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Chapter- 1

Cell Biology

Cell biology (formerly cytology, from the Greek kytos, "container") is a scientific
discipline that studies cells — their physiological properties, their structure, the organelles
they contain, interactions with their environment, their life cycle, division and death. This
is done both on a microscopic and molecular level. Cell biology research encompasses
both the great diversity of single-celled organisms like bacteria and protozoa, as well as
the many specialized cells in multicellular organisms such as humans.

Knowing the components of cells and how cells work is fundamental to all biological
sciences. Appreciating the similarities and differences between cell types is particularly
important to the fields of cell and molecular biology as well as to biomedical fields such
as cancer research and developmental biology. These fundamental similarities and
differences provide a unifying theme, sometimes allowing the principles learned from
studying one cell type to be extrapolated and generalized to other cell types. Hence,
research in cell biology is closely related to genetics, biochemistry, molecular biology,
immunology, and developmental biology.

WORLD TECHNOLOGIES




Understanding cells in terms of their molecular components.
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Processes

Movement of proteins

Endothelial cells under the microscope. Nuclei are stained blue with DAPI, microtubles
are marked green by an antibody and actin filaments are labelled red with phalloidin.

Each type of protein is usually sent to a particular part of the cell. An important part of
cell biology is the investigation of molecular mechanisms by which proteins are moved to
different places inside cells or secreted from cells.

Most proteins are synthesized by ribosomes in the cytoplasm. This process is known as
protein biosynthesis. Biosynthesis (also called biogenesis) is an enzyme-catalyzed
process in cells of living organisms by which substrates are converted to more complex
products (also simply known as protein translation). Some proteins, such as those to be
incorporated in membranes (known as membrane proteins), are transported into the
"rough" endoplasmic reticulum (ER) during synthesis. This process can be followed by
transportation and processing in the Golgi apparatus. From the Golgi, membrane proteins
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can move to the plasma membrane, to other sub-cellular compartments, or they can be
secreted from the cell. The ER and Golgi can be thought of as the "membrane protein
synthesis compartment" and the "membrane protein processing compartment",
respectively. There is a semi-constant flux of proteins through these compartments. ER
and Golgi-resident proteins associate with other proteins but remain in their respective
compartments. Other proteins "flow" through the ER and Golgi to the plasma membrane.
Motor proteins transport membrane protein-containing vesicles along cytoskeletal tracks
to distant parts of cells such as axon terminals.

Some proteins that are made in the cytoplasm contain structural features that target them
for transport into mitochondria or the nucleus. Some mitochondrial proteins are made
inside mitochondria and are coded for by mitochondrial DNA. In plants, chloroplasts also
make some cell proteins.

Extracellular and cell surface proteins destined to be degraded can move back into
intracellular compartments upon being incorporated into endocytosed vesicles some of
which fuse with lysosomes where the proteins are broken down to their individual amino
acids. The degradation of some membrane proteins begins while still at the cell surface
when they are cleaved by secretases. Proteins that function in the cytoplasm are often
degraded by proteasomes.

Other cellular processes

e Active transport and Passive transport - Movement of molecules into and out of
cells.

e Autophagy - The process whereby cells "eat" their own internal components or
microbial invaders.

e Adhesion - Holding together cells and tissues.

e Reproduction - Made possible by the combination of sperm made in the
testiculi(contained in some male cells nucleus') and the egg made in the
ovary(contained in the nucleus of a female cell). When the sperm breaks through
the hard outer shell of the egg a new cell embryo is formed, which, in humans,
grows to full size in 9 months.

e Cell movement: Chemotaxis, Contraction, cilia and flagella.

o Cell signaling - Regulation of cell behavior by signals from outside.

o DNA repair and Cell death

e Metabolism: Glycolysis, respiration, Photosynthesis

e Transcription and mRNA splicing - gene expression.
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Internal cellular structures

Electron micrograph.

Chloroplast - key organelle for photosynthesis (only found in plant cells)
Cilia - motile microtubule-containing structures of eukaryotes

Cytoplasm - contents of the main fluid-filled space inside cells

Cytoskeleton - protein filaments inside cells

Endoplasmic reticulum - major site of membrane protein synthesis

Flagella - motile structures of bacteria, archaea and eukaryotes

Golgi apparatus - site of protein glycosylation in the endomembrane system
Lipid bilayer - fundamental organizational structure of cell membranes
Membrane lipid and protein barrier

Mitochondrion - major energy-producing organelle by releasing it in the form of
ATP

Nucleus - holds most of the DNA of eukaryotic cells and controls all cellular
activities

Organelle - term used for major subcellular structures

Ribosome - RNA and protein complex required for protein synthesis in cells
Vesicle - small membrane-bounded spheres inside cells

Techniques used to study cells

fallicle

cells
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Cells may be observed under the microscope. This includes the Optical Microscope,
Transmission Electron Microscope, Scanning Electron Microscope, Fluorescence
Microscope, and by Confocal Microscopy.

Several different techniques exist to study cells.

Cell culture is the basic technique of growing cells in a laboratory independent of
an organism.

Immunostaining, also known as immunohistochemistry, is a specialized
histological method used to localize proteins in cells or tissue slices. Unlike
regular histology, which uses stains to identify cells, cellular components or
protein classes, immunostaining requires the reaction of an antibody directed
against the protein of interest within the tissue or cell. Through the use of proper
controls and published protocols (need to add reference links here), specificity of
the antibody-antigen reaction can be achieved. Once this complex is formed, it is
identified via either a "tag" attached directly to the antibody, or added in an
additional technical step. Commonly used "tags" include fluorophores or
enzymes. In the case of the former, detection of the location of the "immuno-
stained" protein occurs via fluorescence microscopy. With an enzymatic tag, such
as horse radish peroxidase, a chemical reaction is carried out that results in a dark
color in the location of the protein of interest. This darkened pattern is then
detected using light microscopy.

Computational genomics is used to find patterns in genomic information

DNA microarrays identify changes in transcript levels between different
experimental conditions.

Gene knockdown mutates a selected gene.

In situ hybridization shows which cells are expressing a particular RNA
transcript.

PCR can be used to determine how many copies of a gene are present in a cell.
Transfection introduces a new gene into a cell, usually an expression construct

Purification of cells and their parts Purification may be performed using the following
methods:

Cell fractionation
o Release of cellular organelles by disruption of cells.
o Separation of different organelles by centrifugation.
Flow cytometry
Immunoprecipitation
Proteins extracted from cell membranes by detergents and salts or other kinds of
chemicals.
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Chapter- 2

Active Transport and Passive Transport

Active transport

Justin Goings discovered Active Transport in 1932.

Extracellular space
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The action of the sodium-potassium pump is an example of primary active transport.

Active transport is the movement of a substance against its concentration gradient (from
low to high concentration). In all cells, this is usually concerned with accumulating high
concentrations of molecules that the cell needs, such as ions, glucose, and amino acids. If
the process uses chemical energy, such as from adenosine triphosphate (ATP), it is
termed primary active transport. Secondary active transport involves the use of an
electrochemical gradient. Active transport uses energy, unlike passive transport, which
does not use any type of energy. Active transport is a good example of a process for
which cells require energy. Examples of active transport include the uptake of glucose in
the intestines in humans and the uptake of mineral ions into root hair cells of plants.
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Details

Specialized trans-membrane proteins recognize the substance and allows it access (or,

ABC pumps

ABC class pumps transport small molecules across membranes.

Examples

e Water, ethanol, and chloroform exemplify simple molecules that do not require
active transport to cross a membrane.

e Metal ions, such as Na", K, Mg”", or Ca®", require ion pumps or ion channels to
cross membranes and distribute through the body

e The pump for sodium and potassium is called sodium-potassium pump or Na
"/K'-ATPase

o In the epithelial cells of the stomach, gastric acid is produced by hydrogen
potassium ATPase, a proton pump

Endocytosis

Endocytosis is the process by which cells take in materials. The cellular membrane folds
around the desired materials outside the cell. The ingested particle becomes trapped
within a pouch, vacuole or inside the cytoplasm. Often enzymes from lysosomes are then
used to digest the molecules absorbed by this process.

Biologists distinguish two main types of endocyctosis: pinocytosis and phagocytosis.
e In pinocytosis, cells engulf liquid particles (in humans this process occurs in the

small intestine, cells there engulf fat droplets).
o In phagocytosis, cells engulf solid particles.

