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Abstract

Protein-protein interactions are essential to maintain cellular function and organization and often occur by means of
electrostatic interactions. These forces are determined by the electrostatic conditions within the cell, a dynamic and highly
crowded environment containing ions and charged molecules.

In this thesis, the mitochondrial respiratory chain is employed as a model system to study how cellular electrostatics,
specifically ionic strength, governs protein-protein interactions, with particular focus on interactions between cytochrome
¢ and the Saccharomyces cerevisiae 111,-1V,,, supercomplex. The electrostatic nature of this interaction provides an ideal
framework for studying ionic strength-dependent effects.

Previous data showed that at the commonly assumed “physiological” ionic strength of 150 mM monovalent salt,
electron transfer within the supercomplex is mediated by 2D diffusion of a single cytochrome ¢ molecule between
complexes III, and IV. However, recent findings indicate that a monovalent salt concentration of 20 mM more realistically
mimics the intracellular conditions. Under these conditions, our data show that at least two cytochrome ¢ molecules bind
simultaneously to the supercomplex surface. Additionally, previously unresolved residues at the N and C termini of subunits
Qcr6 and Qcr9, respectively, were observed.

The cytochrome c-supercomplex interactions were also studied at 20 and 150 mM monovalent salt in mitoplasts
containing the supercomplex. Overall activity in mitoplasts was lower than in detergent-purified supercomplexes. The
results show that supercomplex activity as a function of cytochrome c concentration was similar at 20 mM and 150 mM
salt, contrasting the behavior observed in detergent-purified supercomplexes. This difference is explained by a shift in the
rate-limiting step in membrane-bound supercomplexes.

The effect of ionic strength was further studied by measuring the supercomplex activity, both in solution and in
mitoplasts, at increasing salt concentrations. Increasing ionic strength resulted in a monotonic decrease in cytochrome
¢ affinity for the supercomplex, indicating a classical Debye-Hiickel behavior that contrasts earlier studies with non-
biological systems.

Finally, the structure of the Mycobacterium smegmatis supercomplex was resolved in native membranes, revealing
a physical association with the enzyme malate:quinone oxidoreductase. Spectrophotometric analyses showed that
malate:quinone oxidoreductase can transfer electrons from malate to the supercomplex, suggesting a connection between
the Krebs cycle and aerobic respiration in mycobacteria.

Keywords: ionic strength, electrostatics, electron transfer, cytocrhome c oxidase, respiratory supercomplex,
bioenergetics.
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ATP

cyt.
NADH
Cl-v
Q/QH:
FeS
BN-PAGE
n side/p side
Mdao

SOD
3D/2D

adenosine triphosphate

cytochrome

nicotinamide adenine dinucleotide
complexes I-V

quinone/quinol

iron-sulfur cluster

blue native polyacrylamide gel electrophoresis
negative/positive side of the membrane
malate:quinone oxidoreductase
superoxide dismutase
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Introduction

The cellular interior is a crowded and dynamic environment, which contains
a variety of proteins, nucleic acids and small molecules that interact with each
other. Protein-protein interactions are essential to maintain cellular function
and homeostasis, and commonly occur by means of long-range electrostatic
interactions between charged surface groups?*. The surfaces of proteins contain
acidic and basic residues that can be protonated or de-protonated, many of
which have been found to be present at protein-protein interfaces?, indicating
that electrostatic interactions play a significant role in protein association and
function.

Electrostatic forces are affected by the electrostatic conditions of the surround-
ing media. The intracellular environment is an electrolyte solution that con-
tains mobile ions and other charged molecules. The ionic strength influences
the way electrostatic interactions take place by affecting the range and magni-
tude of these forces®. As a consequence, the ionic strength modulates the long-
range attraction and repulsion forces between proteins.

Another important factor that shapes cellular electrostatics is the presence of
biological membranes. These carry a net negative charge on their surfaces,
which vyields a surface-localized electrostatic field that attracts positively
charged ions and other molecules from the cytoplasm*®. This membrane sur-
face charge has important implications for protein-protein interactions occur-
ring near the membrane. Many peripheral cytosolic proteins contain charged
residues on their surfaces and interact electrostatically with the integral pro-
teins in the membrane to perform different cellular functions. The negative
charge of the membrane affects this interactions, promoting the recruitment of
positively charged proteins to the membrane and enhancing their interaction
probabilities.

The effective membrane charge is also affected by the ionic strength of the
intracellular environment since the ions in solution screen the membrane
charges, changing the effective potential sensed by proteins. Therefore, pro-
tein-protein interactions in the membrane periphery are governed both by the
membrane charge and the ionic strength of the intracellular environment,
which highlights the importance of understanding these interactions within the
context of cellular electrostatics.



One of the cellular machineries in which protein-protein interactions are im-
portant is the respiratory chain, a sequence of membrane-bound proteins that
catalyse reactions leading to the production of adenosine triphosphate (ATP),
the universal energy currency in living organisms. In these reactions electrons
are transferred through a series of membrane-bound protein complexes,
named complexes I-1V, and mobile electron carriers, to ultimately reach its
final acceptor, molecular oxygen (Oz). The O reduction is catalyzed by com-
plex IV (CIV), a terminal oxidase that receives electrons from complex Ill,
(Clll1y) via a mobile electron carrier, cytochrome (cyt.) c.

In the work presented in this thesis, the mitochondrial respiratory chain is used
as a model system to study protein-protein interactions under different ionic
conditions, with particular focus on supercomplexes, higher-order assemblies
of respiratory complexes. Specifically, the interaction between the 111-1V su-
percomplex and cyt. ¢, has been studied. Cyt. ¢ carries a positively charged
surface that interacts electrostatically with the negatively charged surface of
the supercomplex. The electrostatic nature of this interaction offers an ideal
tool for investigation of protein-protein interactions under a wide range of
conditions.

To this end, the cyt. c-supercomplex interaction has been analysed under dif-
ferent ionic conditions in bulk solution, allowing direct assessment of ionic
strength-dependent electrostatic effects. In addition, experiments have been
conducted in the presence of the membrane in order to account for the effects
of the membrane surface charge. Through this combined approach, this work
aims to understand and elucidate how protein-protein interactions are gov-
erned and modulated by cellular electrostatics.



The cellular environment

The cell is a basic structural and functional unit of all living organisms. The
cellular volume is delimited by the plasma membrane, which functions as a
selective barrier that tightly regulates the movement of chemical substances
in and out of the cell. Within this boundary lies the cytosol, a crowded and
dynamic aqueous solution containing ions, metabolites and different macro-
molecules. This highly structured and densely packed environment is a deter-
minant of cellular processes, many of which rely on protein-protein interac-
tions.

Biomembranes

Biological membranes perform a wide range of functions that are essential for
cellular life, including compartmentalization of the cellular interior, regulating
the movement of substances inside and outside of the cell and mediating in
cell-cell recognition and signaling, among others.

