHz and 600 MHz
Varian Direct Drive NMR spectrometers at the University of Montana with 512 and 1024
scans, respectively, and sweep widths of 35714.3 and 46296.3 Hz, respectively. The
residual HOD signal was suppressed using the pre-saturation or Watergate pulse
sequences.

3.3 Results
3.3.1 Global Unfolding by GdnHCl Denaturation.

The overall stability of the AcH73 variant of iso-1-cytochrome c was determined
by gdnHCl denaturation monitored by circular dichroism (CD) (figure 3.2, open circles).
The experiments were done at pH 7.5, so that His73 would be predominantly
deprotonated. The fit to the data (eq 2.1, Materials and Methods section 2.2.4 of Chapter
2) gives ΔGºu(H2O) = 2.02 ± 0.15 kcal/mol, m = 2.68 ± 0.21 kcal/(mol×M) and a titration
midpoint, Cm = 0.75 ± 0.05 M. These values compare well to those observed previously
for this variant (ΔGºu(H2O) = 2.25 ± 0.04 kcal/mol, m = 2.79 ± 0.09, Cm = 0.81 ± 0.01 M
see ref [83].
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3.3.2 Partial Unfolding by GdnHCl.

Partial unfolding of the AcH73 variant was studied at pH 7.5 using increasing
concentrations of gdnHCl; the loss of Met80-heme ligation was monitored at 695 nm. At
pH 7.5, absorbance at 695 nm was very low as shown in figure 3.2 (open squares) in the
form of millimolar extinction coefficient. The fit to the data (eq 2.2, Materials and
Methods section 2.2.5 of Chapter 2) gives ΔGºu(H2O) = -0.78 ± 0.05 kcal/mol, and m =
1.56 ± 0.27 kcal/(mol×M). Partial denaturation studies were further carried out at pH 5
(figure 3.2, open triangles). The fit to the data (eq 2.2, Materials and Methods section
2.2.5 of Chapter 2) gives ΔGºu(H2O) = 2.01 ± 0.15 kcal/mol, and m = 3.66 ± 0.29
kcal/(mol×M). The ΔGou value is more negative at pH 7.5 suggesting that His73 binding
to heme is more favorable at this pH than at pH 5. The m-value is less at pH 7.5 as
compared with the value at pH 5, suggesting that at pH 5 unfolding monitored at 695 nm
more closely corresponds to global unfolding.
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Figure 3.2 Plot of ellipticity observed at 222 nm as a function of gdnHCl concentration (○) for
the AcH73 variant of iso-1-cyt c. Data were acquired at 25 ºC in 20 mM Tris, pH 7.5, 40 mM
NaCl and 4 μM protein concentration. The solid curve is a fit of the data to eq 2.1 in the Materials
and Methods section 2.2.4 of Chapter 2. Plot of ε695corr versus gdnHCl concentration for AcH73
iso-1-cyt c. Data were acquired at room temperature (22 ± 1 ºC) in the presence of 20 mM sodium
acetate, pH 5.0, 40 mM NaCl (∆) and 20 mM Tris, pH 7.5, 40 mM NaCl (□).The solid curves are
fits of the data to eq 2.2 as described in Materials and Methods section 2.2.5 of Chapter 2.

3.3.3 pH Dependence of the Stability of the Native Heme-Met80 Conformer.

The conformational transition caused by His73 was monitored as a function of pH
and gdnHCl concentration using the 695 nm absorbance band, which is sensitive to the
presence of heme-Met80 ligation. A loss in this band is observed which is associated with
the alkaline transition. pH titration at 0 and 0.1 M gdnHCl were initiated at pH 5.7 and
not lower as the AcH73 variant tended to aggregate at lower pH. The AcH73 variant
shows a biphasic pH titration curve at all gdnHCl concentrations (figure 3.3), which was
readily fitted to eq 3.1 (Materials and Methods). The low pH phase of the transition does
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not completely eliminate the 695 nm band and in the higher pH phase of the transition,
the 695 nm band is completely lost. Background subtraction was used to correct for light
scattering due to a small amount of aggregation owing to the low stability of the protein.
Forward and backward pH titrations were performed with the same sample at 0.1, 0.2 and
0.3 M gdnHCl (figure 3.4) to check the robustness of this method of analysis. Good
agreement between thermodynamic parameters from forward and backward pH titration
was observed (Table 3.1) indicating that the effect of light scattering due to a small
amount

of

aggregation

is

adequately

removed

by

background

subtraction.

Thermodynamic parameters are summarized in Table 3.2.

Figure 3.3 Plot of ε695corr versus pH for AcH73 iso-1-cytochrome c at different concentrations of
gdnHCl. Data were collected at room temperature (22 ± 1 ºC) in 0.1 M NaCl with 0 (○), 0.1 (□),
0.2 (∆) and 0.3 (◊) M gdnHCl. The solid curves are fits to eq 3.1 as described in Materials and
Methods.
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Figure 3.4 Plot of Α695 corr versus pH for AcH73 iso-1-cytochrome c at room temperature (22 ± 1
ºC) in 0.1 M NaCl in the presence of (a) 0.1 M, (b) 0.2 M and (c) 0.3 M gdnHCl showing forward
(○) and backward (∆) titration curves for the sample. The solid curves are fits to eq 3.1 as
described in Materials and Methods.

Table 3.1. Thermodynamic parameters from pH titration in 0.1 M NaCl at 25 ºC for the

AcH73 variant of iso-1-cytochrome c.a

a

[gdnHCl] (M)
0.1 (Forward)
0.1 (Backward)
0.2 (Forward)
0.2 (Backward)
0.3 (Forward)
0.3 (Backward)

pKC1
-0.44 ± 0.08
-0.66 ± 0.18
-0.74 ± 0.20
-0.91 ± 0.08
-0.84 ± 0.07
-0.99 ± 0.22

pKH1
6.29 ± 0.17
6.21 ± 0.31
6.28 ± 0.24
6.19 ± 0.26
6.37 ± 0.18
6.11 ± 0.16

pKC2
-2.92 ± 0.50
-3.04 ± 0.43
-3.33 ±0.24
-3.51 ± 0.27
-3.32 ± 0.09
-3.63 ± 0.24

Parameters are average and standard deviation from three trials for fits to eq 3.1 in Materials and

Methods.
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Table 3.2. Thermodynamic parameters from pH titration in 0.1 M NaCl at 25 ºC for the

AcH73 variant of iso-1-cytochrome c.a

a

[gdnHCl] (M)
0
0.1
0.2
0.3

pKC1
-0.41 ± 0.02
-0.53 ± 0.17
-0.81 ± 0.15
-0.91 ± 0.17

pKH1
6.16 ± 0.14
6.25 ± 0.22
6.24± 0.24
6.24 ± 0.21

pKC2
-2.58 ± 0.08
-2.97 ± 0.44
-3.40 ± 0.25
-3.48 ± 0.23

Parameters are average and standard deviation from both forward and backward trials at 0.1 to

0.3 M gdnHCl and for three trials at 0 M gdnHCl from fits of the data to eq 3.1 in Materials and
Methods.

The value of pKH1 at all gdnHCl concentrations is between 6 and 6.3, consistent with
a histidine and is not strongly sensitive to gdnHCl concentration. The values of both pKC1
(His 73-heme alkaline conformer) and pKC2 (Lys79-heme alkaline conformer) become
progressively more negative (i.e, more favorable) as the gdnHCl concentration increases,
as expected. If a linear free energy relationship is assumed for this alkaline transition (eq
3.3); m values of 2.4 ± 0.3 and 4.2 ± 0.8 kcal/ (mol×M) (figure 3.5) are obtained for the
His 73-heme and Lys 79-heme alkaline conformers, respectively.
Equation 3.2

ΔGu = ΔGu° ( H 2 O) − m[ gdnHCl ]
The m value indicates that structural disruption for the higher pH phase is greater than
that in the lower pH phase of the alkaline transition, as the m-value correlates strongly
with the amount of protein surface exposed to solvent upon unfolding [129]. Calculations
were also done using a pKH2 of 9.4 and 11.7 (values obtained from pH jump data Table
3.3.). No significant changes were observed for the pKH1 of His, pKC1 and the m-value
derived from the slope of ΔGºu(H2O) versus gdnHCl concentration plots (with pKH2 =
11.7, m-values obtained are 2.4 ± 0.3 and 4.5 ± 0.8; with pKH2 as 9.4, m-values obtained
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are 3.2 ± 0.9 and 5.3 ± 1.3). Thus, the choice of pKH2 has minimal effect on the m-values
obtained from these data.

Figure 3.5 Plots of Free Energy versus gdnHCl concentration for the AcH73 variant of iso-1-cyt
c. The free energies, ∆GC1 and ∆GC2 represent formation of the His73-heme and Lys79-heme
alkaline conformers, respectively. ∆G values were calculated as ∆G = 2.303RTpK.
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3.3.4 Alkaline transition monitored in the region from 350 to 450 nm wavelength.

Monitoring absorbance in the region from 350 to 450 nm allows the alkaline
transition to be measured at much lower protein concentration using the intense heme
Soret band near 400 nm. The heme Soret band occurs in the 380-450 nm wavelength
region [130, 131]. At lower protein concentration, we were able to observe spectral
changes from pH 1.97 to 11.05 without problems with protein aggregation. Figures 3.6
(a) – (d) show the presence of four distinct isosbestic points suggesting that the acid
transition is complicated. Figures 3.6 (e) and (f) shows that the alkaline region gives two
sets of isosbestic points, suggesting that two different states are populated in this pH
region. Two isosbestic points (~382 and 412 nm) are observed from pH 5.34 to 6.6 and
one isosbestic point (~414 nm) is observed from pH 6.78 to 11.05. These data are
comparable to the data obtained with the K73H variant of iso-1-cyt c as seen in ref [23].
For better insight into the acid and alkaline transitions [23, 100, 132] absorbance at 380
and 398 nm are plotted as a function of pH (figure 3.7). These were plotted separately for
the acidic and basic region for simplicity for both absorbance at 380 and absorbance at
398 nm.
Figure 3.7 (a) and 3.7 (c) show the acid transition which is fitted to the
Henderson-Hasselbalch equation (eq 3.3 [23, 132]).
Equation 3.3
Aλ =

(

(

AN + AAcid 10

(

1 + 10

n[ pK app − pH ]

n[ pK app − pH ]

)

))

where Aλ, is the absorbance at 380 or 398 nm, AN is the absorbance of the native state
(also considered to be the low spin state), Aacid is the absorbance of the acid state (also
considered to be the high spin state), n is the number of protons involved in the transition,
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pKapp is the apparent pKa for the transition. The non-coincidence of the pKapp at the two
different wavelengths is consistent with the plots in figure 3.6 which indicate that the acid
transition is not two-state.
1.4

1.8
1.6
1.4

pH 1.97
pH 2.09

(a)

1.2
1.0

Absorbance

1.2

Absorbance

pH 3.82
pH 4.06
pH 4.32
pH 4.43
pH 4.78
pH 5.04

(d)

1.0
0.8
0.6
0.4

0.8
0.6
0.4

0.2

0.2

0.0

0.0
360

380

400

Wavelenght (nm)

420

360

440

1.4

420

440

1.4

pH 2.34
pH 2.46
pH 2.62
pH 2.86

(b)

1.2

1.0
0.8
0.6

pH 5.34
pH 5.56
pH 5.81
pH 6.01
pH 6.22
pH 6.4
pH 6.6

(e)

1.0

Absorbance

1.2

Absorbance

400

Wavelength (nm)

1.8
1.6

380

0.4

0.8
0.6
0.4

0.2

0.2

0.0
0.0

360

380

400

420

360

440

380

1.6

pH 3.13
pH 3.39

(c)

1.4

Absorbance

1.0

Absorbance

420

1.8

1.4
1.2

400

0.8
0.6

440

Wavelength (nm)

Wavelength (nm)

pH 6.76
pH 6.88
pH7.09
pH 7.24
pH7.36
pH 7.49
pH 7.69
pH 7.85
pH 8.06
pH 8.26
pH 8.47
pH 8.67
pH 8.86
pH 9.08
pH 9.23
pH 9.63
pH 9.82
pH 10.17
pH 10.47
pH10.72
pH 10.9
pH 11.05

(f)

1.2
1.0
0.8
0.6

0.4

0.4
0.2

0.2
0.0

0.0
360

380

400

420

440

360

Wavelength (nm)

380

400

420

440

Wavelength (nm)

Figure 3.6 Plot of absorbance spectra as a function of pH for the AcH73 variant of iso-1-cyt c at
22 ± 1 ºC in the presence of 0.1 M NaCl. (a) pH 1.97 – 2.09 (398 nm) (b) pH 2.34 – 2.86 (402
nm) (c) pH 3.13 – 3.39 (400 nm) (d) pH 3.82 – 5.04 (404 nm) (e) pH 5.34 – 6.6 (382 and 412 nm)
and (f) pH 6.78 – 11.05 (414 nm). Isosbestic points are given in parentheses for each pH range.

87

The parameters from the fits are shown in Table 3.3 for both wavelengths (A380
and A398). The number of protons involved in the acid transition is more than 1, consistent
with previous data showing that the acid transition is a multi-proton process [44].
Figure 3.7 (b) and (d) show the alkaline transition data fitted to eq 17 from ref
[23], which is similar to equation 3.1 in the Materials and Methods. The values obtained
from the fits for both the wavelengths (A380 and A398) are shown in Table 3.4. The
parameters in Table 3.2 are more reliable because 695 nm monitors loss of Met80-heme
ligation directly. At 380 and 398 nm the extinction coefficients may differ for the Lysheme and His-heme conformers and the relative amplitudes of the two phases are
unlikely to be directly related to the relative concentrations of the species.
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Figure 3.7 Plots of absorbance in the (a) acid and (b) basic regions at 380 nm and in (c) acid and
(d) basic regions at 398 nm as a function of pH for the AcH73 variant of iso-1-cyt c at 22 ± 1 ºC
in the presence of 0.1 M NaCl.
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Table 3.3 Thermodynamic Parameters from pH titration of AcH73 on fitting the acidic

region data from pH ~2 to ~7 for A380 and pH ~2 to ~6 for A398 to the HendersonHasselbalch equation.
Absorbance wavelength

n

pKapp

380 nm

1.43 ± 0.23

3.14 ± 0.04

398 nm

1.96 ± 0.40

3.38 ± 0.02

Table 3.4 Thermodynamic Parameters from pH titration of AcH73 on fitting the alkaline

region data from to a model involving two ligands with different pKH’s.
pKC1

pKH1

pKC2*

380 nm

0.44 ± 0.04

7.46 ± 0.20

-1.91 ± 0.30

398 nm

0.11 ± 0.04

7.09 ± 0.02

-2.09 ± 0.30

Absorbance wavelength

*

pKH2 was set to 10.8 as in ref [23]

3.3.5 Stopped–Flow Kinetic Studies of the Alkaline Transition for the K79H Variant of
Iso-1-cyt c.

For upward pH jumps, an initial pH of 5 was used, since the population of the
native state of the AcH73 is maximal near this pH. Data were collected from final pHs of
5.8 to 11.2. For downward pH jumps, the initial pH was set to 7.8 (to focus on the
kinetics due to the His73-heme conformer, which is dominant in this pH region) and data
were collected from pH 5 to 6.4. Representative traces of downward and upward pH
jumps are shown in figure 3.8.
Two kinetic phases are observed; a fast and a slow phase. The pH dependence of
these phases is shown in figures 3.9 and 3.10. The amplitude of the fast phase increases
from pH 5.8 to 8 (figure 3.9b) as expected for the His73-heme alkaline conformer, based
on equilibrium pH titrations. Similarly, the amplitude for the slow phase grows from pH
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8 to 11 (figure 3.10 inset), as expected for formation of a lysine-heme alkaline conformer.
However, the rise in the amplitude of the slow phase is not as smooth as would be
expected for a process promoted by a single proton ionization.
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Figure 3.8 Plots of absorbance at 405 nm as a function of time at 25 ºC for the AcH73 variant of
iso-1-cyt c. (a) 5 s and (b) 50s time scale data for downward pH jump experiments ending at pH
5. (c) 5 s time scale data ending at pH 7.2 and (d) 50 s time scale data ending at pH 9 for upward
pH jump experiments. Buffers all contain 0.1 M NaCl as described in the Materials and Methods.
The time scale is logarithmic.

The rate constant and the amplitude data as a function of pH for both the fast and
slow phases appear to be consistent with a single ionizable group triggering the alkaline
transition [97]. Parameters from a fit to this model are shown in Table 3.5. A dramatic
difference in the pKH’s for the ionizable group is observed for the kobs and amplitude data
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for the fast phase, yielding ~9.4 and ~6.4, respectively (see figure 3.9). The fit to the kobs
data also indicates that kf is one half the magnitude of kb. This is inconsistent with the
thermodynamic data which indicate that kf should be about twice the magnitude of kb
(pKC1 at 0 M gdnHCl is -0.41, see Tables 3.1 and 3.2). These results indicate that the
kinetics is more complicated than the standard model for the alkaline conformational
transition.

Figure 3.9 On the next page are the plots of (a) rate constant and (b) amplitude data for the fast
phase from 50 s data collected at 25 ºC as a function of pH in 10 mM buffer containing 0.1 M
NaCl. Open circles are data from upward pH jump experiments and solid circles are data from
downward pH jump experiments. The solid curve in panel A is a fit of upward and downward pH
jump rate constants from pH 5 to 10.6 to eq 2.6 in the Materials and Methods, section 2.2.8 of
Chapter 2. The solid curve in panel B is a fit of upward pH jump amplitudes from pH 5.8 to 10 to
eq 2.7 in the Materials and Methods, section 2.2.8 of Chapter 2. Rate constants and amplitudes
presented in this figure are collected in Tables B1, B3, and B5 in Appendix B.
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Fits of the slow phase kobs versus pH to the standard kinetic model, for the
alkaline transition, (figure 3.10), yield a pKH for this ionization near 11.7. A range of
values is observed for pKH for alkaline conformers involving lysine. In some variants of
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iso-1-cyt c, pKH values observed are as low as 9 to 9.5 for lysine-heme alkaline
conformers [59, 113]. In the WT protein, the pKH for Lys79 is 10.8, whereas pKH is 12
for Lys73 [48]. The amplitude versus pH data for the slow phase is not smooth. This
behavior may result from an overlap in kobs for the Lys79 alkaline conformer at low pH
with a proline isomerization phase associated with the His73-heme alkaline conformer
(figure 3.10 inset).

Figure 3.10 Plots of rate constant and amplitude (inset) data for the slow phase from 50 s data
collected at 25º C as a function of pH in 10 mM buffer containing 0.1 M NaCl. Open circles are
data from upward pH jump experiments and filled circles are data from downward pH jump
experiments. The solid curve is a fit of upward and downward pH jump rate constants from pH 5
to 11.2 to eq 2.6 in the Materials and Methods, section 2.2.8 of Chapter 2. Eq 2.7 from the
Materials and Methods, section 2.2.8 of Chapter 2 is used to fit the amplitude data for upward pH
jump experiments. The rate constants and amplitudes in this figure are collected in Tables B2, B4
and B6 in Appendix B.

93

Table 3.5 Rate and ionization constants associated with the fast and slow phase of the

alkaline transition of the AcH73 variant of iso-1-cyt c.

a

Parameter

Fast phasea

Slow phaseb

kf1, s-1

16.5 ± 1.8

11.7 ± 0.7

kb1, s-1

35.5 ± 0.7

0.11 ± 0.01

pKH (kobs data)

9.4 ± 0.2

11.70 ± 0.04

pKH (Amp. data)

6.40 ± 0.05

Parameters are the average and standard deviation from three sets of kobs and amplitude versus

pH data fit to eq 2.6 and 2.7, respectively, in the Materials and Methods, section 2.2.8 of Chapter
2. Two data sets were collected on a 5 s time scale and one on a 50 s time scale.
b

Parameters are the average and standard deviation from the fits of kobs and amplitude versus pH

data from two independent data sets to equations 2.6 and 2.7, respectively, in the Materials and
Methods section 2.2.8 of Chapter 2. Both data sets were collected on a 50 s time scale

3.3.6 Anaerobic Stopped-Flow Kinetic Measurements.

Electron transfer experiments were done at pH 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5 and 9.
This covers the pH range of the His73-heme alkaline conformational transition observed
in pH-jump kinetic studies and thermodynamic studies. Protein at each pH was mixed in
a 1:1 ratio with six different concentrations of a6Ru2+, as described in the Materials and
Methods. Reduction of the protein was followed via the increase in the absorbance at 550
nm as shown in figure 3.11. Fits to three and four exponential rise equations were done.
The latter gave significantly improved residuals (Appendix B, figure B1).
The rate constant k1 for the fastest phase was plotted as a function of a6Ru2+
concentration as shown in figure 3.12. The fast phase rate constant showed a linear
dependence on a6Ru2+ concentration for all pH’s ranging from 5 to 9.
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Figure 3.11 Plots of absorbance at 550 nm versus time (on logarithmic scale) for reduction of the
AcH73 variant of iso-1-cyt c with a6Ru2+ from pH 5 to pH 9, at different [a6Ru2+].
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This phase is attributed to the bimolecular ET reaction of a6Ru2+ with the native
Met80-heme ligation state of the native conformer and is used to determine the ET rate
constant, kET, using equation 3.3 (see figure 3.14) as shown in figure 3.12. Values for the
highest concentration i.e., 20 mM for fast phase are not included in the graphs in figure
3.12 due to the relatively large errors in k1 at this concentration of a6Ru2+. At 20 mM
a6Ru2+, most of the amplitude occurs in the mixing dead time, as can be seen from figure
3.11. An increase in the background absorbance due to a6Ru2+ is also apparent at 20 mM
a6Ru2+ in figure 3.11.
Equation 3.3

k obs = k ET [ a 6 Ru 2 + ]

The ET rate constant shows a decrease in magnitude with increased pH (figure 3.13). It is
unclear whether this is a real decrease or an artifact of the decreased amplitude of the fast
phase at higher pH where the population of the native state is low.

Figure 3.12 On the next page, are plots of observed rate constant kobs (s-1) for the reaction of
a6Ru2+ with the native conformer of the AcH73 variant (fast phase) at 25 ºC as a function of
[a6Ru2+] for pH 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5 and 9; Buffers are 10 mM and contain 0.1 M NaCl.
The values for kobs represents the fast phase (k1) obtained from the fits shown in figure 3.11 and
the solid line is a fit to Eq. 3.3. The rate constants shown in this figure are collected in appendix
B, Table B7.
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Figure 3.13 Plot of ET rate constant, kET (mM-1s-1), as a function of pH. The values for kET are
obtained from fits to eq. 3.3 as shown in figure 3.12.

Figure 3.14 Gated Electron Transfer Kinetic Mechanism.
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The first intermediate phase k2, showed saturation behavior as a function of
a6Ru2+ concentration from pH 5 to pH 9 as shown in figure 3.15. The solid lines are fits
to the eq 3.4 from figure 3.14,
Equation 3.4

k obs

k ET k HM 3 [a 6 Ru 2+ ]
=
k ET [a 6 Ru 2+ ] + k MH 3

where kobs is the observed rate constant for the reaction of a6Ru2+ with the native
conformer of the AcH73 variant (first intermediate phase, k2), kHM3 is the rate for
formation of Met80-heme ligated native state from the His73-heme ligated alkaline state
and kMH3 is the reverse rate of this reaction. These values for kHM3 and kMH3 are plotted as
a function of pH as shown in figure 3.24 (values of micro-constant kHM3 and kMH3 are
collected in Appendix B, Table B11).

Figure 3.15 Plots of observed rate constant kobs (s-1) for the reaction of a6Ru2+ with the AcH73
variant (intermediate phase, k2, values are collected in Appendix B, Table B8) as a function of
[a6Ru2+] for pH 5 – 9 in 10 mM buffers containing 0.1 M NaCl, and at 25 ºC. The values for kobs
represent the intermediate phase (k2) obtained from fits shown in figure 3.11 and the solid lines
are fits to eq 3.4 which gives values for kHM3 and kMH3 as shown in figure. 3.14.
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The second intermediate phase, k3, also demonstrates saturation behavior
(Appendix B, Table B9). The plateau value shows little variation in magnitude from pH 5
to pH 7 (figure 3.16a). A decrease in plateau value of k3 is seen above pH 7. The low
amplitude of this phase leads to some irregularity in the pH dependence of the data (see
figure 3.15a). This second intermediate phase may be due to a conformer of the AcH73
variant with a high spin heme state resulting from H2O/OH- binding in the 6th
coordination site. However, we could find no clear evidence of an absorbance band
between 620 and 650 nm typical for a high spin heme. The inability to see this band
could be due to the low population of this form of the protein (figure 3.17).
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Figure 3.16 Plots of (a) second intermediate phase (k3) and (b) slowest phase (k4) from fits to
equation 3.2. for ~5 mM [a6Ru2+] as a function of pH.

The fourth phase with the smallest rate constant, k4, increases from ~0.03 to ~0.1
s-1 over the pH range 5 to 9 (Appendix B, Table B10). At pH’s below 7.5, k4 appears to be
invariant with a6Ru2+ concentration. At these pH values, k4 is likely due largely to the
His73-heme alkaline conformer with a cis-peptidyl proline bond. There are irregularities
in the magnitude of this phase due to the low amplitude of this phase from pH 5 to 6.5. At
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higher pH, k4 increases with a6Ru2+ concentration and grows in magnitude. Above pH
7.5, k4 is likely due to the Lys79-heme alkaline conformer as indicated by the rapid
increase in its amplitude (figure 3.17), similar to the behavior seen for formation of the
Lys79-heme alkaline conformer in pH-jump studies (figure 3.11)
Fractional amplitude data are plotted for all four phases at 5 mM a6Ru2+ as shown
in figure 3.17, to show the variation of species associated with each rate constant. The 5
mM a6Ru2+ data were selected for this comparison as all four phases were well separated
and the fast phase amplitude could still be evaluated reliably (figure 3.11). Figure 3.17
clearly shows a decrease in the population of the fast phase associated with the
bimolecular ET to the native state (red line, figure 3.17), as pH increases. The population
of the slowest phase increases from pH 5 to 9 (pink line, figure 3.17). The slowest phase
in the lower neutral pH range is attributed to proline isomerization associated with the
His73-heme alkaline conformer, since its rate constant is in the 100 s time regime [133,
134]. Above pH 7.5, the Lys79-heme alkaline conformer likely contributes to this phase.
The first intermediate phase is assigned to the His73-heme alkaline conformer. The
fractional amplitude (green line in figure 3.17) shows a rise in its population to a plateau
at pH 6.5, near the pKa for histidine ionization. A decrease in the population of the Hisheme alkaline conformer is seen as it is replaced by the Lys79-heme alkaline conformer
above pH 7 (pink line in figure 3.17). The fractional amplitude of the second intermediate
phase (blue line in figure 13.7) decreases slightly from pH 5 to 8 and then shows a slight
increase in population from 8 to 9. This phase could be due to a high spin heme state as
discussed above. Interestingly, the data suggest that the protein is never fully native and
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that there is a low population of a species that is neither the native state nor an alkaline
conformer throughout the pH regime monitored.

Figure 3.17 Plots of fractional amplitude (famp) as a function of pH for the phases obtained from a
fit to a four exponential rise to maximum equation at 5 mM a6Ru2+ concentration.

3.3.7 1H NMR Spectroscopy.

NMR studies were done to determine whether nonnative species of the AcH73
variant could be detected at pH 5 and to probe the nature of the alkaline conformer at
higher pH. The NMR spectrum for the downfield region is shown in figure 3.18
(additional spectra are available in Appendix B, figures B2-B4). Figure is focused on the
resonances due to heme methyl groups which responds to ligand changes in the alkaline
transition. Assignment of the peaks was done on the basis of references [23, 48] for iso1-cyt c and ref [135] for denatured and intermediate states of horse cyt c. The main points
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from these studies are; (i) at low pH (5.06 and 6.3), the native state dominates based on
the presence of native state heme-methyl peaks at 32 and 35 ppm, and the Met80 peak ~ 23 ppm and the Pro30 peak ~ -5.5 ppm in the upfield region (Appendix B, figures B2B4); (ii) the presence of broad peaks at lower pH, at ~14 and 16 ppm may indicate
residual His73 binding; (iii) near pH 7.5, broad peaks ~14 and 16 ppm are more
prominent consistent with a higher population of the His73-heme alkaline state; (iv) at
higher pH, peak ~19 is consistent with a Lys79 alkaline form, however the peak expected
near 24 is broadened and other peaks between 18 and 26 ppm may reflect unfolded forms
of protein with other lysines bound (this is consistent with the large m-value for the
Lys79-driven alkaline transition, figure 3.5, section 3.3.3).

Figure 3.18 On the next page are the NMR spectra of AcH73 variant at 600 MHz at 4 different
pH’s showing the downfield region from 12 to 40 ppm. Spectra were acquired at 25 ºC in 0.1 M
NaCl, D2O solution.
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3.4 Discussion
3.4.1 Effect of Stability of the K73H Variant versus the AcH73 Variant of Iso-1-cyt c
on the Thermodynamic Parameters of the Alkaline Conformational Transition.

This study confirms that the global stability of the AcH73 variant is half that of
the K73H variant. The m-value for global unfolding of the AcH73 variant is smaller than
that of the K73H variant suggesting that global unfolding occurs from a more unfolded
intermediate for the AcH73 variant than for the K73H variant. We attribute the loss in
global stability to the His26Asn mutation in the AcH73 variant, which likely disrupts the
bridging hydrogen bond between the green and gray surface loops (figure 3.1). A His26
to valine mutation showed similar destabilizing effects on the global unfolding of rat
cytochrome c in urea solution [136].
The m-value for partial unfolding of the AcH73 variant (1.56 ±0.27 kcal mol-1 M1

) at pH 7.5 is similar to that for the K73H variant (~1.8 kcal mol-1 M-1 [100]) but

ΔGºu(H2O) is much more negative (-0.77 ± 0.01 kcal/mol) than for the K73H variant
(0.37 ± 0.12 kcal/mol). Within error the m-value for partial denaturation cannot be
distinguished, however, the ΔGºu(H2O) values clearly show that AcH73 variant favors the
His73-heme alkaline conformer more then the K73H variant.
pH titration studies shows similar biphasic behavior for both the AcH73 and the
K73H variants of iso-1-cyt c at all gdnHCl concentrations studied (figure 3.3 and figure
6(a) in ref [23]). pKC1 and pKC2 values obtained from fits to these plots are more negative
for AcH73 variant than for the K73H variant (Tables 1 and 2 in ref [23]). The m-values
obtained for the AcH73 variant for the lower pH (2.4 ± 0.3 kcal mol-1 M-1) and higher pH
(4.2 ± 0.8 kcal mol-1 M-1) phases are considerably larger then those for the K73H variant,

105

1.67 ± 0.08 and 1.1 ± 0.2 kcal mol-1 M-1, for lower and higher pH phases [23]. The mvalue for the higher pH phase is similar to that for global unfolding of the WT protein
[101], suggesting that the high pH “alkaline state” may be largely unfolded. The ΔGNI
(His-heme bound form) calculated from pKC1 is -0.6 kcal/mol (Table 3.2 and figure 3.5),
which is 1 kcal mol-1 more negative than that of the K73H variant. These stability data
are summarized in figure 3.19.