Exocytosis

Exocytosis is the process by which cells excrete waste and other large molecules from the
protoplasm.
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Passive transport

Passive transport means moving biochemicals and other atomic or molecular substances
across membranes. Unlike active transport, this process does not involve chemical
energy, because, unlike in an active transport, the transport across membrane is always
coupled with the growth of entropy of the system. So passive transport is dependent on
the permeability of the cell membrane, which, in turn, is dependent on the organization
and characteristics of the membrane lipids and proteins. The four main kinds of passive
transport are diffusion, facilitated diffusion, filtration and osmosis.

Diffusion (Simple)
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Passive diffusion on a cell membrane.

Diffusion is the net movement of material from an area of high concentration to an area
with lower concentration. The difference of concentration between the two areas is often
termed as the concentration gradient, and diffusion will continue until this gradient has
been eliminated. Since diffusion moves materials from an area of higher concentration to
the lower, it is described as moving solutes "down the concentration gradient" (compared
with active transport, which often moves material from area of low concentration to area

of higher concentration, and therefore referred to as moving the material "against the
concentration gradient").
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Facilitated diffusion
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Facilitated diffusion on a cell membrane.

Facilitated diffusion, also called carrier-mediated diffusion, is the movement of
molecules across the cell membrane via special transport proteins that are embedded
within the cellular membrane. Many large molecules, such as glucose, are insoluble in
lipids and too large to fit through the membrane pores. Therefore, it will bind with its
specific carrier proteins, and the complex will then be bonded to a receptor site and
moved through the cellular membrane. Bear in mind, however, that facilitated diffusion is
a passive process, and the solutes still move down the concentration gradient.

Filtration

PERMEATE
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Filtration is movement of water and solute molecules across the cell membrane due to
hydrostatic pressure generated by the cardiovascular system. Depending on the size of the
membrane pores, only solutes of a certain size may pass through it. For example, the
membrane pores of the Bowman's capsule in the kidneys are very small, and only
albumins, the smallest of the proteins, have any chance of being filtered through. On the
other hand, the membrane pores of liver cells are extremely large, to allow a variety of
solutes to pass through and be metabolized.

Osmosis

Hypertonic Isotonic Hypotonic

® B B

Effect of osmosis on blood cells under different solutions.

Osmosis is the diffusion of water molecules across a selectively permeable membrane.
The net movement of water molecules through a partially permeable membrane from a
solution of high water potential to an area of low water potential. A cell with a less
negative water potential will draw in water but this depends on other factors as well such
as solute potential (pressure in the cell e.g. solute molecules) and pressure potential
(external pressure e.g. cell wall).
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Chapter- 3

Autophagy
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(A) Diagram of autophagy; (B) Electron micrograph of autophagic structures in the
fatbody of a fruit fly larva; (C) Fluorescently labeled autophagosomes in liver cells of
starved mice.
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In cell biology, autophagy, or autophagocytosis, is a catabolic process involving the
degradation of a cell's own components through the lysosomal machinery. It is a tightly-
regulated process that plays a normal part in cell growth, development, and homeostasis,
helping to maintain a balance between the synthesis, degradation, and subsequent
recycling of cellular products. It is a major mechanism by which a starving cell
reallocates nutrients from unnecessary processes to more-essential processes.

A variety of autophagic processes exist, all having in common the degradation of
intracellular components via the lysosome. The most well-known mechanism of
autophagy involves the formation of a membrane around a targeted region of the cell,
separating the contents from the rest of the cytoplasm. The resultant vesicle then fuses
with a lysosome and subsequently degrades the contents.

It was first described in the 1960s, but many questions about the actual processes and
mechanisms involved still remain to be elucidated. Its role in disease is not well
categorized; it may help to prevent or halt the progression of some diseases such as some
types of neurodegeneration and cancer, and play a protective role against infection by
intracellular pathogens; however, in some situations, it may actually contribute to the
development of a disease.

Etymology

Autophagy is derived from Greek roots: auto, meaning 'self', and phagy, 'to eat'.

Selective autophagy

o Pexophagy, autophagy selective for degradation of peroxisomes, which can be
separated into macropexophagy and micropexophagy.

o Mitophagy, autophagy selective for degradation of mitochondria, which can be
separated into macromitophagy and micromitophagy.

o Xenophagy, autophagy selective for degradation of intracellular bacteria and
viruses (foreign bodies).

o Aggrephagy, autophagy selective for protein aggregates.

o Reticulophagy, autophagy selective for endoplasmic reticulum.

o Heterophagy, autophagy selective for endosomes.

o Crinophagy, autophagy selective for golgi apparatus.
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Autophagosomes labeled by a fluorescent marker.

Process

Macroautophagy sequestrates damaged organelles and unused long-lived proteins in a
double-membrane vesicle, called an autophagosome or autophagic vacuole (AV), inside
the cell. Autophagosomes form from the elongation of small membrane structures known
as autophagosome precursors. The formation of autophagosomes is initiated by class I1I
phosphoinositide 3-kinase and autophagy-related gene (Atg) 6 (also known as Beclin-1).
In addition, two further systems are involved, composed of the ubiquitin-like protein
Atg8 (known as LC3 in mammalian cells) and the Atg4 protease on the one hand and the
Atgl2-Atg5-Atgl6 complex on the other. The outer membrane of the autophagosome
fuses in the cytoplasm with a lysosome to form an autolysosome or autophagolysosome
where their contents are degraded via acidic lysosomal hydrolases.

Microautophagy, on the other hand, happens when lysosomes directly engulf cytoplasm
by invaginating, protrusion, and/or septation of the lysosomal limiting membrane.

In Chaperone-mediated autophagy, or CMA, only those proteins that have a consensus
peptide sequence get recognized by the binding of a hsc70-containing chaperone/co-
chaperone complex. This CMA substrate/chaperone complex then moves to the
lysosomes, where the CMA receptor lysosome-associated membrane protein type-2A
(LAMP-2A) recognizes it; the protein is unfolded and translocated across the lysosome
membrane assisted by the lysosomal hsc70 on the other side. CMA differs from
macroautophagy and microautophagy in two main ways:

e The substrates are translocated across the lysosome membrane on a one-by-one
basis, whereas in the macroautophagy and microautophagy the substrates are
engulfed or sequestered in-bulk.

e CMA is very selective in what it degrades and can degrade only certain proteins
and not organelles.
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Autophagy is part of everyday normal cell growth and development wherein mTOR plays
an important regulatory role.

Functions

Nutrient starvation

During nutrient starvation, increased levels of autophagy lead to the breakdown of non-
vital components and the release of nutrients, ensuring that vital processes can continue.
Mutant yeast cells that have a reduced autophagic capability rapidly perish in nutrition-
deficient conditions. A gene known as A#g7 has been implicated in nutrient-mediated
autophagy, as mice studies have shown that starvation-induced autophagy was impaired
in Atg7-deficient mice.

Infection

Autophagy plays a role in the destruction of some bacteria within the cell. Intracellular
pathogens such as Mycobacterium tuberculosis persist within cells and block the normal
actions taken by the cell to rid itself of it. Stimulating autophagy in infected cells
overcomes the block and helps to rid the cell of pathogens. In addition to "simple"
breakdown of pathogens, it has also been shown that at least in some cell types
(plasmacytoid dendritic cells) autophagy play a role in detection of virus by the so-called
pattern recognition receptors (PRR), which are part of the innate immune system. The
virus (Vesicular stomatitis virus) is believed to be taken up by the autophagosome from
the cytosol and translocated to the endosomes where detection takes place by a member
of the PRRs called toll-like receptor 7, detecting single-stranded RNA. Following
activation of the toll-like receptor, intracellular signalling cascades are initiated, leading
to induction of interferon, among other anti-viral cytokines. A subset of viruses and
bacteria subvert the autophagic pathway to promote their own replication.

Repair mechanism

Autophagy degrades damaged organelles, cell membranes and proteins, and the failure of
autophagy is thought to be one of the main reasons for the accumulation of cell damage
and aging.

Programmed cell death

It has been proposed that autophagy resulting in the total destruction of the cell is one of
several types of programmed cell death; yet, no conclusive evidence exists for such a
process. Nevertheless, observations that cells possessing autophagic features in areas
undergoing programmed cell death have led to the coining of the phrase autophagic cell
death (also known as cytoplasmic cell death or type Il cell death). Studies of the
metamorphosis of insects have shown cells undergoing a form of programmed cell death
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that appears distinct from other forms; these have been proposed as examples of
autophagic cell death.

