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DYSREGULATED
INTRACELLULAR PH
CAN ENABLE DIFFERENT
DISEASES

The pH inside our cells is constantly changing, but also carefully
controlled within certain limits. Dynamic intracellular pH (pHi)
is essential for normal cell behaviours, but when it becomes

dysregulated, it can enable an array of diseases from cancer to
Alzheimer’s. Dr Diane Barber from the University of California

San Francisco has carried out extensive research into how normal

pHi dynamics regulate cell behaviours and the impact that
dysregulated pHi can have in different diseases.

Understanding pH in Cells

The pH of a substance is a measure of
how acidic or alkalineitis, orin other
words, the concentration of hydrogen
jons (H+) it contains. A solution with a
higher concentration of hydrogen ions
is acidic and has a lower pH, one that
has a value of less than 7. The pH scale
is measured between 0 and 14, so an
alkaline solution is one with a value
of 8 and above. Neutral solutions are
those with a pH of 7 - such as water, for
example.

In cells, pH generally ranges between
7.0 to 7.6 but is dynamic, meaning that
it can fluctuate, and controlling these
pH changes is important for normal cell
behaviours. During disease processes,
this balance can be disturbed. For
example, compared to the pHi of
normal cells, cancer cells generally have
a higher dynamic intracellular pH (pHi)
and brain cells with neurodegenerative
diseases have a lower pHi. Itis
important to understand how and

why this happens as well as what the
implications are if we are to better
understand human pathologies. This

is the focus of the research of Dr Diane

Barber from the University of California
in San Francisco. Her studies have led
to fascinating new discoveries into the
inner working of our cells and what can
g0 very wrong.

Protonation and Deprotonation as
Posttranslational Modifications

Proteins are created using the coding
structures of our DNA. Through
processes called transcription and
translation, genes are read by cell
machinery and used as a template to
bring together amino acids to create
arequired protein. Once this new
protein has been released into the

cell to carry out its functions, it will
often be subject to posttranslational
modifications. These alterations are
important to regulate the stability and
activity of the protein as well as its
binding affinity (how well it attaches to
other molecules). Common examples
of posttranscriptional modifications
are phosphorylation, whereby a
phosphoryl group (PO3-) is added, and
ubiquitination, which is the addition of
a protein called ubiquitin.
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But work from Dr Barber and her
collaborator Dr Matthew Jacobson,

a computational protein biophysicist
at the University of California San
Francisco, compellingly shows that
protonation and deprotonation should
be classed as a posttranslational
modification. They showed that
fluctuations of the pH within cells
(intracellular) or outside of them
(extracellular) can change the charge
of an amino acid side chain, and with
protonation or deprotonation, alter
the structure and function of that
protein. Whilst other posttranslational
modifications need an enzyme to
facilitate the reaction, adding or
removing a proton does not and it is
very quick as well as easily reversible.

Drs Barber and Jacobson discovered
that this type of modification is
achieved on certain pH-sensing




proteins via a small number of sites which they called pH
sensors. Subsequently, Dr Barber investigated the structural
mechanisms of these proton posttranslational modifications
and the consequences that modified pH-sensing proteins have
when regulating cellular processes. According to Dr Barber,

‘Determining protonation and deprotonation, however, is more
challenging compared with other types of posttranslational
modifications because it is not detected by mass spectrometry
or antibodies, nor is it catalysed by an enzyme.

Nevertheless, she found that the pHi is highly dynamic and
this is essential for many normal cell behaviours such as cell
migration, metabolism and cell cycle progression. However,
they are also implicated in many pathological cellular events,
including cancer and tumorigenesis. ‘We now know that pHiis
dysregulated in many diseases. For example, compared with
normal cells, pHi is constitutively increased in most cancers
regardless of tissue origin or gene mutations. In contrast, pHi
is constitutively decreased in neurodegenerative disorders,
including Alzheimer’s disease and frontotemporal dementia’
explains Dr Barber. Because of this, engineering methods to
target and control proton posttranslational modification could

be a promising avenue to explore in the development of novel
therapeutics.

pH Dysregulation in Cancer

The issue of pHi dysregulation -specifically, increased pHi in
cancers - is a current focus of Dr Barber’s group. A relatively
high internal pH and low external pH are already known
markers of a cancerous cell and it has been shown inin vitro
cell models to increase cell division, cell migration, and limit
cell death (known as apoptosis). However, this had not been
thoroughly investigated in vivo - in a living organism. Therefore,
Dr Barber and her team used a type of fly that is a common
animal model called Drosophila melanogaster in their study.