AcH73
ΔGu = 2 kcal/mol

K73H
ΔGu = 4.3
kcal/mol
NI

ΔGNI = 0.4 kcal/mol

NI

ΔGNI = - 0.6 kcal/mol

Figure 3.19 Folding funnels for the K73H and AcH73 variants of iso-1-cyt c showing dual-well
landscape for both proteins. Here N represents the native state (Met80-Heme bound) and I the
intermediate state (His73-heme alkaline conformer).

The pH dependence of the heme Soret band shows a similarity in the pKapp and
the number of protons involved in the acid transition. For the acid transition n = 1.9 ± 0.1,
pKapp = 3.31 ± 0.04 for K73H [96] and n = 1.96 ± 0.4, pKapp = 3.38 ± 0.02 for the AcH73
variant. Titrations in the heme Soret region also show biphasic behavior for the AcH73
and K73H variant in the alkaline region.

3.4.2 Kinetics of the Alkaline Conformational Transition of the AcH73 Variant of Iso1-Cytochrome c from pH Jump Experiments.

Striking differences are observed in the pH jump kinetics of the AcH73 variant
when compared with the more stable K73H variant. The kobs for the fast phase of the
K73H variant decreases from pH 5 to 6, is independent of pH form pH 6 to 8 and then
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increases above pH 8, consistent with the involvement of three ionizable groups with
pKa’s of ~5.6, ~6.4 and ~8.7. For the AcH73 variant, the fast phase rate constant does not
change in the pH range from 5 to 8 and then increases above pH 8. A fit of the data to a
model involving a single ionizable triggering group (equation 2.6, Chapter 2) gives pKH
of 9.4 ± 0.2 [64, 137]. The pH dependence of the amplitude of the fast phase gives a pKH
of 6.40 ± 0.05 when fitted to the same model (equation 2.7, Chapter 2). Clearly the single
ionization model cannot account for the data.
The slow phase rate constant data fitted to a model involving a single ionization is
consistent with Lys79 as the ligand at higher alkaline pH. The amplitude data however
seems to be more complicated than the single ionization model used to fit the data (figure
3.10). Closer inspection of the data suggests that three phases are involved. The first
phase from pH 5 to 6.4, we attribute to proline isomerization. The rate constants in this
region are similar to those observed for the A79H73 variant which has no Lys79 (see ref
[62]). The second phase is seen from pH 6.4 to pH 8 where kobs appears to increase
linearly with increasing pH. No similar phase is seen with the K73H and A79H73
variants. The third phase is seen from pH 8 onwards and is assigned to the Lys79 alkaline
conformer.

3.4.3 Electron Transfer Method Provides Insight into the Alkaline Conformational
Transition.

Electron transfer experiments were developed in this study as a tool to extract
microscopic forward and backward rate constants for the alkaline transition of the AcH73
variant. In particular, we test the hypothesis that the lack of change in kobs for the fast
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phase from pH 5 to 8 is due to compensation of changes in the forward and backward rate
constants.
The second phase from stopped flow ET data show hyperbolic plots similar to the
saturation behavior observed in Michaels-Menten kinetics (figure 3.15). Equation 3.6
derived with the steady state approximation for the scheme in figure 3.14 predicts this
behavior. Two limiting forms of this equation are, (1) when formation of the native sate
is dominant and there is no back reaction at maximum a6Ru2+ concentration, then kobs =
kHM3; and (2) when kMH3 = kET [a6Ru2+], then kobs = (kHM3/2). Thus, as kET can be measured
independently, both the forward, kMH3, and backward, kHM3, rate constants for the alkaline
transition can be obtained.
As we know kET from the fast phase data fitted to the pseudo-first-order equation
3.5, this value can be used in equation 3.6 (figure 3.14). The concentration of a6Ru2+ is
known from experiment and so one can get the values for the forward and backward rate
constants for the conformational transitions i.e., kHM3 and kMH3. kHM3 in figure 3.14
corresponds to kb from pH jump studies (Table 3.5) and kMH3 in figure 3.14 corresponds
to kf from pH jump studies (Table 3.5).
The values of kHM3 and kMH3 from fitting the second phase data to eq 3.6 are
summarized in figure 3.20. These data demonstrate that the constant magnitude of kobs in
pH jump data from pH 5 to 8 is due to compensation between these conformational rate
constants. An increase in the rate of formation of the His73-heme bound species (kMH3) is
matched with a decrease in the rate of formation of the Met80-heme bound species
(kHM3). The important point about these conformational rate constants is that these rate
constants (kHM3 and kMH3) add up to the same value as kobs for fast phase obtained from pH
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jump kinetic studies (figure 3.20). Thus, the ET data demonstrate the presence of a third
ionizable group with pKa ~ 5.5 (see fig 3.20) which is not resolved in pH jump studies.
Thus, the behavior observed for the His73-heme alkaline transition is identical for the
K73H and A79H73 variants of iso-1-cyt c (see figure 3.20).
His26, which is involved in a hydrogen bond between two surface loops, was
speculated to play role in the opening of the heme crevice during the alkaline transition.
In AcH73, His26 has been mutated to Asn and thus cannot be responsible for the pKa at
5.5. The heme propionate D group (figure 1.8), which is supposed to have a pKa below 5
could be the group responsible for this pKa [137, 138], though it is not clear at this point.

Figure 3.20 Plots of kHM3 (blue, same as kb in pH jump experiments) and kMH3 (green, same as kf
in pH jump experiments) rate constants with respect to pH jump kinetics data for the AcH73 (red)
and K73H (purple) variants as a function of pH. The rate constants kHM3 and kMH3 are collected in
Table B11 in Appendix B.
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The third phase obtained from fitting ET data in figure 3.13 to a four exponential
rise equation could be due to a high spin state however no direct spectroscopic data is
available to support this assignment. The A79H73 variant data, which lacks Lys79 clearly
populates a high spin state above pH 9 [62].
The fourth and slowest phase obtained from fitting ET data in figure 3.12 to a four
exponential rise equation is analogous to the slow phase in pH jump studies; it is likely
due to proline isomerization between pH 5 and 8. At higher pH this phase is assigned to
the Lys79-heme alkaline conformers as the amplitude increases, consistent with
thermodynamic, pH jump, NMR and K73H [61] data. In the case of the A79H73 variant
where Lys79 was mutated to alanine no such increase in slow phase amplitude was
observed [62] which further supports this assignment.

3.4.4 Effect of Global Destabilization on Kinetics at the Bottom of a Folding Funnel.

At pH 7.5, the His73-heme bound form (intermediate state) is maximally
populated (figure 3.17), Thermodynamic and kinetic data for the less stable AcH73
versus the more stable K73H variant is summarized in figure 3.21. At pH 7.5, kNI = 3.5 ±
0.2 s-1 and kIN = 7.0 ± 0.4 s-1 for the more stable K73H variant [61] and for the less stable
AcH73 variant, kNI = 28 ± 0.2 s-1 and kIN = 14 ± 0.2 s-1 (Appendix B, Table B11). Thus,
the kinetics of the interconversion of N and I for the less stable AcH73 variant is faster in
both directions, consistent with the barriers at the bottom of a folding funnel decreasing
as a protein becomes less stable. While glassy behavior might be expected at the bottom
of the folding funnel, multi-exponential kinetics are not observed. Thus, I (His73-heme)
and N (Met80-heme) dominate the bottom of the energy landscape of these proteins.
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(kMH3) kNI = 3.5 s-1
(kHM3) kIN = 7.0 s-1

K 73H
ΔGu = 4.3 kcal/mol
NI

(kMH3) kNI = 28 s-1
(kHM3) kIN = 13 s-1

AcH73
ΔGu = 2 kcal/mol

ΔGNI = 0.4 kcal/mol

NI

ΔGNI = - 0.6 kcal/mol

Figure 3.21 Energy landscape for the K73H and AcH73 variants of iso-1-cyt c. Here N
represents the native state (Met80-heme ligation) and I represent Intermediate state (His73-heme
ligation). Rate constants, kNI (kMH3) and kIN (kHM3) at pH 7.5 are given.

3.5 Conclusions

These studies show that the absence of Asn31/His26/Glu44 hydrogen bond broadly
affects the thermodynamic and kinetics of conformational changes in iso-1-cyt c. The
present study also demonstrates the utility of ET methods as a tool to probe
conformational changes. ET experiments not only resolve the presence of a third
ionizable group but also provide direct evaluation of both the forward and backward
conformational transition rate constants over a wide pH range. These studies support the
modulation of the alkaline conformational transition by three ionizable groups, as seen
with the more stable K73H and A79H73 variants of iso-1-cyt c. His26 has been
speculated to be the third ionizable group but these studies demonstrate that it has no role
in the alkaline transition. This study also provides a beautiful example of how lower
stability decreases the barriers between conformations at the bottom of a folding funnel.
This observation is analogous to the behavior of cold-adapted enzymes from
psychrophilic organisms. The dynamics in these less stable enzymes are enhanced,
allowing the catalytically active state to still be readily accessed at low temperature [139].
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CHAPTER 4
KINETICS OF PROLINE ISOMERIZATION MONITORED THROUGH
CONFORMATIONALLY GATED ELECTRON TRANSFER WITH THE
A79H73 VARIANT OF ISO-1-CYTOCHROME C
4.1 Introduction

Proline (Pro) stands alone among all 20 amino acids because of its unique
structure, as its side chain is bonded to both the nitrogen and the α-carbon. Proline has a
remarkable influence on protein architecture because its ring structure makes it more
conformationally restricted. Peptide bonds in proteins can occur in two isomeric states:
trans, when ω dihedral angel is 180º, and cis, when ω is 0º (figure 4.1). In most peptide
bonds the trans configuration is favored as the α-carbons are placed far away from each
other as shown in figure 4.1. In X-Pro, where X is any of the other 19 amino acids, this
distortion causes steric clashes between the α-carbons on X and both the α and the N
bound δ carbons on Pro. As a result this increases the probability of occurrence of the cis
configuration from 1:500 to 1:4 [140].

Figure 4.1 Figure showing the cis and trans isomers of proline with an activation energy barrier
of ~20 kcal mol-1. ktc and kct are the rate constants for proline isomerization on going from the
trans to the cis form and vice versa.
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The favorability of one isomer over the other depends on a number of factors, like
the nature of the amino acid preceding Pro, the solvent in which the protein is present,
and the conformation, folded versus unfolded states of the protein. Studies in ref [141]
with pentapeptides have shown that the presence of an X-Pro peptide bond favors the cis
isomer. Peptide bonds preceding proline are referred as a prolyl bond and those preceding
residues other then Pro and referred as non-prolyl bonds. Among the amino acids other
than Pro, tryptophan, tyrosine and phenylalanine favor the cis isomer in X-Pro bonds,
while amino acids like isoleucine and valine due to steric hindrance favors the trans
isomer in X-Pro bonds. In native folded proteins, non-prolyl cis peptide bonds are very
rare. From 571 protein structures studies, only 43 cis non-prolyl peptides were found
[142].
The trans form is favored for X-Pro peptide bonds in the unfolded protein
molecule, but when proline is present in a cis form in the native state of protein then it
slows down the folding process due to the intrinsically slow reaction of cis-trans
isomerization. This condition is referred to as incorrect prolyl isomers. The activation
barrier between the cis and trans form is ~20 kcal mol-1 [143], causing proline
isomerization to be a slow process. These isomers do not necessarily block the early
folding steps, but slow down the overall folding process. Studies with single domain
proteins have shown an increase in the folding time from milliseconds to minutes [144].
These incorrect prolyl isomers are referred to as traps in the protein folding mechanism.
Prolyl isomerization is slow because of the CN partial double bond character of the
peptide bond, which has to be overcome. When the resonance contribution to the CN
double bond character is increased in the presence of solvents that donate hydrogen
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bonds or a proton to the carbonyl group, then it slows down this isomerization process
even further [145]. The process of isomerization is fast when the resonance is decreased
by protonation of N in the amino group [144].
In the native protein, usually each prolyl peptide bond is in a defined
conformation, either cis or trans, depending on the constraints dictated by the native
state. After unfolding when constraints are removed, these bonds become free to
isomerize slowly. This creates a mixture of species with correct prolyl isomers and,
depending on the number of prolines, one or more unfolded species with incorrect prolyl
isomers. The proteins with all correct isomers refold rapidly but those with incorrect
isomers refold slowly. As a result, they create proline-limited steps in the folding kinetics
for many small single domain proteins. When cis proline is present in the native state,
then a larger amplitude is associated with this slow phase during refolding reactions.
When unfolding into the equilibrium region, a large amplitude slow phase is observed, as
cis to trans isomerization pulls the equilibrium to the unfolded form. But in proteins with
all trans proline, smaller amplitudes associated with the slow phase are seen, which is
expected since proline in the trans state is favored over proline in cis state for unfolded
proteins. Studies with large proteins show smaller amplitudes and a 5-10 times faster
reaction for cis →trans than for trans →cis isomerization. When direct folding is much
faster than rate limiting proline isomerization, then the relative amplitude of these slow
refolding reactions depends only on the relative population of the unfolded species and it
is independent of the final folding conditions, the probe used to monitor refolding, the
denaturant used (as a result it will not depend on the initial conditions of unfolding), pH
and temperature [144]. Proline isomerization studies of pentapeptides [141] with Tyr and
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His as the preceding amino acid showed some dependency on pH due to side chain
ionization. His-Pro showed an increase in the isomerization rate below pH 5 while TyrPro showed decrease in isomerization rate near its pKa.
All prolines in mitochondrial cytochromes c are in the trans form [146] and so the
amplitude associated with proline isomerization is small. Iso-1-cytochrome c (iso-1-cyt c)
has four prolines at positions 25, 30, 71 and 76. Prolines 71 and 76 are present in Ω- loop
D (red loop) (figure 4.2), which participates in the alkaline conformational transition.
Met80 which is also present in this loop is bound to the heme in the native state of the
protein near pH 5.

Figure 4.2 Iso-1-cyt c showing the side chains of His73 and Ala79 colored in cyan. Prolines 25,
30, 71 and 76 are colored lavender. The heme cofactor is shown in blue with the heme ligands
Met80 and His18 colored in grey. The substructures of cytochrome c, as defined by Englander
and co-workers are shown from least to most stable in the colors gray, red, yellow, green, and
blue [79].
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Lysines present at positions 73 and 79 in this loop are known to replace Met80 in
the alkaline state. The alkaline state is a partially unfolded form of iso-1-cyt c. This
alkaline conformational transition may play an important role in the biological process
mediated by cytochrome c such as, cellular respiration and apoptosis. Studies have been
done with lysines 73 and 79 replaced with histidine in our laboratory [23, 24, 96, 100].
These studies have demonstrated that His variants at these positions lead to a partially
unfolded form of iso-1-cyt c, which is analogous to the alkaline conformational
transition, but occurs near physiological pH. While His73 variants have been useful, the
presence of Lys79 complicates analysis of partially unfolding caused by His73-heme
ligation. In particular, the kinetics due to Lys79 ligation and of proline isomerization
linked to the His73–heme conformer occurs on a similar time scale at some pHs. This
makes the assignment of this phase difficult. To simplify the partial unfolding of the
His73 variant, Lys79 was replaced by Ala in the K73H variant, producing an A79H73
variant of iso-1-cyt c [62]. This A79H73 variant showed differences in behavior as
compared to the K73H variant, including a salt dependent alkaline transition and an acid
transition with ~ 1 proton uptake (~2.5 protons for the wild type protein, [96]). It also
showed the presence of a slow phase which increased in amplitude from pH 6 to 7.5
followed by leveling off to pH 9 and then finally showing a decrease up to pH 10. This
behavior was particularly interesting as the rate constants for proline isomerization were
also pH dependent [62].
Electron transfer (ET) studies done in our lab as a function of pH and at different
concentrations of hexaamineruthenium(II) chloride complex (a6Ru2+) [24, 64, 73, 81]
have been successfully used to pull out information about the conformational dynamics
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of iso-1-cyt c taking place in the physiological and alkaline pH regions. We know from
studies with K73H [61] and A79H73 [62] that this slow phase can be observed in these
ET experiments. Figure 4.2, shows how proline isomerization acts as a conformational
gate that must precede ET. Iso-1-cyt c in the alkaline state with a cis proline, Alkox (cis
Pro); must convert into the alkaline state with a trans Pro, Alkox (trans Pro), before
formation of the native state. ET can only take place from the native state as the alkaline
form has too low a redox potential (Eº ~41 mV vs. NHE) to be reduced by reagents such
as a6Ru2+ (Eº ~60 mV vs. NHE) [49].
If the pseudo-first order rate constant for direct ET, kET[a6Ru2+], is much greater
than kHM3, and ktc « kMH3 then ET to Alkox (trans Pro) is limited by kHM3 and ET to Alkox
(cis Pro) is limited by kct. In the case of the A79H73 variant of iso-1-cyt c, His73-heme
bound (redox inactive, alkaline state) will have to equilibrate to form the Met80-heme
bound form (redox active, native state). This Met80-heme bound form then reacts with
a6Ru2+, which can be monitored at 550 nm. The difference in millimolar extinction
coefficient of oxidized and reduced cytochrome c is ~18.5 x 103 at 550 nm [74] and as a
result an increase in absorbance is observed (see figure 1.15 in Chapter 1) at this
wavelength in ET experiments. Depending on pH, three ET phases are expected, a fast
phase associated with direct ET to the native state, an intermediate phase for the
conformational change from Alkox (trans Pro) as seen in previous studies [24, 64, 81],
and a slow phase attributable to proline isomerization. In the present study, the A79H73
variant of iso-1-cyt c is studied over a wider pH range from pH 5.5 to 9, to have a better
understanding for the process of proline isomerization and the effect of pH on the
process.
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Figure 4.3 Rate constant determination for cis to trans isomerization of Pro, kct, using electron
transfer from hexamineruthenium(II) chloride, a6Ru2+.

4.2 Materials and Methods
4.2.1 Isolation and Purification of Proteins

The A79H73 variant was isolated and purified, from Saccharomyces cerevisiae
using techniques described previously in the Materials and Methods section 2.2.1 of
Chapter 2 for the H79 variant.

4.2.2 Molecular Weight Determination by MALDI-TOF Mass Spectroscopy.

Molecular weight was determined for the A79H73 variant as described previously in
the materials and methods section of Chapter 2. The main peak gave m/z = 12,640.33 ± 5
(average and standard deviation of two independent spectra, consistent with the expected
molecular mass of 12,646.19 g/mol for the A79H73 variant. All experiments were carried
out with this material.
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4.2.3 Electron Transfer Experiments by the Stopped Flow Method

Experiments were done using hexaammineruthenium(II) chloride (a6Ru2+) with an
Applied Photophysics SX20 stopped flow spectrophotometer, as described previously in
Chapter 2. The buffers used for these experiments were acetic acid (pH 5.5), MES (pH 6
& 6.5), NaH2PO4 (pH 7 & 7.5), Tris (pH 8 & 8.5) and H3BO3 (pH 9 & 9.5). The protein
concentration after mixing with a6Ru2+ was ~5 µM. Three different concentrations of
a6Ru2+, 1.25, 2.5, and 5 mM were used for these experiments. Selection of these three
concentrations was done on the basis of previous studies with the A79H73 variant [62].
The concentration of a6Ru2+ was determined as described in the Materials and Method
section 3.2.9 of Chapter 3. At each concentration of a6Ru2+, five kinetic traces were
collected. For all traces, 5000 points were collected logarithmically on 100 sec time scale.
Analysis of the data was done using the curve fitting program, Sigma Plot (v.7.0). The
data were fit to a quadruple exponential rise to maximum equation for 100 sec time scale
data as shown in figure 4.1.

4.3 Results
4.3.1 Anaerobic Stopped-Flow Kinetic Measurements.

Initial studies done with the A79H73 variant of iso-1-cyt c indicated that gated ET
is independent of a6Ru2+ concentration. pH-jump studies showed the presence of a
distinct slow phase which was dependent on pH. Based on the preliminary ET results
done at pH 6, 6.5 and 7.5 [81] and also pH jump studies [62], ET experiments were
carried out from pH 5.5 to 9.5 to cover a broader pH range coincident with the pH jump
studies. The same a6Ru2+ concentrations (i.e., 1.25, 2.5 and 5 mM) were used. The kinetic
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traces obtained on reaction of oxidized A79H73 with a6Ru2+ are shown in figure 4.4 for
the pH range of 5.5 to 9.5. An increase in absorbance was seen at 550 nm as expected.
Also, an increase in background absorbance was seen with increased a6Ru2+
concentration as was observed with the AcH73 variant (Chapter 3). These data were
fitted to both three and four exponential rise to maximum equations but based on better
residuals, the quadruple exponential fits were used (figure C1 in Appendix C). The
general trend seen from pH 5 to 9.5 is that the fast phase amplitude decreases with pH
and the slower phase amplitudes increase with pH as the alkaline state populates.

Figure 4.4 On the next page are plots of absorbance at 550 nm versus time (on logarithmic scale)
for reduction of the A79H73 variant of iso-1-cyt c with a6Ru2+ from pH 5.5 to pH 9.5, at three
different concentrations of a6Ru2+(red trace for ~1.25, green for ~2.5 and blue for ~5 mM a6Ru2+).
The solid lines are fits to the four exponential eq.
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The fastest phase (k1) obtained from these fits is plotted as a function of a6Ru2+
concentration as shown in figure 4.5 (also see appendix C, Table C1) for the pH range of
5.5 to 9.5. k1 increases linearly with a6Ru2+ concentration for all pH’s ranging from 5.5 to
9.5 (figures 4.5, and appendix C, Table C1). This phase is attributed to direct ET of the
Met80-heme ligated native conformer with the ruthenium complex. The plots in figure
4.5 were used to determine the ET rate constant, kET, using equation 3.3 (Chapter 3). The
kET are plotted as a function of pH in figure 4.6. kET at pH 6 and 6.5 are consistent with
previously reported values [81], but at pH 7.5 kET is larger then previously reported (133
± 9 mM-1s-1) in ref [81]. At pH ≥ 8, kET appears to decrease; this could be an artifact of
low amplitude of the fast phase in this pH region.
The second phase, k2 obtained from quadruple exponential fits of the kinetic
traces shown in figure 4.3 is plotted as a function of [a6Ru2+] for all pHs in figure 4.7
(also in appendix C, Table C2). The rate constant for this phase does not change
significantly with increased [a6Ru2+]. It does however decrease with increased pH (figure
4.7). Thus, we have used the average value of k2 for all [a6Ru2+] for kHM3. The values
obtained for kHM3 are shown in appendix C, Table C5 and figure 4.11.

Figure 4.5 On the next page are plots of observed rate constant kobs (s-1) for the reaction of a6Ru2+
with the native conformer of the A79H73 variant as a function of a6Ru2+ concentration at 25 ºC
for pH 5.5-9.5; Buffers were 10 mM concentration in 0.1 M NaCl. The values for kobs represent
the fast phase (k1) obtained from the fits shown in figure 4.4 and the solid line is a fit to eq. 3.3
(Chapter 3).
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Figure 4.6 Plot of ET rate constant, kET (mM-1s-1), as a function of pH. The values for kET are
obtained from the fits to eq. 3.3 as shown in figure 4.5.

Figure 4.7 Plots of the faster intermediate rate constant, k2 (s-1), for the reaction of a6Ru2+ with the
A79H73 variant as a function of a6Ru2+ concentration at 25 ºC for pH 5.5 – 9.5, Buffers used are at 10
mM concentration in 0.1 M NaCl. The values of k2 were obtained from the fits shown in figures 4.4
and the solid lines are fits to a linear equation, showing modest to no dependence of k2 on [a6Ru2+] The
values for k2 are collected in Appendix C, Table C2.
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The slower intermediate phase, k3, obtained from fitting the redox kinetic traces
(as shown in figure 4.3) is plotted as a function of pH for three concentrations of a6Ru2+,
figure 4.8 (also appendix C, Table C3). This phase is more or less similar, within error, at
all three concentrations, except at pH 9.5.
In general k3 is near 1.0 s-1 at all pHs, except at pH 9.5. At pH 9.5 k2 and k3 are
closest in magnitude. The change in k3 with [a6Ru2+] may be an artifact of the difficulty in
distributing amplitude between these two closely spaced phases. It is also apparent that
even the quadruple exponential fit is imperfect at pH 9.5 (Appendix C, figure C1).
Previous data for the 100 sec time scale [81], was fitted to a two exponential rise equation
were fast phase was missing due to the glitch in the logarithmic collection of data in the
instrument and also this third (slower intermediate) phase was missing. The previous
data were refitted to triple exponential equation and the values obtained are shown in
parentheses in Appendix C, Table C3.

Figure 4.8 Plots of the slower intermediate rate constant, k3, from fits to a quadruple rise to
maximum equation for ~1.25, ~2.5 and ~5 mM a6Ru2+ concentration as a function of pH. Rate
constants are given in Appendix C, Table C3.
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The fourth and slowest, k4, phase obtained from fitting the ET kinetic traces
(figure 4.3) is plotted as a function of pH for three concentrations of a6Ru2+ in figure 4.8.
Observed rate constants varied from 0.042 - 0.065 s-1. Thus, this rate constant is
consistent with proline isomerization. This phase shows little dependence on pH, perhaps
a slight increase in rates from pH 5 to 7, then k4 is more or less constant up to pH 9 and
then undergoes a slight decrease at pH 9.5 (figure 4.9). The values for 5 mM a6Ru2+ are a
bit higher from pH 5.5 to 6.5. The cause of [a6Ru2+] dependence in this pH region is
unclear. The values obtained from triple exponential fits to the previous A79H73 data are
shown in parenthesis in Appendix C, Table C4. Values from the two data sets are similar.

Figure 4.9 Plots of the slowest rate constant, k4, from fits to a quadruple rise to maximum
equation for ~1.25, ~2.5 and ~5 mM a6Ru2+ concentration as a function of pH. Rate constant
values are shown in Appendix C, Table C4.
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Fractional amplitudes of the ET phase were determined at all the three
a6Ru2+concentrations for the data obtained from triple and quadruple exponential rise to
maximum equations to observe the variation of the population of species associated with
each rate constant. Average and standard deviation for 1.25 and 2.5 mM a6Ru2+ fractional
amplitude data is shown in figure 4.10 as a function of pH. At 5 mM a6Ru2+
concentration much of the amplitude of the direct ET phase, k1, occurs in the dead time of
mixing, thus the 5 mM data provides less reliable fractional amplitudes. Figure 4.9 for
both 1.25 and 2.5 mM a6Ru2+ concentrations, clearly shows the decrease in the
population of the native state, which is responsible for the fastest phase associated with
direct ET (red line). The populations of the species responsible for second and the fourth
phases, attributed to the His73-heme to native conformational change and proline
isomerization, respectively, increase from pH 5.5 to 7 and then level off. At pH 9.5 the
fractional amplitude for the fourth phase shows a decrease relative to the second phase.
The population of the third phase, k3, (blue line in figure 4.9 (b) and (d)) from the
quadruple exponential fit is more or less invariant at both 1.25 and 2.5 mM a6Ru2+
concentrations for the pH range of 5.5 to 9.5. There may be a slight increase in the
population of the species responsible for this phase above pH 8.0.
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Figure 4.10 Plots of fractional amplitude (famp) as a function of pH obtained from fits to three (a
and c) and four (b and d) exponential rise to maximum equations for 1.25 and 2.5 mM [a6Ru2+].

4.4 Discussion
4.4.1 Population of Conformers of the A79H73 Variant as a Function of pH

The four phases obtained from the quadruple exponential fit of the kinetic traces
represent four distinct conformers of iso-1-cyt c in the pH region 5.5 to 9.5. The
fractional amplitude associated with the fast phase rate constant decreases with an
increase in pH suggesting that it is associated with the native state. The amplitude at pH
5.5 is around 60%. The intermediate phase increases and then levels off at higher pH,
consisted with the His73-heme alkaline conformer. This intermediate phase shows
compensatory behavior to the fast ET phase reaching ~60% population at pH 9.5. The
slowest phase increases from pH 5.5 to pH 7, then levels off up to pH 9, and then
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decreases at pH 9.5. This phase is attributed to proline isomerization as Lys79 is not
present in A79H73 variant. Less than 10% population is observed for the slower
intermediate phase from the quadruple exponential fit throughout the pH range of 5.5 to
9.5. Looking at the residuals in figure C1, Appendix C shows improvement in the
residuals from pH 5.5 to pH 7.5 but above pH 8 there is not as much of a difference
between the quadruple and triple exponential fits. The species responsible for this phase
is unclear; it could be due to a high spin state, although spectroscopic data suggest that its
amplitude is too small for this assignment, since a substantial absorbance peak is evident
at 620 nm by pH 9.5 [62]. Overall, the behavior of the fractional amplitude data is similar
to that seen with the ET data for the AcH73 variant (Chapter 3).