It is not known whether autophagic activity in dying cells actually causes cell death or
whether it simply occurs as a process alongside it. In many neurological diseases, in
certain neuronal cell death pathways and after neuronal injury, there are increased
numbers of autophagosomes. A causative relationship between autophagy and cell death
has not been established. It is unclear whether the increase in autophagosomes indicates
an increase in autophagic activity or decreased autophagosome-lysosome fusion.

Recently it has been argued that autophagy might actually be a survival mechanism on
behalf of the cell.

Examples

Autophagia can occur in body cells as a method of sustaining the life of a cell.
Alternatively, the term could apply to an organism recycling tissue for sustenance. In
myeloid precursor cells, autophagia can be an indicator of CHS, and a possible
explanation for neutropenia.

Certain diets utilize a form of autophagia. The Atkins Diet relies heavily on ketosis as a

method of reducing body fat, which, in itself, could be considered a form of cellular
autophagia.
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Chapter- 4

Cell Signaling

Cell signaling is part of a complex system of communication that governs basic cellular
activities and coordinates cell actions. The ability of cells to perceive and correctly
respond to their microenvironment is the basis of development, tissue repair, and
immunity as well as normal tissue homeostasis. Errors in cellular information processing
are responsible for diseases such as cancer, autoimmunity, and diabetes. By
understanding cell signaling, diseases may be treated effectively and, theoretically,
artificial tissues may be created.

Traditional work in biology has focused on studying individual parts of cell signaling
pathways. Systems biology research helps us to understand the underlying structure of
cell signaling networks and how changes in these networks may affect the transmission
and flow of information. Such networks are complex systems in their organization and
may exhibit a number of emergent properties including bistability and ultrasensitivity.
Analysis of cell signaling networks requires a combination of experimental and
theoretical approaches including the development and analysis of simulations and
modelling.
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Unicellular and multicellular organism cell signaling

Figure 1. Example of signaling between bacteria. Salmonella enteritidis uses acyl-
homoserine lactone for Quorum sensing

Cell signaling has been most extensively studied in the context of human diseases and
signaling between cells of a single organism. However, cell signaling may also occur
between the cells of two different organisms. In many mammals, early embryo cells
exchange signals with cells of the uterus. In the human gastrointestinal tract, bacteria
exchange signals with each other and with human epithelial and immune system cells.
For the yeast Saccharomyces cerevisiae during mating, some cells send a peptide signal
(mating factor pheromones) into their environment. The mating factor peptide may bind
to a cell surface receptor on other yeast cells and induce them to prepare for mating.
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Types of signals

= proteolysis

Figure 2. Notch-mediated juxtacrine signal between adjacent cells.

Cells communicate with each other via direct contact (juxtacrine signaling), over short
distances (paracrine signaling), or over large distances and/or scales (endocrine
signaling).

Some cell-to-cell communication requires direct cell-cell contact. Some cells can form
gap junctions that connect their cytoplasm to the cytoplasm of adjacent cells. In cardiac
muscle, gap junctions between adjacent cells allows for action potential propagation from
the cardiac pacemaker region of the heart to spread and coordinately cause contraction of
the heart.

The Notch signaling mechanism is an example of juxtacrine signalling (also known as
contact-dependent signaling) in which two adjacent cells must make physical contact in
order to communicate. This requirement for direct contact allows for very precise control
of cell differentiation during embryonic development. In the worm Caenorhabditis
elegans, two cells of the developing gonad each have an equal chance of terminally
differentiating or becoming a uterine precursor cell that continues to divide. The choice
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of which cell continues to divide is controlled by competition of cell surface signals. One
cell will happen to produce more of a cell surface protein that activates the Notch
receptor on the adjacent cell. This activates a feedback loop or system that reduces Notch
expression in the cell that will differentiate and that increases Notch on the surface of the
cell that continues as a stem cell.

Many cell signals are carried by molecules that are released by one cell and move to
make contact with another cell. Endocrine signals are called hormones. Hormones are
produced by endocrine cells and they travel through the blood to reach all parts of the
body. Specificity of signaling can be controlled if only some cells can respond to a
particular hormone. Paracrine signals such as retinoic acid target only cells in the
vicinity of the emitting cell. Neurotransmitters represent another example of a paracrine
signal. Some signaling molecules can function as both a hormone and a neurotransmitter.
For example, epinephrine and norepinephrine can function as hormones when released
from the adrenal gland and are transported to the heart by way of the blood stream.
Norepinephrine can also be produced by neurons to function as a neurotransmitter within
the brain. Estrogen can be released by the ovary and function as a hormone or act locally
via paracrine or autocrine signaling. Active species of oxygen and nitric oxide can also
act as cellular messengers. This process is dubbed redox signaling.

Receptors for cell moves

Cells receive information from their environment through a class of proteins known as
receptors. Notch is a cell surface protein that functions as a receptor. Animals have a
small set of genes that code for signaling proteins that interact specifically with Notch
receptors and stimulate a response in cells that express Notch on their surface. Molecules
that activate (or, in some cases, inhibit) receptors can be classified as hormones,
neurotransmitters, cytokines, growth factors but all of these are called receptor ligands.
The details of ligand-receptor interactions are fundamental to cell signaling.

As shown in Figure 2 (above, left), Notch acts as a receptor for ligands that are expressed
on adjacent cells. While many receptors are cell surface proteins, some are found inside
cells. For example, oestrogen is a hydrophobic molecule that can pass through the lipid
bilayer of cell surface membranes. Oestrogen receptors inside cells of the uterus can be
activated by oestrogen that comes from the ovaries, enters the target cells, and binds to
oestrogen receptors.

A number of transmembrane receptors for molecules that include peptide hormones and
of intracellular receptors for steroid hormones exist, giving to a cell the ability to respond
to a great number of hormonal and pharmacological stimuli. In diseases, often, proteins
that interact with receptors are aberrantly activated, resulting in constitutively activated
downstream signals.

For several types of intercellular signaling molecules that are unable to permeate the
hydrophobic cell membrane due to their hydrophilic nature, the target receptor is
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expressed on the membrane. When such signaling molecule activates its receptor, the
signal is carried into the cell usually by means of a second messenger such as cAMP.

Signaling pathways
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Figure 3. Diagram showing key components of a signal transduction pathway.

In some cases, receptor activation caused by ligand binding to a receptor is directly
coupled to the cell's response to the ligand. For example, the neurotransmitter GABA can
activate a cell surface receptor that is part of an ion channel. GABA binding to a GABA
A receptor on a neuron opens a chloride-selective ion channel that is part of the receptor.
GABA A receptor activation allows negatively-charged chloride ions to move into the
neuron, which inhibits the ability of the neuron to produce action potentials. However, for
many cell surface receptors, ligand-receptor interactions are not directly linked to the
cell's response. The activated receptor must first interact with other proteins inside the
cell before the ultimate physiological effect of the ligand on the cell's behavior is
produced. Often, the behavior of a chain of several interacting cell proteins is altered

WORLD TECHNOLOGIES




following receptor activation. The entire set of cell changes induced by receptor
activation is called a signal transduction mechanism or pathway.

In the case of Notch-mediated signaling, the signal transduction mechanism can be
relatively simple. As shown in Figure 2 (above, left), activation of Notch can cause the
Notch protein to be altered by a protease. Part of the Notch protein is released from the
cell surface membrane and can act to change the pattern of gene transcription in the cell
nucleus. This causes the responding cell to make different proteins, resulting in an altered
pattern of cell behavior. Cell signaling research involves studying the spatial and
temporal dynamics of both receptors and the components of signaling pathways that are
activated by receptors in various cell types.

A more complex signal transduction pathway is shown in Figure 3. This pathway
involves changes of protein-protein interactions inside the cell, induced by an external
signal. Many growth factors bind to receptors at the cell surface and stimulate cells to
progress through the cell cycle and divide. Several of these receptors are kinases that start
to phosphorylate themselves and other proteins when binding to a ligand. This
phosphorylation can generate a binding site for a different protein and thus induce
protein-protein interaction. In Figure 3, the ligand (called epidermal growth factor (EGF))
binds to the receptor (called EGFR). This activates the receptor to phosphorylate itself.
The phosphorylated receptor binds to an adaptor protein (GRB2), which couples the
signal to further downstream signaling processes. For example, one of the signal
transduction pathways that are activated is called the mitogen-activated protein kinase
(MAPK) pathway. The signal transduction component labeled as "MAPK" in the
pathway was originally called "ERK," so the pathway is called the MAPK/ERK pathway.
The MAPK protein is an enzyme, a protein kinase that can attach phosphate to target
proteins such as the transcription factor MYC and, thus, alter gene transcription and,
ultimately, cell cycle progression. Many cellular proteins are activated downstream of the
growth factor receptors (such as EGFR) that initiate this signal transduction pathway.

