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The Diverse
Interactome of
Cytochrome c:
Beyond Respiration

All living things are comprised of cells, and to
function, most of them use oxygen to break
down food molecules to obtain chemical
energy, a process known as cell respiration.
Critical to this is the macromolecule
cytochrome ¢, but this redox haemoprotein
also boasts a diverse set of functions beyond
respiration. Professor Irene Diaz-Moreno and
Professor Miguel A. De la Rosa, both leading
members of cicCartujd’s Biointeractomics
Research Group at the University of Seville,

are using cutting-edge investigational

tools to study the full interactome’ of this

multifunctional molecule.
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Cytochrome c: A Multifunctional Molecule

All complex organisations need communication — whether

human societies or living cells. Cells are the building blocks of all
living things, and have networks of biomolecules that transmit
‘messages’ necessary for proper functioning. Biointeractomics

is a fusion science that aims to unveil the complete set of these
biomolecular networks, borrowing from biology, informatics, and
engineering disciplines. The Biointeractomics Research Group from
the University of Seville, led by Professor Irene Diaz-Moreno and
Professor Miguel A. De la Rosa, is at the forefront of this exciting
field.

The macromolecule cytochrome ¢ (Cc) is a redox haemprotein
usually found in the mitochondrial intermembrane space. It
plays a critical role in cell respiration, the process through which
organisms use oxygen to break down food molecules to obtain
chemical energy to support cell functions.

However, Cc’s activities go beyond respiration. Cc localises in
other subcellular structures known as organelles, and has a
diverse range of functions, including regulating cell immolation
(apoptosis), cell signalling, and scavenging reactive oxygen
species (ROS). Professor Diaz-Moreno and Professor De la Rosa’s
research group deploys various biochemical, biophysical, and
computational tools to study the Cc ‘interactome’, which refers to
its full set of interactions.

Probing into Cytochrome c’s Role in Mitochondrial
Electron Transfer

The mitochondria, where respiration occurs, are the cell's
‘powerplants’, supplying energy in the form of adenosine
triphosphate (ATP) for vital functions. The electron transport

chain (ETC) is the final step of respiration, taking place in the
intermembrane mitochondrial space. NADH and FADH2 —
produced in the preceding steps of glycolysis, pyruvate oxidation,
and the citric acid cycle — supply the electrons for the ETC. Electron
transfer (ET) occurs across the integral membrane protein
complexes, complex | (NADH coenzyme Q reductase), complex

Il (succinate dehydrogenase), complex lll (cytochrome be,) and
complex IV (cytochrome c oxidose), and then to O,, the final
electron acceptor. This creates a proton gradient, which drives the
formation of ATP by ATP synthase.

Complexes |, Il liland IV are fixed to the inner mitochondrial
membrane, so how can electrons pass between them? Unlike
electrical circuits, electrons are not transported between redox
proteins in metal wires. Instead, they must contend with the lipidic
and aqueous environments of the mitochondrial memibrane and
matrix, respectively, where ubiquinone and Cc come in — these
are both small, soluble molecules, making them ideal carriers of
electrons between complexes. Electrons are transferred from
complex | and Il to Il by ubiquinone in the membrane, and from
ll'to IV by Cc in the matrix. A high binding turnover of electron
carriers, including Cc, is needed to maintain the cell's energy
needs. Cc must, therefore, bind weakly but with high specificity to
its redox partners. The research group has elucidated some of the
molecular mechanisms behind this.

The research group has focused on electron transport between
Complex Il and Cc to date. The cytochrome ¢, subunit (Cc,) of lll
binds to Cc, allowing electron transfer. However, they discovered
that Cc, and Cc don't need to touch for electrons to pass between
them. Electrochemical tunnelling spectroscopy (ETS) experiments
showed that a current flows between Cc, and Cc, even when
separated by 10 nm. This implies that electron transfer can occur



even before a static protein complex is formed. How could this
be? Proteins such as Cc, and Cc have charged surfaces. A layer of
water and ions exists at the surface-aqueous solution interface —
the Gouy-Chapman layer. The research group concludes that this
layer provides a conduit for electrons to transfer long-distance
between Cc, and Cc. They consider this Gouy-Chapman conduit
between Cc, and Cc to be instrumental in sustaining the ETC.