4.4.2 Effect of pH on the ET reaction, the Alkaline Conformational Transition and the
High Spin State.

Our anaerobic stopped flow data are consistent with results for the ET reaction as
a function of pH seen in the preliminary studies with the A79H73 variant of iso-1-cyt c
[81] over a narrower pH range. The kET obtained from the fast phase data is three to four
times the kET obtained for AcH73 variant (Chapter 3) and the K73H variant [73]. This
suggests that removal of the Lys at position 79 enhances the rate of electron transfer to
the native state. The variation with pH is similar to that observed for the AcH73 variant
i.e., a decrease in the kET from pH 7 - 9.5, which may be an artifact of the low population
of the native conformer at higher pH, and thus the low amplitude of the fast phase.
The second phase which is assigned to the conformational change from the His73heme alkaline conformer to the native state, based on the pH dependence of its fractional
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amplitude, shows no dependence on the concentration of the a6Ru2+. This type of
behavior is seen for AcH73 at higher concentrations of a6Ru2+, where kET [a6Ru2+] » kMH3.
In other words at the concentration of a6Ru2+ in our experiments, the rate of the ET
reaction is so fast that formation of the redox active Met80-heme bound conformer
becomes rate limiting. Thus, kobs equals kHM3 for the faster intermediate phase. The
magnitude of kHM3 decreases as pH increases (figure 4.11). The value of kHM3 obtained
from the fits are subtracted from kobs, obtained from pH jump data from ref [62], to obtain
kMH3, (as kobs from pH jump studies is the sum of the forward and the backward rate
constants for the conformational transitions occurring at alkaline pH). In pH jump
studies, the forward rate constant (kf) is the same as kMH3 and the backward rate constant
(kb) is the same as kHM3. We have used the best fit line of the pH jump kobs data to eq 4.1,
to calculate kMH3 from our kHM3 values obtained directly from ET data. The kHM3 values
are shown in figure 4.11 (red circles, see Appendix C, Table C5).
Equation 4.1
kobs

+ 2
+
⎛
⎞⎛ k f 1 [H ] + k f 2 K H 1 [ H ] + k f 3 K H 1 K H 2
K HL
⎜
⎜
⎟
=⎜
+ ⎟⎜
K H1 K H 2 + K H1 [H + ] + [ H + ]2
⎝ K HL + [ H ] ⎠⎝

⎞ ⎛ k b1 [H + ] 2 + k b 2 K H 1[ H + ] + k b 3 K H 1 K H 2
⎟+⎜
⎟ ⎜
K H 1 K H 2 + K H 1[ H + ] + [ H + ] 2
⎠ ⎝

⎞
⎟⎟
⎠

kb (k HM3)

kf (k MH3 )

The common feature between the K73H, AcH73 and A79H73 variants is the
mutation of Lys73 to His. Comparison of the pH jump data for the K73H [61] and
A79H73 [62] variants, and also the ET data for the AcH73 variant (Chapter 3) indicates
the presence of an ionizable group with pKa ~5 to 5.5 modulating kb for the His73-heme
alkaline transition below pH 6. This result is further supported by the ET data for
A79H73, which allows the direct evaluation of kHM3 (kb). kMH3 increases from pH 5.5 to
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6.5, and levels out near pH 7, consistent with the ionization of His73 controlling the
formation of the His73-heme alkaline conformer. kMH3 increases again above pH 8, which
is consistent with the third ionizable group modulating the alkaline transition.
In fitting pH jump data in ref [62], the assumption was made that the equilibrium
constants are constant throughout the pH range of 5 to 10. To check the validity of this
assumption kHM3 (kb) and kMH3 (kf) were calculated separately from equation 4.1, which is
based on three ionizable triggering mechanism for the alkaline conformational transition
as described in ref [62]. The parameters were taken directly from Table 2 of ref [62],
values obtained from these calculations are shown in figure 4.11 as squares and triangles.
This assumption works well for acidic and neutral pH regions, but not so well
above pH 8. However the ET data suggests that the population of native state decreases
as alkalinity increases, thus, the earlier assumption that the equilibrium constant for the
His73-heme alkaline transition of the A79H73 variant is invariant with pH appears not to
be true.
The second intermediate phase, k3, could be due to a high spin heme state
resulting from a hydroxyl-heme bound form (OH--heme). The fractional population is
similar to that seen with the AcH73 variant data (Chapter 3). Thermodynamic studies
with the A79H73 variant indicate the presence of a high-spin heme state, which starts to
populate above pH 8 [62]. However, lack of a strong increase in the fractional amplitude
of this phase above pH 8, casts doubt on its assignment to a high-spin state.
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Figure 4.11 Plots of kHM3 (forward) and kMH3 (backward) rate constants with respect to pH-jump
kinetics data for the A79H73 variant as a function of pH. pH jump data (kobs = kb + kf) for A79H73
from ref [62] are shown in purple (closed circles for downward pH jump data and open circles for
upward pH jump data). The solid line is the fit to the eq 4.1. Values for kHM3 were obtained from
the ET data in figure 4.7. kMH3* values are obtained from subtracting kHM3 from kobs (from the fit to
the pH jump data, eq 4.1, ref [62]). The values for kHM3 and kMH3 are collected in Appendix C,
Table C5. kf (kMH3 -cal) and kb (kHM3 -cal) are calculated directly from eq 4.1 based on the pH jump
data form ref [62].

4.4.1 Effect of pH on cis- trans Proline Isomerization.

The fourth phase or the slowest phase, k4, (occurring on a 10 - 25 s time scale)
obtained from fits to the redox kinetic traces from figure 4.4, is attributed to proline
isomerization as discussed above. Figure 4.12 shows kct obtained from k4 at 5 mM
[a6Ru2+]. This slow phase matches well with the slow phase obtained from the downward
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pH jump data in ref [62] near pH 5.5, as can be seen from figure 4.11 and also appendix
C, Tables C4 and C6. In figure 4.12 open green circles are from upward pH jump and
close green circles are from downward pH jump slow phase kinetic data. The slowest
phase observed from ET experiments is assumed to be due to cis to trans proline
isomerization (kct, see figure 4.2, red triangles, and Appendix C, Table C6).

Figure 4.12 Plots of ktc (forward) and kct (backward) rate constants with respect to the slow phase
from pH-jump kinetics for A79H73 as a function of pH. pH jump data (kobs = ktc + kct) for the A79H73
variant are from ref [62] and are shown in green (closed green circles for downward and open green
circles for upward pH jump data). The solid line is the fit to the eq 8 in ref [62]. Values for kct are from
k4 at 5 mM a6Ru2+ concentration from fits of the ET data to a quadruple exponential rise to maximum
equation as shown in figure 4.4. ktc-pH (eq) values are obtained from eq 4.5. kpro is the sum of ktc-pH (eq)
and kct. The values for kobs-cal were calculated from eq 4.3, using the parameters for slow phase from
[62] in Table 2.

133

If we assume that kobs from pH jump data represents the sum of the forward (ktc)
and backward (kct) proline isomerization, then ktc can be calculated by subtracting kct
(obtained from ET data) from kobs (ktc-cal in figure 4.11, see also, Appendix C, Table C6).
In figure 4.11 ktc-cal increases and then levels out above pH 7. This rate constant is
expected to increase as the His73-heme alkaline conformation populates.
Interestingly, ktc-cal is larger in magnitude than kct from ET data at pH 9. However
amplitude data in figure 4.13 is inconsistent with ktc-cal being larger than kct. The
amplitude for fast intermediate phase (Af), is proportional to the concentration of the
alkaline His73-heme conformer with a trans proline (native proline isomer) and the
amplitude for slow phase (As) is proportional to the concentration of the alkaline His73heme conformer with a cis proline. The ratio of these amplitude yields the equilibrium
constant Kiso (As/Af) (eq 4.2) which is ~0.5 for the pH range of 5.5 to 9.5 (figure 4.12 and
Appendix C, Table C6). Thus the ratio of kct and ktc should be 2:1.
On the basis of amplitude data from figure 4.13 we can calculate ktc versus pH,
such that it is consistent with Kiso. We first hypothesize that an ionizable group is coupled
to ktc in such a way that ktc increases as the His73-heme alkaline conformer populates (ktcpH

equation 4.3). To calculate ktc-pH that is consistent with Kiso from amplitude data, ktc-

pH(eq),

we substitute for ktc in eq 4.4 using eq 4.2 to obtain eq 4.5.

Equation 4.2

Equation 4.3
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k tc
A
= s
k ct A f
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⎠
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Equation 4.4
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⎞
⎛
K HL
⎟
k tc − pH (eq) = K iso k ct ⎜⎜
+ ⎟
K
[
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]
+
⎠
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In the above equations, KHL is the ionization constant of the ionizable group coupled to
ktc. Its value is taken from slow phase fits in Table 2 ref [62] (pKHL= 6). kct was taken
directly from ET data at 5 mM a6Ru2+ as given in Appendix C, Table C6. The ktc-pH(eq)
values obtained from eq 4.5 for the pH range 5.5-9.5 are given in Appendix C, Table C6
and are also shown in figure 4.12 (pink squares). kpro in figure 4.5 was obtained by
summation of kct and ktc-pH(eq). kpro (yellow circles) in figure 4.12 shows the effect of an
ionizable group on proline isomerization. The ET data match the pH jump data
reasonably well up to pH 8. The ET data indicates that the increase in kobs for the slow pH
jump phase at higher pH is not attributable to proline isomerization.

Figure 4.13 Plots of amplitude for the faster intermediate (Af) and the slowest phase (As) are from
average amplitudes at all three a6Ru2+ concentrations from ET experiment data.
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The proline at position 76 is believed to be responsible for the slow kinetic phase
of the A79H73 based on work on the folding of iso-2 cyt c, where Pro76 was mutated to
Gly, eliminating the slow phase of the folding kinetics [111]. This Pro76 is present in all
mitochondrial cytochromes c and X-ray crystallography has shown that Pro76 occurs as
the trans imide isomer near the protein surface and is the second amino acid in a type II
reverse turn as shown in figure 4.2 [111, 147-149]. The turn is positioned between a short
segment of helix (residues 70-75) and the native heme ligand Met80 (figure 4.2).
Isoleucine is present at position 75 which increases the propensity of Pro76 to be in the
trans form as mentioned in the Introduction (% cis ~12.0%, Kiso ~12.0/88.0 = ~0.14). As
His is present at position 73 in A79H73 and predominantly binds to heme at
physiological pH, this appears to lead to some constraints on Pro76 to which promote the
cis isomer, since Kiso ~ 0.5 and % cis ~33% in the His73-heme alkaline conformer. This
slow phase is not seen with H79 variant. Thus, the His79-heme alkaline conformer
presumably does not permit proline isomerization [64].
This cis-trans isomerization of Pro76 slows down the Met80 binding to the heme.
This effect can be seen in the ET experiments where Met80 binding to heme becomes the
rate limiting step leading to Gated ET. Thus, this cis-trans isomerization acts as a
conformational switch and indirectly affects the electron transfer mechanism. Proline cistrans isomerization is known to act as a backbone and thus conformational switch.
Studies with the Pro8 residue present between the second and third transmembrane
helices of 5-Hydroxytryptamine type 3 (5-HT3) have shown the molecular rearrangement
at Pro8 gate the neurotransmitter ion channel [150]. Recent studies have also pointed
towards prolyl cis-trans isomerization as a novel molecular timer to help control the
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amplitude and duration of cellular processes, and possibly as a new target for therapeutic
interventions [151].

4.5 Conclusions

Proline cis-trans isomerization reactions and amplitudes are typically independent
of pH. However, studies on the A79H73 variant showed variation in this slow phase
attributable to Pro76 cis-trans isomerization in previous pH jump studies. ET
experiments monitored using a6Ru2+ for reduction of the A79H73 variant of iso-1-cyt c
over the pH range of 5.5 to 9.5 allows kct to be measured directly and Kiso to be obtained
from amplitude data over a broad pH range. The data shows that above pH 8 the slow
phase observed in pH jump experiments likely has contributions from other sources
beside proline isomerization or that prolines other then Pro76 are able to isomerize.
These studies also show the utility of the ET methods to probe not only
conformational dynamics, but also the equilibria associated with them, i.e., proline
isomerization. The information about kct obtained directly from these ET methods shows
that the interpretation in previous studies with the A79H73 variant dealing with pH jump
are correct up to pH 8. Present studies also indicates that the slow phase at pH higher then
8 is not due to the proline isomerization. Direct measurement of His73-heme to native
state conformational change i.e. kHM3, provides the evidence for the involvement of an
ionizable group with pKa near 5.5, similar to that observed with K73H and AcH73
variants previously. Finally, these studies also demonstrate that the A79H73 variant is not
fully native near pH 5.
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CHAPTER 5
MODIFICATION OF THE DYNAMICS OF THE ALKALINE
TRANSFORMATION BY MUTATIONS IN AN Ω- LOOP OF
ISO-1-CYTOCHROME C
5.1 Introduction

Protein secondary structure is classified as regular and nonregular secondary
structure. Regular secondary structures are easily identified as α-helix and β-strand with
repeating backbone dihedral angles and hydrogen bonding [152, 153]. Nonregular
structures lack such patterns and are often lumped together as random coil, coil or loops.
Loops were first described by Leszczynski and Rose in 1986 as a continuous chain
segment of six or more amino acids that adopts a "loop-shaped" conformation in threedimensional space, with a small distance between its segment termini [154]. Though this
definition was related to the Ω-loop, it holds true for loops in general also. On average, 45 loops are found in a protein. Loops were classified in 1992 [155] based on the
proximity of the end points of peptide segments rather than on the specific conformation
of the peptide backbone. In general omega (Ω) loops have two ends close to each other
and a planar nonlinear backbone; zeta (ζ) loops have two ends close to each other, but a
nonplanar nonlinear backbone and lastly strap-loops are linear loops in which the
segment end points are not close in space. Ω-loops are generally found on the surface of
proteins and because of this disposition, changes in amino acid sequence and loop length
were considered to be less disruptive than changes made in the core of the protein.
However, studies have shown the importance of Ω-loops in protein function, stability and
also in protein folding. Some of the studies that supported the role of Ω-loops in protein
function include: deletion of one Ω-loop, which converts the mammalian pancreatic
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phospholipase into a snake venom protein [156]; studies showing that they are an
important part of immunoglobulins, participating in antigen binding [157]; studies
showing that they are essential for catalytic activity in tryptophan synthase as binding of
the substrate leads to conformational changes in the loop [158]; and studies showing that
they participate in the active site for various other enzymes with involvement of
conformational changes in the loop [159]. Single and multiple deletions in Ω-loops have
been shown to affect protein stability drastically, both stabilizing and destabilizing a
protein. Dihydrofolate reductase [160] and human superoxide dismutase [161] are
common enzymes used in these studies. Some loops bind metal ions. Studies have shown
a stabilizing effect when the metal is bound to the loop. These studies include the effect
of calcium binding on the stability of Bacillus subtilis neutral protease and subtilisin
BPN, and with the thermostable proteins, thermolysin and thermitase [162]. Loops bury a
large amount of hydrophobic surface area within their structures, they are compact and
contain a substantial number of intra-loop hydrogen bonds suggesting that loops are
autonomous folding units and play an active role in protein folding [159]. This has led to
studies with loops isolated from proteins in various solutions and different conditions
[159, 163]. Studies with interleukin-1β [164] have suggested a role of loops in aggregate
formation and with human lysozymes [165] as a component of amyloid fibrils. These
studies have suggested that some loops may maintain independent structure in solution
but that some loops are not independent folding units [159]. Despite these studies, the
relation between loop structure, and loop stability and function, is still not clear [159].
With the ease of working with cytochrome c and its very well known electron
transfer function, various studies pertaining to loops have been done. Cytochrome c has
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three conserved helices, one at the amino terminus and one at the carboxyl terminus (blue
colored helices in figure 5.1), and one running from residues 60-70, (green colored helix
in figure 5.1), which are joined by three or four Ω-loops. The position of these loops is
conserved, although there is some variation in the composition between family members
from different species [166]. As Saccharomyces cerevisiae requires a functional
cytochrome c, it provides an advantage in studying the effects of mutation on protein
structure and function, which can be distinguished in vivo. Iso-1-cytochrome c is known
to have four loops, loop A (residues 18-32), B (residues 34-43) C (residues 40-54) and D
(residues 70-85) as shown in figure 5.1. Deletions in loops B and C have been shown to
have no effect on the folded protein but deletions in loops A and D have led to a complete
deficiency of holocytochrome c [166].
The focus of this chapter is on Ω-loop D, which has a highly conserved sequence
among different species of cytochrome c (cyt c). Various studies with eukaryotic cyt c
have hypothesized its involvement at a step in the bioprocessing of apocytochrome c,
such as mitochondrial recognition or import, heme lyase recognition or reactivity, and
heme binding or folding [167]. This Ω-loop D consists of Methionine at position 80
which serves as the sixth ligand for binding to the heme and three lysines at positions 72,
73 and 79. Ω-loop D is known to control the alkaline transition in ferricytochrome c [77]
and lysines at positions 73 and 79 in yeast iso-1-cyt c are identified as the ligands
replacing Met80 and binding to the heme in this base-induced conformational change
[48, 60]. The alkaline conformational transition is suggested to participate in the electron
transfer function of cyt c [168], and plays an important role in apoptosis [55].
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Figure 5.1 Iso-1-cyt c showing the side chains of Lys72 (blue) Lys73 (pink), Pro76 (green),
Lys79 (pink) and Ala81 (brick red) The heme cofactor is shown in blue with the heme ligands
Met80 (cyan) and His18 (cyan). The substructures of cytochrome c as defined by Englander and
co-workers are shown from least to most stable in the colors gray, red, yellow, green, and blue
[24].

Previous studies have dealt with the mutation of Tyr74, Ile75, Pro76, Gly77,
Thr78 and Lys79 to various amino acids including alanine, valine and glycine. Studies
from our lab with mutations at positions 73 and 79 to histidine and alanine have shown
modifications in the alkaline transition [23, 59, 61, 62, 64, 73, 81]. These studies have
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suggested the presence of an intermediate state with a His-heme bound conformer before
lysine binds to the heme and also the alteration in the gated electron transfer rate and thus
modulation of its function. In the present study, we aim further to understand the effect
on the alkaline conformational transition of varying the position of histidine in the loop.
The effect of such mutations will be evaluated using thermodynamic and kinetic
approaches.
Solvent accessible surface area (SASA) calculations were used to propose new
mutations in the Ω-loop D region (positions 70-85). Ala 81 was found to have 100% and
Pro76, 87% solvent exposed surface area. Highly solvent-exposed side chains normally
cause only minor changes in protein stability [169, 170]. Two other mutants H73G76 and
H73G76A79 were prepared to study proline isomerization effects on the alkaline
transition. Proline 76 is believed to undergo isomerization during partial unfolding to the
alkaline conformer as mentioned in Chapter 4 and also in ref [111].

5.2 Materials and Methods
5.2.1 Preparation of the Variants.

5.2.1.1 Evaluation of Solvent-exposed Surface Area
Cartesian coordinates of atoms in PDB format for iso-1 cytochrome c (2ycc) were
obtained from the Protein Data Bank. This file was then submitted to the GETAREA web
service provided by the Sealy Center for Structural Biology at the University of Texas
Medical

Branch

(http://www.scsb.utmb.edu/cgi-bin/get_a_form.tcl)

for

SASA

determination. Residues are considered to be exposed if the ratio of side chain surface
area exposed relative to the side chain area exposed in a random coil exceeds 50%. If the
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ratio is less than 20% the side chain is considered to be buried. Based on this analysis
Ala81 and Pro76 were chosen as sites from replacement with histidine.
5.2.1.2 Preparation in Saccharomyces cerevisiae (yeast)
The H81 (A81H) , P76H, H73G76 (K73H, P76G), H73G76A79 (K73H, P76G,
K79A) and A73H79 (K73A, K79H) variants were prepared by the unique restriction site
elimination sitedirected mutagenesis method [82] using the pRS/C7.8 phagemid vector as
described previously [84]. For the H81 and P76H variants single stranded (ss) DNA
template for pseudo wild type (pWT, C102S) was used. For the H73G76 variant, ssDNA
for H73 (K73H, C102S) was used as template. For the H73G76A79 variant ssDNA
template carrying the A79H73 [62] variant was used and ssDNA template with the K79H
variant was used to produce the A73H79 variant of iso-1-cyt c. All of these variants
(including pWT) contain the mutation, Cys102→Ser. ssDNA was prepared from TG-1
Escherichia coli cells infected with the R408 helper phage [171], using phenol extraction
methods [172] to remove the protein coat. The selection oligonucleotide primer SacI-II+
[84] was used to eliminate the unique SacI restriction site upstream from the iso-1-cyt c
gene (CYC1) and restore the SacII restriction site. The selection oligonucleotide, SacI+II-,
was used when the ssDNA template contain the SacII restriction site. The mutagenic
oligonucleotide primers (Table 5.1) were purchased from Operon Biotechnologies, Inc.
(Huntsville, Alabama). The sequence of individual clones was analyzed to confirm the
mutation using a Beckman CEQ 8000 capillary electrophoresis autosequencer.
Phagemid DNA carrying the desired CYC1 variant genes was transformed into the
GM-3C-2 strain. Growth, isolation and purification of the variant proteins were done as
described in Chapter 2, Materials and Methods section 2.2.1. The variants P76H,
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H73G76 and H73G76A79 in yeast showed slow growth and very low yields compared to
H81 and other variants grown in lab. Also, their purification yielded multiple
chromatographic peaks. To solve these problems the same variants were expressed in E.
coli, which does not require iso-1-cyt c to be functional.
5.2.1.3 Preparation of Variants in E. coli
Lys72 was mutated to Ala for variants prepared for expression in E. coli as Lys72
in yeast cyt c is trimethylated and hence does not participate in the alkaline transition.
The Lys72→ Ala (A72 variant) variant was prepared by the unique restriction site
elimination site-directed mutagenesis method as described above. EcoRV+AatII- 5’d(GTGCCACCTGACGTCTAAGAAACC)-3’ was used as the selection primer for its
preparation. The vector used was pBTR1 [56, 109] carrying the TM variant (native His
26, 33 and 39 mutated to Asn, Asn and Gln respectively; to avoid interference in the
denatured state). The pBTR1(TM) (5.6 kb) vector carries the heme lyase gene in addition
to CYC1 to provide for heme insertion into apocytochrome c in the cytoplasm of E. coli.
The P76H and H73G76 variants were prepared using the QuikChange II site-directed
mutagenesis kit (Stratagene) and the pBTR1(TM) vector carrying the K72A mutation
was used as the DNA template. The A72H73G76A79 variant was prepared using the
A72H73G76 dsDNA as template. The mutagenic primers used for these preparations are
shown in Table 5.1 and the variants generated are named, A72H76, A72H73G76 and
A72H73G76A79.
These variants were expressed and isolated from BL21-DE3 E. coli cells
(Novagen) using the pBTR1 vector as described previously [21]. Purification and
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concentration determination were done as described in Chapter 2, Materials and Methods,
section 2.2.2.
Table 5.1. Oligonucleotide primers used for site directed mutagenesis.
Variant

Oligonucleotide primers from 5’-3’

H81

CCCACCAAAGTGCATCTTGGTAC

P76H

CATCTTGGTACCCATGAATATATTTC

H73G76

CATCTTGGTACCACCAATATAGTGC

H73G76A79

CATAGCGGTACCACCAATATAGTGC

K72A

CAGGAATATATTTGGCTGGGTTAGT

A72H76

TAACCCAGCCAAATATATTCATGGTACCAAGATGGCC

A72H76-R

GGCCATCTTGGTACCATGAATATATTTGGCTGGGTTA

A72H73G76

ACTTGACTAACCCAGCCCACTATATTGGTGGTACCAAGATGG

A72H73G76-R

CCATCTTGGTACCACCAATATAGTGGGCTGGGTTAGTCAAGT

A72H73G76A79

CCACTATATTGGTGGTACCGCGATGGCCTTTGGTGGGTTG

A72H73G76A79-R

CAACCCACCAAAGGCCATCGCGGTACCACCAATATAGTGG

Anti-codons (top 4 and R primers) and Codons (all others) in blue represent that for alanine at
position 72, green is for histidine, red is for glycine and magenta is for alanine at position 79 in
iso-1-cyt c.
R represents the reverse template used in QuikChange mutagenesis.

5.2.2 Molecular Weight Determination by MALDI-TOF Mass Spectroscopy.

Molecular weight was determined for all variants as described previously in Materials
and Methods, section 2.2.2 and 3.2.2. of Chapters 2 and 3, respectively. The main peak
gave m/z consistent with the expected molecular weight for all the variants as shown in
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Table 5.2 (average and standard deviation of 4 to 5 independent spectra). All experiments
were carried out with this material.
Table 5.2. Calculated and determined m/z for the main peak from HPLC.

Variants

Expected Mass (g/mol)

m/z from MALDI

H81

12760.37

12776.1 ± 2.2

A72H76

12571.55

12578.4 ± 2.5

A72H73G76

12555.52

12558.1 ± 3.2

A72H73G76A79

12498.46

12500.7 ± 2.2

5.2.3 Oxidation of Protein.

Protein was oxidized and separated from oxidizing agent as described previously
in Chapter 2. The concentration and degree of oxidation of the protein were determined,
as described previously in Materials and Methods, section 2.2.2 of Chapter 2.
5.2.4 GdnHCl Denaturation Monitored by Circular Dichroism Spectroscopy.

Global stability of the protein was determined as described previously in
Materials and Methods, section 2.2.4 of Chapter 2.
5.2.5 Partial Unfolding by GdnHCl Monitored at 695 nm.

Partial unfolding of protein was monitored at 695 nm, A695, as a function of
gdnHCl concentration using a Beckman DU 800 spectrophotometer as described
previously in Materials and Methods section 2.2.5 of Chapter 2.
5.2.6 pH Titration Experiments.

The alkaline conformational transition caused by His81 was monitored as a
function of pH at 0, 0.2, 0.3, 0.4 and 0.6 M gdnHCl concentration with 0.1 M NaCl and at
0 M gdnHCl concentration with 0.5 M NaCl, as described previously, in Materials and
Methods, section 2.2.6 of Chapter 2. Equation 5.1 was used to fit the data.
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Equation5.1

ε 695corr = ε alk
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In eq 5.1, εN is the extinction coefficient at 695 nm of the Met80–heme bound native
state, εAlk is the extinction coefficient at 695 nm of the alkaline state, εA is the extinction
coefficient at 695 nm of the acid state, A. The (εN - εAlk) was set to the difference of εN -

εAlk from 0 M gdnHCl (0.6 mM-1cm-1). The parameters pKC1 and pKH1 are equilibrium
and ionization constants respectively, corresponding to the acid unfolding. pKH1 was
arbitrarily set to 5 for this transition. pKC2 and pKH2 correspond to the His81 heme
alkaline conformational transition and pKC3 and pKH3 correspond to the alkaline
transitions due to Lys(73/79). pKH3 was set to 10.8 as in ref [48] .
A rearranged form of the Henderson-Hasselbalch equation, equation 5.2, was
used to fit the acid and alkaline pH-titration data in some cases ref [23].

Equation 5.2

ε 695 =

ε N + ε alk / acid (10 n[ pK
1 + 10

a ( app ) − pH

n ( pK a ( app ) − pH )

]

)

In eq 5.2, all the parameters are the same as described for equation 5.1. pKa(app) is the
apparent pKa described by Davis et al. [97]

5.2.7 pH Jump Stopped-flow Experiments.

All pH jump experiments were carried out at 25 oC as described previously in the
Materials and Methods section 2.2.8 of Chapter 2 and in ref [61]. Data were collected on
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different time scales ranging from 50 to 500 s depending upon the completion of the
reaction. Data for the upward and downward pH jump experiments were fit to triple or
quadruple exponential equations. The kobs and amplitude data as a function of pH for the
fast, intermediate and slow phase were fit to the equation involving two and three
ionizable groups for triggering the alkaline conformational transition as mentioned in ref
[61, 62, 64].

5.2.8 Electron Transfer Experiments by the Stopped Flow Method.

Experiments were done using hexaammineruthenium(II) chloride (a6Ru2+) and
bis(2,2’,2”-terpyridyl)cobalt(II) triflate, [Co(terpy)2](CF3SO3)2 ([Co(terpy)2]2+), at pH 7.5
(10 mM phosphate buffer, 0.1 M NaCl) under anerobic conditions with an Applied
Photophysics SX20 stopped flow spectrophotometer, as described previously in Materials
and Methods, section 2.2.9 of Chapter 2 and section 3.2.9 of Chapter 3. The cobalt
complex was synthesized from commercially available cobalt(II) chloride hexahydrate
(CoCl2.6H2O; from Fisher Scientific); 2,2’:6’,2”-terpyridine (Aldrich); and sodium
triflate (NaCF3SO3); from Acros Organics, as described in ref [173]. Structural
characterization of the [Co(terpy)2]2+ complex was done using 400 MHz 1H NMR
spectroscopy as described in ref [174]. The concentration of the cobalt complex was
determined spectrophotometrically before and after each experiment at 316 nm (ε =
3.34x104 M-1cm-1) and 505 nm (ε = 1404 M-1cm-1) [174]. For higher concentrations of
cobalt complex, dilutions were prepared due to the higher absorbance of the cobalt
complex. Reduction of the heme was monitored at 550 nm and a minimum of five traces
were collected. For all traces, 5000 points were collected logarithmically on 100 to 500
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sec time scales. For higher concentrations (>5 mM, after mixing) of the cobalt(II)
complex, a shorter pathlength (2 mm) was used, due to the strong absorbance of the
Co(II) complex. We were not able to do experiments above 5 mM cobalt complex
concentration due to solubility issues. Analysis of the data was done using the curve
fitting program, Sigma Plot (v.7.0). The data were fit to double, triple or quadruple
exponential rise to maximum equations.

5.3 Results
5.3.1 Global Unfolding by GdnHCl Denaturation.

Global unfolding of all variants as a function of gdnHCl was monitored by CD
spectroscopy. The ellipticity measured at 222 nm is plotted against gdnHCl concentration
for all four variants as shown in figure 5.2. Thermodynamic parameters obtained from a
fit of the data to eq 2.1 (Chapter 2, Material and Methods, section 2.2.4) are shown in
Table 5.3. All these variants were found to be less stable than the wild type protein
(ΔGuº(H2O) = 5.77 ± 0.4 kcal/mol) [101]. The low m-value relative to wild type (m =
5.11 ± 0.36 kcal/mol·M) [101]) indicates that for variants containing the K73H and K81H
mutations, global unfolding occurs from a partially unfolded form of the protein.
The H81 variant is slightly more stable than the K73H {(ΔGºu(H2O) = 4.32 ± 0.11
kcal/mol, m = 3.59 ± 0.01 kcal/(mol×M) and a titration midpoint, Cm = 1.15 ± 0.01 M)
and H79 (ΔGºu(H2O) = 4.45 ± 0.30 kcal/mol, m = 3.53 ± 0.25 kcal/(mol×M) and Cm =
1.26 ± 0.01 M) variants of iso-1-cyt c, whereas the A72H76 is the least stable variant
among these four variants. Both the H81 and A72H76 variants have similar m-values to
the K73H and H79 variants, suggesting that these variants unfold from a similar partially

149

unfolded form of the protein. ΔGºu(H2O) for the A72H73G76 and A72H73G76A79
variants are slightly lower than that of the K73H and H79 variants. The m-values are
significantly lower, suggesting that the P76G mutation leads to a more unfolded partially
unfolded form of the protein. The A72H76, A72H73G76 and A72H73G76A79 variants
can further be compared to the TM variant (ΔGºu(H2O) = 4.02 ± 0.17 kcal/mol, m = 3.99
± 0.17 kcal/(mol×M) and Cm = 1.008 ± 0.0003 M ref [175]), which serves as the base
protein for these variants. Both variants have comparable stability within error to the TM
variant. A72H76 is less stable as compared to the TM variant, suggesting a destabilizing
effect of histidine at position 76. All these variants have lower m-values than the TM
variant suggesting they unfold from a partially unfolded form. The degree of unfolding of
the partially unfolded form appears to be largest for the A72H73G76 and
A72H73G76A79 variants.
Figure 5.2 On the next page is the plot of ellipticity observed at 222 nm as a function of gdnHCl
concentration for the H81 (green circles), A72H76 (pink squares), A72H73G76 (blue triangles)
and A72H73G76A79 (grey hexagons) variants of iso-1-cytochrome c. Data were acquired at 25
ºC in 20 mM Tris, pH 7.5, 40 mM NaCl and at 4 μM protein concentration. The solid curves are
fits of the data to eq 2.1 in Materials and Methods, section 2.2.4 of Chapter 2.
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Table 5.3. Thermodynamic parameters for gdnHCl unfolding of variants of iso-1-cyt c

monitored by ellipticity at 222 nm at pH 7.5 and 25 ºC.
Variants

ΔGuº(H2O) (kcal/mol)

m (kcal / mol·M)

Cm (M)

H81

4.89 ± 0.40

3.85 ± 0.20

1.27 ± 0.05

A72H76

3.01 ± 0.10

3.56 ± 0.10

0.85 ± 0.02

A72H73G76

4.21 ± 0.20

3.16 ± 0.07

1.33 ± 0.03

A72H73G76A79

3.94 ± 0.08

2.89 ± 0.05

1.37 ± 0.04

5.3.3 Partial Unfolding by GdnHCl.

Partial denaturation studies were done for the H81 variant at pH 7.5 as a function
of gdnHCl. The loss of the Met80-heme conformer was monitored at 695 nm. A plot of
absorbance as a function of gdnHCl concentration is shown in figure 5.3. The fit of the
data to eq 2.2 from Chapter 2 gives ΔGºu(H2O) = 1.87 ± 0.02 kcal/mol, and m = 2.65 ±
0.05 kcal/(mol×M). A more positive ΔGºu(H2O) value suggests that partial unfolding
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mediated by His81 binding to the heme is not as favorable compared to His73 and His79
binding to heme in the K73H [23] and H79 [64] variants.
Partial denaturation studies were done for the A72H76 variant at pH 7.5 but the
absorbance at 695 nm was very low (figure F1 in Appendix F) suggesting that the native
conformer for this variant is drastically affected by the mutation of Pro76 to histidine.
This supports the studies done in ref [167], where His at position 76 showed zero
preference in a genetic selection assay and leads to production of non-functional
cytochrome c. Partial unfolding studies cannot be done with the A72H73G76 and
A72H73G76A79 variants as pH titration studies showed very weak absorbance at 695 nm
even at pH 5.