Some signaling transduction pathways respond differently depending on the amount of
signaling received by the cell. For instance, the hedgehog protein activates different
genes, depending on the amount of hedgehog protein present.

Complex multi-component signal transduction pathways provide opportunities for

feedback, signal amplification, and interactions inside one cell between multiple signals
and signaling pathways.

Classification of intercellular communication

Within endocrinology (the study of intercellular signalling in animals) and the endocrine
system, intercellular signalling is subdivided into the following classifications:

e Intracrine signals are produced within the target cell.
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Autocrine signals target the cell itself. Sometimes autocrine cells can target cells
close by if they are the same type of cell as the emitting cell. An example of this
are immune cells.

Juxtacrine signals target adjacent (touching) cells. These signals are transmitted
along cell membranes via protein or lipid components integral to the membrane
and are capable of affecting either the emitting cell or cells immediately adjacent.
Paracrine signals target cells in the vicinity of the emitting cell.
Neurotransmitters represent an example.

Endocrine signals target distant cells. Endocrine cells produce hormones that
travel through the blood to reach all parts of the body.
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Chapter- 5

DNA Repair

DNA damage resulting in multiple broken chromosomes

DNA repair refers to a collection of processes by which a cell identifies and corrects
damage to the DNA molecules that encode its genome. In human cells, both normal
metabolic activities and environmental factors such as UV light and radiation can cause
DNA damage, resulting in as many as 1 million individual molecular lesions per cell per
day. Many of these lesions cause structural damage to the DNA molecule and can alter or
eliminate the cell's ability to transcribe the gene that the affected DNA encodes. Other
lesions induce potentially harmful mutations in the cell's genome, which affect the
survival of its daughter cells after it undergoes mitosis. As a consequence, the DNA
repair process is constantly active as it responds to damage in the DNA structure. When
normal repair processes fail, and when cellular apoptosis does not occur, irreparable
DNA damage may occur, including double-strand breaks and DNA crosslinkages.

The rate of DNA repair is dependent on many factors, including the cell type, the age of
the cell, and the extracellular environment. A cell that has accumulated a large amount of
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DNA damage, or one that no longer effectively repairs damage incurred to its DNA, can
enter one of three possible states:

1. anirreversible state of dormancy, known as senescence
cell suicide, also known as apoptosis or programmed cell death

3. unregulated cell division, which can lead to the formation of a tumor that is
cancerous

The DNA repair ability of a cell is vital to the integrity of its genome and thus to its
normal functioning and that of the organism. Many genes that were initially shown to
influence life span have turned out to be involved in DNA damage repair and protection.
Failure to correct molecular lesions in cells that form gametes can introduce mutations
into the genomes of the offspring and thus influence the rate of evolution.

DNA damage

DNA damage, due to environmental factors and normal metabolic processes inside the
cell, occurs at a rate of 1,000 to 1,000,000 molecular lesions per cell per day. While this
constitutes only 0.000165% of the human genome's approximately 6 billion bases (3
billion base pairs), unrepaired lesions in critical genes (such as tumor suppressor genes)
can impede a cell's ability to carry out its function and appreciably increase the likelihood
of tumor formation.

The vast majority of DNA damage affects the primary structure of the double helix; that
is, the bases themselves are chemically modified. These modifications can in turn disrupt
the molecules' regular helical structure by introducing non-native chemical bonds or
bulky adducts that do not fit in the standard double helix. Unlike proteins and RNA,
DNA usually lacks tertiary structure and therefore damage or disturbance does not occur
at that level. DNA is, however, supercoiled and wound around "packaging" proteins
called histones (in eukaryotes), and both superstructures are vulnerable to the effects of
DNA damage.

Sources of damage
DNA damage can be subdivided into two main types:

1. endogenous damage such as attack by reactive oxygen species produced from
normal metabolic byproducts (spontaneous mutation), especially the process of
oxidative deamination

1. also includes replication errors
2. exogenous damage caused by external agents such as
1. ultraviolet [UV 200-300nm] radiation from the sun
2. other radiation frequencies, including x-rays and gamma rays
3. hydrolysis or thermal disruption
4. certain plant toxins
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5. human-made mutagenic chemicals, especially aromatic compounds that
act as DNA intercalating agents

6. cancer chemotherapy and radiotherapy

7. viruses

The replication of damaged DNA before cell division can lead to the incorporation of
wrong bases opposite damaged ones. Daughter cells that inherit these wrong bases carry
mutations from which the original DNA sequence is unrecoverable (except in the rare
case of a back mutation, for example, through gene conversion).

Types of damage
There are five main types of damage to DNA due to endogenous cellular processes:

1. oxidation of bases [e.g. 8-0x0-7,8-dihydroguanine (8-0x0G)] and generation of
DNA strand interruptions from reactive oxygen species,

2. alkylation of bases (usually methylation), such as formation of 7-methylguanine,

I-methyladenine, 6-O-Methylguanine

hydrolysis of bases, such as deamination, depurination, and depyrimidination.

"bulky adduct formation" (i.e., benzo[a]pyrene diol epoxide-dG adduct)

5. mismatch of bases, due to errors in DNA replication, in which the wrong DNA
base is stitched into place in a newly forming DNA strand, or a DNA base is
skipped over or mistakenly inserted.

P w

Damage caused by exogenous agents comes in many forms. Some examples are:

1. UV-B light causes crosslinking between adjacent cytosine and thymine bases
creating pyrimidine dimers. This is called direct DNA damage.

2. UV-A light creates mostly free radicals. The damage caused by free radicals is
called indirect DNA damage.

3. lonizing radiation such as that created by radioactive decay or in cosmic rays
causes breaks in DNA strands. Low-level ionizing radiation may induce
irreparable DNA damage (leading to replicational and transcriptional errors
needed for neoplasia or may trigger viral interactions) leading to pre-mature aging
and cancer.

4. Thermal disruption at elevated temperature increases the rate of depurination (loss
of purine bases from the DNA backbone) and single-strand breaks. For example,
hydrolytic depurination is seen in the thermophilic bacteria, which grow in hot
springs at 40-80 °C. The rate of depurination (300 purine residues per genome per
generation) is too high in these species to be repaired by normal repair machinery,
hence a possibility of an adaptive response cannot be ruled out.

5. Industrial chemicals such as vinyl chloride and hydrogen peroxide, and
environmental chemicals such as polycyclic hydrocarbons found in smoke, soot
and tar create a huge diversity of DNA adducts- ethenobases, oxidized bases,
alkylated phosphotriesters and Crosslinking of DNA just to name a few.
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UV damage, alkylation/methylation, X-ray damage and oxidative damage are examples
of induced damage. Spontaneous damage can include the loss of a base, deamination,
sugar ring puckering and tautomeric shift.

Nuclear versus mitochondrial DNA damage

In human cells, and eukaryotic cells in general, DNA is found in two cellular locations -
inside the nucleus and inside the mitochondria. Nuclear DNA (nDNA) exists as
chromatin during non-replicative stages of the cell cycle and is condensed into aggregate
structures known as chromosomes during cell division. In either state the DNA is highly
compacted and wound up around bead-like proteins called histones. Whenever a cell
needs to express the genetic information encoded in its nDNA the required chromosomal
region is unravelled, genes located therein are expressed, and then the region is
condensed back to its resting conformation. Mitochondrial DNA (mtDNA) is located
inside mitochondria organelles, exists in multiple copies, and is also tightly associated
with a number of proteins to form a complex known as the nucleoid. Inside mitochondria,
reactive oxygen species (ROS), or free radicals, byproducts of the constant production of
adenosine triphosphate (ATP) via oxidative phosphorylation, create a highly oxidative
environment that is known to damage mtDNA. A critical enzyme in counteracting the
toxicity of these species is superoxide dismutase, which is present in both the
mitochondria and cytoplasm of eukaryotic cells.