Based on their structural organization and degree of complexity, cells can be
divided into two classes: prokaryotic and eukaryotic cells, both of which pre-
sent a plasma membrane that delimits the intracellular environment. Prokary-
otic cells differ from eukaryotic cells by the absence of a nuclear membrane
enclosing the genetic material and by the lack of internal membrane-delimited
compartments. In addition, many prokaryotes possess a cell wall, a semi-rigid
outer layer that surrounds the plasma membrane and provides shape, support
and protection to the cell. In eukaryotes, the presence of membranous com-
partments, called organelles, allows inside-cellular compartmentalization en-
abling biochemical processes to occur at the same time under specific and
regulated conditions.

Regardless of the cell type or organelle, all cellular membranes share a con-
served basic architecture consisting of a two-dimensional lipid bilayer (Fig.
1), into which proteins are embedded® . The bilayer is primarily composed of
phospholipids, amphipathic molecules with a hydrophilic head group that con-
tains a phosphate group attached to a glycerol backbone, and a hydrophobic
tail composed of two fatty acids. The hydrophilic head groups are oriented
toward the surrounding aqueous environment, whereas the hydrophobic tails

5



face inwards, forming the core of the bilayer. In addition to phospholipids,
membranes incorporate other lipid species. Among these, sterols, such as cho-
lesterol in mammals, are the most abundant in the plasma membrane, where
they play a crucial role in modulating membrane fluidity and stability ’.

Cellular membranes also contain a large number of proteins, that play a sig-
nificant role in molecular transport and signal transduction. These proteins can
either span the lipid bilayer as transmembrane or integral proteins, or associate
with the membrane surface as peripheral proteins. Both lipids and proteins can
be glycosylated, meaning that a carbohydrate molecule is covalently attached
to their extracellular side. Glycolipids and glycoproteins play a critical role in
cell recognition, adhesion and signaling processes 8.

The protein and lipid content of cellular membranes differs substantially de-
pending on membrane function and subcellular location. For instance, in the
myelin sheath of neuronal axons, proteins constitute approximately 20% of
the total membrane mass, whereas in the plasma membrane proteins account
for approximately half of the total membrane mass °. Furthermore, membrane
lipids and proteins are not uniformly distributed, neither laterally within the
plane of the membrane, nor between the two leaflets of the bilayer 2, a feature
with important implications in membrane fluidity, permeability and electro-
statics.

Extracellular space

Glycolipid Glycoprotein
Integral Protein
protein channel
[} [ e ..
- Phospholipid * * b ™y
® Cholesterol “
o © - ° o o © o o © ° o Py
Peripheral o [+ ]
protein o [+ ]
-
° ° o °
o o ] (-]
L °
® [
Intracellular space ° Y o (-]
o
= = (-] o
[ L °
] ] o ] ]

Figure 1: Schematic representation of a plasma membrane composed of a lipid bilayer
in which different proteins are embeded.



Membrane electrostatics

Biological membranes are capable of sustaining a transmembrane potential
difference due to their isulating and capacitive properties. The hydrophobic
core of the lipid bilayer acts as a dielectric barrier with high resistance that
restricts the flow of charges across the membrane. While small nonpolar mol-
ecules may diffuse freely across the bilayer, ions, charged and polar molecules
require the presence of membrane proteins, i.e. ionic channels and transport-
ers, to cross the membrane. The different active transporters establish and
maintain ion concentration differences between the two sides of the mem-
brane, creating different electrochemical environments on the inner and outer
sides. For instance, in most cells, K* ions are more concentrated in the cyto-
plasm, whereas Na*, Ca?* and CI- ions are found at higher concentrations in
the extracellular space®. Furthermore, different ions exhibit different permea-
bilities, meaning that the membrane allows certain ions to cross at a higher
rate than others.

By separating two conductive electrolyte solutions with a dielectric layer,
membranes behave as capacitors, allowing charge accumulation on either side
of the membrane 1°. Together, the selective permeability of the lipid bilayer,
its high resistance and capacitive properties, enable the generation and mainte-
nance of the transmembrane potential, which plays an essential role in a wide
range of cellular processes, such as transport and bioenergetics.

In addition to the transmembrane potential, each membrane-solution interface
has its own surface potential °. The hydrophilic heads of lipids typically carry
negative charges and are oriented towards the aqueous surrounding solutions
0 The accumulation of these negative charges at the membrane surfaces re-
sults in a local electrostatic potential that attracts positively charged ions from
the cytoplasm®#. This leads to a non-uniform ion distribution, in which the
concentration of cations is increased in the vicinity of the membrane.

The resulting charge distribution, known as diffuse double layer, together with
the intrinsic surface charge of the membrane, modulates the strength and range
of protein-protein electrostatic interactions occurring near the membrane. In
fact, many peripheral cytosolic proteins possess charged residues that enable
electrostatic interactions with integral membrane proteins. The net negative
charge of the membrane modulates these interactions by promoting the re-
cruitment and accumulation of positively charged proteins at the membrane

7



interface. Consequently, the local concentration of these cytosolic proteins is
increased, which enhances the probability of productive protein-protein inter-
actions.

Taken together, biological membranes constitute complex electrostatic struc-
tures in which the global transmembrane potential and the local surface po-
tentials coexist. These electrostatic features shape the distribution of ions and
charged molecules in the membrane vicinity, regulating fundamental cellular
processes.

The intracellular environment

The cytosolic medium is composed of water, ions, small organic molecules
and different macromolecules, that together comprises more than 50% of the
cell’s volume. Water diffuses over the plasma membrane and inside the cell,
so the cytosolic compartment has a uniform osmotic pressure set by the extra-
cellular solution and that is typically assumed to be equivalent to ~150 mM
monovalent salt .

Intracellular electrostatics

The intracellular environment is an electrolyte solution. Hence, each protein
is surrounded by charged molecules and small ions. This electrostatic envi-
ronment is defined by the ionic strength (I), that accounts for the molar con-
centration (c;) and charge (z;) of all ions in solution:

1
I =53z} 1)

The behavior of electrolyte solutions is non-ideal. The electrostatic potential
of the different ions in the solution is affected by the presence of other charged
particles. Therefore, the ionic strength has an effect in the effective concen-

tration of the different ionic species, known as activity (a;). Due to the screen-
ing of other charged particles, a; differs from the ions’ actual molar concen-



trations. This difference can be measured using activity coefficients (y), fac-
tors that account for the deviation of a mixture from its ideal behavior 2 and
that are defined by the following equation:

a;

Yi = o (2)

The relation between ionic strength and activity coefficients in dilute electro-
Iyte solutions is modelled by the Debye-Htckel theory, which enables the cal-
culation of activity coefficients for the different ionic species through the fol-
lowing equation:

logy; = —Az{\1 3)

where A is a constant that depends on the temperature and the dielectric prop-
erties of the solvent. As ionic strength increases, the activity coefficient of
each ion decreases, meaning that their effective concentrations, i.e. activities,
decrease too.