Figure 5.3 Plot of ε695corr versus gdnHCl concentration for H81 iso-1-cyt c. Data were acquired at
room temperature (22 ± 1 ºC) in the presence of 20 mM Tris, pH 7.5, 40 mM NaCl (○). The solid
curves are fits of the data to eq 2.2 in Materials and Methods, section 2.2.5 of Chapter 2.
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5.3.3 pH Dependence of the Native Heme-Met 80 Conformer Stability.

5.3.3.1 pH Dependence of 695 nm Absorbance for the H81 Variant
The conformational stability for the H81 variant was monitored through the acid
and alkaline transitions at different gdnHCl concentrations. Changes in the band at 695
nm characteristic of Met80-heme ligation were followed from pH 2 to 11. An increase in
the absorbance band at 695 nm was seen near pH 5 followed by a decrease in the alkaline
region. Figure 5.4 shows the data at different gdnHCl concentration, fitted to equation
5.1. The thermodynamic parameters obtained from fits are shown in Table 5.4 for both
0.1 and 0.5 M NaCl concentration.

Figure 5.4 Plot of ε695corr (mM-1cm-1) versus pH for H81 iso-1-cytochrome c at different
concentrations of gdnHCl. Data were collected at room temperature (22 ± 1 ºC) in 0.1 M NaCl
with 0, 0.2, 0.3, 0.4 and 0.6 M gdnHCl. The solid curves are fits to eq 5.1 as described in
Materials and Methods.
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The value of pKH2 is in the range of 5.9 to 6.2, which is consistent with the pKa of
histidine and is not sensitive to gdnHCl concentration. The value of pKC1 becomes
progressively less negative as the gdnHCl concentration is increased, suggesting
destabilization of the native state at higher gdnHCl concentration. The values of both
pKC2 (His81 binding to heme) and pKC3 (Lys73/79 binding to heme) become
progressively more negative (i.e. more favorable) as the gdnHCl concentration is
increased. pH titrations were also done at 0.5 M NaCl concentration (Appendix F1.
figures F2 and F3) to observe the effect of salt. The effect of salt concentration appears to
be minor.
Table 5.4. Thermodynamic parameters from pH titration in 0.1 M NaCl at 25 ºC for the

H81 variant of iso-1-cytochrome c.a
pKC1

n

pKC2

pKH2

pKC3

0

-1.48 ± 0.24

1.02 ± 0.14

0.85 ± 0.17

5.9 ± 0.3

-2.41 ± 0.04

0b

-1.32 ± 0.02

0.89 ± 0.04

0.99 ± 0.23

6.6 ± 0.3

-2.34 ± 0.02

0.2

-1.25 ± 0.07

0.99 ± 0.01

0.69 ± 0.02

6.2 ± 0.1

-2.53 ± 0.04

0.3

-0.90 ± 0.07

0.96 ± 0.05

0.31 ± 0.05

5.8 ± 0.2

-2.91 ± 0.07

0.4

-1.10 ± 0.13

1.1 ± 0.1

0.47 ± 0.07

5.8 ± 0.6

-2.79 ± 0.17

0.6

-0.06 ± 0.08

0.83 ± 0.06

-0.13 ± 0.26

6.1 ± 0.9

-3.37 ± 0.14

[gdnHCl]
(M)

a

Parameters are from fits of the data to eq 5.1 in Materials and Methods.

b

Data acquired in the presence of 0.5 M NaCl.

A linear free energy relation is assumed for these transitions and the free energy
calculated from respective pKC’s are fitted to eq 3.3 from Chapter 3, Results section 3.3.3
as shown in figure 5.5. The m-value for the His81 conformational transition (pKC2) is
similar to that seen with the K73H variant suggesting a similarity in structural disruption
for both variants. The m-value for Lys (73/79) conformational transition (pKC3) is larger
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then that seen with K73H variant for the Lys79 conformational transition suggesting that
Lys73 may be the dominant ligand in the higher pH alkaline transition. The number of
protons involved in the acid transition is ~1, which is lower than usual. The plots in
figure 5.6 show one isosbestic point in the pH region 4-8 consistent with His81 heme
ligation and another isosbestic point for the pH range 8.2-11, consistent with the Lysheme conformer. The presence of multiple isosbestic points from pH 2 to 4 suggests that
the acid transition phase is a complicated process compared to the alkaline transitions.
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Figure 5.5 Plots of Free Energy versus gdnHCl concentration for the H81 variant of iso-1 cyt c.
The Free Energies, ∆GC1 (○), ∆GC2 (□) and ∆GC3 (Δ), represent the acid ionization, His81-heme
and Lys(73/79)-heme alkaline conformers, respectively.
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Figure 5.6 Plot of absorbance spectra as a function of pH for the H81 variant of iso-1-cyt c at 22
± 1 ºC in the presence of 0.1 M NaCl. (a) pH 2.0 – 2.81 (~503 nm, ~586 nm and ~641 nm) (b) pH
3.03 – 3.8 (~504 nm, ~591 nm and ~659) (c) pH 4.01 – 8.0 (~620 nm) and (d) pH 8.21 – 11.05
(~608 nm). Isosbestic points are given in parentheses.

The fractional population of each state of the H81 variant as a function of pH was
calculated from the equation used to obtain the thermodynamic parameters, to determine
the variation in the population of acid, native and alkaline forms of the protein (figure
5.7). This plot clearly shows that the decrease in the acid state is compensated by an
increase of the native state near physiological pH. At alkaline pH, the Lys-heme bound
state is dominant and the His81-heme conformer is ~10% populated near pH 7.5.
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Figure 5.7 Plot of fractional population versus pH for H81 iso-1-cytochrome c at 0 M gdnHCl.
Data were collected at room temperature (22 ± 1 ºC) in 0.1 M NaCl.

5.3.3.2 pH Dependence of Absorbance at 695 for the A72H76 Variant
Spectrophotometric pH titrations at 695 nm were carried out for A72H76 variant from pH
2 to 11 as for the H81variant. The absorbance band at 695 nm is sensitive to Met80 as the
sixth ligand for heme and so it decreases in the acid or alkaline regions reflecting the
displacement of the Met80 ligand as shown in figure 5.8. The data points were divided
into two sets (acid and alkaline transition pH ranges) for ease of fitting and extracting
thermodynamic parameters using the Henderson-Hesselbalch equation (eq 5.2 in
Materials and Methods). Thermodynamic parameters from the fits are shown in Table
5.5. The acid transition phase yields a pKa(app) of 3.74 which is believed to be associated
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with protonation of His18 (the fifth ligand for the heme see ref [176]). It is a multiple
proton process as expected for the acid transition. The alkaline transition phase associated
with a pKa(app) of 6.34 is likely due to His76-heme ligation, however involvement of
Lys binding to the heme cannot be ruled out. This alkaline transition is associated with
release of one proton as expected. The plots of absorbance spectra as a function of pH
(figure 5.9) show multiple isosbestic points in the acid region similar to the H81 variant,
suggestive that this process is more complicated than the alkaline transition which yields
a single isosbestic point from pH 5 to 8.
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Figure 5.8 Plot of ε695corr mM-1cm-1 versus pH (a) acidic region (pH 1.9-5) and (b) basic region
(pH 5-10) for A72H76 iso-1-cytochrome c. Data were collected at room temperature (22 ± 1 ºC)
in 0.1 M NaCl. The solid curves are fits to eq 5.2 as described in Materials and Methods.

Table 5.5. Thermodynamic parameters from pH titration in 0.1 M NaCl at 22 ± 1 ºC for

the A72H76 variant of iso-1-cytochrome c.a

a

0M [gdnHCl]

n

pKH(app)

Acidic region

1.7 ± 0.2

3.74 ± 0.02

Basic region

1.0 ± 0.2

6.34 ± 0.15

Parameters are from fits of the data to eq 5.2 in Materials and Methods.
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Figure 5.9 Plot of absorbance spectra as a function of pH for the A72H76 variant of iso-1-cyt c at
22 ± 1 ºC in the presence of 0.1 M NaCl. (a) pH 1.88 – 2.33 (504, 583 and 645 nm) (b) pH 2.61 –
3.13 (503, 589 and 666 nm) (c) pH 3.32 – 3.72 (504, 593 and 660 nm) (d) pH 4.04 – 5.16 (599
and 643 nm) (e) pH 5.35 – 8.16 (599 nm) and (f) pH 9.37-11.06 (623nm). Isosbestic points are
given in parentheses.
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5.3.3.3 pH Dependence of Absorbance at 695 for the A72H73G76 and A72H73G76A79
variants.
pH titrations done with the A72H73G76 and A72H73G76A79 variants showed
very weak extinction coefficients at 695 nm in the range of 0.1 mM-1cm-1(figures F4 and
F5 in Appendix F), which is 1/5th the extinction coefficient seen with the H81 variant as
shown in figure 5.4. These data could not be fitted to any thermodynamic model. This
result suggests that these variants do not significantly populate the native state, due to the
absence of the characteristic band at 695 nm for Met80-heme ligation.

5.3.4 Stopped–Flow Kinetic Studies of the Alkaline Transition as a Function of pH.

5.3.4.1 pH Jump Kinetics of the H81 Variant.
pH-jump kinetics for the H81 variant was monitored at 405 nm, which is the
wavelength of maximum change in absorbance for the conversion between the native and
His-heme ligated alkaline states as described in Chapters 2 and 3. Representative kinetic
traces are shown in Appendix F, figure F6. Triple and quadruple exponential fits to the
data suggested the presence of three distinct phases from pH 5 to 8.8 and pH 11 to 11.2,
and four distinct phases from pH 9 to 10.8. The values of rate constants and amplitudes
from both upward and downward pH jump data are shown in Appendix D, Tables D1 –
D9. For simplicity the data from pH 5 to 9.8 were taken into consideration for fitting to
double and triple ionization mechanism schemes described previously in references [61,
62, 64]. Above pH 9.8, alkaline denaturation appears to occur.
In the fast phase kinetics data shown in figure 5.10, kobs and amplitude data from
pH 5 to 8.8 are taken from triple exponential fits, while from pH 9 to 9.8 they are taken
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from quadruple exponential fits, due to the better residuals as compared to triple
exponential fits and the presence of a distinct fourth phase. A triple ionization scheme
was used to fit the kobs versus pH data, which provided inadequate parameters associated
with large errors, suggesting there might be a fourth ionizable group. The amplitude data
(figure 5.10b) also showed unusual behavior which was not seen with the K73H or H79
variants. No leveling out of the amplitude near pH 7.5 is observed. Instead the amplitude
continues to increase.
Figure 5.10 On the next page are plots of (a) rate constant and (b) amplitude data for the fast
phase collected at 25 ºC as a function of pH in 10 mM buffer containing 0.1 M NaCl. Open
circles are data from upward pH jump experiments and solid circles are data from downward pH
jump experiments. The kobs and amplitude data from pH 5 to 8.8 are taken from triple exponential
fits, while from pH 9 to 9.8 they are taken from quadruple exponential fits due to better residuals
as compared to triple exponential fits and the clear presence of a fourth phase. The solid curves in
panels (a) and (b) are just meant to follow the general trend in the fast phase kinetics. Rate
constants and amplitudes presented in this figure are collected in Tables D1, D5 and D7 in
Appendix D.
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The intermediate phase was pulled out from a three exponential equation for the
pH range 7 to 8.8 and from a four exponential equation for the pH range of 9 to 9.6. Data
from pH 9.4 started showing larger errors as seen in figure 5.11. At pH 9.8 and 10 this
phase appears to merge with the fast phase in figure 5.10. The decrease in the amplitude
of the intermediate phase seems to be inconsistent with the increase in the rate constant
data. This phase was fitted to a single ionization scheme for the rate constant. However,
large errors associated with the values indicate an inadequate fit to a single ionization
scheme.
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Figure 5.11 Plots of rate constant and amplitude (inset) data for the first intermediate phase
collected at 25º C as a function of pH in 10 mM buffer containing 0.1 M NaCl. Filled circles are
rate constant data from upward pH jump experiments. The solid line is a fit from pH 7 to 9.6 to eq
2.6 in the Materials and Methods, section 2.2.8 of Chapter 2. The solid line through the amplitude
data is only intended to show the trend of change in amplitude associated with this intermediate
phase. The errors in the parameters are larger than the magnitude of the parameters for the fit to
the rate constant versus pH data. Thus, they are not reported. The rate constants and amplitudes in
this figure are collected in Table D2 and D8 (for down ward pH jump data, which is not shown in
this graph) in Appendix D.

The slow phase rate constant and amplitude data is relatively simple and was
fitted well to the single ionization scheme, equations 2.6 for rate constant and 2.7 for
amplitude data, from the Materials and Methods, section 2.28 of Chapter 2. The kinetic
parameters from the fits are shown in Table 5.6. Based on the pKH from kobs and
amplitude data this phase can be assigned to a lysine-heme alkaline conformer.
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Figure 5.12 Plots of rate constant for the slow phase collected at 25 ºC as a function of pH in 10
mM buffer containing 0.1 M NaCl. Open circles are data from upward pH jump experiments and
solid black circles are data from downward pH jump experiments. The solid curve is a fit of
upward and downward pH jump rate constants from pH 5 to 9.8 to eq 2.6 in the Materials and
Methods, section 2.2.8 in Chapter 2. Eq 2.7 from the Materials and Methods, section 2.2.8 from
Chapter 2 is used to fit the amplitude data in the inset for upward pH jump experiments from pH
7 to 9.8. Rate constants and amplitudes presented in this figure are collected in Tables D3, D6 and
D9 in Appendix D.

Table 5.6. Rate and ionization constants associated with the slow phase of the alkaline

transition of H81 iso-1-cyt c.
Parameters

Slow Phase

kf, s-1

0.35 ± 0.03

kb, s-1

0.053 ± 0.003

pKH (kobs data)

9.4 ± 0.1

pKH (Amp. data)

9.5 ± 0.1
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A quadruple exponential fit was used from pH 9 to 10.8. A very fast phase was
observed, occurring in the range of 50 - 200 s-1 for the pH range 9 to 11.2. Though its
presence is consistent and shows an increase in amplitude from pH 9 to 11.2, relative
errors are higher than for other phases, especially at pH 9.8 and pH 10. We believe this
phase may be associated with alkaline denaturation. Values for these rate constants and
amplitudes are given in Table D4 in Appendix D.

5.3.4.2 pH jump Kinetics of the A72H76 Variant.
Kinetic studies were carried out to gain further insight into the alkaline transition
caused by His76-heme ligation using pH jump stopped flow methods. Representative
kinetic traces are shown in Appendix F, figure F7. Kinetic traces were fitted to triple
exponential rise and decay equations as discussed in the Materials and Methods. The
values for the rate constants and amplitudes are given in Appendix E, Tables E1-E10.
The rate constants and amplitudes for the fast phase from pH 5 to 9.8 were considered
and fit to a double ionization mechanism to get information about the changes in kinetics
with pH. Parameters from the fits are shown in Table 5.7. The rate constant and
amplitude data fits yield pKHL= 6.4 and 6.5, which is consistent with ionization of a
histidine suggesting its association with His76-heme ligation.

165

14

A

kobs, sec

-1

12
10
8
6
4
4

6

pH

8

10

0.07

B

0.06

ΔA405

0.05
0.04
0.03
0.02
0.01
0.00
4

6

pH

8

10

Figure 5.13 Plots of (a) rate constant and (b) amplitude data for the fast phase collected at 25 ºC
as a function of pH in 10 mM buffer containing 0.1 M NaCl. Open circles are data from upward
pH jump experiments and solid circles are data from downward pH jump experiments. The solid
curve in panel A is a fit of upward and downward pH jump rate constants from pH 5 to 9.8 to eq
2.8 and in panel B fitted to eq 2.9 from the Materials and Methods, section 2.2.8 of Chapter 2.
Rate constants and amplitudes presented in this figure are collected in Tables E1, E6 and E8 in
Appendix E.

The slow phase rate constant and amplitude data were fitted to a single ionization
triggering mechanism (figure 5.14). The parameters obtained from fits are shown in
Table 5.7. The pKH2 associated with the rate constant is near 9, low for ionization of
lysine, but consistent with same values reported for lysine-heme alkaline conformers [61,
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62, 64]. As can be seen from figure 5.14, a single ionization mechanism does not fit well
to the amplitude data. Above pH 9.8, the slow phase becomes faster, though the
amplitude drops. Another slow phase is seen from pH 10.2, increasing in magnitude up to
pH 11.2 (Appendix E, Table E4).
Other than these two phases, an intermediate phase is also seen from pH 5 to 7.8,
with a magnitude of 0.03 to 1.0 sec-1 (Appendix E, Tables E2 and E9). From pH 8
onwards this phase is missing and taken over by a very fast phase growing from 100’s to
3000 s-1 and associated with an increase in amplitude. This type of behavior was also
seen with the H81 variant of iso-1-cyt c. The values are shown in Table E5, Appendix E.
These results suggest complicated kinetic behavior at higher alkaline pH.

Figure 5.14 On the next page is the plot of rate constant for the slow phase collected at 25 ºC as a
function of pH in 10 mM buffer containing 0.1 M NaCl. Open circles are data from upward pH
jump experiments and solid black circles are data from downward pH jump experiments. The
solid curve is a fit of upward and downward pH jump rate constants from pH 5 to 9.8 to eq 2.6 in
the Materials and Methods, section 2.2.8 of Chapter 2. Eq 2.7, Materials and Methods, section
2.2.8 of Chapter 2 is used to fit the amplitude data in the inset for upward pH jump experiments
from pH 5 to 9.8. Rate constants and amplitudes presented in this figure are collected in Tables
E3, E7 and E10 in Appendix E.
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Table 5.7. Rate and ionization constants associated with the fast and slow phase of the

alkaline transition of A72H76 variant of iso-1-cyt c.
Parameter

Fast phase a

Slow phase b

kf1, s-1

6.6 ± 0.2

1.20 ± 0.02

kb1, s-1

4.6 ± 0.2

0.030 ± 0.004

kf2, s-1

3.6 ± 0.4

kb2, s

a

-1a

4.0 ± 0.4

pKHL (kobs data)

6.4 ± 0.1

pKHL (Amp. data)

6.50± 0.03

pKH2 (kobs data)

9.2 ± 0.3

9.00 ± 0.02

pKH2 (Amp. data)

8.8 ± 0.3

8.8 ± 0.1

The values for kb and kf were calculated iteratively. To fit kobs versus pH data to eq 2.8, the

kf2/kb2 ratio was set to 1.4 (arbitrarily guessed) to get the initial kinetic parameters. Amplitude
data for the fast phase was fitted to eq 2.9; kb2 was allowed to vary to obtain the best fit. The
values of kf1, kf2 and kb2 were taken from fits of kobs data to constrain the parameters. The new
kf2/kb2 ratio was used to refit the kobs versus pH data. The values of kf1, kb1, kf2 and kf2 obtained
from this fit were used to construct a final fit of the amplitude data.
b

Parameters are obtained from fits to eq 2.6 and 2.7 from Chapter2. The ratio of kf/kb in eq 2.7

was constrained using kf and kb obtained from the kobs versus pH data.
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5.3.5 Anaerobic Stopped-flow Kinetic Studies for H81 and A72H76 Variants.

The alkaline transition can lead to conformationally gated ET processes as
discussed in earlier chapters. These studies provide complementary means of extracting
information about not only rates of the ET reaction but also the conformational change
and proline isomerization process associated with ET. To have better insight into the
kinetics of alkaline conformational transition, ET experiments were carried out for both
the H81 and A72H76 variants. For these studies along with a ruthenium complex, a6Ru2+,
cobalt complex, [Co(terpy)2]2+, was also used to slow down the ET process in an attempt
to directly extract the forward and backward rates of the conformational transitions. The
kinetic traces obtained on reaction of oxidized H81 and A72H76 with a6Ru2+ and the
cobalt complex are shown in figures F8-F11, Appendix F. These all showed an increase
in absorbance at 550 nm as expected for reduction of iso-1-cyt c.

5.3.5.1 Anaerobic ET stopped flow kinetics of the H81 variant.
The fastest phase (k1) obtained from the fits to a triple exponential equation are
plotted as a function of a6Ru2+ concentration as shown in figure 5.15 (also in Table G1,
Appendix G) for the pH 7.5. This phase shows a linear dependency on the a6Ru2+
concentration and is assigned to the ET reaction of the native Met80-heme conformer
with a6Ru2+. The data give a value of kET = 27.1 ± 1.3 mM-1cm-1 on fitting to equation 3.5
from Chapter 3. This value is 3 to 4 times lower than that of the K73H and H79 variants
suggesting a decrease in ET efficiency with a His mutation at position 81. The
intermediate phase showed no dependence on a6Ru2+ as shown in figure 5.16, although a
dramatic decrease in the rate constant is seen after 5 mM a6Ru2+ concentration. This
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effect could be due to an interaction of the metal complex with the protein. A slight
decrease in the intermediate phase has been seen with other mutants near 20 mM a6Ru2+
concentration but the effect was never so drastic. As a result, data up to 5 mM a6Ru2+
concentration were considered to be reliable. These data were fitted to a linear equation
(figure 5.16), demonstrating the lack of dependence on [a6Ru2+] in this concentration
range. The third phase showed constant behavior up to 5 mM a6Ru2+ concentration and
then a slight inclination towards increasing values (figure 5.17). This phase could be a
mixed effect of proline isomerization and a Lys-heme alkaline conformer as has been
seen previously with other variants. The values of the kinetic parameters obtained are
shown in Table 5.8.

Figure 5.15 Plot of observed rate constant kobs (s-1) for the reaction of a6Ru2+ with the native
conformer of the H81 variant (fast phase) as a function of a6Ru2+ concentration at pH 7.5; 10 mM
NaH2PO4 buffer in 0.1 M NaCl, and 25 ºC. The values for kobs represent the fast phase (k1)
obtained from the fits shown in figure F8, Appendix F and the solid line is a fit to Eq. 3.5
(Chapter 3). The values for the rate constants and amplitudes are given in Table G1, Appendix G.
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Figure 5.16 Plot of observed rate constant kobs (s-1) for the reaction of a6Ru2+ with the native
conformer of the H81 variant (intermediate phase) as a function of a6Ru2+ concentration for pH
7.5; 10 mM NaH2PO4 buffer in 0.1 M NaCl, and 25 ºC. The values for kobs represent the
intermediate phase (k2) obtained from fits as shown in figure F8, Appendix F and the solid line is
a fit to a linear equation. The values for the rate constants and amplitudes are given in Table G2,
Appendix G.

Figure 5.17 Plots of slowest phase (k3) from fits to a triple exponential rise equation as shown in
figure F8, Appendix F. The values for the rate constants and amplitudes are given in Table G3,
Appendix G.
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The kinetic traces from anaerobic reaction of oxidized H81 with the cobalt
complex are shown in figure F9, Appendix F. The ET reaction of H81 with the cobalt
complex showed similar behavior as seen with the ruthenium complex, although the fast
phase attributed to the ET reaction is almost 10 times slower. The fast phase was fitted to
eq 3.5 from Chapter 3 and showed linear dependency on the cobalt complex
concentration. The slope from the fit, kET, was also 10 times slower as compared to
reaction with the ruthenium complex as shown in figure 5.18 and Table 5.8. The
intermediate phase is plotted as a function of cobalt complex concentration in figure 5.19.
The kET was used in eq 3.6 to obtain the values of forward and backward rate constants
related to conformational changes as discussed in Chapter 3. The value of kHM3 obtained is
smaller than that obtained from the ET reaction with the ruthenium complex; this could
be due to absence of upper limit data points (data higher then 5 mM [Co(terpy)2]2+ was
not collected as mentioned in Materials and Methods). The magnitude of k1 and k2 are
similar below 0.6 mM cobalt complex concentration. Thus, the separation of these rate
constants may not be reliable (see Appendix H, Table H1 and H2). The slowest phase is
plotted as a function of cobalt complex concentration as shown in figure 5.20. This phase
was also fitted to eq 3.6 from Chapter 3 using the value of kET obtained from figure 5.18
in eq 3.6 to determine the forward and backward rate constants related to these slow
conformational changes. The values of the kinetic parameters obtained are shown in
Table 5.8.
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2+

Figure 5.18 Plot of the observed rate constant kobs (s-1) for the reaction of [Co(terpy)2]
2+

the native conformer of the H81 variant (fast phase) as a function of [Co(terpy)2]

with

concentration

for pH 7.5; 10 mM NaH2PO4 buffer in 0.1 M NaCl, and 25 ºC. The values for kobs represent the
fast phase (k1) obtained from the fits shown in figure F9, Appendix F and the solid line is a fit to
Eq. 3.5 (Chapter 3). The values for the rate constants and amplitudes are given in Table H1,
Appendix H.

2+

Figure 5.19 Plot of observed rate constant kobs (s-1) for the reaction of [Co(terpy)2]

with the

2+

native conformer of the H81 variant (intermediate phase) as a function of a6Ru concentration for
pH 7.5; 10 mM NaH2PO4 buffer in 0.1 M NaCl, and 25 ºC. The values for kobs represent the
intermediate phase (k2) obtained from fits as shown in figure F9, Appendix F and the solid line is
a fit to eq 3.6 in Chapter 3, which gives values for kHM3 and kMH3. The values for the rate constants
and amplitudes are given in Table H2, Appendix H.
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Figure 5.20 Plots of the slowest phase (k3) from fits to a triple exponential rise equation as shown
in figure F9, Appendix F. The solid line is fit to eq 3.6 in Chapter 3, which gives values for kb and
kf controlling the slow conformational change associated with the alkaline conformational change.
The values for the rate constants and amplitudes are given in Table H3, Appendix H.

5.3.5.2 Anaerobic ET stopped flow kinetics of A72H76 variant.
The kinetic traces obtained on reaction of the oxidized A72H76 variant with
ruthenium are shown in figure F10, Appendix F. A fast phase obtained from a triple
exponential fit showed a linear dependency on a6Ru2+ concentration (figure 5.21), which
was then fitted to eq 3.6 as mentioned in Chapter 3. These values are in the same range as
that seen with the H81 variant. The slope of the graph gave kET = 24.7 mM-1s-1 similar but
a bit less than that seen with the H81 variant. The intermediate phase showed saturation
behavior as a function of a6Ru2+ concentration (figure 5.22). Eq 3.6 from Chapter 3 was
used to fit intermediate phase data, along with the value of kET obtained from fitting the
fast phase, to obtain information about kMH3, the forward and kHM3, the backward rate
constants for the alkaline conformational change associated with His76-heme binding.
The values obtained from the fits are shown in Table 5.8. The slow phase as shown in
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figure 5.23 increases somewhat as [a6Ru2+] increases, but the value at ~13 mM a6Ru2+
concentration seems to be an outlier.

Figure 5.21 Plots of observed rate constant kobs (s-1) for the reaction of a6Ru2+ with the native
conformer of the A72H76 variant (fast phase) as a function of a6Ru2+ concentration for pH 7.5; 10
mM NaH2PO4 buffer in 0.1 M NaCl, and 25 ºC. The values for kobs represent the fast phase (k1)
obtained from the fits shown in figure F10, Appendix F and the solid line is a fit to Eq. 3.5
(Chapter 3). The values for the rate constants and amplitudes are given in Table I1, Appendix I.

Figure 5.22 Plot of the observed rate constant kobs (s-1) for the reaction of a6Ru2+ with the native
conformer of the A72H76 variant (intermediate phase) as a function of a6Ru2+ concentration for
pH 7.5; 10 mM NaH2PO4 buffer in 0.1 M NaCl, and 25 ºC. The values for kobs represent the
intermediate phase (k2) obtained from fits as shown in figure F10, Appendix F and the solid line
is fit to eq 3.6 (Chapter 3), which gives values for kHM3 and kMH3. The values for the rate constants
and amplitudes are given in Table I2, Appendix I.
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Figure 5.23 Plots of slowest phase (k3) from fits to a triple exponential rise equation as shown in
figure F10, Appendix F. The values for the rate constants and amplitudes are given in Table I3,
Appendix I.

The kinetic traces from the ET reaction of oxidized A72H76 at different
concentrations of [Co(terpy)2]2+ are shown in figure F11, Appendix F. These kinetic
traces fit well to a double exponential rise equation. No substantial fast phase was
obtained with this reaction. The faster phase obtained from this reaction was of similar
magnitude as that of the intermediate phase obtained for the H81 reaction with
[Co(terpy)2]2+ and showed similar saturation behavior (figure 5.24). Based on this
observation and the H81 and A72H76 reactions with a6Ru2+, the value of kET for H81 was
used in eq 3.6 from chapter 3 to fit the [Co(terpy)2]2+ concentration dependence of the
faster phase. Since kET was not visible for the reaction of A72H76 with [Co(terpy)2]2+ it
suggests the possibility of a less favorable ET reaction which could be due to a lower Eº’
for the A72H76 variant. The values obtained are shown in Table 5.8. The slowest phase
was similar to that seen with the H81 reaction with [Co(terpy)2]2+ (figure 5.25). This
phase also showed saturation behavior and was fitted to eq 3.6 from chapter 3 to
determine the forward and backward conformational rate constants. The values obtained
from the fits are shown in Table 5.8.
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2+

Figure 5.24 Plot of the observed rate constant kobs (s-1) for the reaction of [Co(terpy)2]

with the
2+

native conformer of the A72H76 variant (fast phase) as a function of [Co(terpy)2]

concentration for pH 7.5; 10 mM NaH2PO4 buffer in 0.1 M NaCl, and at 25 ºC. The values for kobs
represent the fast phase (k1) obtained from fits as shown in figure F11, Appendix F. The values
for the rate constants and amplitudes are given in Table J1, Appendix J.