Senescence and apoptosis

Senescence, an irreversible state in which the cell no longer divides, is a protective
response to the shortening of the chromosome ends. The telomeres are long regions of
repetitive noncoding DNA that cap chromosomes and undergo partial degradation each
time a cell undergoes division. In contrast, quiescence is a reversible state of cellular
dormancy that is unrelated to genome damage. Senescence in cells may serve as a
functional alternative to apoptosis in cases where the physical presence of a cell for
spatial reasons is required by the organism, which serves as a "last resort" mechanism to
prevent a cell with damaged DNA from replicating inappropriately in the absence of pro-
growth cellular signaling. Unregulated cell division can lead to the formation of a tumor,
which is potentially lethal to an organism. Therefore, the induction of senescence and
apoptosis is considered to be part of a strategy of protection against cancer.

DNA damage and mutation

It is important to distinguish between DNA damage and mutation, the two major types of
error in DNA. DNA damages and mutation are fundamentally different. Damages are
physical abnormalities in the DNA, such as single- and double-strand breaks, 8-
hydroxydeoxyguanosine residues, and polycyclic aromatic hydrocarbon adducts. DNA
damages can be recognized by enzymes, and, thus, they can be correctly repaired if
redundant information, such as the undamaged sequence in the complementary DNA
strand or in a homologous chromosome, is available for copying. If a cell retains DNA
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damage, transcription of a gene can be prevented, and, thus, translation into a protein will
also be blocked. Replication may also be blocked and/or the cell may die.

In contrast to DNA damage, a mutation is a change in the base sequence of the DNA. A
mutation cannot be recognized by enzymes once the base change is present in both DNA
strands, and, thus, a mutation cannot be repaired. At the cellular level, mutations can
cause alterations in protein function and regulation. Mutations are replicated when the
cell replicates. In a population of cells, mutant cells will increase or decrease in frequency
according to the effects of the mutation on the ability of the cell to survive and reproduce.
Although distinctly different from each other, DNA damages and mutations are related
because DNA damages often cause errors of DNA synthesis during replication or repair;
these errors are a major source of mutation.

Given these properties of DNA damage and mutation, it can be seen that DNA damages
are a special problem in non-dividing or slowly dividing cells, where unrepaired damages
will tend to accumulate over time. On the other hand, in rapidly dividing cells, unrepaired
DNA damages that do not kill the cell by blocking replication will tend to cause
replication errors and thus mutation. The great majority of mutations that are not neutral
in their effect are deleterious to a cell’s survival. Thus, in a population of cells
comprising a tissue with replicating cells, mutant cells will tend to be lost. However,
infrequent mutations that provide a survival advantage will tend to clonally expand at the
expense of neighboring cells in the tissue. This advantage to the cell is disadvantageous
to the whole organism, because such mutant cells can give rise to cancer. Thus, DNA
damages in frequently dividing cells, because they give rise to mutations, are a prominent
cause of cancer. In contrast, DNA damages in infrequently dividing cells are likely a
prominent cause of aging.
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DNA repair mechanisms

Single-strand and double-strand DNA damage

Cells cannot function if DNA damage corrupts the integrity and accessibility of essential
information in the genome (but cells remain superficially functional when so-called "non-
essential" genes are missing or damaged). Depending on the type of damage inflicted on
the DNA's double helical structure, a variety of repair strategies have evolved to restore
lost information. If possible, cells use the unmodified complementary strand of the DNA
or the sister chromatid as a template to recover the original information. Without access
to a template, cells use an error-prone recovery mechanism known as translesion
synthesis as a last resort.

Damage to DNA alters the spatial configuration of the helix, and such alterations can be
detected by the cell. Once damage is localized, specific DNA repair molecules bind at or
near the site of damage, inducing other molecules to bind and form a complex that
enables the actual repair to take place. The types of molecules involved and the
mechanism of repair that is mobilized depend on the type of damage that has occurred
and the phase of the cell cycle that the cell is in.
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Direct reversal

Cells are known to eliminate three types of damage to their DNA by chemically reversing
it. These mechanisms do not require a template, since the types of damage they
counteract can occur in only one of the four bases. Such direct reversal mechanisms are
specific to the type of damage incurred and do not involve breakage of the
phosphodiester backbone. The formation of pyrimidine dimers upon irradiation with UV
light results in an abnormal covalent bond between adjacent pyrimidine bases. The
photoreactivation process directly reverses this damage by the action of the enzyme
photolyase, whose activation is obligately dependent on energy absorbed from blue/UV
light (300-500 nm wavelength) to promote catalysis. Another type of damage,
methylation of guanine bases, is directly reversed by the protein methyl guanine methyl
transferase (MGMT), the bacterial equivalent of which is called ogt. This is an expensive
process because each MGMT molecule can be used only once; that is, the reaction is
stoichiometric rather than catalytic. A generalized response to methylating agents in
bacteria is known as the adaptive response and confers a level of resistance to alkylating
agents upon sustained exposure by upregulation of alkylation repair enzymes. The third
type of DNA damage reversed by cells is certain methylation of the bases cytosine and
adenine.

Single-strand damage

Structure of the base-excision repair enzyme uracil-DNA glycosyase. The uracil residue
is shown in yellow.
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When only one of the two strands of a double helix has a defect, the other strand can be
used as a template to guide the correction of the damaged strand. In order to repair
damage to one of the two paired molecules of DNA, there exist a number of excision
repair mechanisms that remove the damaged nucleotide and replace it with an undamaged
nucleotide complementary to that found in the undamaged DNA strand.

1. Base excision repair (BER), which repairs damage to a single base caused by
oxidation, alkylation, hydrolysis, or deamination. The damaged base is removed
by a DNA glycosylase. The "missing tooth" is then recognised by an enzyme
called AP endonuclease, which cuts the Phosphodiester bond. The missing part is
then resynthesized by a DNA polymerase, and a DNA ligase performs the final
nick-sealing step.

2. Nucleotide excision repair (NER), which recognizes bulky, helix-distorting
lesions such as pyrimidine dimers and 6,4 photoproducts. A specialized form of
NER known as transcription-coupled repair deploys NER enzymes to genes that
are being actively transcribed.

3. Mismatch repair (MMR), which corrects errors of DNA replication and
recombination that result in mispaired (but undamaged) nucleotides.

Double-strand breaks

Double-strand breaks, in which both strands in the double helix are severed, are
particularly hazardous to the cell because they can lead to genome rearrangements. Three
mechanisms exist to repair double-strand breaks (DSBs): non-homologous end joining
(NHEJ), microhomology-mediated end joining (MMEJ), and homologous recombination.
PVN Acharya noted that double-strand breaks and a "cross-linkage joining both strands
at the same point is irreparable because neither strand can then serve as a template for
repair. The cell will die in the next mitosis or in some rare instances, mutate."
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DNA ligase, shown above repairing chromosomal damage, is an enzyme that joins
broken nucleotides together by catalyzing the formation of an internucleotide ester bond
between the phosphate backbone and the deoxyribose nucleotides.

In NHEJ, DNA Ligase IV, a specialized DNA ligase that forms a complex with the
cofactor XRCC4, directly joins the two ends. To guide accurate repair, NHEJ relies on
short homologous sequences called microhomologies present on the single-stranded tails
of the DNA ends to be joined. If these overhangs are compatible, repair is usually
accurate. NHEJ can also introduce mutations during repair. Loss of damaged nucleotides
at the break site can lead to deletions, and joining of nonmatching termini forms
translocations. NHEJ is especially important before the cell has replicated its DNA, since
there is no template available for repair by homologous recombination. There are
"backup" NHEJ pathways in higher eukaryotes. Besides its role as a genome caretaker,
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NHE]J is required for joining hairpin-capped double-strand breaks induced during V(D)J
recombination, the process that generates diversity in B-cell and T-cell receptors in the
vertebrate immune system.

Homologous recombination requires the presence of an identical or nearly identical
sequence to be used as a template for repair of the break. The enzymatic machinery
responsible for this repair process is nearly identical to the machinery responsible for
chromosomal crossover during meiosis. This pathway allows a damaged chromosome to
be repaired using a sister chromatid (available in G2 after DNA replication) or a
homologous chromosome as a template. DSBs caused by the replication machinery
attempting to synthesize across a single-strand break or unrepaired lesion cause collapse
of the replication fork and are typically repaired by recombination.

Topoisomerases introduce both single- and double-strand breaks in the course of
changing the DNA's state of supercoiling, which is especially common in regions near an
open replication fork. Such breaks are not considered DNA damage because they are a
natural intermediate in the topoisomerase biochemical mechanism and are immediately
repaired by the enzymes that created them.