Regulating Cytochrome c’s Electron Transfer with
Phosphorylation

Sustaining the ETC at the optimum rate is important — but not
too fast! Too much electron flux through the ETC can lead to
membrane hyperpolarisation, the production of destructive ROS,
and the activation of the caspase cascade. This can lead to
apoptosis. Luckily, cells have protective mechanisms to regulate
this — and Cc has a key role. It is known that Cc phosphorylation
downregulates ETC flux, thus protecting cells against apoptotic
damage. Phosphorylation mainly happens on serine and threonine
residues, but phosphorylation of tyrosine is important in the
regulation of signalling and homeostatic functions. In mammails,
Cc has six sites for the attachment of phosphate groups -
Thr28, Ser47, Tyrd8, Thr49, Thrb8 and Tyr97. Cc phosphorylation is
implicated in various diseases, including ischemia, cancer, and
neurodegeneration.

In particular, Tyr48 phosphorylation affects the interactions
between Cc and its binding partners, but how this happens was
previously unknown. The research group has used a nanoscopic
approach to probe into the molecular mechanism of this. It is
difficult to isolate in vivo preparations of Tyr48-phosphorylated
Cc. So, to mimic the effect of phosphorylation at this position, they
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deployed a phosphomimetic mutant of Cc, in addition to wild-
type Cc. Instead of a Tyr48 residue, they used a variant of Cc that
includes a non-canonical amino acid in this position, p-carboxy-
methyl-L-phenylalanine (o CMF). pCMF is ideal as it is stable, has
a similar volume and charge as phosphotyrosine, and does not
affect Cc’'s haem moiety.

Wild-type and mutated forms of Cc were expressed in E. coli hosts,
purified, and deployed in various experiments. The research group
studied Cc—Ccl binding dynamics using ETS, electrochemical
gating, atomic force microscopy, surface plasmon resonance
(SPR), single-molecule unbinding experiments, dissociation kinetics
studies, and computational simulations. Replacing Tyr48 with pCMF
in Cc impaired long-distance electron transfer between Cc, and
Cc. The Y48pCMF (Tyr48-to-pCMF) mutation reduced the ‘decay
distance’, at which electrons transferred, by half (3 nm).

Moreover, substituting Tyr48 with pCMF strengthened the
interaction between Cc and Cc, in both single-molecule and
bulk-binding experiments. Y48pCMF Cc was shown to have a
stronger binding affinity to Cc, than wild-type Cc binding to

Cc, in SPR studies. Moreover, it was observed that greater force
is needed to detach Y48pCMF Cc from Cc; in single molecule
unbinding experiments. The stronger the Cc-Cc;, binding, the
lower the turnover — so this stronger binding is thought to slow
down Cc turnover. How does this impaired electron transfer and
stronger binding translate to respiratory activity? By conducting
biochemical assays using mammalian mitochondrial extracts,
the group found that Y48pCMF Cc led to a 1.6-fold reduction in
complex lIl activity compared with wild-type Cc.

What relevance do these findings have to the regulation of the
ETC? Y48pCMF is a good mimic of phosphorylation at Cc’s Tyr48,
so it can be assumed that the findings apply to phosphorylated
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Tyr48. Both phosphate and pCMF are negatively charged. From
molecular dynamics simulations, the research group infers that
cations accumulate around the surface of phosphotyrosine,
which disrupts the Gouy-Chapman conduit, impeding electron
transfer. Furthermore, phospho-Tyr48 Cc is more likely to get stuck
at complex Ill, preventing others from binding and transferring
electrons. These results provide mechanistic insights into how cells
deploy phosphorylation of Cc to reduce ETC flux, preventing the
negative impacts of excess flux, and thus regulating respiration
rate.

The Role of Cytochrome c in ARF/p53-mediated
DNA Repair

Damage to DNA under stress conditions can lead to loss of
function, apoptosis, or even cancer. DNA can be damaged
through exposure to mutagenic chemicals, radiation, viral
infection, or ROS released in metabolism. Fortunately, cells have
several stress responses to limit or mitigate the effects, including
the ARF/p53 pathway, activated whenever DNA is damaged.

P53 is a tumour suppressor protein that acts through various
mechanisms, including activation of DNA repair proteins and cell
cycle arrest. The ubiquitin ligase HDM2 (human double minute
clone 2) inactivates p53 through ubiquitination and proteosome-
dependent degradation. However, this is prevented by ARF
(alternative reading frame of the INK4a gene — pI4ARF in humans),
a protein that inhibits HDM2. Thus, the tumour suppression activity
of p53is negatively and positively regulated by HDM2 and ARF,
respectively.