2+

Figure 5.25 Plot of observed rate constant kobs (s-1) for the reaction of [Co(terpy)2]

with the
2+

native conformer of the A72H76 variant (slow phase) as a function of [Co(terpy)2]

concentration for pH 7.5; 10 mM NaH2PO4 buffer in 0.1 M NaCl, and at 25 ºC. The values for kobs
represent the slow phase (k2) obtained from fits as shown in figure F11, Appendix F. The values
for the rate constants and amplitudes are given in Table J2, Appendix J.
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Table 5.8. Parameters from ET data for the H81 and A72H76 variants with a6Ru2+ and

[Co(terpy)2]2+.
[a6Ru2+]

Rate constants

H81

A72H76

kET (mM-1s-1)

27.0 ± 1.3

25.0 ± 2.2

kHM3 (s-1)

3.3 ± 0.1 a

4.30 ± 0.01

kMH3 (s-1)
[Co(terpy)2]2+

6.8 ± 0.1

kET (mM-1s-1)

2.9 ± 0.1

2.7b

kHM3 (s-1)

2.5 ± 0.1

1.5 ± 0.1

kMH3 (s-1)

2.1 ± 0.3

2.9 ± 0.4

kf (s-1)

0.06 ± 0.03

0.10 ± 0.01

kb (s-1)

0.032 ± 0.001

0.0400 ± 0.0004

a

This value is average of k2 from 0.7 to 6.1 mM [a6Ru2+].

b

This value is assumed based on the kET for H81 with [Co(terpy)2]2+, the fractional difference

between the H81 and A72H76 reaction with a6Ru2+ was used to adjust kET for reaction of A72H76
with [Co(terpy)2]2+.

5.4 Discussion
5.4.1 Effect of the Position of Alternate Heme Ligands on the Thermodynamics and
Kinetics of the Alkaline Transition of Iso-1-cyt c

The goal of this project was to study the effects on the alkaline conformational
transition caused by variation of the position of the histidine in Ω-loop D. The variants
used for these studies can be divided into two sets based on the spatial position of the
histidine in Ω-loop D. The H81 variant has the histidine on the C-terminal side and the
A72H76, A72H73G76 and A72H73G76A79 variants have histidine on the N-terminal
side of Ω-loop D (figure 5.1). The percentage solvent exposed surface area for the amino
acids in the wild type protein are: H81, 100%; Pro76, 87%; Lys73, 89.8%; and Lys79,
54.7%. Among these variants, H81 has less effect on the global stability, while the other
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three variants are relatively more destabilized. As the alkaline conformer is stabilized
over the native state, pH jump kinetic studies reactions were not possible for the
A72H73G76 and A72H73G76A79 variants of iso-1-cyt c.

5.4.2 Properties of Previous Histidine Variants in the Ω-Loop D of Iso-1-cyt c

In previous work in our lab with the K73H [23, 61, 100] and H79 [64] variants,
the mutation site was on the N-terminal side of the native Met80 ligand. In these variants,
lysine at positions 73 and 79 (native ligands replacing Met80 in the alkaline
conformational transition) were replaced by histidines. Studies with these K73H and H79
variants showed that though both variants had similar stability, the His79–heme alkaline
conformer was more stable than the His73-heme alkaline conformer. Kinetic studies
showed that the rate of formation of the His-heme alkaline conformer (kf) is the same for
both variants (3.3 ± 0.2 s-1 for the H79 variant [64] and 3.5 ± 0.2 s-1 for the K73H variant
[61]). However the back rate of formation of the native conformer (Met80-heme ligation,

kb) is 10 times slower for the H79 (0.7 ± 0.1 s-1) [64] than for the K73H variant (7.0 ± 0.4
s-1) [61]. These studies suggested that the K79H mutation acts primarily by stabilization
of the alkaline state and not destabilization of the native state.
Another striking difference between the K73H and H79 variants is the overall
kinetic behavior over the pH range 5 to 10. With His73, an inverted bell shaped curve is
seen for kobs versus pH. kobs decreases from pH 5 to 6, is constant from pH 6 to 8 and
again increases from pH 8 to 10. On the other hand the H79 variant has a bell or a dome
shaped curve for kobs versus pH, where an increase in kobs is seen from pH 5 to 7.5,
reaching its maximum at pH 8 followed by a decrease from pH 8.4 to 10. Curve fitting
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for both variants gave pKHL consistent with the His (6.75 ± 0.04 for H79 [64] and 6.4 ±
0.5 for K73H [61]) as the ionizable group triggering the alkaline conformational
transition associated with the fast phase. Both variants also showed the presence of an
auxiliary ionizable group with pKa ~9. The K73H variant data requires the presence of a
third ionizable group with an ionization constant of ~5.5 which affects the kinetics. The
latter ionizable group is not observed for the H79 variant.
The amplitude associated with the fast phase for the K73H and H79 variants also
showed a difference in behavior as a function of pH. For the K73H variant, an increase in
amplitude was observed from pH 5 to 8. The amplitude then remained constant up to
pH10. While for the H79 variant, amplitude data as a function of pH showed an increase
from pH 5 to pH 8 and followed by a decrease up to pH 10. Curve fitting of the amplitude
data for both the K73H and H79 variants yielded similar values of pKHL (6.8 ± 0.2 for
H79 [64] and 7.2 ± 0.1 for K73H [61]) consistent with the thermodynamic data and
suggestive of His as the primary ionizable group triggering the conformation changes.

5.4.3 Comparison of the Thermodynamics and pH Jump Kinetic Studies of the H81
and A72H76 Variants to the K73H and H79 Variants

The histidine in the H81 variant is on the opposite side of the Met80 heme ligand
compared to the histidines in the A72H76, K73H and H79 variants. The H81 variant has
comparable stability to the K73H and H79 variants while the A72H76 variant is the least
stable variant. pH dependent stability studies provides a pKC (equilibrium for
conformation change) for the His-heme alkaline conformer of 0.85 ± 0.17 for H81 as
compared to -0.63 to -1.2 for the H79 variant [64] and 0.28 ± 0.01 for the K73H variant
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[23]. This supports partial unfolding studies by gdnHCl which also show His-heme
binding to be less favorable for the H81 variant as compared to the K73H and H79
variants. The surprising point from the thermodynamics of partial unfolding is that
positions 79 and 81 are just one amino acid from Met80 and yet one position stabilizes
His-heme ligation and the other does not. Interestingly a F82H variant of iso-1-cyt c
strongly favors His82 binding to heme [177, 178]. A monophasic pH-titration curve is
obtained for the A72H76 variant, associated with a pKa(app) of 6.34 consistent with Hisheme ligation at relatively low pH. This observation suggests high favorability for His76
binding to the heme, although an exact pKC cannot be obtained from the monophasic
transition from the A72H76 native state. Previous studies with a P76A variant [179] and
also in the present study with mutation of Pro76 to Gly also large decreases in the
stability of the native state relative to alkaline conformers. Thus, based on these
thermodynamic studies, we can say that the effect of the amino acid position in the loop
position on stability towards alkaline isomerization cannot be predicted readily.
Qualitatively, kinetics for both H81 and A72H76 resemble the behavior of the
H79 variant rather than the K73H variant. The kinetics for A72H76 variant is simpler.
The kobs and amplitude data fit well to a double ionization mechanism scheme as for the
H79 variant. Both proteins show the presence of two ionization constants of ~6.5 and 9
that affect the alkaline transition. The third ionization constant near a pKa of 5.5 is
missing. Also, the forward rate for formation of the His76-heme conformer is two times
faster and the back rate for formation of native state is four times faster as compared to
the H79 variant. Interestingly, this is consistent with the result observed for the AcH73
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versus the K73H variant. Again, the less stable variant has faster kinetics for
interconversion between the native and partially unfolded states.
The slow phase for the A72H76 variant has a back reaction that occurs at a
similar rate as compared to the H79 variant but the forward rate is faster by 5-fold. This
result suggests that at higher pH the lysine-heme alkaline state is stabilized and favored
much more over the native state for the A72H76 variant. Despite these similarities
between the A72H76 and H79 variants, some phenomenal differences were also
observed. The presence of three distinct intermediate states from the upward pH jump
kinetics in different pH regions and one intermediate phase for downward pH jump
kinetics were observed with the A72H76 variant, while no such intermediate phases were
observed with the H79 variant in pH jump studies.
The kinetics of the H81 variant, showed complex behavior as compared to the
H79 and A72H76 variants. The kobs for the fast phase decreases, while the amplitude
continually increases. A closer look at the intermediate phase suggests that it might be
affecting the amplitude of the fast phase, as the rate constant for the fast phase and the
intermediate phase approach each other closer near pH 10. Like the A72H76 variant, the
H81 variant also showed two intermediate phases for upward pH jumps and one
intermediate phase for the downward pH jump kinetics. The slow phase is simple and
similar to the H79 variant. The kf and kb from the slow phase for the H81 variant are
slightly higher but of the same magnitude as that of the H79 variant. These studies
suggest that solvent exposed side chains in the loop at different positions affect the
dynamics of the proteins distinctly.
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5.4.4 Comparison of the Conformationally Gated ET Kinetics of the H81 and A72H76
Variants

ET reactions have been used in our lab to resolve the microscopic rate constants,
especially for the histidine–heme alkaline transitions as discussed in Chapters 2, 3, and 4
and also in ref [24, 64, 73, 81]. For the present study, along with the ruthenium complex,
a6Ru2+, ET studies were also carried out with a cobalt complex, [Co(terpy)2]2+, to attempt
to probe slower conformational dynamics. The kET for a6Ru2+ with cyt c is ~5.0 x104 M1 -1

s (see Chapter 2-4) and that for [Co(terpy)2]2+ is expected to be ~1.0 x103 M-1s-1 [180].

Thus, an order of magnitude difference in kET will be observed for the reaction of cyt c
with a6Ru2+ versus [Co(terpy)2]2+. The expectation with slower ET kinetics was that we
could resolve much slower kMH3 rate constants directly from ET studies (see Chapter 2)
[61]. The kET obtained for the H81 variant reaction with [Co(terpy)2]2+ is indeed smaller
by an of order magnitude compared to that with a6Ru2+ (Table 5.8). Unfortunately, kobs
for direct ET and for the conformational gated ET rate constant, kHM3, are close enough in
magnitude that they are difficult to resolve.
For the H81 variant, the intermediate phase is constant up to 6 mM with a6Ru2+.
This phase is assigned to kHM3, as the conformation change is independent of reagent
concentration. The average of this intermediate phase from 0.7 to 6.1 mM [a6Ru2+], kHM3
= 3.33 ± 0.05 s-1. The value for kMH3 cannot be obtained from the ET data for the
intermediate phase, as the saturation level was seen even for the lowest concentration of
the a6Ru2+ reagent used for these studies. The value for kMH3 can be calculated by
subtracting kHM3 from kobs (average of kobs at pH 7.4 and 7.6, obtained from pH jump data
as given in Table D1, Appendix D) yielding kMH3 = 0.8 sec-1 (Table 5.9).
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For the A72H76 variant, kHM3 and kMH3 were determined directly from fitting the
intermediate phase to eq 3.6 from Chapter 3 as shown in figure 5.22 and Tables 5.8 and
5.9. The sum of these rate constants (11.1 s-1) is near to the kobs at pH 7.6 (10.7 s-1) in pH
jump studies. The similarity of kMH3 (kf) and kHM3 (kb) obtained from ET studies and pH
jump data for these variants suggests the validity of the kinetic model used for these
studies.

5.4.5 Comparison of the Conformational ET Gate for Variants of Iso-1cytochrome c

The forward and the backward conformational rates are summarized in Table 5.9.
For comparison, variants are arranged in the ascending order in which they occur in Ωloop D (figure 5.1). At first glance, it looks like that there is a trend of decreasing kHM3 as
the position of the histidine moves from 73 to 81, however the H81 variant breaks this
trend. kMH3 for the K73H and H79 variants is of the same order, kMH3 is fastest for the
A72H76 variant and the H81 variant seems to disfavor the alkaline state. In this case of
the H79 variant, His-heme ligation is more favored due to the smaller structural
disruption involved. The H81 variant which also places histidine next to Met80 (native
ligand) on the other hand, shows very different behavior. This might be associated with
constraints on the amino acid at this position, being highly solvent exposed (Ala 81 in
WT is 100% solvent exposed surface), which may cause more structural disruption than
might be expected based on its position adjacent to Met80.
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Table 5.9. Forward and backward conformational rate constants for variants of iso-1-

cytochrome c obtained on reaction with a6Ru2+ at pH 7.5 (10 mM NaH2PO4 buffer 0.1 M
NaCl) and 25 ºC.
Variants
K73H

a

kHM3, s-1
7.0 ± 0.2

kMH3, s-1 a
b

3.5 ± 0.2

A72H76

4.30 ± 0.01 c

6.80 ± 0.07 c

H79

0.63 ± 0.02 d

2.80 ± 0.02

H81

e

0.80 ± 0.05

3.30 ± 0.05

Unless otherwise indicated these values are calculated by subtracting kHM3 from kobs, which is the

average value of kobs from pH 7.4 and 7.6 in pH jump data.
b

This value is the average of the slow phase from ET data ref [73].

c

These values are directly obtained from ET data for the A72H76 variant.

d

This value is the average of the slow ET phase from ref [64].

e

This values is directly obtained from ET data for the H81 variant.

Previous work from our lab has shown that the His73-heme ET gate operates on a
~143 ms [73] and the His79-heme ET gate on a ~1.58 s [64] time scale near physiological
pH. Present work with the A72H76 variant shows that the His76-heme ET gate operates
on a ~233 ms and for the H81 variant, His81-heme ET gate operates on a ~ 307 ms time
scale, i.e., in between the K73H and H79 variants. Lysine-heme ET gates operate on a
15-30 s time scale [81]. This suggests that we can significantly modulate the rate of the
His-heme ET gate near physiological pH by changing the position of the histidine ligand
in Ω-loop D used in the alkaline state.
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Figure 5.26 Summary of the ET Gate lifetimes at pH 7.5 for the variants of iso-1-cytochrome c.

Based on these thermodynamic and kinetic studies for the H81, A72H76, H79 and
K73H variants, the effects on the energy landscapes of this conformational change can be
summarized in figure 3.27:
Transition State

A72H76 ΔGu= 3 kcal/mol

ΔG

H81 ΔGNI = 1.2 kcal/mol
K73H ΔGNI = 0.4 kcal/mol
A72H76 ΔGNI = -0.3 kcal/mol

K73H ΔGu= 4.3 kcal/mol
H79 ΔGu= 4.4 kcal/mol

H79 ΔGNI = -2/-1 kcal/mol

Native state
H81
ΔGu= 4.9 kcal/mol

His-heme alkaline Conformer
Intermediate state

Figure 5.27 Summary of the energy states (native and intermediate) for the variants of iso-1cytochrome c based on the thermodynamic and kinetic studies at pH 7.5.
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5.5 Conclusions

We have demonstrated that histidine position in Ω-loop D significantly affects the
alkaline transition. The histidine-heme alkaline conformer is destabilized for the H81
variant, while it is stabilized for the A72H76 variant. The alkaline conformation
stabilization appears to be even greater for A72H73G76 and A72H73G76A79 variants.
As a result thermodynamic and kinetic studies were not possible with them. The A72H76
variant shows the presence of two ionizable groups participating in the alkaline transition
similar to what is seen with the His79 variant, while the kinetics are more complex for
H81. The similarity of the rate constants obtained from pH jump data and ET data
suggests the validity of the kinetic model used for these studies. Conformationally gated
ET kinetics were fast with a6Ru2+ complex, such that rate of loss of the native conformer
(kf or kMH3) could only be followed with the A72H76 variant. With [Co(terpy)2]2+ the
kinetics were so slow that it was difficult to resolve direct ET rates from the rate of the
conformational changes. This indicates that an inorganic reagent with kET in between the
rate constant of a6Ru2+ and [Co(terpy)2]2+ will be helpful to get direct information on kMH3
(kf) from ET studies. The current study also shows that by modulating the nature and
position of the alternate ligand in Ω-loop D of iso-1-cytochrome c, the thermodynamic
and kinetic properties can be tuned at physiological pH and provide ET gates with
variable rates.

187

CHAPTER 6
CONFORMATIONALLY GATED ELECTRON TRANSFER
STUDIES BY FLASH PHOTOLYSIS
6.1 Introduction

So far in the previous chapters the focus was mainly on intermolecular electron
transfer (ET) reactions, in which the ET takes place between two molecules not
connected by any linkage or bridge (i.e. reaction between iso-1-cyt c and
hexaamineruthenium(II) chloride or the cobalt terpyridine complex). In the present
Chapter emphasis is on intramolecular ET reactions, where a semisynthetic approach is
used, as described previously [181, 182]. In this approach, redox-active inorganic
reagents are bound covalently to specific residues in the polypeptide chain of a
structurally well-characterized ET metalloprotein [181].
As mentioned in chapter 1, equation 1.1, the rate of electron transfer (kET)
depends on HAB, the electronic coupling between the donor and the acceptor at the
transition state [65]. This term mainly depends on the distance between the donor and the
acceptor [67]. It has been demonstrated that intramolecular rates of electron transfer can
be significantly altered when donor and acceptor are separated by different peptide units
[183]. It is also known that the secondary structure (α-helix, β sheet) content of a protein
and its tertiary structure defines the distance dependence of electronic coupling in a
protein [184]. Depending on the coupling distance from the heme center (redox center),
different sites in cytochrome c have been characterized as hot spots (represents strong
coupling to heme), cold spots (weak coupling with heme) and average spots as shown in
figure 6.1 [184].
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Figure 6.1 Figure of cytochrome c showing the extent of the electronic coupling with the heme
center (red color represents a hot spot of strong coupling, green an average spot and blue a cold
spot, or weak coupling). The mutations designed for this project are represented with the position
number in a square {47 and 73 in an average spot (green color), and 50 in a hot spot (red color)}.
This figure is modified from ref [184].

Cytochrome c has been used by various groups for the semisynthetic approach to
understand the role of redox-site separation distance on metalloprotein electron-transfer
rates, using pulse radiolysis [183] and flash photolysis [181, 182]. Various ruthenium
compounds have been used in these studies because of the kinetic inertness of Ru(II), its
selectivity for binding to nitrogen and sulfur ligands and also the ease of characterization
with NMR and other physical techniques. These studies have shown selective binding of
a pentaammineruthenium(II) moiety (a5Ru2+) to His33 in horse cyt c. The reduction of
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this protein complex was initiated by excitation of Ru(bpy)32+ (bpy = 2,2’-bipyridine) as
shown in figure 6.2. The main features of these studies are: oxidized cyt c (PFeIII)
covalently bound to a5Ru3+ (PFeIII-RuIII) is three times faster quencher for Ru2+(bpy)3*
than PFeIII; electron transfer from PFeIII-RuII to PFeIII heme center is slower than the
back ET reaction to Ru3+(bpy)3, thus, to prevent this back reaction EDTA was used as a
scavenger for Ru3+(bpy)3; PFeIII-RuII is formed in five fold excess compared to the
thermodynamic product PFeII-RuIII. PFeIII-RuII→ PFeII-RuIII is independent of protein
concentration suggesting a simple intramolecular ET reaction [181].
a5Ru3+ His33

3+
Fe

hv

-

e

2+

a5Ru

eHis33

3+
Fe

a5Ru3+ His33

Figure

6.2

Reaction

Ru2+(bpy)3*

Ru2+(bpy)3

scheme

for

2+
Fe

intramolecular

ET

using

Ru(bpy)32+

pentaammineruthenium(III) complexed with cytochrome c. Based on ref [181, 182].
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and

It was also indicated that the redox potential of the heme center in PFeIII-RuIII will
be perturbed upon the loss of the native state Met80-heme coordination, with the
possibility of PFeII-RuIII being both the thermodynamic and kinetic product. Lysines at
positions 73 and 79 are known to replace Met80-heme ligation at alkaline pH [48, 60].
The decrease in the reduction potential for iso-1cyt c has been reported from pH 5 (290
mV) to pH 10.03 (230 mV) [48].
With the incorporation of the above mentioned ideas, a series of mutants i.e.,
AcH50, AcH50H73, AcH47, AcH47H73 have been designed to develop a photoinducible gated ET reaction. The base template for all these variants (AcTM) lacks
surface histidines at position 26, 33 and 39 and the N terminal amino group is acetylated.
Thus selective binding of an a5Ru2+ moiety to iso-1-cyt c at the desired position (His 47
or 50) can be achieved. Aspartate is present at position 50 (hot spot), serine is present at
position 47 (average spot) and a position 73 ligand will provide a conformational
switching mechanism.
In our lab lysine at position 73 has been mutated to histidine [100] to populate a
His-heme conformer near physiological pH. This serves as the intermediate state before
lysine heme ligation is attained under more alkaline conditions [61, 100]. With the use of
the above mentioned variants, the flash photolysis technique can be used along with the
semisynthetic approach to study photo-inducible gated ET. We expect that ET from the
a5Ru2+-modified histidine to the heme will only be possible from the native conformer.
Thus, ET from the His73-heme conformer will be conformationally gated (see figure
6.3).
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LysH +79 Met80
+

HisH 73

kf

Met80
Fe

His73
Fe

kb

His18

His18

LysH +79 Met80
HisH +73
ea5Ru His 47

e

Met80
a5Ru His 47

Fe

His18

-

His73
Fe

His18

Figure 6.3 Representative figures showing the reaction scheme of intramolecular ET reaction
during the alkaline conformational transition (kf and kb are the conformational rate constant).

6.2 Materials and Methods
6.2.1 Preparation of the Variants.

Preparation in Saccharomyces cerevisiae (yeast)
The AcH47 (S47H), AcH50 (D50H), AcH47H73 (S47H, K73H) and AcH50H73
(D50H, K73H) variants were prepared by the unique restriction site elimination, site
directed mutagenesis method [82] using the pRS/C7.8 phagemid vector as described
previously [84]. AcTM ssDNA was used for preparation of the AcH47 and AcH50
variants, while AcH73 ssDNA template was used for the preparation of the AcH47H73
and AcH50H73 variants. For preparation of AcH73 variant K73H mutation was
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introduced to AcTm ssDNA template using the method mentioned above. Single stranded
DNA was prepared from TG-1 Escherichia coli cells with the R408 helper phage [171],
using the phenol extraction method [172] as described previously in Chapter 5, Materials
and Methods, section 5.2.1. The selection primers used for preparation of the AcH73,
AcH47 and AcH50 variants was SacI-II+, as described in Materials and Methods, section
2.2.1 of Chapter 2. The mutagenic oligonucleotide primers Table 6.1 were purchased
from Biosynthesis, Inc for D50H, and from Qiagen for the S47H and K73H primers.
Sequence analysis, phagemid DNA preparation, transformation into the GM-3C-2
strain, growth isolation and purification of the variant proteins was done as described in
Chapter 2 Materials and Methods section 2.2.1. Because of the low yield, multiple peaks
in HPLC and low stability of these variants, the same set of variants was prepared in an E

coli expression plasmid.

Preparation in E coli
Lysine 72 was first mutated to alanine by the unique restriction site elimination
site directed mutagenesis method as described in Chapter 5, Materials and Methods
section 5.2.1. EcoRV-AatII+ is used as the selection primer for this mutation. The vector
used was pRbs-BTR1 carrying the TM variant (native His 26, 33 and 39 mutated to Asn,
Asn and Gln) and the canonical AT rich ribosomal binding site. This vector is similar to
the pBTR1 vector described in Materials and Methods, section 5.2.1 of Chapter 5 but
short produces higher yields of cytochrome c [185, 186]. K72A ssDNA was used for the
preparation of the H47A72 (S47H, K72A) and H50A72 (D50H, K72A) variants. The
mutagenic primers used for these preparations are shown in Table 6.1. and the procedure
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used for mutagenesis is the unique restriction site elimination method. For the
H47A72H73 and A50A72H73 variants, ssDNA was prepared from the H47A72 and
H50A72 variants by the procedure described in Chapter 5. These variants were expressed
and isolated from BL21-DE3 Escherichia coli cells (Novagen) using the pRbs-BTR1
vector as described previously [21]. Purification and concentration determination was
done as described in Chapter 2, Materials and Methods, section 2.2.2.

Table 6.1. Oligonucleotide primers used for site directed mutagenesis.

Mutants

Oligonucleotide primers from 5’-3’

K73H

d(CAGGAATATAGTGCTTTGGGTTA)

S47H

d(GCATCTGTGTAGTGATACCCTTCAG)

D50H

d(GATATTGGCATGTGTGTACGAATAC)

K72A

d(CAGGAATATATTTGGCTGGGTTAGT)

H73A72

d(AGGAATATAGTGGGCTGGGTTAGTC)

Anti-codons underlined are for the mutation of the specific site.

6.2.2 Molecular Weight Determination by MALDI-TOF Mass Spectroscopy.

Molecular weight was determined for all the variants as described previously in
Materials and Methods, section 2.2.2 and 3.2.2 of Chapters 2 and 3. The main peak gave
m/z for all variants as shown in Table 6.2 (average and standard deviation of two
independent spectra), which are consistent with the expected molecular mass of each
variant. All experiments were carried out with this material for AcH47. For AcH50 six
peaks were obtained from HPLC, out of which the m/z for the main peak is given in
Table 6.2. No experiments were done with this protein.
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Table 6.2. Calculated and determined m/z for the main peak from HPLC.

Variants

Expected Mass (g/mol)

M/z from MALDI

AcH47

12702.29

12703 ± 1

AcH50

12674.28

12662.6 ± 2.2

6.2.3 Oxidation of Protein.

Protein was oxidized and separated from oxidizing agent as described previously
in Chapter 2. The concentration and degree of oxidation of the protein were determined,
as described previously in Materials and Methods, section 2.2.2 of Chapter 2.

6.2.4 GdnHCl Denaturation Monitored by Circular Dichroism Spectroscopy.

Global stability of the protein was determined in the same manner as described
previously in Materials and Methods, section 2.2.4 of Chapter 2.

6.3 Results and Discussions
6.3.1 Global Unfolding by GdnHCl Denaturation.

The stability of each of these variants was determined by the guanidine HCl
denaturation method assuming a two state unfolding transition as described previously.
The denaturation curves for these variants are shown in figures 6.4 and 6.5. The
thermodynamic parameters for each of the variants are collected in Table 6.2.
The AcH47 variant shows low stability and the m-value is smaller to that of the
AcTM variant. The same variant when expressed in E coli is more stable but has a similar

m-value as shown in Table 6.3. The main difference between these two variants is
acetylation of the N terminal amino group in AcH47 and mutation of lysine at position 72
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to alanine in H47H72 which should have minor effects on stability and yet they differ
dramatically. Interestingly replacement of Lysine at position 73 by histidine in the same
variant i.e. H47A72H73 decreases its stability and lowers the m-value suggesting that
unfolding occurs from a partially unfolded state as for K73H variants discussed in earlier
Chapters.

Figure 6.4 Plot of ellipticity observed at 222 nm as a function of gdnHCl concentration for the
AcH47 (pink circles), H47A72 (cyan circles) and H47A72H73 (blue circles) variants of iso-1cytochrome c. Data were acquired at 25 ºC in 20 mM Tris, pH 7.5, 40 mM NaCl and at 4 μM
protein concentration. The solid curve is a fit of the data to eq 2.1 in Materials and Methods,
section 2.2.4 of Chapter 2.

The gdnHCl denaturation curves of the variants involving mutation at position 50
are shown in figure 6.5. The native state in AcH50H73 variant from yeast has the lowest
ΔGuº and m-value as shown in Table 6.3. Its ΔGuº and m-value are half that of AcH73
variant suggesting a strong destabilizing effect of the mutation at position 50 from

196

aspartate to histidine. The H50A72H73 variant expressed in E coli shows improved
stability and a higher m-value than for the AcH50H73 variant. H50A72H73 seems to be
more stable than H47A72H73 but with a comparable m-value. H50A72 is less stable than
the TM variant but more stable than H50A72H73 variant. The m-value is similar to that
of the TM variant.

Figure 6.5 Plot of ellipticity observed at 222 nm as a function of gdnHCl concentration for the
AcH50H73 (green circles), H50A72 (purple circles) and H50A72H73 (dark pink circles) variants
of iso-1-cytochrome c. Data were acquired at 25 ºC in 20 mM Tris, pH 7.5, 40 mM NaCl and at 4
μM protein concentration. The solid curve is a fit of the data to eq 2.1 in Materials and Methods,
section 2.2.4 of Chapter 2.
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Table 6.3. Thermodynamic parameters for gdnHCl unfolding of variants of iso-1-cyt c

monitored by ellipticity at 222 nm at pH 7.5.
Variants

ΔGuº(H2O)(kcal/mol)

m (kcal / mol·M)

Cm (M)

AcH47*

2.21 ± 0.11

4.22 ± 0.31

0.51 ± 0.01

H47A72

4.32 ± 0.09

4.58 ± 0.11

1.06 ± 0.02

H47A72H73

2.01 ± 0.08

3.68 ± 0.27

0.53 ± 0.03

AcH50H73*

0.95 ± 0.03

1.83 ± 0.16

0.52 ± 0.03

H50A72

3.16 ± 0.29

4.03 ± 0.26

1.27 ± 0.04

H50A72H73

2.95 ± 0.30

3.84 ± 0.33

1.30 ± 0.02

AcTm a

3.93 ± 0.15

3.71 ± 0.18

1.06 ± 0.04

AcH73 b

2.02 ± 0.15

2.68 ± 0.21

0.75 ± 0.05

Tm c

4.02 ± 0.17

3.99 ± 0.17

1.008 ± 0.0003

*These variants are expressed in Yeast.
a

This value is taken from ref [75].

b

This value is taken from ref [24].

c

This value is taken from ref [175].