A team of French researchers bombarded Deinococcus radiodurans to study the
mechanism of double-strand break DNA repair in that organism. At least two copies of
the genome, with random DNA breaks, can form DNA fragments through annealing.
Partially overlapping fragments are then used for synthesis of homologous regions
through a moving D-loop that can continue extension until they find complementary
partner strands. In the final step there is crossover by means of RecA-dependent
homologous recombination.

Translesion synthesis

Translesion synthesis is a DNA damage tolerance process that allows the DNA
replication machinery to replicate past DNA lesions such as thymine dimers or AP sites.
It involves switching out regular DNA polymerases for specialized translesion
polymerases (e.g. DNA polymerase V), often with larger active sites that can facilitate
the insertion of bases opposite damaged nucleotides. The polymerase switching is
thought to be mediated by, among other factors, the post-translational modification of the
replication processivity factor PCNA. Translesion synthesis polymerases often have low
fidelity (high propensity to insert wrong bases) relative to regular polymerases. However,
many are extremely efficient at inserting correct bases opposite specific types of damage.
For example, Pol 1 mediates error-free bypass of lesions induced by UV irradiation,
whereas Pol { introduces mutations at these sites. From a cellular perspective, risking the
introduction of point mutations during translesion synthesis may be preferable to
resorting to more drastic mechanisms of DNA repair, which may cause gross
chromosomal aberrations or cell death. In short, the process involves specialized
polymerases either bypassing or repairing lesions at locations of stalled DNA replication.
A bypass platform is provided to these polymerases by Proliferating cell nuclear antigen
(PCNA). Under normal circumstances, PCNA bound to polymerases replicates the DNA.
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At a site of lesion, PCNA is ubiquitinated, or modified, by the RAD6/RAD18 proteins to
provide a platform for the specialized polymerases to bypass the lesion and resume DNA
replication.

Global response to DNA damage

Cells exposed to ionizing radiation, ultraviolet light or chemicals are prone to acquire
multiple sites of bulky DNA lesions and double-strand breaks. Moreover, DNA
damaging agents can damage other biomolecules such as proteins, carbohydrates, lipids,
and RNA. The accumulation of damage, to be specific, double-strand breaks or adducts
stalling the replication forks, are among known stimulation signals for a global response
to DNA damage. The global response to damage is an act directed toward the cells' own
preservation and triggers multiple pathways of macromolecular repair, lesion bypass,
tolerance, or apoptosis. The common features of global response are induction of multiple
genes, cell cycle arrest, and inhibition of cell division.

DNA damage checkpoints

After DNA damage, cell cycle checkpoints are activated. Checkpoint activation pauses
the cell cycle and gives the cell time to repair the damage before continuing to divide.
DNA damage checkpoints occur at the G1/S and G2/M boundaries. An intra-S
checkpoint also exists. Checkpoint activation is controlled by two master kinases, ATM
and ATR. ATM responds to DNA double-strand breaks and disruptions in chromatin
structure, whereas ATR primarily responds to stalled replication forks. These kinases
phosphorylate downstream targets in a signal transduction cascade, eventually leading to
cell cycle arrest. A class of checkpoint mediator proteins including BRCA1, MDCI1, and
53BP1 has also been identified. These proteins seem to be required for transmitting the
checkpoint activation signal to downstream proteins.

P53 is an important downstream target of ATM and ATR, as it is required for inducing
apoptosis following DNA damage. At the G1/S checkpoint, p53 functions by deactivating
the CDK2/cyclin E complex. Similarly, p21 mediates the G2/M checkpoint by
deactivating the CDK1/cyclin B complex.

The prokaryotic SOS response

The SOS response is the term used to describe changes in gene expression in Escherichia
coli and other bacteria in response to extensive DNA damage. The prokaryotic SOS
system is regulated by two key proteins: LexA and RecA. The LexA homodimer is a
transcriptional repressor that binds to operator sequences commonly referred to as SOS
boxes. In Escherichia coli it is known that LexA regulates transcription of approximately
48 genes including the lexA and recA genes. The SOS response is known to be
widespread in the Bacteria domain, but it is mostly absent in some bacterial phyla, like
the Spirochetes. The most common cellular signals activating the SOS response are
regions of single-stranded DNA (ssDNA), arising from stalled replication forks or
double-strand breaks, which are processed by DNA helicase to separate the two DNA
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strands. In the initiation step, RecA protein binds to ssDNA in an ATP hydrolysis driven
reaction creating RecA—ssDNA filaments. RecA—ssDNA filaments activate LexA
autoprotease activity, which ultimately leads to cleavage of LexA dimer and subsequent
LexA degradation. The loss of LexA repressor induces transcription of the SOS genes
and allows for further signal induction, inhibition of cell division and an increase in
levels of proteins responsible for damage processing.

In Escherichia coli, SOS boxes are 20-nucleotide long sequences near promoters with
palindromic structure and a high degree of sequence conservation. In other classes and
phyla, the sequence of SOS boxes varies considerably, with different length and
composition, but it is always highly conserved and one of the strongest short signals in
the genome. The high information content of SOS boxes permits differential binding of
LexA to different promoters and allows for timing of the SOS response. The lesion repair
genes are induced at the beginning of SOS response. The error-prone translesion
polymerases, for example, UmuCD’2 (also called DNA polymerase V), are induced later
on as a last resort. Once the DNA damage is repaired or bypassed using polymerases or
through recombination, the amount of single-stranded DNA in cells is decreased,
lowering the amounts of RecA filaments decreases cleavage activity of LexA
homodimer, which then binds to the SOS boxes near promoters and restores normal gene
expression.

Eukaryotic transcriptional responses to DNA damage

Eukaryotic cells exposed to DNA damaging agents also activate important defensive
pathways by inducing multiple proteins involved in DNA repair, cell cycle checkpoint
control, protein trafficking and degradation. Such genome wide transcriptional response
is very complex and tightly regulated, thus allowing coordinated global response to
damage. Exposure of yeast Saccharomyces cerevisiae to DNA damaging agents results in
overlapping but distinct transcriptional profiles. Similarities to environmental shock
response indicates that a general global stress response pathway exist at the level of
transcriptional activation. In contrast, different human cell types respond to damage
differently indicating an absence of a common global response. The probable explanation
for this difference between yeast and human cells may be in the heterogeneity of
mammalian cells. In an animal different types of cells are distributed among different
organs that have evolved different sensitivities to DNA damage.

In general global response to DNA damage involves expression of multiple genes
responsible for postreplication repair, homologous recombination, nucleotide excision
repair, DNA damage checkpoint, global transcriptional activation, genes controlling
mRNA decay, and many others. A large amount of damage to a cell leaves it with an
important decision: undergo apoptosis and die, or survive at the cost of living with a
modified genome. An increase in tolerance to damage can lead to an increased rate of
survival that will allow a greater accumulation of mutations. Yeast Revl and human
polymerase 1 are members of [Y family translesion DNA polymerases present during
global response to DNA damage and are responsible for enhanced mutagenesis during a
global response to DNA damage in eukaryotes.
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DNA repair and aging

Pathological effects of poor DNA repair
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DNA repair rate is an important determinant of cell pathology

Experimental animals with genetic deficiencies in DNA repair often show decreased life
span and increased cancer incidence. For example, mice deficient in the dominant NHEJ
pathway and in telomere maintenance mechanisms get lymphoma and infections more
often, and, as a consequence, have shorter lifespans than wild-type mice. In similar
manner, mice deficient in a key repair and transcription protein that unwinds DNA
helices have premature onset of aging-related diseases and consequent shortening of
lifespan. However, not every DNA repair deficiency creates exactly the predicted effects;
mice deficient in the NER pathway exhibited shortened life span without correspondingly
higher rates of mutation.

If the rate of DNA damage exceeds the capacity of the cell to repair it, the accumulation
of errors can overwhelm the cell and result in early senescence, apoptosis, or cancer.
Inherited diseases associated with faulty DNA repair functioning result in premature
aging, increased sensitivity to carcinogens, and correspondingly increased cancer risk. On
the other hand, organisms with enhanced DNA repair systems, such as Deinococcus
radiodurans, the most radiation-resistant known organism, exhibit remarkable resistance
to the double-strand break-inducing effects of radioactivity, likely due to enhanced
efficiency of DNA repair and especially NHEJ.
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Longevity and caloric restriction
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Most life span influencing genes affect the rate of DNA damage

A number of individual genes have been identified as influencing variations in life span
within a population of organisms. The effects of these genes is strongly dependent on the
environment, in particular, on the organism's diet. Caloric restriction reproducibly results
in extended lifespan in a variety of organisms, likely via nutrient sensing pathways and
decreased metabolic rate. The molecular mechanisms by which such restriction results in
lengthened lifespan are as yet unclear; however, the behavior of many genes known to be
involved in DNA repair is altered under conditions of caloric restriction.