The nucleolus (plural nucleoli) — a membrane-less liquid droplet
organelle within the nucleus — is the main ‘traffic controller’ in
the cell's ARF/p53 stress response. In the nucleolus, ARF is stored
by being sequestered to nucleophosmin (NPM) protein. Upon

DNA damage, ARF is released from the nucleoli, activating p53's
damage control activity. It has long been known that there is
crosstalk between the mitochondria and the nucleus, but it was
assumed that this was independent of the nucleoli. The group
discovered that this crosstalk impacts the nucleoli's ARF/p53
pathway initiation. What's more, Cc is at the heart of this. With
biophysical and structural analyses, the group probed Cc's role in
the ARF/p53 stress response.

Human cell lines (HeLo ceIIS) were treated with camptothecin (CPT)
or doxorubicin (Dox) — compounds that induce single — or double-
strand DNA breaks. Immunostaining and proteomic analysis
revealed that upon CPT-induced DNA damage, Cc translocates
from the mitochondria to the nucleus. Cc was observed to interact
with nucleolar NPM in bimolecular fluorescence complementation,
coimmunoprecipitation, and proximity ligand assay experiments.
In binding studies, they found that Cc competes with pI9ARF (the
mouse version of ARF) for binding to NPM.

With a suite of structural analyses - including nuclear magnetic
resonance, X-ray crystallography, electron microscopy, and
computational tools — the group determined the three-
dimensional structure of the Cc-NPM binding complex. NPM's
structure comprises an N-terminal structured oligomerisation
domain that binds to Cc or p19ARF, a disordered central region
that binds to histones, and a C-terminal nucleic acid binding
domain. Upon binding to Cc or pl19ARF, NPM undergoes liquid-
liquid phase separation. In studies involving isolated nucleoli and
HeLa nuclei with fluorescently tagged Cc, they observed that Cc
displaces p19ARF, which is then released into the cytosol.

These findings are significant in providing a mechanistic
explanation for the role of Cc in initiating the DNA damage
response (DDR) under stress conditions. Upon DNA damage,

Cc translocates from the mitochondria to the nucleus and
competitively binds to nucleolar NPM. This releases ARF, which kick
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starts the ARF/p53 stress response, enabling p53 to activate DNA
repair and suppress cancerous tumour formation by arresting the
cell cycle.

Future Plans for the Biointeractomics Unit

Through a rich combination of biochemical, biophysical, and
computational tools, the Biointeractomics Research Group is
discovering that the interactome of Cc is more varied than

was thought possible. The observed Cc crosstalk between the
mitochondria and nucleus is particularly intriguing. The group
plans to delve deeper into Cc's full range of functions and
determine the implications for understanding health and disease.



MEET THE RESEARCHERS

Professor Irene Diaz-Moreno and Professor Miguel A. De la Rosa
Institute for Chemical Research, Research Centre Isla de la Cartuja (IIQ - cicCartuja), University of Seville — CSIC, Spain

Professor Irene Diaz-Moreno and Professor Miguel
A. De la Rosa, both at the University of Seville,

are leading members of the Biointeractomics
Research Group, Institute for Chemical Research
(IIQ), cicCartuja. cicCartuja is a multidisciplinary
research centre between the University of Seville,
the Spanish National Research Council (CSIC), and
the Andalusian Government (Junta de Andalucia).
The Biointeractomics Research Group boasts
extensive experience in the molecular recognition
of metalloproteins, structure-function relationships
of signalling proteins, and transient protein-protein
and protein-nucleic acid interactions. The Group
studies the importance of these interactions in
various cellular processes, including the DNA
damage response.

Professor Diaz-Moreno joined cicCartuja after a
postdoctoral stay in the UK funded by an EMBO
fellowship and is the Biointeractomics Group's team
leader. Her research focuses on post-transcriptional
and post-translational regulation of DNA damage
responses, characterising cytochrome c—histone
chaperone interactions. Professor De la Rosa was
the Founding Director of the Biointeractomics

Unit at the University of Seville’s Institute of Plant
Biochemistry and Photosynthesis in 1988, before
moving to the IIQ in 2016.

His research focuses on structure-activity
relationships of biological macromolecules,
deploying approaches from various disciplines.

@ CONTACT

Professor Irene Diaz-Moreno
idiozmmoreno@us.es
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Professor Miguel A. De la Rosa
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