The effect of ionic strength on the electrostatic potential and, in turn, on ionic
activity, affects the electrostatic interactions between the charges in solution.
For two charged molecules, A and B, that interact with each other in an elec-
trolyte solution, the ions in solution contribute to the screening of their poten-
tials. As the ionic concentration, i.e. the ionic strength, increases, the screening
of the potentials of A and B increases too. The Debye-Huickel theory predicts
that electrostatic interactions in low density ionic solutions decay exponen-
tially with distance!®, meaning that in order for A and B to interact with each
other, they should come in close-enough contact. The distance at which
charged particles start to ‘feel” and interact with one another is referred to as
screening length and it is quantified by the Debye length (Ap), defined as:

ekgT
= f_ 4
Ap 2e2N,1 )

where ¢ is the permittivity of the solvent, kg is the Boltzmann constant, T is
the absolute temperature, e is the elemental charge and N, is the Avogadro’s
number 324,



According to this framework, at extremely high salt concentrations, e.g. 4M
salt, the electrostatic screening is very strong, such that Ap becomes smaller
than an atom size, and the repulsive and attractive forces between charged
molecules would effectively vanish (Fig.2). However, recent studies have
found that repulsion forces are still measurable between similarly charged sur-
faces in ionic liquids and highly concentrated electrolytes®'415, In these stud-
ies, the experimentally measured screening length, Ag, recovers as the electro-
Iyte concentration increases beyond 1.5 M monovalent salt, presumably due
to ion-ion correlation (Fig.2). The recovery of A at high ionic concentrations
is modelled by the following equation €:

) 2N e?a3l (5)
S ekgT

where a is the ion diameter. Notably, the dependence of the screening length
on the ionic strength is the opposite of that predicted by the classical Debye-
Huckel theory. From this perspective, three different regimes can be identi-
fied. At concentrations below 0.5 M salt, the charge repulsion follows the con-
ventional Debye decay (Eq.4); between 0.5 and 1.5 M salt, repulsion forces
are severelly mitigated; and above 1.5 M salt, these forces are restored and
effective again (EQ.5). These different ranges have been called ‘Debye’,
‘eclipse’ and ‘ionic-liquid’ regimes?’, as shown in figure 2.

35

3

0 1 2 3 4 5
NaCl (M)
Figure 2: Electrolyte screening showing the three different regimes. Up to 0.5 M
NaCl, the screening length follows the Debye decay (Eq. 4, blue), whereas for

concentrations above 1.5 M, the screening length recovers (Eq. 5, orange). For NaCl
in water, a=0,3 nm. Based on 7.
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Living organisms would presumably adapt more easily to the ‘Debye’ and
‘ionic-liquid’ regimes, as these regimes allow molecular and protein interac-
tions. This idea would explain why some organisms, such as Halobacteria,
live in extreme saline environments and have been able to adapt to sustain
their essential cellular functions in cytosolic saturated-salt conditions, solu-
tions that can be described as ionic liquids.

lon composition and electrostatic screening

As discussed above, the intracellular ionic strength is typically assumed to be
equivalent to ~150 mM monovalent salt. This salt concentration yields a De-
bye-screening length of Ap = 0.8 nm. However, in addition to small ions, the
cell contains a wide range of charged macromolecules. An analysis of the
cell’s content has estimated that the concentration of small anions (Cl", HCO3’
, H2POy) is kept between 6 and 30 mM, while the concentration of small cat-
ions (Na*, K*, Mg?") is maintained between 80 and 150 mM 8. The reason for
this difference is that most negative charges are part of macromolecules in the
form of large poly-anions.

As a consequence of this mismatch, the intracellular ionic strength is presum-
ably lower than that assumed for a “physiological buffer” of 150 mM mono-
valent salt and it can be more realistically mimicked by a solution of 20 mM
1:1 electrolyte!’. This ionic concentration yields a Debye screening length of
Ap= 2.2 nm, which is considerably longer than the Ap= 0.8 nm at 150 mM.
Consequently, inside the cell, charged proteins are able to “feel one another”
over larger distances and these interactions are not properly reproduced by
using a “physiological buffer” of 150 mM monovalent salt. From an experi-
mental perspective, it is therefore essential to use ionic conditions that accu-
rately reflect the sceening length and electrostatic environement encountered
by proteins in vivo.
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Respiratory chain

Aerobic organisms obtain energy by linking the degradation of organic com-
pounds to the production of ATP in the presence of oxygen. This process is
called cellular respiration, which is key to maintaining the cell’s functions and
homeostasis.

In the last steps of respiration, electrons from NADH and succinate are trans-
ferred from low potential electron donors to high potential electron acceptors
through a series of membrane-bound enzymes, that form the so called respir-
atory chain or electron transport chain. In this chain, free energy from electron
transfer drives proton translocation across the membrane, mantaining an elec-
trochemical gradient that is used for ATP synthesis.

The respiratory chain (Fig. 3) is formed by four protein complexes, named
complexes I-1V. In eukaryotes, these proteins are located in the inner mito-
chondrial membrane, while in bacteria they are found in the cytoplasmic mem-
brane. The components and fundamental mechanisms of respiratory chains are
highly conserved throughout all domains of aerobic life, but there are still
some differences between eukaryotic and prokaryotic organisms, as well as
among prokaryotes. Bacteria often contain multiple membrane-bound dehy-
drogenases and oxidases that act as electron donors and acceptors, respec-
tively, resulting in branched electron transport chains in which electrons enter
and leave the system through multiple pathways, depending on the species and
growth conditions®%,

In eukaryotes, electrons from NADH are transferred to NADH: ubiquinone
oxidoreductase, also called complex I (ClI), which catalyzes reduction of qui-
none (Q) to quinol (QHz), amembrane bound electron carrier. Cl couples elec-
tron transfer from NADH to Q, to proton pumping across the inner mitochon-
drial membrane. In many yeast species, e.g. in Saccharomyces (S.) cerevisiae,
Cl is not present and, instead, they possess alternative NADH dehydrogen-
ases, which transfer electrons from NADH to quinone without proton pump-
ing. The quinone pool is also reduced by the succinate ubiquinone oxidore-
ductase, also known as complex Il (ClII). This enzyme is part of the Kreb’s
cycle and couples succinate oxidation to fumarate with the reduction of Q to

QHa2.
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Reduced QH- diffuses within the membrane to the ubiquinol-cyt. ¢ reductase,
an obligate homodimer commonly referred to Clll; or cyt. bc, complex. Here,
QH: undergoes oxidation and electrons are transferred cyt. ¢, a water-soluble
electron carrier located in the intermembrane space. Clll; releases protons to
the periplasm upon QH; oxidation, contributing to charge separation across
the membrane. Reduced cyt. ¢ is oxidized by the cyt. ¢ oxidase, i.e. CIV, which
catalyzes reduction of O, to water, while pumping protons across the mem-
brane.

Proton translocation from the mitochondrial matrix (n side) to the intermem-
brane space (p side) by complexes I, 1ll; and IV, results in a difference in
voltage and proton concentration across the membrane which is known as
electrochemical gradient or proton-motive force. The energy stored in this gra-
dient is used by the ATP synthase, also called complex V (CV), for ATP syn-
thesis.

Alternative NADH
dehydrogenases

Complex | Complex i Complex Il Complex IV Complex V

NADH NAD*+H*  Succinate Fumarate + H*

NADH  NAD*+H*

Figure 3: Schematic representation of the mitochondrial respiratory chain. Electron
transfer is indicated by dashed lines and proton translocation is shown in black bold
arrows. Cl is not present in S. cerevisiae. Instead, alternative NADH dehydrogenases
catalyze the NADH-oxidation:Q-reduction reaction.