For example, increasing the gene dosage of the gene SIR-2, which regulates DNA
packaging in the nematode worm Caenorhabditis elegans, can significantly extend
lifespan. The mammalian homolog of SIR-2 is known to induce downstream DNA repair
factors involved in NHEJ, an activity that is especially promoted under conditions of
caloric restriction. Caloric restriction has been closely linked to the rate of base excision
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repair in the nuclear DNA of rodents, although similar effects have not been observed in
mitochondrial DNA.

It is interesting to note that the C. elegans gene AGE-1, an upstream effector of DNA
repair pathways, confers dramatically extended life span under free-feeding conditions
but leads to a decrease in reproductive fitness under conditions of caloric restriction. This
observation supports the pleiotropy theory of the biological origins of aging, which
suggests that genes conferring a large survival advantage early in life will be selected for
even if they carry a corresponding disadvantage late in life.

Medicine and DNA repair modulation

Hereditary DNA repair disorders
Defects in the NER mechanism are responsible for several genetic disorders, including:

o xeroderma pigmentosum: hypersensitivity to sunlight/UV, resulting in increased
skin cancer incidence and premature aging

e Cockayne syndrome: hypersensitivity to UV and chemical agents

o trichothiodystrophy: sensitive skin, brittle hair and nails

Mental retardation often accompanies the latter two disorders, suggesting increased
vulnerability of developmental neurons.

Other DNA repair disorders include:

e Werner's syndrome: premature aging and retarded growth

e Bloom's syndrome: sunlight hypersensitivity, high incidence of malignancies
(especially leukemias).

e ataxia telangiectasia: sensitivity to ionizing radiation and some chemical agents

All of the above diseases are often called "segmental progerias" ("accelerated aging
diseases") because their victims appear elderly and suffer from aging-related diseases at
an abnormally young age, while not manifesting all the symptoms of old age.

Other diseases associated with reduced DNA repair function include Fanconi's anemia,
hereditary breast cancer and hereditary colon cancer.

DNA repair and cancer

Inherited mutations that affect DNA repair genes are strongly associated with high cancer
risks in humans. Hereditary nonpolyposis colorectal cancer (HNPCC) is strongly
associated with specific mutations in the DNA mismatch repair pathway. BRCA1 and
BRCA2, two famous mutations conferring a hugely increased risk of breast cancer on
carriers, are both associated with a large number of DNA repair pathways, especially
NHEJ and homologous recombination.
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Cancer therapy procedures such as chemotherapy and radiotherapy work by
overwhelming the capacity of the cell to repair DNA damage, resulting in cell death.
Cells that are most rapidly dividing - most typically cancer cells - are preferentially
affected. The side-effect is that other non-cancerous but rapidly dividing cells such as
stem cells in the bone marrow are also affected. Modern cancer treatments attempt to
localize the DNA damage to cells and tissues only associated with cancer, either by
physical means (concentrating the therapeutic agent in the region of the tumor) or by
biochemical means (exploiting a feature unique to cancer cells in the body).

DNA repair and evolution

The basic processes of DNA repair are highly conserved among both prokaryotes and
eukaryotes and even among bacteriophage (viruses that infect bacteria); however, more
complex organisms with more complex genomes have correspondingly more complex
repair mechanisms. The ability of a large number of protein structural motifs to catalyze
relevant chemical reactions has played a significant role in the elaboration of repair
mechanisms during evolution. For an extremely detailed review of hypotheses relating to
the evolution of DNA repair, see.

The fossil record indicates that single-cell life began to proliferate on the planet at some
point during the Precambrian period, although exactly when recognizably modern life
first emerged is unclear. Nucleic acids became the sole and universal means of encoding
genetic information, requiring DNA repair mechanisms that in their basic form have been
inherited by all extant life forms from their common ancestor. The emergence of Earth's
oxygen-rich atmosphere (known as the "oxygen catastrophe") due to photosynthetic
organisms, as well as the presence of potentially damaging free radicals in the cell due to
oxidative phosphorylation, necessitated the evolution of DNA repair mechanisms that act
specifically to counter the types of damage induced by oxidative stress.

Rate of evolutionary change

On some occasions, DNA damage is not repaired, or is repaired by an error-prone
mechanism that results in a change from the original sequence. When this occurs,
mutations may propagate into the genomes of the cell's progeny. Should such an event
occur in a germ line cell that will eventually produce a gamete, the mutation has the
potential to be passed on to the organism's offspring. The rate of evolution in a particular
species (or, in a particular gene) is a function of the rate of mutation. As a consequence,
the rate and accuracy of DNA repair mechanisms have an influence over the process of
evolutionary change.

WORLD TECHNOLOGIES




Chapter- 6

Lipid Bilayer
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This fluid lipid bilayer cross section is made up entirely of phosphatidylcholine.

The lipid bilayer is a thin membrane made of two layers of lipid molecules. These
membranes are flat sheets that form a continuous barrier around cells. The cell membrane
of almost all living organisms and many viruses are made of a lipid bilayer, as are the
membranes surrounding the cell nucleus and other sub-cellular structures. The lipid
bilayer is the barrier that keeps ions, proteins and other molecules where they are needed
and prevents them from diffusing into areas where they should not be. Lipid bilayers are
ideally suited to this role because, even though they are only a few nanometers thick, they
are impermeable to most water-soluble (hydrophilic) molecules. Bilayers are particularly
impermeable to ions, which allows cells to regulate salt concentrations and pH by
pumping ions across their membranes using proteins called ion pumps.

Natural bilayers are usually made mostly of phospholipids, which have a hydrophilic
head and two hydrophobic tails. When phospholipids are exposed to water, they arrange
themselves into a two-layered sheet (a bilayer) with all of their tails pointing toward the
center of the sheet. The center of this bilayer contains almost no water and also excludes
molecules like sugars or salts that dissolve in water but not in oil. This assembly process
is similar to the coalescing of oil droplets in water and is driven by the same force, called
the hydrophobic effect. Because lipid bilayers are quite fragile and are so thin that they
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are invisible in a traditional microscope, bilayers are very challenging to study.
Experiments on bilayers often require advanced techniques like electron microscopy and
atomic force microscopy.

Phospholipids with certain head groups can alter the surface chemistry of a bilayer and
can, for example, mark a cell for destruction by the immune system. Lipid tails can also
affect membrane properties, for instance by determining the phase of the bilayer. The
bilayer can adopt a solid gel phase state at lower temperatures but undergo phase
transition to a fluid state at higher temperatures. The packing of lipids within the bilayer
also affects its mechanical properties, including its resistance to stretching and bending.
Many of these properties have been studied with the use of artificial "model" bilayers
produced in a lab. Vesicles made by model bilayers have also been used clinically to
deliver drugs.

Biological membranes typically include several types of lipids other than phospholipids.
A particularly important example in animal cells is cholesterol, which helps strengthen
the bilayer and decrease its permeability. Cholesterol also helps regulate the activity of
certain integral membrane proteins. Integral membrane proteins function when
incorporated into a lipid bilayer. Because bilayers define the boundaries of the cell and its
compartments, these membrane proteins are involved in many intra- and inter-cellular
signaling processes. Certain kinds of membrane proteins are involved in the process of
fusing two bilayers together. This fusion allows the joining of two distinct structures as in
the fertilization of an egg by sperm or the entry of a virus into a cell.

The three main structures phospholipids form in solution; the liposome (a closed bilayer),
the micelle and the bilayer.
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Structure and organization

A lipid bilayer is a sheet of lipids two molecules thick, arranged so that the hydrophilic
phosphate heads point “out” to the water on either side of the bilayer and the hydrophobic
tails point “in” to the core of the bilayer. This arrangement results in two “leaflets” which
are each a single molecular layer. Lipids self-assemble into this structure because of the
hydrophobic effect, which creates an energetically unfavorable interaction between the
hydrophobic lipid tails and the surrounding water. Thus, a lipid bilayer is typically held
together by entirely non-covalent forces that do not involve formation of chemical bonds
between individual molecules.