6.4 Conclusions

The results of this chapter are preliminary, providing data for the global stability
of the variants expressed in yeast and bacteria. The lower value of ΔGuº(H2O) and the mvalue suggests that the native state is destabilized in these variants, which significantly
affected the functionality of iso-1-cyt c, so much so that they could not be expressed in
yeast. In most of these variants partially unfolded states seems to be more unfolded
(lower m-value for global unfolding) with the exception of the H47A72 and H50A72
variants, suggesting that His at position 73 is populating a partially unfolded form.
Preliminary electron transfer experiments were carried out using Ru(bpy)32+ and
the wild type and AcH47 variants of iso-1cytochrome c. EDTA was used as quencher and
the change in absorbance at 550 nm was monitored by flash photolysis as described in
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references [181, 182]. No success was obtained with initial trials in this experiment as no
change in the absorbance signal was observed.
Future work for this project will involve basic thermodynamic and kinetic
experiments as described in earlier chapters for the characterization of the variants of iso1-cyt c mentioned in this chapter. For the intramolecular ET reactions the binding of
a5Ru2+ moiety to the iso-1-cyt c variant has to be optimized before actual flash photolysis
experiments can be carried out.
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APPENDICES
A. Tables of Rate Constants and Amplitudes for the K79H Variant
Parameters in 0.1 M NaCl and at 25 oC.
Table A1. kobs average data for fast kinetic phase from upward pH jumps experiments.a,b

a

pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

5.6

1.0 ± 0.3

7.6

3.5 ± 0.4

9.6

2.2 ± 0.3

5.8

1.0 ± 0.2

7.8

3.7 ± 0.4

9.8

2.1 ± 0.1

6.0

1.2 ± 0.2

8.0

3.8 ± 0.4

10.0

1.9 ± 0.1

6.2

1.4 ± 0.1

8.2

3.6 ± 0.1

10.2

2.3 ± 0.4

6.4

1.7 ± 0.2

8.4

3.5 ± 0.1

10.4

2.1 ± 0.2

6.6

2.0 ± 0.2

8.6

3.5 ± 0.1

10.6

2.4 ± 0.1

6.8

2.6 ± 0.3

8.8

3.3 ± 0.1

10.8

3.3 ± 0.3

7.0

2.9 ± 0.3

9.0

3.2 ± 0.2

11.0

5.1 ± 1.1

7.2

3.0 ± 0.4

9.2

2.9 ± 0.2

11.2

8.3 ± 1.4

7.4

3.4 ± 0.4

9.4

2.5 ± 0.1

Data from pH 5.6 to 8.0 are the average of three data sets, two with data collected on a 5 s time

scale and one with data collected on a 50 s timescale. From pH 8.2 to 11.2 the data is the average
of two data sets, one with data collected on a 5 s time scale and one with data collected on a 50 s
timescale. Each data set was composed of at least 3 to 5 kinetic traces at each pH.
b

Data collected on a 5 s time scale were fit to a single exponential equation up to pH 8.4 and with

a double exponential equation above that pH. Data collected on a 50 second time were fit to a
single exponential equation up to pH 6.6 and with a double exponential equation above that pH.
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Table A2. kobs average data for slow kinetic phase from upward pH jump experiments.a

a

pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

6.8

0.052 ± 0.016

8.4

0.045 ± 0.003

10.0

0.195 ± 0.008

7.0

0.045 ± 0.023

8.6

0.053 ± 0.004

10.2

0.228 ± 0.005

7.2

0.065 ± 0.038

8.8

0.062 ± 0.003

10.4

0.241 ± 0.005

7.4

0.035 ± 0.009

9.0

0.079 ± 0.007

10.6

0.247 ± 0.003

7.6

0.037 ± 0.006

9.2

0.096 ± 0.007

10.8

0.284 ± 0.006

7.8

0.042 ± 0.009

9.4

0.120 ± 0.008

11.0

0.403 ± 0.011

8.0

0.039 ± 0.002

9.6

0.158 ± 0.013

11.2

0.629 ± 0.017

8.2

0.041 ± 0.003

9.8

0.172 ± 0.003

These values are the average and standard deviation from two independent data sets of pH jump

experiments for data from pH 6.8 to 10.0. Each data set was composed of at least 3 to 5 kinetic
traces at each pH. Above pH 10.0, the values are from a single data set composed of 5 kinetic
traces at each pH.
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Table A3. Amplitude average data for fast kinetic phase from upward pH jumps.a,b

a

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

5.6

0.015 ± 0.003

7.6

0.060 ± 0.003

9.6

0.035 ± 0.001

5.8

0.021 ± 0.002

7.8

0.061 ± 0.002

9.8

0.034 ± 0.002

6.0

0.029 ± 0.005

8.0

0.062 ± 0.004

10.0

0.036 ± 0.002

6.2

0.039 ± 0.005

8.2

0.059 ± 0.001

10.2

0.038 ± 0.004

6.4

0.045 ± 0.004

8.4

0.056 ± 0.001

10.4

0.045 ± 0.003

6.6

0.052 ± 0.004

8.6

0.053 ± 0.001

10.6

0.052 ± 0.002

6.8

0.056 ± 0.004

8.8

0.049 ± 0.001

10.8

0.055 ± 0.003

7.0

0.057 ± 0.003

9.0

0.047 ± 0.001

11.0

0.058 ± 0.003

7.2

0.058 ± 0.004

9.2

0.042 ± 0.001

11.2

0.062 ± 0.007

7.4

0.059 ± 0.003

9.4

0.038 ± 0.001

Data from pH 5.6 to 8.0 are the average of three data sets, two with data collected on a 5 s time

scale and one with data collected on a 50 s timescale. From pH 8.2 to 11.2 the data are the
average of two data sets, one with data collected on a 5 s time scale and one with data collected
on a 50 s timescale. Each data set was composed of at least 3 to 5 kinetic traces at each pH.
b

Data collected on a 5 second time were fit to a single exponential equation up to pH 8.4 and

with a double exponential equation above that pH. Data collected on a 50 second time were fit to
a single exponential equation up to pH 6.6 and with a double exponential equation above that pH.
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Table A4. Amplitude average data for slow kinetic phase from upward pH jump

experiments.a

a

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

6.8

0.0018 ± 0.0005

8.4

0.032 ± 0.002

10.0

0.079 ± 0.003

7.0

0.0028 ± 0.0006

8.6

0.044 ± 0.005

10.2

0.083 ± 0.002

7.2

0.0033 ± 0.0009

8.8

0.051 ± 0.001

10.4

0.084 ± 0.001

7.4

0.0063 ± 0.0008

9.0

0.060 ± 0.002

10.6

0.084 ± 0.002

7.6

0.009 ± 0.002

9.2

0.068 ± 0.002

10.8

0.086 ± 0.001

7.8

0.012 ± 0.002

9.4

0.074 ± 0.002

11.0

0.089 ± 0.001

8.0

0.018 ± 0.002

9.6

0.079 ± 0.002

11.2

0.094 ± 0.003

8.2

0.026 ± 0.002

9.8

0.079 ± 0.002

These values are the average and standard deviation from two independent data sets collected on

a 50 s time scale for data from pH 6.8 to 10.0. Each data set was composed of at least 3 to 5
kinetic traces at each pH. Above pH 10.0, the values are from a single 50 s data set composed of
5 kinetic traces at each pH.
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Table A5. kobs and amplitude average data for fast kinetic phase from downward pH

jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.7 ± 0.1

0.048 ± 0.006

5.2

0.8 ± 0.1

0.041 ± 0.004

5.4

0.9 ± 0.2

0.041 ± 0.005

5.6

1.0 ± 0.2

0.038 ± 0.003

5.8

1.0 ± 0.2

0.034 ± 0.004

6.0

1.3 ± 0.3

0.029 ± 0.004

6.2

1.4 ± 0.4

0.021 ± 0.003

6.4

1.9 ± 0.6

0.016 ± 0.002

6.6
2.1 ± 1.0
0.010 ± 0.002
Data are the average of three data sets, two with data collected on a 5 s time scale and

one with data collected on a 50 s timescale. Each data set was composed of at least 5
kinetic traces at each pH.
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Table A6. kobs and amplitude average data for slow kinetic phase from downward pH

jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.039 ± 0.007

0.014 ± 0.002

5.2

0.036 ± 0.004

0.015 ± 0.002

5.4

0.031 ± 0.003

0.015 ± 0.002

5.6

0.033 ± 0.009

0.013 ± 0.001

5.8

0.034 ± 0.008

0.011 ± 0.002

6.0

0.034 ± 0.003

0.011 ± 0.002

6.2

0.03 ± 0.01

0.009 ± 0.002

6.4

0.03 ± 0.01

0.008 ± 0.003

6.6
0.03 ± 0.01
0.009 ± 0.001
These values are the average and standard deviation from two independent data sets

collected on a 50 s time scale. Each data set was composed of at least 3 to 5 kinetic traces
at each pH.
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B. Tables of Rate Constants and Amplitudes for the AcH73 Variant in
0.1 M NaCl and at 25 oC.
Table B1. kobs data for the fast kinetic phase from upward pH jumps experiments.a,b

a

pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

5.8

36.9 ± 0.8

7.8

32.5 ± 1.0

9.8

46.3 ± 3.6

6.0

39.4 ± 2.2

8.0

33.4 ± 0.7

10.0

47.7 ± 2.8

6.2

39.0 ± 0.8

8.2

37.0 ± 1.1

10.2

49.7 ± 3.2

6.4

38.2 ± 0.7

8.4

36.1 ± 1.8

10.4

52.4 ± 5.2

6.6

37.8 ± 2.1

8.6

36.6 ± 1.5

10.6

44.4 ± 4.8

6.8

39.4 ± 0.9

8.8

39.3 ± 1.6

10.8

37.8 ± 8.9

7.0

33.6 ± 1.6

9.0

41.7 ± 2.9

11.0

22.1 ± 7.2

7.2

35.8 ± 0.8

9.2

42.8 ± 3.7

11.2

20.0 ± 0.2

7.4

34.4 ± 1.1

9.4

44.9 ± 3.3

7.6

34.6 ± 1.1

9.6

47.6 ± 4.1

Data from pH 5.8 to 11.2 are the average of three data sets, two with data collected on a 5 s time

scale and one with data collected on a 50 s timescale. Each data set was composed of at least 5
kinetic traces at each pH.
b

Data collected on a 5 s time scale were fit to a single exponential equation and with a double

exponential equation at each pH. Data collected on a 50 second time were fit to a double
exponential equation at each pH.
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Table B2. kobs data for the slow kinetic phase from upward pH jump experiments.a

a

pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

5.8

0.045 ± 0.008

7.8

0.119 ± 0.001

9.8

0.76 ± 0.01

6.0

0.084 ± 0.008

8.0

0.124 ± 0.002

10.0

0.98 ± 0.02

6.2

0.085 ± 0.007

8.2

0.139 ± 0.008

10.2

1.31 ± 0.02

6.4

0.099 ± 0.009

8.4

0.157 ± 0.001

10.4

2.130 ± 0.003

6.6

0.106 ± 0.004

8.6

0.182 ± 0.002

10.6

3.0 ± 0.1

6.8

0.102 ± 0.010

8.8

0.214 ± 0.001

10.8

4.5 ± 0.4

7.0

0.101 ± 0.003

9.0

0.287 ± 0.001

11.0

5±3

7.2

0.096 ± 0.002

9.2

0.350 ± 0.008

11.2

0.21 ± 0.05

7.4

0.098 ± 0.002

9.4

0.450 ± 0.006

7.6

0.107 ± 0.004

9.6

0.586 ± 0.007

These values are the average and standard deviation from a single data set of pH jump

experiments. Each data set was composed of at least 5 kinetic traces at each pH.

223

Table B3. Amplitude data for the fast kinetic phase from upward pH jump experiments.
a,b

a

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

5.8

0.029 ± 0.006

7.8

0.084 ± 0.004

9.8

0.086 ± 0.003

6.0

0.041 ± 0.001

8.0

0.083 ± 0.001

10.0

0.084 ± 0.003

6.2

0.0470 ± 0.0004

8.2

0.083 ± 0.004

10.2

0.080 ± 0.003

6.4

0.043 ± 0.003

8.4

0.088 ± 0.004

10.4

0.073 ± 0.005

6.6

0.055 ± 0.005

8.6

0.086 ± 0.001

10.6

0.064 ± 0.009

6.8

0.055 ± 0.003

8.8

0.089 ± 0.002

10.8

0.061 ± 0.014

7.0

0.074 ± 0.004

9.0

0.088 ± 0.002

11.0

0.081 ± 0.018

7.2

0.071 ± 0.005

9.2

0.090 ± 0.004

11.2

0.105 ± 0.001

7.4

0.075 ± 0.001

9.4

0.093 ± 0.001

7.6

0.074 ± 0.006

9.6

0.089 ± 0.004

Data from pH 5.8 to 11.2 are the average of three data sets, two with data collected on a 5 s time

scale and one with data collected on a 50 s timescale. Each data set was composed of at least 5
kinetic traces at each pH.
b

Data collected on a 5 s time scale were fit to a single exponential equation and with a double

exponential equation at each pH. Data collected on a 50 second time were fit to a a double
exponential equation at each pH.
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Table B4. Amplitude data for the slow kinetic phase from upward pH jump

experiments.a

a

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

5.8

0.0047 ± 0.0005

7.8

0.0195 ± 0.0003

9.8

0.0744 ± 0.0005

6.0

0.0064 ± 0.0002

8.0

0.0248 ± 0.0002

10.0

0.0741 ± 0.0004

6.2

0.0076 ± 0.0003

8.2

0.0305 ± 0.0002

10.2

0.0722 ± 0.0007

6.4

0.0073 ± 0.0003

8.4

0.0391 ± 0.0007

10.4

0.0695 ± 0.001

6.6

0.0075 ± 0.0007

8.6

0.0461 ± 0.0005

10.6

0.0664 ± 0.001

6.8

0.0086 ± 0.0008

8.8

0.0526 ± 0.0002

10.8

0.0602 ± 0.007

7.0

0.0114 ± 0.0003

9.0

0.0620 ± 0.0002

11.0

0.0340 ± 0.025

7.2

0.0130 ± 0.0003

9.2

0.067 ± 0.001

11.2

0.0038 ± 0.0006

7.4

0.0147 ± 0.0003

9.4

0.0707 ± 0.0005

7.6
0.0171 ± 0.0001
9.6
0.0729 ± 0.0007
These values are the average and standard deviation from a single data set of pH jump

experiments. Each data set was composed of at least 5 kinetic traces at each pH.
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Table B5. kobs and amplitude data for the fast kinetic phase from downward pH jump

experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

33.0 ± 1.5

0.067 ± 0.009

5.2

35.1 ± 1.1

0.060 ± 0.001

5.4

35.6 ± 0.3

0.056 ± 0.001

5.6

35.3 ± 1.6

0.051 ± 0.001

5.8

35.4 ± 4.3

0.040 ± 0.002

6.0

33.9 ± 1.3

0.035 ± 0.005

6.2

36.0 ± 1.6

0.027 ± 0.001

6.4
35.0 ± 1.0
0.019 ± 0.001
Data are the average of three data sets, two with data collected on a 5 s time scale and

one with data collected on a 50 s timescale. Each data set was composed of at least 5
kinetic traces at each pH.
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Table B6. kobs and amplitude data for the slow kinetic phase from downward pH jump

experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.113 ± 0.002

0.0270 ± 0.0004

5.2

0.115 ± 0.001

0.0260 ± 0.0003

5.4

0.112 ± 0.001

0.0240 ± 0.0006

5.6

0.115 ± 0.002

0.0210 ± 0.0003

5.8

0.116 ± 0.003

0.0180 ± 0.0005

6.0

0.107 ± 0.013

0.0130 ± 0.0007

6.2

0.106 ± 0.015

0.0110 ± 0.0003

6.4

0.103 ± 0.021

0.0007 ± 0.0007

These values are the average and standard deviation from a single data set of pH jump

experiments. Each data set was composed of at least 5 kinetic traces at each pH.
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Table B7. Fast rate constant, k1, and its amplitude for the reduction of AcH73 iso-1-

cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four exponential fits to the
data in figure 3.11.
pH

[a6Ru2+], mM

kobs, s-1

Amplitude

5.0

0.5 ± 0.1
1.2 ± 0.1
1.5 ± 0.1
3.6 ± 0.4
9.0 ± 0.4
20.4 ± 0.8

60 ± 3
102 ± 2
132 ± 5
271 ± 22
619 ± 50
1215 ± 346

0.015 ± 0.002
0.030 ± 0.001
0.0312 ± 0.0010
0.0286 ± 0.0004
0.0225 ± 0.0010
0.0148 ± 0.0050

5.5

0.7 ± 0.1
1.1 ± 0.1
2.1 ± 0.1
4.2 ± 0.2
8.7 ± 0.3
17.5 ± 0.7

63.4 ± 4
102 ± 2
175 ± 3
298 ± 11
587 ± 42
1280 ± 152

0.0130 ± 0.0008
0.0233 ± 0.0007
0.0262 ± 0.0002
0.0251 ± 0.0006
0.0221 ± 0.0010
0.0182 ± 0.0030

6.0

0.6 ± 0.1
1.1 ± 0.1
2.5 ± 0.1
5.3 ± 0.1
8.3 ± 0.3
18.4 ± 0.4

69 ± 4
99 ± 7
192 ± 12
357 ± 20
568 ± 41
1284 ± 390

0.0107 ± 0.0007
0.0174 ± 0.0009
0.0235 ± 0.0040
0.0195 ± 0.0003
0.0177 ± 0.0010
0.0154 ± 0.0080

6.5

0.52 ± 0.02
1.02 ± 0.03
2.0 ± 0.1
4.4 ± 0.2
9.1 ± 0.3
19.1 ± 0.9

69 ± 2
99 ± 2
168 ± 6
299 ± 12
592 ± 52
1037 ± 273

0.0114 ± 0.0003
0.0162 ± 0.0002
0.0188 ± 0.0003
0.0181 ± 0.0005
0.0155 ± 0.0010
0.0107 ± 0.0030

7.0

0.54 ± 0.02
1.30 ± 0.04
2.4 ± 0.2
5.4 ± 0.4
10.4 ± 0.3
19.8 ± 0.6

69 ± 6
113 ± 3
206 ± 9
382 ± 24
742 ± 35
1497 ± 428

0.0870 ± 0.0002
0.0127 ± 0.0002
0.0145 ± 0.0004
0.0132 ± 0.0004
0.0123 ± 0.0010
0.0101 ± 0.0050

7.5

0.37 ± 0.04
0.77 ± 0.06
1.62 ± 0.04
2.8 ± 0.2
5.4 ± 0.1
9.6 ± 0.3
27 ± 1

34 ± 11
68 ± 8
125 ± 8
201 ± 3
339 ± 25
509 ± 77
1765 ± 137

0.0038 ± 0.0008
0.0069 ± 0.0008
0.0161 ± 0.0100
0.0116 ± 0.0002
0.0119 ± 0.0003
0.0100 ± 0.0007
0.0058 ± 0.0010
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a

8.0

0.61 ± 0.04
1.17 ± 0.03
2.3 ± 0.1
5.0 ± 0.1
9.9 ± 0.3
20.9 ± 0.6

67 ± 9
106 ± 5
175 ± 14
312 ± 88
521 ± 184
1175 ± 480

0.0040 ± 0.0002
0.006 ± 0.001
0.007 ± 0.001
0.007 ± 0.001
0.006 ± 0.001
0.002 ± 0.002

8.5

0.57 ± 0.03
0.92 ± 0.11
1.6 ± 0.1
4.0 ± 0.1
8.4 ± 0.3
18.2 ± 0.5

61 ± 5
96 ± 10
126 ± 8
259 ± 27
489 ± 86
1555 ± 127a

0.0037 ± 0.0002
0.0052 ± 0.0002
0.0057 ± 0.0004
0.0058 ± 0.0002
0.005 ± 0.001
0.007 ± 0.010 a

9.0

0.53 ± 0.03
1.07 ± 0.03
2.4 ± 0.1
5.1 ± 0.1
10.0 ± 0.3
20.5 ± 0.5

71 ± 13
80 ± 13
189 ± 26
277 ± 64
500 ± 6
1511 ± 555a

0.0020 ± 0.0002
0.0029 ± 0.0001
0.0033 ± 0.0001
0.0031 ± 0.0003
0.003 ± 0.002
0.0012 ± 0.0007 a

This rate constant value is taken from one trial of experiment as values from the other trials

showed variation due to very less amplitude at highest concentration of a6Ru2+.
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Table B8. First intermediate rate constant, k2, and its amplitude for the reduction of

AcH73 iso-1-cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four
exponential fits to the data in figure 3.11.
pH

[a6Ru2+], mM

kobs, s-1

Amplitude

5.0

0.5 ± 0.1
1.2 ± 0.1
1.5 ± 0.1
3.6 ± 0.4
9.0 ± 0.4
20.4 ± 0.8

21.0 ± 0.3
26 ± 1
26 ± 1
28 ± 2
31 ± 1
27 ± 1

0.0456 ± 0.0020
0.0265 ± 0.0010
0.0234 ± 0.0010
0.0193 ± 0.0010
0.0173 ± 0.0004
0.0166 ± 0.0004

5.5

0.7 ± 0.1
1.1 ± 0.1
2.1 ± 0.1
4.2 ± 0.2
8.7 ± 0.3
17.5 ± 0.7

18 ± 0.2
23.0 ± 0.5
23.0 ± 0.5
25.4 ± 0.2
24 ± 1
12 ± 1

0.0454 ± 0.0009
0.0333 ± 0.0008
0.0268 ± 0.0003
0.0237 ± 0.0006
0.0227 ± 0.0004
0.0199 ± 0.001

6.0

0.6 ± 0.1
1.1 ± 0.1
2.5 ± 0.1
5.3 ± 0.1
8.3 ± 0.3
18.4 ± 0.4

15 ± 0.4
19 ± 1
21 ± 1
22.0 ± 0.4
21 ± 1
22.0 ± 0.3

0.0431 ± 0.0006
0.0348 ± 0.0010
0.0277 ± 0.0007
0.0245 ± 0.0005
0.0243 ± 0.0006
0.0234 ± 0.0005

6.5

0.52 ± 0.02
1.02 ± 0.03
2.0 ± 0.1
4.4 ± 0.2
9.1 ± 0.3
19.1 ± 0.9

12.0 ± 0.1
14.0 ± 0.2
16.0 ± 0.4
17.4 ± 0.1
18.2 ± 0.2
15.0 ± 0.4

0.0444 ± 0.0010
0.0386 ± 0.0005
0.0333 ± 0.0002
0.0302 ± 0.0006
0.0288 ± 0.0004
0.0286 ± 0.0005

7.0

0.54 ± 0.02
1.30 ± 0.04
2.4 ± 0.2
5.4 ± 0.4
10.4 ± 0.3
19.8 ± 0.6

9.5 ± 0.1
12.1 ± 0.1
14.0 ± 0.3
14.5 ± 0.3
15 ± 1
15.0 ± 1.3

0.0467 ± 0.0009
0.0412 ± 0.0003
0.0368 ± 0.0004
0.0354 ± 0.0007
0.0356 ± 0.0010
0.0378 ± 0.0020

7.5

0.37 ± 0.04
0.77 ± 0.06
1.62 ± 0.04
2.8 ± 0.2
5.4 ± 0.1
9.6 ± 0.3
27 ± 1

5.6 ± 0.4
8.6 ± 0.5
11.0± 0.4
12.0 ± 0.1
13.0 ± 0.6
13.1 ± 0.6
14.1 ± 0.7

0.0420 ± 0.0050
0.0410 ± 0.0010
0.0375 ± 0.0003
0.0352 ± 0.0003
0.0341 ± 0.0010
0.0337 ± 0.0010
0.0343 ± 0.0020
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8.0

0.61 ± 0.04
1.17 ± 0.03
2.3 ± 0.1
5.0 ± 0.1
9.9 ± 0.3
20.9 ± 0.6

7.4 ± 0.1
9.0 ± 0.3
11.0 ± 0.6
11.7 ± 0.5
12.4 ± 0.6
13.0 ± 0.5

0.0324 ± 0.0006
0.0298 ± 0.0004
0.0276 ± 0.0002
0.0269 ± 0.0003
0.0268 ± 0.0005
0.0269 ± 0.0010

8.5

0.57 ± 0.03
0.92 ± 0.11
1.6 ± 0.1
4.0 ± 0.1
8.4 ± 0.3
18.2 ± 0.5

7.0 ± 0.1
9.9 ± 0.2
10.0 ± 0.2
11.0 ± 0.3
12.0 ± 0.2
12.0 ± 0.5

0.0294 ± 0.0003
0.0269 ± 0.0005
0.0255 ± 0.0002
0.0241 ± 0.0003
0.0233 ± 0.0003
0.0215 ± 0.0005

9.0

0.53 ± 0.03
1.07 ± 0.03
2.4 ± 0.1
5.1 ± 0.1
10.0 ± 0.3
20.5 ± 0.5

5.9 ± 0.1
7.5 ± 0.1
9.5 ± 0.2
10.6 ± 0.4
11.2 ± 1.2
11.8 ± 0.3

0.0189 ± 0.0003
0.0172 ± 0.0001
0.0175 ± 0.0004
0.0163 ± 0.0003
0.0165 ± 0.0020
0.0192 ± 0.0007
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Table B9. Second intermediate rate constant, k3, and its amplitude for the reduction of

AcH73 iso-1-cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four
exponential fits to the data in figure 3.11.
pH

[a6Ru2+], mM

kobs, s-1

Amplitude

5.0

0.5 ± 0.1
1.2 ± 0.1
1.5 ± 0.1
3.6 ± 0.4
9.0 ± 0.4
20.4 ± 0.8

1.5 ± 0.1
1.8 ± 0.1
2.7 ± 0.4
3.2 ± 0.5
2.6 ± 0.3
2.8 ± 0.5

0.0027 ± 0.0001
0.0032 ± 0.0001
0.0020 ± 0.0002
0.0022 ± 0.0003
0.0040 ± 0.0003
0.0029 ± 0.0006

5.5

0.7 ± 0.1
1.1 ± 0.1
2.1 ± 0.1
4.2 ± 0.2
8.7 ± 0.3
17.5 ± 0.7

1.4 ± 0.1
1.6 ± 0.1
2.5 ± 0.2
2.4 ± 0.05
3.0 ± 0.3
3.5 ± 0.8

0.0030 ± 0.0002
0.0038 ± 0.0002
0.0028 ± 0.0002
0.0043 ± 0.0003
0.0037 ± 0.0001
0.0042 ± 0.0020

6.0

0.6 ± 0.1
1.1 ± 0.1
2.5 ± 0.1
5.3 ± 0.1
8.3 ± 0.3
18.4 ± 0.4

2.0 ± 0.2
2.1 ± 0.2
2.8 ± 0.2
2.6 ± 0.1
3.4 ± 0.2
2.2 ± 0.1

0.0026 ± 0.0003
0.0029 ± 0.0003
0.0029 ± 0.0003
0.0039 ± 0.0001
0.0027 ± 0.0004
0.0044 ± 0.0002

6.5

0.52 ± 0.02
1.02 ± 0.03
2.0 ± 0.1
4.4 ± 0.2
9.1 ± 0.3
19.1 ± 0.9

1.5 ± 0.1
1.9 ± 0.2
2.4 ± 0.3
2.4 ± 0.2
2.2 ± 0.1
2.6 ± 0.9

0.0026 ± 0.0002
0.0023 ± 0.0004
0.0029 ± 0.0004
0.0041 ± 0.0002
0.0047 ± 0.0002
0.0015 ± 0.0004

7.0

0.54 ± 0.02
1.30 ± 0.04
2.4 ± 0.2
5.4 ± 0.4
10.4 ± 0.3
19.8 ± 0.6

1.8 ± 0.3
2.3 ± 0.2
2.6 ± 0.2
2.5 ± 0.3
2.4 ± 0.7
2.8 ± 1.0

0.0031 ± 0.0004
0.0036 ± 0.0002
0.0039 ± 0.0004
0.0037 ± 0.0004
0.0034 ± 0.0010
0.0016 ± 0.0002

7.5

0.37 ± 0.04
0.77 ± 0.06
1.62 ± 0.04
2.8 ± 0.2
5.4 ± 0.1
9.6 ± 0.3
27 ± 1

2.1 ± 1.5
1.8 ± 1.3
1.5 ± 1.1
2.1 ± 0.3
1.9 ± 1.4
2.3 ± 2.6
3.7 ± 1.5

0.0046 ± 0.0030
0.0027 ± 0.0020
0.0019 ± 0.0005
0.0018 ± 0.0002
0.0020 ± 0.0008
0.0020 ± 0.0010
0.0016 ± 0.0008
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8.0

0.61 ± 0.04
1.17 ± 0.03
2.3 ± 0.1
5.0 ± 0.1
9.9 ± 0.3
20.9 ± 0.6

0.46 ± 0.1
0.74 ± 0.4
1.3 ± 1.0
0.7 ± 0.2
0.6 ± 0.4
0.6 ± 0.1

0.0020 ± 0.0003
0.0020 ± 0.0001
0.0030 ± 0.0003
0.0020 ± 0.0004
0.0040 ± 0.0007
0.0070 ± 0.0005

8.5

0.57 ± 0.03
0.92 ± 0.11
1.6 ± 0.1
4.0 ± 0.1
8.4 ± 0.3
18.2 ± 0.5

0.40 ± 0.02
0.4 ± 0.1
0.34 ± 0.05
0.4 ± 0.1
0.35 ± 0.05
0.5 ± 0.2

0.0029 ± 0.0001
0.0032 ± 0.0005
0.0025 ± 0.0007
0.0030 ± 0.0006
0.0034 ± 0.0005
0.0034 ± 0.0004

9.0

0.53 ± 0.03
1.07 ± 0.03
2.4 ± 0.1
5.1 ± 0.1
10.0 ± 0.3
20.5 ± 0.5

0.30 ± 0.01
0.30 ± 0.03
0.50 ± 0.04
0.5 ± 0.1
0.4 ± 0.1
0.4 ± 0.1

0.0066 ± 0.0003
0.0057 ± 0.0010
0.0054 ± 0.0004
0.0055 ± 0.0007
0.0069 ± 0.0030
0.0098 ± 0.0020
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Table B10. Slow rate constant, k4, and its amplitude for the reduction of AcH73 iso-1-

cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four exponential fits to the
data in figure 3.11.
pH

[a6Ru2+], mM

kobs, s-1

Amplitude

5.0

0.5 ± 0.1
1.2 ± 0.1
1.5 ± 0.1
3.6 ± 0.4
9.0 ± 0.4
20.4 ± 0.8

0.045 ± 0.001
0.038 ± 0.002
0.057 ± 0.001
0.062 ± 0.002
0.062 ± 0.004
0.067 ± 0.004

0.0054 ± 0.0001
0.0050 ± 0.0001
0.0053 ± 0.0001
0.0052 ± 0.0003
0.0036 ± 0.0002
0.0043 ± 0.0005

5.5

0.7 ± 0.1
1.1 ± 0.1
2.1 ± 0.1
4.2 ± 0.2
8.7 ± 0.3
17.5 ± 0.7

0.054 ± 0.002
0.045 ± 0.001
0.061 ± 0.001
0.053 ± 0.001
0.064 ± 0.001
0.058 ± 0.003