13



Complexes Ill; and IV: structure and electron transfer

As described above, in the last steps of cellular respiration in mitochondria,
O is reduced to H>O by CIV, which receives electrons from CllI; via cyt. c.

Each ClIll; monomer is composed of three main catalytic subunits that are
highly conserved from bacteria to eukaryotes: cyt. b, cyt. ¢1 and the Rieske
iron-sulfur protein (FeS domain) (Fig. 4A). Cyt. b contains two b heme
groups, the high-potential bx and the lower-potential b, as well as two qui-
none-binding sites: Qp, located near the p side of the membrane, and Qn, near
the n side. Cyt. c1 harbours a c-type heme called heme c1, and the Rieske pro-
tein contains the 2Fe-2S cluster 21:2>

In some bacteria, such as e.g. Paracoccus denitrificans or Rhodobacter cap-
sulatus?, bc, complexes contain only the three main subunits, whereas addi-
tional subunits are found in mitochondrial Clll.. For instance, in yeast S. cere-
visiae this complex is composed of seven additional subunits, which are not
directly involved in electron transfer but are believed to increase the stability
of the complex and contribute to the complex assembly?2,

The mechanism by which ClII; links electron transfer to the realease of pro-
tons to the p side is known as the Q cycle (Fig. 4C). QHzserves as an electron
donor and binds at the Qp site, where it is oxidized and two electrons are trans-
ferred through two different branches. The first electron is transferred along
the so-called C branch via the FeS domain and heme c: to cyt. c. This electron
transfer is coupled to the release of two protons to the p side of the membrane.
The second electron is transferred along the B branch consecutively from
heme b, to heme by to reach a Q molecule in the Qy site, which forms a sem-
iquinone, SQ . Another cycle of quinol oxidation in the Qp site provides the
second electron that reduces the semiquinone in the Qsite to quinol, upon the
uptake of two protons from the mitochondrial matrix (n side). The net product
of the Q cycle is the release of four protons to the p side of the membrane, the
uptake of two protons from the n side and the reduction of two cyt. ¢ molecules
in the intermembrane space®. The overall reaction is thus:

2QH; + 2 cyt.cop + 2Hy = QHy + Q + 2 Cyt.Creqg + 4 Hy

14



In mitochondria, reduced cyt. c diffuses through the intermembrane space and
delivers electrons to CIV, a heme-copper oxidase that catalyzes the final step
of cell respiration. The catalytic core of CIV is formed by subunits I-I1l
(Fig.4B), called Cox 1-3 in S.cerevisiae, and is conserved among mammals,
yeast and many aerobic bacteria???’, Subunit I is homologous among mem-
bers of the heme-copper oxidase family and contains three redox-active sites:
heme a, heme az and Cus. Heme az and Cug form the active site where O
binds. Subunit Il harbours the primary electron acceptor: the dinuclear copper
centre Cua; while subunit 111 does not contain any redox-active cofactors.

In addition to the three core subunits, eukaryotic CIV contains other peripheral
subunits. In S. cerevisiae, nine additional subunits have been identified and
suggested to be involved in the regulation of electron transfer and proton
pumping?%,

During CIV turnover, cyt. ¢ transfers electrons via the Cua site and heme a, to
the active heme as-Cus site, where O is reduced to H,O (Fig. 4C). A total of
four electrons are transferred consecutively to reduce an O, molecule, with the
uptake of four protons from the n side which results in a charge separation
across the membrane. In addition, for each electron transferred to the catalytic
site, one proton is pumped across the membrane from the n side to the p side,
increasing the charge separation stoichiometry. Therefore, reduction of O is
linked to the uptake of eight protons from the n side, four of which are trans-
located to the periplasm. The overall reaction catalyzed by CIV is:

4 cyt.creq + 0y + 8Hy = 4 cyt.cop + 2 H,0 + 4 Hy

FeS domain




4H* cyt.c

c . ¥
. 2H*
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Figure 4: Structures from Clll; (A) and CIV (B) with their core subunits shown
in color. (PDB:6HU9)?. C Electron and proton trasnfer between one monomer of
CllI; (blue) and CIV (red). Electron transfer is shown with dashed arrows and
proton transfer with black arrows.

Respiratory supercomplexes

The structural organization of the respiratory chain is still a matter of debate
and different models have been proposed over the years. From the solid-state
model, in which respiratory enzymes were believed to form a single rigid unit,
to the liquid-state model, which pictures these proteins diffusing freely in the
membrane®. The development of blue native polyacrylamide gel electropho-
resis (BN-PAGE) made it possible to identify higher-order assemblies of the
respiratory enzymes, called supercomplexes, in S. cerevisiae and bovine heart
mitochondria®. These observations led to the plasticity model, which postu-
lates a dynamic equilibrium between freely diffusing complexes and associ-
ated supercomplexes, enabling the respiratory chain to adapt to changes in the
cellular environment and conditions.
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Using more recently developed structural techniques, such as cryo electron
tomography and microscopy, a large number of supercomplexes have been
isolated and structurally characterized in different organisms, from bacteria to
plants. The composition and abundance of these assemblies vary between or-
ganisms and tissues, depending on the metabolic and physiological condi-
tions®233, as well as on the lipid content of the membrane®*35. For example, P.
denitrificans harbours a I-1115-1V4 supercomplex®, while Mycobacterium (M.)
smegmatis®” contains an obligate I11.-1V> supercomplex. In plants, different
assemblies have also been observed, like the I-1112 supercomplex in Arabidop-
sis thaliana® or the I11,-1V supercomplex in Vigna radiata®. The distribution
of free complexes and supercomplexes in the membrane also differs between
organisms. In the yeast S. cerevisiae almost all CIV is part of a I112-1V12 su-
percomplex, but in mammals only around 20-30% of this CIV is in the form
of supercomplexes®.

Although the existence of supercomplexes is now widely accepted, their phys-
iological function remains a topic for discussion. It has been observed that no
clear structural changes arise from supercomplex formation, which suggests
that the function of individual complexes remain unaltered upon the formation
of these assemblies. Early studies proposed that supercomplex formation en-
ables quinone channelling, maximizing the electron flux across the respiratory
chain. However, this hypothesis was ruled out based on functional studies
showing the lack of channels connecting the substrate binding sites in super-
complexes®. Other roles that have been proposed include a lower rate of re-
active oxygen species production?*#?, the prevention of protein aggregation in
the membrane*® or the stabilization of the individual complexes*“5. None of
these hypotheses is fully accepted and the functional advantage of supercom-
plex formation remains a topic of discussion and requires further research.

[11-1V supercomplexes

As discussed previously, the composition of supercomplexes can vary be-
tween organisms and tissues. In many cases, Clll, interacts with one or two
CIV monomers to form I112-1V12 supercomplexes. These assemblies are found
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in a wide range of organisms, including Gram negative*® and Gram posi-
tive3"#" bacteria, as well as in yeast*349, plants® and mammals®, although their
arrangement is different between eukaryotes and bacteria.