Interestingly, they showed that increasing pH was sufficient
to induce dysplasia, which is an abnormal development of
cells that can lead to cancer. This was seen in the absence of
an activated oncogene, a mutated gene that sets off reactions
that result in a tumour. The newly raised internal pH of the
cells enabled cancer cell behaviours like dividing faster and
growing into surrounding tissues. But promisingly, the study
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also demonstrated how these cancer cells might be overcome.
They revealed that preventing hydrogen ions from leaving

cells having cancer-causing oncogenic Raf or Ras mutations
caused acidosis and this man-made increased acidity had the
ability to kill the cancer cells. Dubbed synthetic lethality, Dr
Barber believes that utilising it alongside activated oncogene
expression could be a therapeutic method of preventing cancer
progression whilst limiting side effects.

Characterising Amino Acid Mutation Signatures

In a separate series of studies that explored other ways that a
higher pHi might enable cancer, the Barber group turned their
attention to cancer-causing mutations in proteins that change
amino acids to be more sensitive to pH regulation. Specifically,
they found that if a mutation caused an amino acid change
from an arginine, which is always protonated, to a histidine,
which can be protonated at lower pH and deprotonated at
higher pH, it conferred pH sensing that enabled the higher

pHi of cancer cells to enhance the function of oncogenes and
impair the function of tumour suppressor proteins.

From this work on what they call charge-changing mutations,
with Dr Jacobson and Dr Ryan Hernandez (also at the
University of California San Francisco), Dr Barber used machine
learning and computational analysis to create a newly

defined classification of cancer subtypes. In general, cancer

is thought of as a group of different diseases, differentiated

by distinct mutations and tissue origins, which are commonly
used to classify cancer subtypes. In contrast, the alternative
classification proposed by Dr Barber and her colleagues is
based on amino acid mutation signatures.

When a genetic mutation occurs, it means that part of the DNA
has been spontaneously altered in some way. Mutations can
be a base substitution, a deletion or an insertion. Because

the genes provide the coding for which amino acids to bring
together to form a protein strand, an alteration in the DNA can
result in incorrect amino acids being added to the protein - an
amino acid mutation.

When Dr Barber and her colleagues examined 29 different
cancers for amino acid mutation signatures, their analysis
revealed some clear and exciting results. Certain cancer types
have mutation signatures with high instances of an arginine
amino acid changing to a histidine, others are dominated by
glutamic acid to lysine mutations, and some have very complex

signatures characterised by multiple amino acid mutations.

Using an open-source catalogue called the COSMIC somatic
mutation database, the team validated their results from
samples all over the world. Through this investigation, they
identified which amino acid mutations are common among
specific cancer in addition to which mutations frequently
appear together. What made their analysis particularly
significant is their finding that some cancers previously
classified as disparate, such as brain medulloblastoma and
pancreatic cancers share a high occurrence of arginine to
histidine mutations. Additionally, previously considered
disparate cancers such as melanoma and bladder cancer share
a high occurrence of glutamic to lysine mutations.

Importantly, charge changing mutations do not only occur

in cancer, but in fact, they appear in a vast range of diseases.
Muscular dystrophy, Alzheimer’s disease, heart septal defects,
cystic fibrosis and many more, are all implicated by charge
changing mutations. Dysregulated pHiis also associated with
many of these diseases, which opens new directions for testing
effects on how charge changing mutations confer disease
pathologies.

Through her dedicated work, Dr Barber has greatly improved
our knowledge and understanding of the role that pHi plays in
an array of diseases. By delving deeper into charge changing
mutations, she has provided insight into how dysregulated
pHi dynamics can enable some diseases and where new
therapeutics investigations might be directed in the future.
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