0.0069 ± 0.0001
0.0064 ± 0.0003
0.0072 ± 0.0001
0.0064 ± 0.0002
0.0068 ± 0.0003
0.0099 ± 0.0004

6.0

0.6 ± 0.1
1.1 ± 0.1
2.5 ± 0.1
5.3 ± 0.1
8.3 ± 0.3
18.4 ± 0.4

0.062 ± 0.001
0.059 ± 0.003
0.058 ± 0.001
0.054 ± 0.001
0.069 ± 0.002
0.066 ± 0.005

0.0082 ± 0.0001
0.0079 ± 0.0001
0.0076 ± 0.0001
0.0067 ± 0.0001
0.0070 ± 0.0002
0.0053 ± 0.0005

6.5

0.52 ± 0.02
1.02 ± 0.03
2.0 ± 0.1
4.4 ± 0.2
9.1 ± 0.3
19.1 ± 0.9

0.066 ± 0.001
0.067 ± 0.001
0.066 ± 0.001
0.061 ± 0.001
0.063 ± 0.001
0.076 ± 0.001

0.0110 ± 0.0001
0.0110 ± 0.0001
0.0110 ± 0.0001
0.0095 ± 0.0001
0.0085 ± 0.0002
0.0095 ± 0.0002

7.0

0.54 ± 0.02
1.30 ± 0.04
2.4 ± 0.2
5.4 ± 0.4
10.4 ± 0.3
19.8 ± 0.6

0.068 ± 0.002
0.066 ± 0.001
0.0630 ± 0.0002
0.059 ± 0.001
0.057 ± 0.002
0.039 ± 0.006

0.0150 ± 0.0001
0.0150 ± 0.0001
0.0150 ± 0.0002
0.0160 ± 0.0002
0.0180 ± 0.0003
0.018 ± 0.003

7.5

0.37 ± 0.04
0.77 ± 0.06
1.62 ± 0.04
2.8 ± 0.2
5.4 ± 0.1
9.6 ± 0.3
27 ± 1

0.071 ± 0.004
0.073 ± 0.002
0.071 ± 0.003
0.072 ± 0.0006
0.069 ± 0.003
0.065 ± 0.003
0.068 ± 0.007

0.0165 ± 0.0008
0.0169 ± 0.0002
0.0167 ± 0.0003
0.0166 ± 0.0007
0.0164 ± 0.0007
0.0167 ± 0.0003
0.0132 ± 0.0008
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8.0

0.61 ± 0.04
1.17 ± 0.03
2.3 ± 0.1
5.0 ± 0.1
9.9 ± 0.3
20.9 ± 0.6

0.0730 ± 0.0004
0.078 ± 0.003
0.076 ± 0.001
0.081 ± 0.002
0.079 ± 0.001
0.086 ± 0.005

0.0289 ± 0.0004
0.0282 ± 0.0010
0.0283 ± 0.0006
0.0284 ± 0.0004
0.0275 ± 0.0010
0.0277 ± 0.0004

8.5

0.57 ± 0.03
0.92 ± 0.11
1.6 ± 0.1
4.0 ± 0.1
8.4 ± 0.3
18.2 ± 0.5

0.074 ± 0.001
0.074 ± 0.002
0.077 ± 0.004
0077 ± 0.002
0.078 ± 0.002
0.088 ± 0.002

0.0286 ± 0.0003
0.0275 ± 0.0008
0.0276 ± 0.0007
0.0267 ± 0.0006
0.0261 ± 0.0006
0.0238 ± 0.0007

9.0

0.53 ± 0.03
1.07 ± 0.03
2.4 ± 0.1
5.1 ± 0.1
10.0 ± 0.3
20.5 ± 0.5

0.0760 ± 0.0003
0.077 ± 0.001
0.086 ± 0.001
0.093 ± 0.003
0.092 ± 0.006
0.10 ± 0.01

0.038 ± 0.001
0.037 ± 0.001
0.0380 ± 0.0001
0.036 ± 0.001
0.035 ± 0.002
0.033 ± 0.002
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Table B11. Forward and backward conformational rate constants for AcH73 iso-1-

cytochrome c.
pH

kHM3, (s-1)

kMH3, (s-1)

5.0

29 ± 1

11.8 ± 3.4

5.5

25.5 ± 1.3

13.7 ± 5.5

6.0

22.9 ± 0.5

17.4 ± 2.5

6.5

19.0 ± 0.2

20.5 ± 1.1

7.0

15.2 ± 0.2

21.6 ± 1.8

7.5

14.1 ± 0.2

27.7 ± 1.5

8.0

13.0 ± 0.1

22.5 ± 1.3

8.5

12.5 ± 0.1

23.1 ± 1.3

9.0

12.0 ± 0.2

26.9 ± 1.8
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Figure B1 Plots of absorbance at 550 nm as a function of time at 5 mM a6Ru2+ are shown along
with the residuals of fits to the data from pH 5 to 9. Time is shown logarithmically. The red line
in each graph and the residuals represent the triple exponential fit while the green line and
residuals represent the quadruple exponential fit.
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Figure B2 NMR spectra of the AcH73 variant at 500 MHz in 0.1 M NaCl, D2O solution at 25 ºC
as a function of pH.
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Figure B3 NMR spectra of the AcH73 variant at 600 MHz in 0.1 M NaCl, D2O solution at 25 ºC
as a function of pH.
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Figure B4 NMR spectra of the AcH73 variant at 600 MHz showing the upfield region from -1.2
to -24 ppm. Spectra were obtained at 25 ºC in 0.1 M NaCl, D2O solution.
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C. Tables of Rate Constants and Amplitudes for the A79H73 Variant in
0.1 M NaCl and at 25 oC.
Table C1. Fast rate constant, k1, and its amplitude for the reduction of A79H73 iso-1-

cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four exponential fits to the
data in figure 4.4.
pH

[a6Ru2+] mM

kobs, s-1

Amplitude

5.5

1.5 ± 0.1
2.2 ± 0.2
4.7 ± 0.2

438 ± 15
767 ± 73
1263 ± 287

0.0298 ± 0.0010
0.0244 ± 0.0020
0.0108 ± 0.0050

6.0

1.1 ± 0.1
2.2 ± 0.1
4.7 ± 0.2

358 ± 16
755 ± 65
1254 ± 184

0.0254 ± 0.0010
0.0191 ± 0.0020
0.0082 ± 0.002 0

6.5

1.1 ± 0.1
2.4 ± 0.1
4.5 ± 0.3

359 ± 16
775 ± 99
1103 ± 97

0.0202 ± 0.0002
0.0159 ± 0.0020
0.0060 ± 0.0006

7.0

1.0 ± 0.1
2.2 ± 0.1
3.5 ± 0.1

281 ± 14
595 ± 86
1487 ± 325

0.0088 ± 0.0020
0.0053 ± 0.0010
0.0018 ± 0.0010

7.5

1.0 ± 0.1
2.0 ± 0.1
4.1 ± 0.1

301 ± 10
523 ± 88
1142 ± 237

0.0089 ± 0.0010
0.0046 ± 0.0010
0.0024 ± 0.0005

8.0

1.0 ± 0.1
2.1 ± 0.1
4.5 ± 0.2

278 ± 16
525 ± 24
1093 ± 101 a

0.0097 ± 0.0020
0.0059 ± 0.0005
0.0029 ± 0.0004

8.5

1.2 ± 0.1
1.9 ± 0.1
4.8 ± 0.2

251 ± 91
398 ± 77
913 ± 40b

0.0069 ± 0.0003
0.0041 ± 0.0006
0.0025 ± 0.0001

9.0

1.2 ± 0.1
2.2 ± 0.1
4.8 ± 0.1

285 ± 11
428 ± 54
787 ± 52

0.0073 ± 0.0003
0.0045 ± 0.0003
0.0017 ± 0.0001

9.5

0.8 ± 0.2
2.2 ± 0.1
4.5 ± 0.2

176 ± 15
315 ± 43
706 ± 1257.8

0.0049 ± 0.0004
0.002 ± 0.0002
0.0042 ± 0.0030

a

This rate constant value is taken from one trial of experiment with a three exponential
rise fit as values from the other trials and fits to a 4 exponential equation showed
variation due to very low amplitude at the highest concentration of a6Ru2+.
b
This rate constant value is taken from one trial as values from the other trials showed
wide variation due to very low amplitude at the highest concentration of a6Ru2+.
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Table C2. First intermediate rate constant, k2, and its amplitude for the reduction of

A79H73 iso-1-cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four
exponential fits to the data in figure 4.4.
pH

[a6Ru2+] mM

kobs, s-1

Amplitude

5.5

1.5 ± 0.1
2.2 ± 0.2
4.7 ± 0.2

13.0 ± 0.2
12.4 ± 0.4
12.0 ± 0.4

0.0122 ± 0.0004
0.0117 ± 0.0003
0.0116 ± 0.0003

6.0

1.1 ± 0.1 (1.25) a
2.2 ± 0.1 (2.5) a
4.7 ± 0.2 (5) a

9.0 ± 0.1 (9.6 ± 0.3 ) a
9.5 ± 0.2 (8.9 ± 0.4) a
9.7 ± 0.4 (9.3 ± 0.1) a

0.0154 ± 0.0002 (0.0188 ± 0.0006)a
0.0150 ± 0.0004 (0.0171 ± 0.0006)a
0.0149 ± 0.0003 (0.0171 ± 0.0020)a

6.5

1.1 ± 0.1 (1.25) a
2.3 ± 0.1 (2.5) a
4.5 ± 0.3 (5) a

6.9 ± 0.2 (6.9 ± 0.002)a
7.2 ± 0.1 (7.3 ± 1)a
7.4 ± 0.2 (7.0 ± 0.3)a

0.0216 ± 0.0002 (0.0286 ± 0.0020)a
0.0212 ± 0.0002 (0.0237 ± 0.0020)a
0.0207 ± 0.0003 (0.0264 ± 0.0007)a

7.0

1.0 ± 0.1
2.2 ± 0.1
3.5 ± 0.1

6.3 ± 0.2
6.8 ± 0.3
6.1 ± 0.4

0.0194 ± 0.0010
0.0190 ± 0.0007
0.0196 ± 0.0003

7.5

1.0 ±0.1 (1.25) a
2.0 ± 0.1 (2.5) a
4.1 ± 0.1 (5) a

6.0 ± 0.2 (5.2 ± 0.6)a
6.1 ± 0.4 (6.3 ± 0.5)a
6.0 ± 0.2 (6.4 ± 0.6)a

0.0222 ± 0.0005 (0.0327 ± 0.0060)a
0.0219 ± 0.0007 (0.0250 ± 0.0008)a
0.0223 ± 0.0003 (0.0278 ± 0.0060)a

8.0

1.0 ± 0.1
2.1 ± 0.1
4.5 ± 0.2

6.0 ± 0.1
6.0 ± 0.1
6.1 ± 0.2

0.0272 ± 0.0002
0.0268 ± 0.0003
0.0265 ± 0.0005

8.5

1.2 ± 0.1
1.9 ± 0.1
4.8 ± 0.2

6.0 ± 0.2
6.0 ± 0.1
6.2 ± 0.3

0.0230 ± 0.0006
0.0227 ± 0.0004
0.0223 ± 0.0005

9.0

1.2 ± 0.1
2.2 ± 0.1
4.8 ± 0.1

6.1 ± 0.1
6.4 ± 0.1
6.7 ± 0.3

0.0262 ± 0.0090
0.0283 ± 0.0005
0.0278 ± 0.0007

9.5

0.8 ± 0.2
2.2 ± 0.1
4.5 ± 0.2

4.5 ± 0.1
5.3 ± 0.3
5.0 ± 0.9

0.0317 ± 0.0020
0.0268 ± 0.0060
0.0252 ± 0.0030

a

These values are the average and standard deviation from previous ET data [62], which
have been refitted to triple exponential rise equations. The values in brackets are from
triple exponential fits. For the concentration of a6Ru2+, the assumption is made that the
concentrations based on weight were 1.25, 2.5 and 5 mM, as no direct measurement of
concentration was done for this data.
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Table C3. Second intermediate rate constant, k3, and its amplitude for the reduction of

A79H73 iso-1-cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four
exponential fits to the data in figure 4.4.
pH

[a6Ru2+] mM

kobs, s-1

Amplitude

5.5

1.5 ± 0.1
2.2 ± 0.2
4.7 ± 0.2

0.86 ± 0.04
1.10 ± 0.07
1.20 ± 0.08

0.0034 ± 0.0002
0.0025 ± 0.0002
0.0030 ± 0.0002

6.0

1.1 ± 0.1 (1.25) a
2.2 ± 0.1 (2.5) a
4.7 ± 0.2 (5) a

0.75 ± 0.09 (0.70 ± 0.09)a
1.2 ± 0.1 (0.71 ± 0.07)a
1.3 ± 0.2 (0.81 ± 0.02)a

0.0016 ± 0.0001 (0.0015 ± 0.0001)a
0.0021 ± 0.0002 (0.0015 ± 0.0002)a
0.0026 ± 0.0004 (0.0025 ± 0.0001)a

6.5

1.1 ± 0.1 (1.25) a
2.3 ± 0.1 (2.5) a
4.5 ± 0.3 (5) a

0.9 ± 0.4 (0.16 ± 0.05)a
1.2 ± 0.2 (0.24 ± 0.07)a
1.4 ± 0.2 (0.54 ± 0.17)a

0.0016 ± 0.0001 (0.0045 ± 0.0020)a
0.0020 ± 0.0002 (0.0038 ± 0.0010)a
0.0024 ± 0.0003 (0.0029 ± 0.0002)a

7.0

1.0 ± 0.1
2.2 ± 0.1
3.5 ± 0.1

1.23 ± 0.50
1.32 ± 0.40
1.53 ± 0.30

0.0019 ± 0.0006
0.0026 ± 0.0007
0.0018 ± 0.0007

7.5

1.0 ±0.1 (1.25) a
2.0 ± 0.1 (2.5) a
4.1 ± 0.1 (5) a

1.02 ± 0.3 (0.33 ± 0.003)a
1.15 ± 0.6 (3.78 ± 0.4)a
1.37 ± 0.3 (2.41 ± 1.7)a

0.0023 ± 0.0004 (0.0028±0.0001)a
0.0022 ± 0.0009 (0.014 ± 0.007)a
0.0016 ± 0.0003 (0.0063 ± 0.0050)a

8.0

1.0 ± 0.1
2.1 ± 0.1
4.5 ± 0.2

0.64 ± 0.30
0.91 ± 0.20
1.08 ± 0.20

0.0025 ± 0.0004
0.0023 ± 0.0003
0.0023 ± 0.0004

8.5

1.2 ± 0.1
1.9 ± 0.1
4.8 ± 0.2

0.58 ± 0.20
0.65 ± 0.10
0.73 ± 0.30

0.0022 ± 0.0002
0.0022 ± 0.0002
0.0023 ± 0.0004

9.0

1.2 ± 0.1
2.2 ± 0.1
4.8 ± 0.1

0.78 ± 0.20
0.92 ± 0.20
0.93 ± 0.10

0.0027 ± 0.0003
0.0032 ± 0.0003
0.0037 ± 0.0004

9.5

0.8 ± 0.2
2.2 ± 0.1
4.5 ± 0.2

0.68 ± 0.40
1.53 ± 0.30
2.7 ± 0.4

0.0022 ± 0.0004
0.0058 ± 0.0070
0.0048 ± 0.0040

a

These values are the average and standard deviation from previous ET data [62], which
have been refitted to triple exponential rise equations. The values in brackets are from
triple exponential fits. For the concentration of a6Ru2+, the assumption is made that the
concentrations based on weight were 1.25, 2.5 and 5 mM, as no direct measurement of
concentration was done for this data.
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Table C4. Slow rate constant, k4 and its amplitude for the reduction of A79H73 iso-1-

cytochrome c by a6Ru2+ as a function of pH and [a6Ru2+] from four exponential fits to the data
in figure 4.3.
pH

[a6Ru2+] mM

kobs, s-1

Amplitude

5.5

1.5 ± 0.1
2.2 ± 0.2
4.7 ± 0.2

0.042 ± 0.002
0.052 ± 0.001
0.057 ± 0.001

0.0071 ± 0.0003
0.0063 ± 0.0001
0.0056 ± 0.0002

6.0

1.1 ±0.1 (1.25) a
2.2 ± 0.1 (2.5) a
4.7 ± 0.2 (5) a

0.055 ± 0.001 (0.054 ± 0.001)a
0.060 ± 0.001 (0.052 ± 0.001) a
0.063 ± 0.002 (0.05 ± 0.001) a

0.0092 ± 0.0002 (0.013 ± 0.001)a
0.0088 ± 0.0003 (0.013 ± 0.001) a
0.0081 ± 0.0004 (0.013 ± 0.001)a

6.5

1.1 ±0.1 (1.25) a
2.3 ± 0.1 (2.5) a
4.5 ± 0.3 (5) a

0.059 ± 0.001 (0.049 ± 0.003) a
0.062 ± 0.001 (0.056 ± 0.004)a
0.068 ± 0.002 (0.058 ± 0.002)a

0.0134 ± 0.0003 (0.015 ± 0.002)a
0.0132 ± 0.0002 (0.019 ± 0.001)a
0.0123 ± 0.0004 (0.018 ± 0.001)

7.0

1.0 ± 0.1
2.2 ± 0.1
3.5 ± 0.1

0.062 ± 0.001
0.063 ± 0.001
0.061 ± 0.004

0.0120 ± 0.0002
0.0118 ± 0.0001
0.0114 ± 0.0010

7.5

1.0 ±0.1 (1.25) a
2.0 ± 0.1 (2.5) a

0.062 ± 0.002 (0.067 ± 0.003)a
0.063 ± 0.001 (0.073 ± 0.001)a

0.0133 ± 0.0001 (0.023 ± 0.001)a
0.0135 ± 0.0002 (0.0242 ± 0.0004)

4.1 ± 0.1 (5)

a

0.065 ± 0.002 (0.072±0.002)

a

a

0.0133 ± 0.0003 (0.0234 ± 0.0002)
a

8.0

1.0 ± 0.1
2.1 ± 0.1
4.5 ± 0.2

0.061 ± 0.003
0.064 ± 0.001
0.066 ± 0.001

0.0154 ± 0.0007
0.0161 ± 0.0002
0.0162 ± 0.0001

8.5

1.2 ± 0.1
1.9 ± 0.1
4.8 ± 0.2

0.060 ± 0.001
0.063 ± 0.002
0.064 ± 0.002

0.0132 ± 0.0006
0.0131 ± 0.0003
0.0131 ± 0.0004

9.0

1.2 ± 0.1
2.2 ± 0.1
4.8 ± 0.1

0.061 ± 0.001
0.062 ± 0.001
0.062 ± 0.001

0.0157 ± 0.0004
0.0152 ± 0.0003
0.0147 ± 0.0003

9.5

0.8 ± 0.2
2.2 ± 0.1
4.5 ± 0.2

0.056 ± 0.003
0.057 ± 0.002
0.056 ± 0.006

0.0114 ± 0.0007
0.0124 ± 0.0007
0.0118 ± 0.0010

a

These values are the average and standard deviation from previous ET data [62], which have
been refitted to triple exponential rise equations. The values in brackets are from triple
exponential fits. For concentration of a6Ru2+, the assumption is made that the concentrations
based on weight were 1.25, 2.5 and 5 mM, as no direct measurement of concentration was
done for this data.
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Table C5. Forward and backward conformational rate constants for the His73-heme

alkaline transition of the A79H73 variant of iso-1-cyt c observed with a6Ru2+ ET data.

a

pH

kHM3 (s-1) a

kMH3 (s-1) b

5.5

12.4 ± 0.5

0.12 ± 0.5

6.0

9.4 ± 0.4

2.7 ± 0.4

6.5

7.1 ± 0.2

4.7 ± 0.2

7.0

6.4 ± 0.3

5.3 ± 0.3

7.5

6.0 ± 0.1

6.2 ± 0.1

8.0

5.9 ± 0.2

7.7 ± 0.2

8.5

6.0 ± 0.2

9.4 ± 0.2

9.0

6.4 ± 0.3

12.1 ± 0.3

9.5

5.0 ± 0.4

15.6 ± 0.4

This value is the average value taken from 1.25, 2.5 and 5 mM a6Ru2+ concentration data for all

pHs.
b

These values are calculated from the equation, kobs = kHM3 + kMH3.

Values for kobs are obtained by placing values of the parameters in Table 2 [62] for the fast phase
into equation 6 ref [62]. Values for kHM3 are taken directly from ET experiments for the A79H73
variant of iso-1-cyt c.
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Table C6. Forward and backward proline isomerization rate constant for A79H73 variant

of iso-1-cyt c by a6Ru2+.
pH

kct (s-1) a

kobs-cal (s-1)

b

ktc-cal (s-1) c

ktc-pH (eq) (s-1) d

kpro (s-1) e

Kiso f

5.5 0.057 ± 0.001

0.067

0.01

0.007

0.064

0.54 ± 0.12

6.0 0.063 ± 0.002

0.084

0.021

0.018

0.081

0.58 ± 0.07

6.5 0.068 ± 0.002

0.010

0.033

0.032

0.01

0.61 ± 0.05

7.0 0.061 ± 0.004

0.110

0.049

0.034

0.095

0.61 ± 0.03

7.5 0.065 ± 0.002

0.114

0.049

0.038

0.010

0.60 ± 0.01

8.0 0.066 ± 0.001

0.115

0.049

0.039

0.10

0.59 ± 0.03

8.5 0.064 ± 0.002

0.116

0.052

0.037

0.10

0.58 ± 0.02

9.0 0.062 ± 0.001

0.116

0.054

0.034

0.096

0.55 ± 0.05

9.5 0.056 ± 0.006

0.116

0.006

0.024

0.080

0.43 ± 0.13

a

These values are taken from 5 mM a6Ru2+ data from the slowest phase (k4).

b

These values are calculated from eq 4.3, using parameters from pH jump data in ref [62].

c

These values are calculated from equation ktc = kobs- kct. kobs is calculated from eq 8 from ref

[62].
d

These values are calculated from equation 4.5.

e

These values are the sum of kct and ktc-pH(eq).

f

Kiso is the proline isomerization equilibrium constant derived from ET amplitude data from

figure 4.13.
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Figure C1 Figure of absorbance at 550 nm as a function of time are shown along with their
residuals in separate plots from pH 5.5 to 9.5. Time is shown logarithmically. Red lines in the
graph and residuals represent the quadruple exponential fit, while the green lines in the graph and
the residuals represent the triple exponential fits. (figure continues on next page)
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D. Tables of Rate Constants and Amplitudes for the H81 Variant in 0.1
M NaCl and at 25 oC from pH jump experiments.
The time scales on which the upward pH jump kinetics data were collected are given in
parentheses for each pH: pH 6.0 (50 s), pH 6.2 (20, 50 s), pH 6.4 to 6.8 (100 s), pH 7.0
&7.2 (200 s), pH 7.4 to 7.8 (400 s), pH 8.0 (200 s), pH 8.2 (200, 300 s), pH 8.4 to 8.8
(200 s), pH 9.0 (100 s), pH 9.2 (50 s), pH 9.4 (20, 30, 40 s), pH 9.6 (20, 30 s), pH 9.8 (30,
50 s), pH 10 to 11.2 (50 s).
The time scales for which the downward pH jump kinetics data were collected are given
in parentheses for each pH: pH 5.0 (200, 500 s), pH 5.2 (300, 500 s), pH 5.4 (500, 600
s), pH 5.6 (600, 1000 s), pH 5.8 (700, 1000 s), pH 6 to 6.8 (1000 s).
Table D1. kobs average data for the fast kinetic phase from upward pH jump

experiments.a
pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

6.0

3.4 ± 0.5b

7.8

3.9 ± 0.1

9.6

2.7 ± 0.6 d

6.2

3.7 ± 0.6c

8.0

3.8 ± 0.2

9.8

2.2 ± 0.1 d

6.4

3.9 ± 0.3 c

8.2

3.8 ± 0.1

10.0

2.4 ± 0.1 d

6.6

4.0 ± 0.1 c

8.4

3.8 ± 0.2

10.2

2.7 ± 0.06 d

6.8

4.2 ± 0.3

8.6

3.7 ± 0.1

10.4

3.3 ± 0.2 d

7.0

4.1 ± 0.2

8.8

3.5 ± 0.1

10.6

3.8 ± 0.2 d

7.2

4.1 ± 0.2

9.0

3.3 ± 0.4 d

10.8

4.2 ± 0.6 d

7.4

4.0 ± 0.2

9.2

2.9 ± 0.3 d

11.0

4.6 ± 0.4

7.6

4.1 ± 0.2

9.4

2.9 ± 0.3 d

11.2

7.9 ± 1.6

a

Data fit to a triple exponential rise equation unless otherwise stated.

b

Data fit to a single exponential rise equation.

c

Data fit to a double exponential rise equation.

d

Data fit to a quadruple exponential rise equation.

249

Table D2. kobs average data for the intermediate kinetic phase from upward pH jump

experiments.a
pH

kobs, s-1

Amplitude
(absorbance units)

a

7.0

0.019 ± 0.004

0.005 ± 0.001

7.2

0.021 ± 0.006

0.008 ± 0.001

7.4

0.016 ± 0.002

0.009 ± 0.002

7.6

0.019 ± 0.002

0.013 ± 0.001

7.8

0.022 ± 0.001

0.020 ± 0.003

8.0

0.023 ± 0.002

0.023 ± 0.003

8.2

0.026 ± 0.001

0.030 ± 0.001

8.4

0.033 ± 0.004

0.038 ± 0.007

8.6

0.039 ± 0.005

0.036 ± 0.007

8.8

0.051 ± 0.007

0.04 ± 0.01

9.0

0.02 ± 0.04

0.08 ± 0.03

9.2

0.4 ± 0.1

0.034 ± 0.020

9.4

0.7 ± 0.4

0.03 ± 0.01

9.6

1.3 ± 0.3

0.024 ± 0.010

Data fit to a triple exponential rise equation.
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Table D3. kobs average data for the slow kinetic phase from upward pH jump

experiments.a
pH
6.2

kobs, s-1
0.05 ± 0.02 b

pH
8.0

kobs, s-1
0.066 ± 0.005

pH
9.8

kobs, s-1
0.27 ± 0.01 c

6.4

0.053 ± 0.008 b

8.2

0.070 ± 0.002

10.0

0.240 ± 0.002c

6.6

0.052 ± 0.008 b

8.4

0.083 ± 0.006

10.2

0.160 ± 0.003c

6.8

0.034 ± 0.003 b

8.6

0.096 ± 0.004

10.4

0.110 ± 0.004 c

7.0

0.07 ± 0.02 b

8.8

0.12 ± 0.01

10.6

0.10 ± 0.05 c

7.2

0.064 ± 0.01

9.0

0.098 ± 0.010 c

10.8

0.14 ± 0.02 c

7.4

0.06 ± 0.01

9.2

0.016 ± 0.008 c

11.0

4.6 ± 0.4

7.6

0.060 ± 0.006

9.4

0.22 ± 0.01 c

11.2

7.9 ± 1.6

9.6

c

7.8

0.065 ± 0.004

0.27 ± 0.01

a

Data fit to a triple exponential rise equation unless otherwise stated.

b

Data fit to a double exponential rise equation fits.

c

Data fit to a quadruple exponential rise equation fits.
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Table D4. kobs average data for the fastest kinetic phase from upward pH jump

experiments.a
pH

kobs, s-1

Amplitude
(absorbance units)

9.0

138 ± 41

0.014 ± 0.002

9.2

147 ± 47

0.018 ± 0.003

9.4

86 ± 21

0.022 ± 0.001

9.6

89 ± 31

0.028 ± 0.002

9.8

86 ± 22

0.029 ± 0.009

10.0

96 ± 3 b

0.036 ± 0.030

10.2

51 ± 14

0.036 ± 0.008

10.4

85 ± 8

0.042 ± 0.010

10.6

91 ± 6

0.05 ± 0.20

10.8

112 ± 4

0.061 ± 0.004

11.0

136 ± 34

0.06 ± 0.02

11.2

219 ± 13

0.071 ± 0.004

a

Data fit to a quadruple exponential rise equation unless otherwise stated.

b

This value is the average of 3 trials as other two trials appeared to be outliers (1876 and 430 s-1).
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Table D5. Average amplitude data for the fast kinetic phase from upward pH jump

experiments.a

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

6.0

0.0020 ± 0.0001b

7.8

0.0180 ± 0.0003

9.6

0.048 ± 0.008 d

6.2

0.0040 ± 0.0004c

8.0

0.019 ± 0.001

9.8

0.072 ± 0.001 d

6.4

0.0060 ± 0.0003 c

8.2

0.0200 ± 0.0002

10.0

0.085 ± 0.010 d

6.6

0.0080 ± 0.0002 c

8.4

0.022 ± 0.001

10.2

0.097 ± 0.004 d

6.8

0.0090 ± 0.0004

8.6

0.024 ± 0.001

10.4

0.095 ± 0.008 d

7.0

0.011 ± 0.001

8.8

0.0260 ± 0.0003

10.6

0.085 ± 0.010 d

7.2

0.0130 ± 0.0004

9.0

0.0300 ± 0.001 d

10.8

0.056 ± 0.020 d

7.4

0.013 ± 0.002

9.2

0.0350 ± 0.0003 d

11.0

0.028 ± 0.020

7.6

0.015 ± 0.001

9.4

0.040 ± 0.005 d

11.2

0.009 ± 0.007

a

Data fit to a triple exponential rise equation unless otherwise stated.

b

Data fit to a single exponential rise equation.

c

Data fit to a double exponential rise equation.

d

Data fit to a quadruple exponential rise equation.
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Table D6. Average amplitude data for the slow kinetic phase from upward pH jump

experiments.a

pH

Amplitude
(absorbance units)

pH

0.012 ± 0.020 b

8.0

0.020 ± 0.002

9.8

Amplitude
(absorbance
units)
0.110 ± 0.002 c

6.4

0.011 ± 0.020 b

8.2

0.032 ± 0.002

10.0

0.088 ± 0.001 c

6.6

0.0020 ± 0.0003 b

8.4

0.051 ± 0.008

10.2

0.056 ± 0.001 c

6.8

0.004 ± 0.001

8.6

0.074 ± 0.007

10.4

0.034 ± 0.001 c

7.0

0.003 ± 0.001

8.8

0.091 ± 0.010

10.6

0.016 ± 0.001 c

7.2

0.004 ± 0.001

9.0

0.066 ± 0.030 c

10.8

0.006 ± 0.001 c

7.4

0.008 ± 0.001

9.2

0.11 ± 0.02 c

11.0

0.03 ± 0.02

7.6

0.011 ± 0.002

9.4

0.12 ± 0.01 c

11.2

0.009 ± 0.007

7.8

0.015 ± 0.002

9.6

0.120 ± 0.004 c

pH

Amplitude
(absorbance units)

6.2

a

Data fit to a triple exponential rise equation unless otherwise stated.

b

Data fit to a double exponential rise equation.

c

Data fit to a quadruple exponential rise equation.
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Table D7. kobs and amplitude average data for the fast kinetic phase from downward pH

jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

3.1 ± 0.1

0.014 ± 0.004

5.2

3.4 ± 0.1

0.0150 ± 0.0004

5.4

3.8 ± 0.1

0.0150 ± 0.0003

5.6

4.0 ± 0.2

0.015 ± 0.001

5.8

4.2 ± 0.1

0.014 ± 0.001

6.0

4.2 ± 0.2

0.0120 ± 0.0002

6.2

4.4 ± 0.1

0.0120 ± 0.0002

6.4

4.26 ± 0.15

0.0100 ± 0.0004

6.6

4.2 ± 0.3

0.0080 ± 0.0003

6.8
4.7 ± 0.6
0.007 ± 0.001
Data are the average of five data sets. Parameters are fits to a three exponential

equation.
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Table D8. kobs and amplitude average data for the intermediate kinetic phase from

downward pH jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.015 ± 0.002

0.016 ± 0.002

5.2

0.012 ± 0.002

0.014 ± 0.002

5.4

0.013 ± 0.002

0.016 ± 0.002

5.6

0.001 ± 0.002

0.014 ± 0.002

5.8

0.002 ± 0.002

0.0160 ± 0.0003

6.0

0.013 ± 0.003

0.011 ± 0.006

6.2

0.014 ± 0.002

0.014 ± 0.002

6.4

0.015 ± 0.001

0.014 ± 0.001

6.6

0.016 ± 0.003

0.014 ± 0.001

6.8
0.017 ± 0.001
0.0110 ± 0.0002
Data are the average of five data sets. Parameters are from fits to a quadruple

exponential equation.
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Table D9. kobs and amplitude average data for the slow kinetic phase from downward pH

jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.057 ± 0.007

0.012 ± 0.001

5.2

0.047 ± 0.006

0.015 ± 0.001

5.4

0.050 ± 0.005

0.014 ± 0.002

5.6

0.046 ± 0.007

0.015 ± 0.003

5.8

0.053 ± 0.004

0.012 ± 0.002

6.0

0.048 ± 0.007

0.014 ± 0.002

6.2

0.053 ± 0.004

0.011 ± 0.001

6.4

0.054 ± 0.002

0.010 ± 0.001

6.6

0.055 ± 0.006

0.009 ± 0.002

6.8
0.055 ± 0.001
0.009 ± 0.001
Data are the average of five data sets. Parameters are from fits to a quadruple

exponential rise equation.
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E. Tables of Rate Constants and Amplitudes for the A72H76 Variant in
0.1 M NaCl and at 25 oC from pH jump experiments.
The time scales on which the upward pH jump kinetics data were collected are given in
parentheses for each pH’s: pH 5.4 (100 s), pH 5.6 (250, 300 s), pH 5.6 & 5.8 (250, 300 s),
pH 6.0 (100, 200, 300 s), pH 6.2 (200 s), pH 6.4 & 6.6 (150 s), pH 6.8 & 7.0 (100 s), pH
7.2 (100, 110 s), pH 7.4 to 8.0 (100 s), pH 8.2 (50, 100 s), pH 8.4 (50 s), pH 8.6 (50, 100
s), pH 8.8 to 9.2 (50 s), pH 9.4 & 9.6 (50, 100 s), pH 9.8 (50 s), pH 10.0 (50, 100 s), pH
10.2 to 10.8 (50 s), pH 11.0 (10, 50, 100 s), pH 11.2 (10, 50 s).
The time scale on which the downward pH jump kinetics data were collected are given in
parentheses for each pH’s: pH 5 (100, 200, 300 s), pH 5.2 (200, 300 s), pH 5.4 to 5.8
(300 s), pH 6.0 (250, 300 s), pH 6.2 (200, 250 s), pH 6.4 (250, 300 s), pH 6.6 & 6.8 (200,
250, 300 s).