Part of the work presented in this thesis focuses on the fuctional aspects of
these supercomplexes, more specifically I1I-IV supercomplexes from M.
smegmatis and S. cerevisiae.

The Mycobacterium smegmatis 111-1V; supercomplex

M. smegmatis is a non-pathogenic Gram positive aerobic bacterium that be-
longs to the phylum Actinobacteria. It encodes many conserved mycobacterial
gene orthologues, which makes it a useful model organism for studies of more
pathogenic counterparts, such as e.g. M. tuberculosis.

As discussed above, the respiratory chains in bacteria in many cases differ
from the canonical mitochondrial electron transport chain. For instance, My-
cobacteria rely on menaquinone rather than ubiquinone and their lack of a
mobile cyt. ¢ requires of close contact between Clll; and CIV for electron
transfer to take place. These organisms harbour an obligate supercomplex
composed of a Clll; flanked by two monomers of CIV, one on each side®" .
It has been shown that the equivalent of this supercomplex is essential for the
growth of M. tuberculosis and its disruption caused impaired growth in M.
smegmatis®2.

Each Clll; monomer in the supercomplex is composed of the three core sub-
units, named QcrA, QcrB, and QcrC. The latter subunit harbours a membrane-
bound diheme cyt. cc subunit that replaces both canonical cyt. ¢; and soluble
cyt. ¢, and mediates electron transfer between Clll; and CIV. The M. smeg-
matis CIV is composed of only four subunits, called CtaC, CtaD, CtaE and
CtaF (Fig. 5).

In addition to these subunits, the M. smegmatis supercomplex has a copper-
containing superoxide dismutase (SodC) dimer as an integral part of the as-
sembly®”52, It is located in the extracellular part of the membrane, bound by
its two N-terminal tails to the QcrA subunit of Clll,. As other SodC enzymes,
it catalyzes the dismutation of O, into Oz and H,0,, but its functional role
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within the supercomplex is still unclear. The M. smegmatis SodC has a high
sequence homology to that from M. tuberculosis, suggesting a similar organ-
ization and function in the pathogen.

Mgo

Figure 5: Structure of the M. smegmatis supercomplex (PDB: 9MD1)>* with the
different subunits colored, including the Mgo malate oxidase.

Additionally, the structural study presented in paper 1V*® of this thesis has
revealed that in native membranes the enzyme malate:quinone oxidoreductase
(Mqo) is also physically associated to the M. smegmatis supercomplex. This
enzyme is bound between Clll; and CIV, making close contact with the
MSMEG_4692 subunit, and part of it is also embedded in the lipid bilayer.
Mgqo is also present in M. tuberculosis, where its deletion makes the pathogen
susceptible to oxidative and low pH stress®. In M. smegmatis it is essential
for growth on non-fermentable carbon sources®. Mqo catalyzes the oxidation
of malate to oxaloacetate, a critical step in the Krebs cycle. Associated with
the M. smegmatis I11>-1V supercomplex it is capable of transferring electrons
from malate to the supercomplex®, which would indicate a connection be-
tween the Krebs cycle and aerobic respiration in mycobacteria.
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The Saccharomyces cerevisiae 1112-1V1, supercomplex

The yeast S. cerevisiae is a unicellular eukaryote typically used as a model for
studying the mitochondrial electron transport chain, since the respiratory en-
zymes of this organism are very similar to their mammalian counterparts®®®’.
After the yeast S. cerevisiae respiratory supercomplex was identified by
means of BN-PAGE?®, many structures of this assembly have been reported.
The yeast supercomplex is composed of Clll; flanked by either one or two
monomers of CIV, the stoichiometry being dependant on the levels of expres-
sion of CIV®S,

cyt1

Figure 6: Structure of the S. cerevisiae supercomplex (PDB:6HU9)?” with the
different subunits colored.

In addition to the three main catalytic subunits, each Clll; monomer is com-
posed of seven supplementary subunits, named Qcr6-10 and Corl-2; while
CIV contains nine additional subunits, referred to as Cox4-9, Cox12-13 and
Cox26 (Fig.6). The surface of interaction between the complexes is small and
it is mainly maintained by hydrophobic protein-protein interactions in the ma-
trix side between the N-terminal domains of Clll; Corl subunit and CIV Cox5
subunit>®%%, The C-terminal domains of these subunits also interact on the
periplasmic side of the membrane. Subunit Cox5 has two isoforms, Cox5A
and Cox5B, but the residues that are involved in the interactions with Corl are
conserved in the two isoforms and, therefore, the change of isoform does not
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affect the supercomplex structure or formation®®. Interestingly, S. cerevisiae
has two cyt. ¢ isoforms too, namely iso-1 and iso-2, which are encoded by two
different genes, cycl and cyc?, respectively, and that share approximately
84% sequence identity®!. It has been shown that the isoform gene pairs
cycl/Cox5a and cyc7/Cox5b are co-expressed depending on the oxygen con-
centration, the former being predominant under aerobic conditions and the lat-
est under hypoxic conditions®22,

Electron transfer in the Il1>-1V1, supercomplexes

Cytochrome c binding and diffusion

In mitochondria, electron transfer between Clll; and CIV requires a water-
soluble cyt. c, a small ~12 kDa globular protein (Fig. 7) with a dipole moment
and a net positive charge®®°. The ¢ heme group of cyt. ¢ is located in a hy-
drophobic pocket, surrounded by a number of conserved lysine residues®, and
its edge is positioned towards the positively charged surface of cyt. c, that
docks with the negatively charged surfaces of Clll, or CIV, respectively. The
orientation of cyt. c is the same when binding either of the complexes®’. Early
data suggested the presence of a single cyt. ¢ binding site in Clll,, but recently
a secondary low-affinity binding site has been reported in the cyt. ¢; subunit
in plants®®. Two binding sites in CIV have also been suggested based on dif-
ferent activity and kinetic studies in mammals, plants and yeast 66:6970.71,

Figure 7: Surface representation of the electrostatic potential in the S. cerevisiae
supercomplex (PDB:6HU9)?" and cyt. ¢ (PDB: 1YCC)®.
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As discussed above, cyt. c receives electrons from Clll; cyt. ¢1 subunit and
transfers them to Cua in CIV. When CllI; and CIV diffuse independently in
the membrane, this reaction takes place via cyt. ¢ 3D diffusion within the in-
termembrane space. Within the I11-1V supercomplexes, the cyt. ¢ binding sites
in Clll; and CIV are 60-100 A apart® 7273 which is too far to allow direct
electron transfer by one bound cyt. ¢ molecule. Different scenarios (Fig.8)
were proposed in which electron transfer within the supercomplex would oc-
cur either via 3D diffusion of cyt. ¢ through the bulk solvent, lateral 2D diffu-
sion along the supercomplex surface or via the binding of several cyt. ¢ mol-
ecules simultaneously, referred to as bridging.