Table E1. kobs average data for the fast kinetic phase from upward pH jump

experiments.a

a

pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

5.4

5.0 ± 0.1

7.4

10.4 ± 0.7

9.4

8.6 ± 0.4

5.6

5.6 ± 0.3

7.6

10.70 ± 0.03

9.6

8.7 ± 0.7

5.8

5.9 ± 0.2

7.8

12.0 ± 0.5

9.8

8.7 ± 0.7

6.0

6.4 ± 0.1

8.0

10.9 ± 0.2

10.0

9.9 ± 0.7

6.2

6.9 ± 0.1

8.2

10.8 ± 0.2

10.2

11.1 ± 0.6

6.4

7.6 ± 0.2

8.4

10.8 ± 0.7

10.4

16.7 ± 0.2

6.6

8.2 ± 0.4

8.6

10.7 ± 0.7

10.6

27.0 ± 1.5

6.8

9.0 ± 0.2

8.8

10.6 ± 0.6

10.8

42.5 ± 3.6

7.0

9.3 ± 0.3

9.0

10.0 ± 0.4

11.0

71 ± 10

7.2

9.7 ± 0.3

9.2

9.3 ± 0.5

11.2

102 ± 10

Data fit to a triple exponential rise equation. All these values are the average and standard

deviation from 7-8 trials.
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Table E2. kobs average data for the intermediate kinetic phase from upward pH jump

experiments.a
pH

kobs, s-1

Amplitude
(absorbance units)

a

5.4

0.001 ± 0.010

0.0001 ± 0.0001

5.6

0.016 ± 0.020

0.0003 ± 0.0002

5.8

0.034 ± 0.001

0.002 ± 0.00

6.0

0.028 ± 0.030

0.003 ± 0.003

6.2

0.054 ± 0.010

0.002 ± 0.002

6.4

0.046 ± 0.020

0.004 ± 0.001

6.6

0.067 ± 0.001

0.004 ± 0.001

6.8

0.071 ± 0.009

0.005 ± 0.002

7.0

0.074 ± 0.020

0.006 ± 0.002

7.2

0.22 ± 0.20

0.006 ± 0.006

7.4

0.39 ± 0.20

0.008 ± 0.007

7.6

1.01 ± 0.70

0.003 ± 0.002

7.8

1.03 ± 0.80

0.003 ± 0.001

8.0

1.01 ± 0.70

0.003 ± 0.001

8.2

1.03 ± 0.80

0.011 ± 0.020

8.4

2.0 ± 1.4

0.008 ± 0.004

8.6

1.0 ± 0.9

0.021 ± 0.010

8.8

1.6 ± 1.8

0.024 ± 0.010

Data fit to a triple exponential rise equation.
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Table E3. kobs average data for the slow kinetic phase from upward pH jump

experiments.a

a

pH

kobs, s-1

pH

kobs, s-1

pH

kobs, s-1

5.4

0.024 ± 0.007

7.4

0.064 ± 0.001

9.4

0.98 ± 0.01

5.6

0.032 ± 0.001

7.6

0.077 ± 0.001

9.6

1.05 ± 0.01

5.8

0.034 ± 0.002

7.8

0.110 ± 0.001

9.8

1.06 ± 0.02

6.0

0.033 ± 0.001

8.0

0.130 ± 0.001

10.0

1.05 ± 0.02

6.2

0.036 ± 0.001

8.2

0.180 ± 0.001

10.2

1.30 ± 0.02

6.4

0.037 ± 0.001

8.4

0.270 ± 0.001

10.4

1.40 ± 0.01

6.6

0.0400 ± 0.0002

8.6

0.400 ± 0.003

10.6

1.9 ± 0.1

6.8

0.043 ± 0.001

8.8

0.52 ± 0.01

10.8

2.6 ± 0.3

7.0

0.047 ± 0.001

9.0

0.710 ± 0.003

11.0

3.1 ± 0.1

7.2

0.0530 ± 0.0004

9.2

0.82 ± 0.01

11.2

4.2 ± 0.4

Data fit to a triple exponential rise equation. All these values are the average and standard

deviation from 7-8 trials.

Table E4. kobs average data for the slow kinetic phase from upward pH jump

experiments.a
kobs, s-1

pH

Amplitude
(absorbance units)

10.2

0.13 ± 0.01

0.0040 ± 0.0002

10.4

0.15 ± 0.01

0.0050 ± 0.0002

10.6

0.30 ± 0.04

0.006 ± 0.001

10.8 b

0.51 ± 0.07

0.009 ± 0.002

11.0 b

0.81 ± 0.1

0.004 ± 0.001

b

0.71 ± 0.4

0.006 ± 0.007

11.2
a
b

Data fit to a quadruple exponential rise equation unless otherwise stated.
Data fit to a triple exponential rise equation.
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Table E5. kobs average data for the fastest kinetic phase from upward pH jump

experiments.a
pH

kobs, s-1

Amplitude
(absorbance units)

8.0

130 ± 17

0.004 ± 0.001

8.2

147 ± 30

0.0060 ± 0.0004

8.4

184 ± 85

0.009 ± 0.002

8.6

189 ± 25

0.013 ± 0.002

8.8

143 ± 46

0.015 ± 0.004

9.0

137 ± 11

0.020 ± 0.001

9.2

138 ± 16

0.023 ± 0.002

9.4

140 ± 19

0.025 ± 0.002

9.6

191 ± 23

0.029 ± 0.002

9.8

216 ± 41

0.027 ± 0.006

10.0

449 ± 104

0.036 ± 0.006

10.2 b

626 ± 96

0.04 ± 0.01

10.4 b

1795 ± 409

0.07 ± 0.04

10.6 b

3315 ± 1076

0.09 ± 0.10

a

Data fit to a triple exponential rise equation.

b

Data fit to a quadruple exponential rise equation.
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Table E6. Average amplitude data for the fast kinetic phase from upward pH jump

experiments.a

pH

a

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

Amplitude
pH

(absorbance
units)

5.4

0.0070 ± 0.0003

7.4

0.054 ± 0.003

9.4

0.049 ± 0.001

5.6

0.013 ± 0.001

7.6

0.057 ± 0.002

9.6

0.050 ± 0.001

5.8

0.020 ± 0.001

7.8

0.061 ± 0.002

9.8

0.052 ± 0.002

6.0

0.026 ± 0.001

8.0

0.058 ± 0.001

10.0

0.058 ± 0.002

6.2

0.034 ± 0.001

8.2

0.058 ± 0.002

10.2

0.059 ± 0.002

6.4

0.041 ± 0.001

8.4

0.057 ± 0.003

10.4

0.062 ± 0.001

6.6

0.045 ± 0.003

8.6

0.057 ± 0.003

10.6

0.062 ± 0.001

6.8

0.049 ± 0.001

8.8

0.057 ± 0.002

10.8

0.072 ± 0.004

7.0

0.051 ± 0.002

9.0

0.053 ± 0.002

11.0

0.081 ± 0.002

7.2

0.052 ± 0.002

9.2

0.051 ± 0.002

11.2

0.082 ± 0.004

Data fits to a triple exponential rise equation. All these values are the average and standard

deviation from 7-8 trials.
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Table E7. Average amplitude data for slow kinetic phase from upward pH jumps

experiments.a

pH

a

Amplitude
(absorbance units)

pH

Amplitude
(absorbance units)

Amplitude
pH

(absorbance
units)

5.4

0.0040 ± 0.0004

7.4

0.0047 ± 0.0005

9.4

0.069 ± 0.001

5.6

0.004 ± 0.001

7.6

0.052 ± 0.001

9.6

0.065 ± 0.001

5.8

0.0060 ± 0.0001

7.8

0.0570 ± 0.0003

9.8

0.060 ± 0.002

6.0

0.0100 ± 0.0003

8.0

0.0600 ± 0.0002

10.0

0.054 ± 0.001

6.2

0.0130 ± 0.0003

8.2

0.0660 ± 0.0004

10.2

0.0480 ± 0.0004

6.4

0.0170 ± 0.0004

8.4

0.0690 ± 0.0004

10.4

0.0400 ± 0.0004

6.6

0.0200 ± 0.0003

8.6

0.073 ± 0.001

10.6

0.0330 ± 0.0004

6.8

0.0260± 0.0003

8.8

0.074 ± 0.001

10.8

0.030 ± 0.001

7.0

0.0320 ± 0.0004

9.0

0.074 ± 0.001

11.0

0.026 ± 0.001

7.2

0.0390 ± 0.0004

9.2

0.073 ± 0.001

11.2

0.020 ± 0.001

Data fits to a triple exponential rise equation. All these values are the average and standard

deviation from 7-8 trials.
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Table E8. kobs and amplitude average data for the fast kinetic phase from downward pH

jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

4.6 ± 0.1

0.022 ± 0.001

5.2

4.8 ± 0.2

0.021 ± 0.001

5.4

5.2 ± 0.1

0.020 ± 0.001

5.6

5.6 ± 0.1

0.0180 ± 0.0004

5.8

6.2 ± 0.1

0.0150 ± 0.0003

6.0

7.0 ± 0.2

0.013 ± 0.001

6.2

7.7 ± 0.4

0.010 ± 0.001

6.4

8.06 ± 0.04

0.007 ± 0.001

6.6

8.6 ± 0.9

0.0050 ± 0.0004

6.8
10 ± 1
0.004 ± 0.001
Data are the average of five data sets. Parameters are taken from fits to a three

exponential rise equation.
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Table E9. kobs and amplitude average data for the intermediate kinetic phase from

downward pH jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.028 ± 0.001

0.052 ± 0.006

5.2

0.026 ± 0.003

0.045 ± 0.01

5.4

0.027 ± 0.001

0.044 ± 0.003

5.6

0.026 ± 0.002

0.036 ± 0.009

5.8

0.028 ± 0.002

0.038 ± 0.007

6.0

0.030 ± 0.001

0.037 ± 0.005

6.2

0.030 ± 0.002

0.033 ± 0.007

6.4

0.033 ± 0.003

0.032 ± 0.008

6.6

0.036 ± 0.003

0.03 ± 0.007

6.8
0.039 ± 0.009
0.012 ± 0.007
Data are the average of five data sets. Parameters are taken from fits to a quadruple

exponential equation.
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Table E10. kobs and amplitude average data for the slow kinetic phase from downward

pH jump experiments.a

a

pH

kobs, s-1

Amplitude
(absorbance units)

5.0

0.057 ± 0.003

0.034 ± 0.006

5.2

0.051 ± 0.003

0.039 ± 0.01

5.4

0.050 ± 0.001

0.033 ± 0.003

5.6

0.047 ± 0.003

0.037 ± 0.0009

5.8

0.05 ± 0.0004

0.028 ± 0.0008

6.0

0.05 ± 0.004

0.021 ± 0.005

6.2

0.053 ± 0.008

0.019 ± 0.007

6.4

0.049 ± 0.001

0.02 ± 0.003

6.6

0.054 ± 0.005

0.014 ± 0.004

6.8
0.039 ± 0.009
0.013 ± 0.007
Data are the average of five data sets. Parameters are taken from fits to a quadruple

exponential equation.
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Figure F1 Plot of A695corr versus gdnHCl concentration for the A72H76 variant of iso-1-cyt c.
Data were acquired at room temperature (22 ± 1 ºC) in the presence of 20 mM Tris, pH 7.5, 40
mM NaCl.

Figure F2 Plot of ε695corr versus pH for H81 iso-1-cytochrome c in the absence of gdnHCl. Data
were collected at room temperature (22 ± 1 ºC) in 0.5 M NaCl. The solid curves are fits to eq 5.1
as described in the Materials and Methods of Chapter 5.
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Figure F3 Plot of absorbance spectra as a function of pH for the H81 variant of iso-1-cyt c at 22
± 1 ºC in the presence of 0.5 M NaCl. (a) pH 1.97 – 2.63 (504, 590, 676 nm) (b) pH 2.91 – 3.46
(505, 596, 665 nm) (c) pH 3.59 – 3.89 (593, 641 nm) (d) pH 4.03 – 6.62 (618 nm) and (e) pH
6.81 – 11.05 (610 nm). Isosbestic points are indicated in brackets.
2.5

1.6
pH 1.97
pH 2.14
pH 2.22
Col 1 vs 2.32
pH 2.46
pH 2.63

1.4

Absorbance

1.2
1.0

pH 2.91
pH 3.02
pH 3.14
pH 3.28
pH 3.46

B
2.0

Absorbance

A

0.8
0.6
0.4

1.5
1.0
0.5

0.2
0.0

0.0
-0.2
500

550

600

pH

650

700

750

500

600

pH

650

700

750

3.0

2.5
pH 3.59
pH 3.74
pH 3.89

C
2.0

D

2.5

Absorbance

1.5
1.0
0.5

pH 4.03
pH 4.17
pH 4.31
pH 4.49
pH 4.69
pH4.94
pH 5.13
pH 5.4
pH 5.5
pH 5.63
pH 5.89
pH 6.1
pH 6.3
pH 6.45
pH 6.62

2.0
1.5
1.0
0.5

0.0

0.0
500

550

600

pH

650

700

750

500

550

600

pH

pH 6.81
pH 7.01
pH 7.23
pH 7.46
pH 7.46
pH 7.91
pH 8.11
pH 8.28
pH 8.58
pH 8.79
pH 9.03
pH 9.25
pH 9.42
pH 9.65
pH 9.77
pH 10.03
pH10.27
pH 10.53
pH 10.81
pH 11.05

E

2.5

2.0

Absorbance

Absorbance

550

1.5

1.0

0.5

0.0
500

550

600

650

pH

268

700

750

650

700

750

Figure F4 Plot of ε695corr versus pH for A72H73G76 iso-1-cytochrome c in the absence of
gdnHCl. Data were collected at room temperature (22 ± 1 ºC) in 0.1 M NaCl.

Figure F5 Plot of ε695corr versus pH for A72H73G76A79 iso-1-cytochrome c in the absence of
gdnHCl. Data were collected at room temperature (22 ± 1 ºC) in 0.1 M NaCl.
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Figure F6 Plots of absorbance at 405 nm as a function of time at 25 ºC for the H81 variant of iso1-cyt c. (A) pH 5.4, 600 s and (B) pH 6.4, 1000 s time scale data for downward pH jump
experiments. (C) pH 7.4, 400 s, (D) pH 8.4, 200 s (E) pH 9.4, 40 s and (F) pH 10.4, 50 s time
scale data for upward pH jump experiments. Buffers all contain 0.1 M NaCl as described in the
Materials and Methods. The time scale is logarithmic.
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Figure F7 Plots of absorbance at 405 nm as a function of time at 25 ºC for the A72H76 variant of
iso-1-cyt c. (A) pH 5.4, 300 s and (B) pH 6.4, 2000 s time scale data for downward pH jump
experiments. (C) pH 7.4, 100 s, (D) pH 8.4, (E) pH 9.4, and (F) pH 10.4, at 50 s time scale data
for upward pH jump experiments. Buffers all contain 0.1 M NaCl as described in the Materials
and Methods. The time scale is logarithmic.
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Figure F8 Plots of absorbance at 550 nm versus time (on logarithmic scale) for reduction of the
H81 variant of iso-1-cyt c at pH 7.5 and six different concentrations of a6Ru2+. The solid lines are
fits to a triple exponential rise equation.

Figure F9 Plots of absorbance at 550 nm versus time (on logarithmic scale) for reduction of the
H81 variant of iso-1-cyt c at pH 7.5 and six different concentrations of [Co(terpy)2]2+. The solid
lines are fits to a triple exponential rise equation.
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Figure F10 Plots of absorbance at 550 nm versus time (on logarithmic scale) for reduction of the
A72H76 variant of iso-1-cyt c at pH 7.5 and six different concentrations of a6Ru2+. The solid lines
are fits to a triple exponential rise equation.

Figure F11 Plots of absorbance at 550 nm versus time (on logarithmic scale) for reduction of the
A72H76 variant of iso-1-cyt c at pH 7.5 and six different concentrations of [Co(terpy)2]2+. The
solid lines are fits to a double exponential rise equation.
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G. Tables of Rate Constants and Amplitudes for the H81 Variant in 0.1
M NaCl and at 25 oC from ET experiments with [a6Ru2+].
Table G1. Fast phase rate constants and amplitudes for the reduction of H81 iso-1-cyt c

by a6Ru2+ as a function of [a6Ru2+] at pH 7.5 derived from three exponential fits to the
data in figure F8. a
pH
7.5

[a6Ru2+], mM
0.7 ± 0.2
1.2 ± 0.1
2.8 ± 0.3
6.1 ± 0.4
16 ± 3 b
32 ± 3 b

kobs, s-1
28 ± 2
37 ± 2
59 ± 4
144 ± 7
435 ± 46
1157 ± 423

Amplitude
0.0430 ± 0.0004
0.0450 ± 0.0002
0.0440 ± 0.0001
0.033 ± 0.001
0.014 ± 0.001
0.0050 ± 0.0002

Table G2. Intermediate phase rate constants and amplitudes for the reduction of H81 iso-

1-cyt c by a6Ru2+ as a function of [a6Ru2+] at pH 7.5 derived from three exponential fits
to the data in figure F8. a
pH
7.5

[a6Ru2+], mM
0.7 ± 0.2
1.2 ± 0.1
2.8 ± 0.3
6.1 ± 0.4
16 ± 3 b
32 ± 3 b

kobs, s-1
3.23 ± 0.01
3.23 ± 0.08
3.33 ± 0.04
3.26 ± 0.10
1.71 ± 0.70
0.26 ± 0.09

Amplitude
0.013 ± 0.001
0.013 ± 0.001
0.012 ± 0.001
0.012 ± 0.001
0.010 ± 0.001
0.008 ± 0.001

Table G3. Slow phase rate constants and amplitudes for the reduction of H81 iso-1-

cytochrome c by a6Ru2+ as a function of [a6Ru2+] at pH 7.5 derived from three
exponential fits to the data in figure F8. a
pH
7.5

a

[a6Ru2+], mM
0.7 ± 0.2
1.2 ± 0.1
2.8 ± 0.3
6.1 ± 0.4
16 ± 3 b
32 ± 3 b

kobs, s-1
0.033 ± 0.004
0.031 ± 0.001
0.031 ± 0.001
0.032 ± 0.003
0.036 ± 0.001
0.040 ± 0.002

Amplitude
0.014 ± 0.020
0.007 ± 0.001
0.0070 ± 0.0001
0.0070 ± 0.0004
0.0070 ± 0.0004
0.010 ± 0.001

Data for different [a6Ru2+] were collected on the time scales as given in brackets: 0.7 mM (100,
200, 300, 500 s), 1.2 mM (300 s), 2.8 mM (250 s), 6.1 mM (200 s), 16 mM (160, 200, 300 s) and
32 mM (130, 200 s).
b
Parameter is from quadruple exponential fits to the data.
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H. Tables of Rate Constants and Amplitudes for the H81 Variant in 0.1
M NaCl and at 25 oC from ET experiments with [Co(terpy)2] 2+.
Table H1. Fast phase rate constants and amplitudes for the reduction of H81 iso-1-

cytochrome c by [Co(terpy)2]2+ as a function of [Co(terpy)2]2+ at pH 7.5 derived from
three exponential fits to the data in figure F9.
pH
7.5

[Co(terpy) 2] 2+, mM
0.09 ± 0.01
0.24 ± 0.02
0.34 ± 0.03
0.60 ± 0.05
1.3 ± 0.1
2.2 ± 0.1
5.1 ± 0.6

kobs, s-1
0.7 ± 0.2
1.5 ± 0.8
1.4 ± 0.3
2.5 ± 1.7
3.8 ± 1.1
6.6 ± 1.6
15.0 ± 1.3

Amplitude
0.0077± 0.0007
0.0062 ± 0.0004
0.0063 ± 0.0001
0.014 ± 0.02
0.038 ± 0.01
0.042 ± 0.001
0.022 ± 0.001

Table H2. Intermediate phase rate constants and amplitudes for the reduction of H81 iso-

1-cytochrome c by [Co(terpy)2]2+ as a function of [Co(terpy)2]2+ at pH 7.5 derived from
three exponential fits to the data in figure F9.
pH
7.5

[Co(terpy)2] 2+, mM
0.09 ± 0.01
0.24 ± 0.02
0.34 ± 0.03
0.60 ± 0.05
1.3 ± 0.1
2.2 ± 0.1
5.1 ± 0.6

kobs, s-1
0.32 ± 0.03
0.63 ± 0.04
0.82 ± 0.06
1.3 ± 0.1
1.4 ± 0.5
1.9 ± 0.4
2.3 ± 0.2

Amplitude
0.052 ± 0.006
0.0540 ± 0.0004
0.053 ± 0.001
0.054 ± 0.001
0.019 ± 0.020
0.022 ± 0.010
0.010 ± 0.001

Table H3. Slow phase rate constants and amplitudes for the reduction of H81 iso-1-

cytochrome c by [Co(terpy)2]2+ as a function of [Co(terpy)2]2+ at pH 7.5 derived from
three exponential fits to the data in figure F9.
[Co(terpy)2] 2+, mM
kobs, s-1
Amplitude
0.09 ± 0.01
0.027 ± 0.001
0.0067 ± 0.0003
0.24 ± 0.02
0.026 ± 0.003
0.0065 ± 0.0004
0.34 ± 0.03
0.031 ± 0.001
0.0063 ± 0.0002
0.60 ± 0.05
0.031 ± 0.003
0.0063 ± 0.0004
1.3 ± 0.1
0.032 ± 0.003
0.0064 ± 0.0004
2.2 ± 0.1
0.033 ± 0.003
0.0073 ± 0.0004
5.1 ± 0.6
0.031 ± 0.004
0.005 ± 0.001
2+
a
Data for different [Co(terpy)2] were collected on the time scales as given in brackets: 0.09 to
pH
7.5

0.6 mM (200, 250 s), 1.3 and 2.2 mM (200 s) and 5.1 mM (200, 300 s).
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I. Tables of Rate Constants and Amplitudes for the A72H76 Variant in
0.1 M NaCl and at 25 oC from ET experiments with [a6Ru2+].
Table I1. Fast phase rate constants and amplitudes for the reduction of A72H76 iso-1-cyt

c by a6Ru2+ as a function of [a6Ru2+] at pH 7.5 derived from three exponential fits to the
data in figure F10. a
pH
7.5

[a6Ru2+], mM
0.8 ± 0.1
1.3 ± 0.1
2.3 ± 0.3
5.3 ± 0.4
12.7 ± 0.6
19 ± 8

kobs, s-1
31 ± 3
52 ± 3
85 ± 4
177 ± 9
274 ± 60
520 ± 552

Amplitude
0.0082 ± 0.0006
0.0089 ± 0.0002
0.0084 ± 0.0002
0.0073 ± 0.0006
0.0031 ± 0.0003
0.003 ± 0.002

Table I2. Intermediate phase rate constants and amplitudes for the reduction of A72H76

iso-1-cyt c by a6Ru2+ as a function of [a6Ru2+] at pH 7.5 derived from three exponential
fits to the data in figure F10. a
pH
7.5

[a6Ru2+], mM
0.8 ± 0.1
1.3 ± 0.1
2.3 ± 0.3
5.3 ± 0.4
12.7 ± 0.6
19 ± 8

kobs, s-1
3.19 ± 0.08
3.60 ± 0.02
3.87 ± 0.06
4.11 ± 0.08
4.25 ± 0.08
1.8 ± 0.4

Amplitude
0.0220 ± 0.0004
0.0200 ± 0.0003
0.0190 ± 0.0002
0.0180 ± 0.0002
0.0180 ± 0.0003
0.012 ± 0.001

Table I3. Slow phase rate constants and amplitudes for the reduction of A72H76 iso-1-

cyt c by a6Ru2+ as a function of [a6Ru2+] at pH 7.5 derived from three exponential fits to
the data in figure F10. a
pH
7.5

[a6Ru2+], mM
0.8 ± 0.1
1.3 ± 0.1
2.3 ± 0.3
5.3 ± 0.4
12.7 ± 0.6
19 ± 8

kobs, s-1
0.0300 ± 0.0005
0.0300 ± 0.0003
0.0310 ± 0.0004
0.0340 ± 0.0005
0.054 ± 0.001
0.044 ± 0.001

Amplitude
0.0408 ± 0.0008
0.0405 ± 0.0006
0.0408 ± 0.0004
0.0403 ± 0.0003
0.0398 ± 0.0004
0.036 ± 0.002

Data for different [a6Ru2+] were collected on the time scales as given in brackets: 0.8 mM (200,
300, 500 s), 1.3 mM (200, 250, 300 s), 2.3 mM (200, 500 s), 5.3 mM (170, 200 s), 13 mM (100,
170 s) and 19 mM (100, 120 s).
a
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J. Tables of Rate Constants and Amplitudes for the H81 Variant in 0.1
M NaCl and at 25 oC from ET experiments with [Co(terpy)2 2+].
Table J1. Fast rate constants and amplitudes for the reduction of A72H76 iso-1-

cytochrome c by [Co(terpy)2] 2+ as a function of [Co(terpy)2] 2+ at pH 7.5 derived from
two exponential fits to the data in figure F11. a
pH
7.5

[Co(terpy)2] 2+, mM
0.09 ± 0.01
0.23 ± 0.02
0.42 ± 0.04
0.57 ± 0.06
1.12 ± 0.04
2.6 ± 0.2
4.5 ± 0.7

kobs, s-1
0.19 ± 0.02
0.29 ± 0.04
0.39 ± 0.02
0.50 ± 0.05
0.82 ± 0.08
1.1 ± 0.2
1.2 ± 0.6

Amplitude
0.0060 ± 0.0002
0.0110 ± 0.0001
0.0140 ± 0.0002
0.0150 ± 0.0004
0.0170 ± 0.0004
0.0150 ± 0.0004
0.017 ± 0.001

Table J2. Slow rate constants and its amplitudes for the reduction of A72H76 iso-1-

cytochrome c by [Co(terpy)2] 2+ as a function of [Co(terpy)2] 2+ at pH 7.5 derived from
two exponential fits to the data in figure F11. a
pH
7.5

a

[Co(terpy)2]2+, mM
0.09 ± 0.01
0.23 ± 0.02
0.42 ± 0.04
0.57 ± 0.06
1.12 ± 0.04
2.6 ± 0.2
4.5 ± 0.7
2+

kobs, s-1
0.0280 ± 0.0004
0.033 ± 0.001
0.036 ± 0.001
0.037 ± 0.001
0.039 ± 0.001
0.046 ± 0.004
0.052 ± 0.014

Amplitude
0.027 ± 0.001
0.025 ± 0.001
0.022 ± 0.001
0.021 ± 0.001
0.0210 ± 0.0002
0.018 ± 0.001
0.020 ± 0.001

Data for different [Co(terpy)2] were collected on the time scales as given in brackets: 0.09
mM (150, 170, 200 s), 0.2 mM (140, 200 s), 0.4 mM (115 s), 0.6 mM (112, 200 s), 1.1 mM (100,
200 s), 2.6 mM (85, 200 s) and 4.5 mM (70, 75, 100 s).
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