Under the assumption that electrons are transferred within the supercomplex
via 3D diffusion of cyt. ¢, the formation of this assembly would have a kinetic
advantage by decreasing the cyt. c¢ diffusion distance between the binding
sites”. It was seen that electron transfer is not dependent on the cyt. ¢ diffusion
time itself, but rather on its equilibration time with the cyt. ¢ pool™. This time
increases with decreasing cyt. ¢ concentration. However, in the mitochondrial
intermembrane space there is a fixed concentration of cyt. c, e.g. in S. cere-
visiae it is equivalent to 2-3 cyt. ¢ molecules per I11-1V pair”. Hence, the equi-
libration time can be decreased by decreasing the distance between the com-
plexes. This is accomplished through formation of supercomplexes, which im-
plies a kinetic advantage when considering cyt. ¢ 3D diffusion.

3D diffusion 2D diffusion Bridging

Clil, cIv

Figure 8: Possible scenarios of electron transfer within the Il1,-1V supercomplex,
either via 3D diffusion, 2D diffusion of a single cyt. c or via a bridge formed by two
or more bound cyt. c.
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Another possible scenario is for electron transfer to be mediated via 2D diffu-
sion of cyt. ¢ along the supercomplex surface®® . The formation of I11-1V su-
percomplexes results in the formation of an overall negatively charged path
that spans between the cyt. ¢ binding sites of complexes I11, and IV. According
to computational studies’™ "7, this path could facilitate the lateral diffusion of
cyt. ¢ across the supercomplex surface. This mechanism was studied experi-
mentally in S. cerevisiae®®, in which the obtained supercomplex structure re-
vealed that cyt. ¢ was bound to either Clll,, CIV or to an intermediate position,
each with nearly equal occupancy. In addition, kinetic measurements of the
supercomplex QH2:O, oxidoreductase activity as a function of cyt. ¢ concen-
tration showed an increase in the turnover rate up to a cyt.c:supercomplex ratio
of 1. The rate was almost unaltered at ratios from 1 to 10, but it increased again
at high excess of cyt. ¢, i.e., cyt. c: supercomplex ratios >10. This results show
that cyt. c diffusion is the rate limiting step of electron transfer within the su-
percomplex.

The same behaviour was observed for the S. pombe® I11-1V supercomplex,
where CIV is rotated 45° in relation to that of the S. cereveisiae supercomplex,
resulting in a longer distance between the cyt. ¢ binding sites. The S. pombe
supercomplex structure showed cyt. ¢ bound at four different positions along
one of two symmetrical branches, indicating the possibility of 2D diffusion in
this organisms too.
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Experimental methods

The work presented in this thesis has involved the use of standard biochemical
methods such as, for example, the growth of yeast, protein purification via
gravity flow column and size exclusion chromatography and conventional
protein characterization techniques such as spectrophotometric and activity
measurements. Additionally, different specialized techniques for the study of
respiratory enzymes and protein interactions have been used and are described
below.

Oxidoreductase activity measurements

Oxidative phosphorylation is based on series of reactions that couple electron
transfer to the generation of a transmembrane proton motive force. In aerobic
organisms, the ultimate electron acceptor is molecular oxygen, which is re-
duced to water by CIV. The oxygen reduction rate can be measured by using
a Clark-type oxygen electrode system, that enables accurate respirometry
measurements in biological samples.

The instrument consists of a platinum electrode combined with a silver elec-
trode set in an epoxy resin disc in contact with a saturated KCI solution diluted
to 50%. When a small voltage is applied across the electrodes, the platinum
electrode becomes negatively charged in relation to the silver electrode. Once
there is enough overpotential to overcome kinetic limitations, i.e. the voltage
reaches around 700 mV, oxygen in the sample is reduced to hydrogen perox-
ide (H-0,) at the platimun surface. The current of electrons that flow from the
anode (silver electrode) to the cathode (platinum electrode) is directly propor-
tional to the oxygen concentration’’.

Stopped-flow measurements

Many biochemical reactions take place over time ranges of milliseconds, too
short time scales to allow analysis using standard laboratory equipment.
Therefore, rapid measurement technigues are needed such as stopped-flow in-
strumentation. This device enables the study of solution-based kinetics in the
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milliseconds to seconds timescale by rapid mixing of the reactants. The reac-
tion is followed in time by measuring changes in the optical properties of the
reactants, either absorbance or fluorescence.

Small volumes of solutions, contained in separate syringes, are rapidly driven
into a mixing chamber. The resultant mixed solution flows into the cuvette,
replacing its content and pushing it into a stop syringe, which is used to limit
the volume of solution used in each experiment and to trigger data collection.
The fresh reactants in the observation cell are irradiated with monochromatic
light at a specific wavelength. As the reaction proceeds, the change in absorb-
ance is recorded as a function of time™®’°,

In the present work, this technique was used to determine the electron transfer
kinetics between the malate oxidase and the M. smegmatis supercomplex by
following absorbance changes resulting from the reduction of the heme groups
present in the supercomplex at the corresponding wavelengths.
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Figure 9: Schematic representation of stopped-flow experimental setup.
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Summary of papers

The intracellular ionic strength is typically assumed to be equivalent to ~150
mM monovalent salt. However, as mentioned above, recent studies have
shown that a more realistic mimic of the intracellular environment is ~20 mM
monovalent salt solution. The interaction between cyt. ¢ and the supercomplex
is of electrostatic nature and is, therefore, determined by the electrostatic con-
ditions of the intracellular environment. Consequently, a change in ionic
strength is likely to affect this interaction, which, at 20 mM monovalent salt,
is likely to be stronger than previously assumed.

The impact of this change in ionic strength on cyt. c-supercomplex interac-
tions was studied in paper I, in which kinetic and structural studies were done
at 20 mM salt concentration with the S. cerevisiae 1l1>-1V1, supercomplex.
The supercomplex oxidoreductase activity was measured as a function of cyt.
¢ concentration and the results were compared to those obtained at 150 mM
salt*, At cyt. c: supercomplex ratios of 1-10, the activity at 20 mM salt was
lower than that observed at 150 mM salt, but at ratios above 10, the activity at
low salt increased sharply. The data at 20 mM salt in the range 0.03-1 pM cyt.
¢ was fitted with a Hill equation, which yielded a Hill coefficientof n = 5 +
3, suggesting that at least two cyt. ¢ molecules bind to the supercomplex sur-
face to facilitate electron transfer between each monomer of Clll; and CIV.
These results are supported by structural data, which show that at low salinity
and a cyt. c: supercomplex ratio of 12, a subpopulation of the particles harbor
two cyt. ¢ molecules bound simultaneously at different positions along the
negatively charged surface of the supercomplex. The binding of cyt. c at two
positions for each complex at low ionic strength was previously observed with
the 111-1V mammalian % and plant ® supercomplexes.

Furthermore, upon lowering the ionic strength we observed additional resi-
dues at the N and C termini of subunits Qcr6é and Qcr9, respectively, which
had not been resolved previously. The additional residues at the N- terminus
of Qcr6 are in close contact with cyt. ¢ when it is near Clll,, while those of
the C-terminus of subunit Qcr9 interact with cyt. ¢ bound at CIV. These data,
together with a re-analylis of the cryo-EM data at 150 mM monovalent salt
(42), showing cyt. c interacting with both Qcr6 and Qcr9 at an intermediate
position, suggest that Qcré and Qcr9 could facilitate rotation of cyt. ¢ while
moving along the negatively charged surface of the supercomplex.
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The study in paper | was carried out with detergent-purified supercomplexes,
but as mentioned above, in vivo respiratory supercomplexes are located in the
inner mitochondrial membrane. The impact of the inner mitochondrial mem-
brane on the cyt. c—supercomplex electrostatic interaction was studied in pa-
pers Il and Il1.

In paper 11, mitoplasts containing the S. cerevisiae supercomplex were used
and the kinetic analysis at 20 and 150 mM KCI was repeated. The catalytic
activities of Clll; and CIV in mitoplasts were also measured separately at 50
uM cyt. ¢. Data were compared to those obtained with detergent-purified su-
percomplexes. In general, the activities of the detergent-purified supercom-
plexes and individual complexes are higher than those measured in mitoplasts,
which is explained by the detergent-induced release of a steroid ligand from a
binding site near the K proton pathway of CIV. When bound, this ligand
would slow the rate-limiting proton uptake through this pathway, resulting in
a lower activity compared to that with the empty binding site .

In addition, the data in paper Il show that, in mitoplasts, the supercomplexes
activities as a function of cyt. ¢ concentration were very similar at 20 mM and
150 mM salt. This observation contrasts the data with detergent-purified su-
percomplexes, where the supercomplex activity is limited by the binding and
diffusion of cyt. c. The different behavior observed with mitoplasts and deter-
gent-purified supercomplexes is explained by the shift in the rate-limiting step
outlined above. Between 20 nM and 30 nM cyt. c, i.e. approximately a cyt. c:
supercomplex ratio of unity, the supercomplex activity increases steeply, in-
dicating that electron transfer is limited by cyt. ¢ binding to the supercomplex
surface. In this cyt. ¢ concentration range, each Clll; monomer-CIV pair re-
cruits one cyt. ¢ at its cyt. ¢ binding site. Up to a cyt. ¢: supercomplex ratio of
50, the supercomplex activity remains almost constant, which indicates that at
these cyt. ¢ concentrations, the rate is limited by the maximum catalytic activ-
ities of the individual complexes. At higher cyt. ¢ concentrations, above 1uM
cyt. ¢, the activity increases again, which is explained by 3D diffusion of cyt.
¢ molecules to CIV from the fraction of Clll;that is not part of the supercom-
plex.

The effects of ionic strength and membrane potential on electron transfer

within the yeast supercomplex was further investigated in paper I11. The ac-
tivity of detergent-purified and membrane bound supercomplexes, as well as
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that of the individual complexes, was measured as a function of salt concen-
tration. As in paper Il, activities in detergent-purified conditions were higher
than those in mitoplasts. For both conditions, the supercomplex activity in-
creased with increasing salt concentration, up to 200 mM monovalent salt.
Above this concentration range that the activity decreased, reaching, at 2M
NaCl, a nearly zero activity for supercomplexes in solution and around 50%
of their maximum activity in mitoplasts. The catalytic activities of the indi-
vidual complexes were also measured as a function of ionic strength and the
same behavior as for the supercomplex activity was observed.

These data indicate that increasing the ionic strength results in the decrease of
the affinity between cyt. ¢ and the supercomplex due to the screening of
charges at the interaction surface. However, the maximum activity is not ob-
served at very low ion concentrations, which is explained by the formation of
a stable complex between cyt. ¢ and the supercomplex, leading to a restricted
access of reduced cyt. ¢ to its binding sites.

Overall, the data presented in papers I-111 show that the cyt. c: supercom-
plex electrostatic interactions are highly responsive to the electrostatic en-
vironment and that electron transfer within the supercomplex is critically
dependent on the screening length.

In paper 1V, the structure of the M. smegmatis supercomplex was obtained in
native membranes, revealing a physical association with the enzyme Mqo,
which was not seen in detergent-purified supercomplexes. This enzyme cata-
lyzes the oxidation of malate to oxaloacetate, a critical step in the Krebs cycle.
It is bound between CIll; and CIV, making close contact with the
MSMEG_4692 subunit, and part of the Mgo is also embedded in the lipid
bilayer. To study whether Mqo is capable of transferring electrons directly to
the supercomplex, spectrophotometric studies were done by adding malate or
NADH to reduce the sample. A conventional spectrophotometer was used to
perform long time scale measurements, in which a reduced minus oxidized
difference spectrum of the sample was obtained. These experiments showed
that, over ~30 min, malate was capable of reducing ~75% of the ¢ hemes
(AAsss) and ~67% of the b hemes (AAsg2) in the sample, while addition of
NADH led to the reduction of ~69% of the ¢ hemes and ~55% of the b hemes.
Absorbance changes attributed to d and a hemes were negligible. In addition,
stopped-flow spectrophotometric measurements were done to study heme re-
duction over short time scales. Results showed that ~30% of the ¢ hemes were
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reduced within ~500 msec on addition of malate, while addition of NADH did
not reduce the ¢ hemes of the sample on this timescale. Altogether, this data
show that, on its association with the M. smegmatis 1l1>-1V2 supercomplex,
Mqo is capable of transferring electrons from malate to the supercomplex,
which would indicate a connection between the Krebs cycle and aerobic res-
piration in mycobacteria.
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Concluding remarks and future prospects

The cellular function relies on the interaction of proteins with their physiolog-
ical partners. An example is the mitochondrial respiratory chain, a set of en-
zyme complexes that interact with different electron carriers to ultimately syn-
thesize ATP that is required for the cell’s survival. These proteins coexist in
the crowded, dynamic and concentrated environment that is the cell interior,
surrounded by different charged molecules and small ions.

These conditions influence the way protein-protein interactions take place
and, therefore, mimicking them is key for depicting the functional and struc-
tural aspects of respiratory complexes and cellular respiration. The work pre-
sented in this thesis reveals how electrostatic conditions affect the interaction
and behaviour of respiratory supercomplexes, highlighting the importance of
using an appropriate ionic strength to resemble the screening length inside the
cell.

Nevertheless, the conditions used throughout the experiments still differ from
the actual intracellular environment and further research is needed to fully un-
derstand how protein-protein interactions take place in vivo and, specifically,
how these affect the function and structure of the respiratory chain. This thesis
focuses on ionic strength but, as mentioned above, the cell interior is a highly-
crowded environment in which many molecules coexists and interact with
each other. Therefore, increasing the molecular crowding conditions, recon-
stituting the complete respiratory chain and performing experiments in whole
living cells, would better mimic the true conditions inside the cell.
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Popular science summary

The cell is a basic structural and functional unit of all living organisms, within
which different biomolecules, sucha as proteins, nucleic acids, carbohydrates
and lipids, coexists. Proteins play a central role in cellular function and organ-
ization, interacting with each other and with other macromolecules to carry
out a wide range of functions. Protein-protein interactions are commonly of
electrostatic origin and are therefore determined by the electrostatic conditions
within the cell. This environment is dynamic and highly crowded, containing
many different ions and charged molecules. Determining the effect of these
charges on protein-protein interactions and replicating the intracellular condi-
tions are essention for depicting the functional and structural aspects of the
cell.

One of the cellular machineries in which protein-protein interactions play a
crucial role is the respiratory chain, a series of membrane proteins that cata-
lyze chemical reactions which results in formation of ATP, a molecule that
stores and supplies energy to sustain all basic cellular functions. In mitochon-
dria, these reactions take place in the inner mitochondrial membrane, where
electrons derived from different sourced are transferred though a series of pro-
tein complexes and mobile carriers to a final electron acceptor, oxygen. This
electron transfer is coupled to transfer of positively charged protons across the
membrane, leading to the formation of an electrochemical gradient, which
provides energy for ATP synthesis.

In the work presented in this thesis, the respiratory chain is used as a model
system to study protein-protein interactions under different ionic conditions,
with a special focus on supercomplexes, higher-order assemblies of respira-
tory complexes. Specifically, the interaction between the supercomplex and
the mobile electron carrier, cytochrome ¢, has been studied. Cytochrome ¢
carries a positively charged surface that interacts with the negatively charged
surface of the supercomplex. The electrostatic nature of this interaction offers
an ideal tool for investigation of protein-protein interactions under a wide
range of physiological conditions.

The results have revealed that changing the ion concentrarion of the medium
has a clear effect on the supercomplex-cytochrome c interaction, thereby mod-

ifying the mechanism of electron transfer within the supercomplex. Overall,
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the data show that the composition of the solution has a strong impact on pro-
tein behavior and highlights the importance of understanding and replication
the cellular interior to obtain results that reflect the true functioning of the cell.
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Popularvetenskaplig sammanfattning

Cellen utgér den grundldggande strukturella och funktionella enheten i alla
levande organismer. Inuti cellen samexisterar olika biomolekyler, sasom
proteiner, nukleinsyror kolhydrater och lipider, vilka tillsammans mojliggor
livets kemiska processer. | dessa processer spelar proteiner en central roll
genom att interagera med varandra samt med andra makromolekyler for att
utfora en mangd olika funktioner. Dessa protein—protein-interaktioner &r ofta
av elektrostatisk natur och paverkas darfor av den komplexa intracellulara
miljon, som innehaller en méangd joner och laddade makromolekyler. For att
forsta cellens funktionella egenskaper ar det darfor avgorande att
experimentellt kunna faststélla hur dessa laddningar paverkar interaktionerna
och att efterlikna de naturliga forhallandena i cellen.

Ett exempel pa reaktioner dar protein—protein-interaktioner spelar en viktig
roll &r cellandningen, dér cellen producerar ATP —en molekyl som driver alla
energikravande  processer.  Andningskedjan bestdar av en  serie
membranproteiner i det inre mitokondriemembranet vilka katalyserar en
sekvens av kemiska reaktioner. Elektroner transporteras stegvis genom flera
proteinkomplex via mobila elektronbérare till den slutliga elektronacceptorn,
syre. Denna elektrontransport ar kopplad till éverforing av positivt laddade
protoner Gver membranet, vilket upprétthaller en elektrokemisk gradient Gver
membranen. Den energi som dar lagrad i denna gradient utnyttjas for att
syntetisera ATP.

I denna avhandling anvands andningskedjan som ett modellsystem for att
studera protein—protein-interaktioner under varierande jonstyrka, med sarskilt
fokus pa sa kallade superkomplex vilka bestar av tva eller flera respiratoriska
proteinkomplex. Specifikt har interaktionen mellan ett sddant superkomplex
och dess mobila elektronbérare, cytokrom c, undersdkts. Cytokrom c har en
positivt laddad yta som interagerar elektrostatisk med den negativa ytan hos
superkomplexet. Darfor ar detta system sarskilt val lampat fér analys av hur
elektrostatiska krafter paverkar proteininteraktioner under fysiologiskt
relevanta betingelser.

Resultaten visar att variationer i jonstyrkan i omgivningen paverkar
interaktionen mellan superkomplexet och cytokrom c. Jonkoncentrationen
paverkar bindning av cytokrom c vilket i sin tur paverkar mekanismen for
elektrondverforing inom superkomplexet. Resultaten visar pa hur den
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omgivande miljon paverkar komplexa kemiska processer i cellen och
understryker vikten av att noggrant efterlikna cellens naturliga férhallanden
for att kunna dra tillforlitliga slutsatser roérande dess funktion.
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Resumen de divulgacion cientifica

La célula es la unidad estructural y funcional basica de todo ser vivo, en cuyo
interior coexisten diferentes biomoléculas como proteinas, acidos nucleicos,
carbohidratos y lipidos. Las proteinas desempefian un papel central en el fun-
cionamiento y organizacion celular, interactuando entre si y con otras macro-
moléculas para llevar a cabo una amplia variedad de funciones. Las interac-
ciones proteina-proteina son cominmente de origen electrostatico y, por lo
tanto, estan determinadas por las condiciones electrostaticas dentro de la cé-
lula. Este es un entorno dindmico y concentrado que contiene una gran canti-
dad de iones y moléculas con carga. Determinar el efecto de estas cargas sobre
las interacciones entre proteinas y replicar las condiciones intracelulares son
elementos esenciales para comprender los aspectos funcionales y estructurales
de la célula.

Una de las maquinarias celulares en la que las interacciones proteina-proteina
desempefian un papel crucial es la cadena respiratoria, un conjunto de protei-
nas de membrana que catalizan reacciones quimicas a través de las cuales se
forma ATP, una molécula que almacena y suministra energia para sostener las
funciones celulares bésicas. En las mitocondrias, estas reacciones tienen lugar
en la membrana mitocondrial interna, donde electrones procedentes de dife-
rentes fuentes son transferidos a través de una serie de complejos proteicos y
transportadores moviles hasta un aceptor final, el oxigeno. Esta transferencia
de electrones causa el movimiento de protones, cargados positivamente, a tra-
vés de la membrana, generando asi un gradiente electroquimico cuya energia
es utilizada para la sintesis de ATP.

En el trabajo presentado en esta tesis se hace uso de la cadena respiratoria
como modelo de estudio de las interacciones entre proteinas bajo diferentes
condiciones ionicas, con especial foco en los supercomplejos, agrupaciones
estructurales de los complejos respiratorios. Concretamente, se ha estudiado
la interaccion entre el supercomplejo y el citocromo ¢, un transportador mévil
de electrones. El citocromo ¢ presenta una superficie con carga positiva que
interactla con la superficie del supercomplejo cargada negativamente. La na-
turaleza electrostatica de esta interaccion ofrece una herramienta ideal para el
estudio de las interacciones proteina-proteina bajo una gran cantidad de con-
diciones fisioldgicas.
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Los resultados obtenidos muestran que los cambios en la concentracién idnica
del medio tienen un claro efecto sobre la interaccion entre el supercomplejo y
el citocromo ¢, modificando el mecanismo de transferencia de electrones a
través del supercomplejo. En conjunto, los datos muestran que la composicion
del medio tiene un fuerte impacto en el comportamiento proteico y destacan
la importancia de comprender y reproducir el entorno celular para obtener re-
sultados que reflejen el funcionamiento real de la célula.
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