There are some similarities between this structure and a common soap bubble, although
there are also important differences. As illustrated, both structures involve two single-
molecule layers of an amphiphilic substance. In the case of a soap bubble, the two soap
monolayers coat an intervening water layer. The hydrophilic heads are oriented “in”
toward this water core, while the hydrophobic tails point “out” to the air. In the case of a
lipid bilayer, this structure is reversed with heads out and tails in. Another important
difference between lipid bilayers and soap bubbles is their relative size. Soap bubbles are
typically hundreds of nanometers thick, on the same order as the wavelength of light,
which is why interference effects cause rainbow colors on a bubble surface. A single lipid
bilayer, on the other hand, is around five nanometers thick, much smaller than the
wavelength of light and is therefore invisible to the eye, even with a standard light
microscope.
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Schematic cross sectional profile of a typical lipid bilayer. There are three distinct
regions: the fully hydrated headgroups, the fully dehydrated alkane core and a short
intermediate region with partial hydration

Cross section analysis

The lipid bilayer is very thin compared to its lateral dimensions. If a typical mammalian
cell (diameter ~10 micrometre) were magnified to the size of a watermelon (~1 ft/30 cm),
the lipid bilayer making up the plasma membrane would be about as thick as a piece of
office paper. Despite being only a few nanometers thick, the bilayer consists of several
distinct chemical regions across its cross-section. These regions and their interactions
with the surrounding water have been characterized over the past several decades with x-
ray reflectometry, neutron scattering and nuclear magnetic resonance techniques.
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The first region on either side of the bilayer is the hydrophilic headgroup. This portion of
the membrane is completely hydrated and is typically around 8-9A thick. In phospholipid
bilayers the phosphate group is located within this hydrated region, approximately 5A
outside the hydrophobic core. In some cases, the hydrated region can extend much
further, for instance in lipids with a large protein or long sugar chain grafted to the head.
One common example of such a modification in nature is the lipopolysaccharide coat on
a bacterial outer membrane, which helps retain a water layer around the bacterium to
prevent dehydration.

M T

TEM image of a bacterium. The furry appearance on the outside is due to a coat of long
chain sugars attached to the cell membrane. This coating helps trap water to prevent the
bacterium from becoming dehydrated.

Next to the hydrated region is an intermediate region which is only partially hydrated.
This boundary layer is approximately 3 A thick. Within this short distance, the water
concentration drops from 2M on the headgroup side to nearly zero on the tail (core) side.
The hydrophobic core of the bilayer is typically 3-4 nm thick, but this value varies with
chain length and chemistry. Core thickness also varies significantly with temperature,
particularly near a phase transition.
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Asymmetry

In many naturally occurring bilayers, the compositions of the inner and outer membrane
leaflets are different. In human red blood cells, the inner (cytoplasmic) leaflet is largely
composed of phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol and
its phosphorylated derivatives. By contrast, the outer (extracellular) leaflet is based on
phosphatidylcholine, sphingomyelin and a variety of glycolipids, In some cases, this
asymmetry is based on where the lipids are made in the cell and reflects their initial
orientation. The biological functions of lipid asymmetry are imperfectly understood,
although it is clear that it is used in several different situations. For example, when a cell
undergoes apoptosis, the phosphatidylserine — normally localised to the cytoplasmic
leaflet — is transferred to the outer surface: there it is recognised by a macrophage which
then actively scavenges the dying cell.

Lipid asymmetry arises, at least in part, from the fact that most phospholipids are
synthesised and initially inserted into the inner monolayer: those that constitute the outer
monolayer are then transported to the inner monolayer by a class of enzymes called
flippases,. Other lipids, such as sphingomyelin, appear to be synthesised at the external
leaflet. Flippases are members of a larger family of lipid transport molecules which also
includes flopases, which transfer lipids in the opposite direction, and scramblases, which
randomize lipid distribution across lipid bilayers (as in apoptotic cells). In any case, once
lipid asymmetry is established it does not normally dissipate quickly because
spontaneous flip-flop of lipids between leaflets is extremely slow.

It is possible to mimic this asymmetry in the laboratory in model bilayer systems. Certain
types of very small artificial vesicle will automatically make themselves slightly
asymmetric, although the mechanism by which this asymmetry is generated is very
different from that in cells. By utilizing two different monolayers in Langmuir-Blodgett
deposition or a combination of Langmuir-Blodgett and vesicle rupture deposition it is
also possible to synthesize an asymmetric planar bilayer. This asymmetry may be lost
over time as lipids in supported bilayers can be prone to flip-flop.

Phases and phase transitions
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Diagram showing the effect of unsaturated lipids on a bilayer. The lipids with an
unsaturated tail (blue) disrupt the packing of those with only saturated tails (black). The
resulting bilayer has more free space and is consequently more permeable to water and
other small molecules.

At a given temperature a lipid bilayer can exist in either a liquid or a gel (solid) phase.
All lipids have a characteristic temperature at which they transition (melt) from the gel to
liquid phase. In both phases the lipid molecules are prevented from flip-flopping across
the bilayer, but in liquid phase bilayers a given lipid will exchange locations with its
neighbor millions of times a second. This random walk exchange allows lipid to diffuse
and thus wander across the surface of the membrane. Unlike liquid phase bilayers, the
lipids in a gel phase bilayer are locked in place.

The phase behavior of lipid bilayers is largely determined by the strength of the attractive
Van der Waals interactions between adjacent lipid molecules. Longer tailed lipids have
more area over which to interact, increasing the strength of this interaction and
consequently decreasing the lipid mobility. Thus, at a given temperature, a short-tailed
lipid will be more fluid than an otherwise identical long-tailed lipid. Transition
temperature can also be affected by the degree of unsaturation of the lipid tails. An
unsaturated double bond can produce a kink in the alkane chain, disrupting the lipid
packing. This disruption creates extra free space within the bilayer which allows
additional flexibility in the adjacent chains. An example of this effect can be noted in
everyday life as butter, which has a large percentage saturated fats, is solid at room
temperature while vegetable oil, which is mostly unsaturated, is liquid.

Most natural membranes are a complex mixture of different lipid molecules. If some of
the components are liquid at a given temperature while others are in the gel phase, the
two phases can coexist in spatially separated regions, rather like an iceberg floating in the
ocean. This phase separation plays a critical role in biochemical phenomena because
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membrane components such as proteins can partition into one or the other phase and thus
be locally concentrated or activated. One particularly important component of many
mixed phase systems is cholesterol, which modulates bilayer permeability, mechanical
strength and biochemical interactions.

Surface chemistry

While lipid tails primarily modulate bilayer phase behavior, it is the headgroup that
determines the bilayer surface chemistry. Most natural bilayers are composed primarily
of phospholipids, although sphingolipids such as sphingomyelin and sterols such as
cholesterol are also important components. Of the phospholipids, the most common
headgroup is phosphatidylcholine (PC), accounting for about half the phospholipids in
most mammalian cells. PC is a zwitterionic headgroup, as it has a negative charge on the
phosphate group and a positive charge on the amine but, because these local charges
balance, no net charge.

Other headgroups are also present to varying degrees and can include phosphatidylserine
(PS) phosphatidylethanolamine (PE) and phosphatidylglycerol (PG). These alternate
headgroups often confer specific biological functionality that is highly context-
dependent. For instance, PS presence on the extracellular membrane face of erythrocytes
is a marker of cell apoptosis, whereas PS in growth plate vesicles is necessary for the
nucleation of hydroxyapatite crystals and subsequent bone mineralization. Unlike PC,
some of the other headgroups carry a net charge, which can alter the electrostatic
interactions of small molecules with the bilayer.

Biological roles

Containment and separation

The primary role of the lipid bilayer in biology is to separate aqueous compartments from
their surroundings. Without some form of barrier delineating “self” from “non-self” it is
difficult to even define the concept of an organism or of life. This barrier takes the form
of a lipid bilayer in all known life forms except for a few species of archaea which utilize
a specially adapted lipid monolayer. It has even been proposed that the very first form of
life may have been a simple lipid vesicle with virtually its sole biosynthetic capability
being the production of more phospholipids. The partitioning ability of the lipid bilayer is
based on the fact that hydrophilic molecules cannot easily cross the hydrophobic bilayer
core, as discussed in Transport across the bilayer below.

Prokaryotes have only one lipid bilayer- the cell membrane (also known as the plasma
membrane). Many prokaryotes also have a cell wall, but the cell wall is composed of
proteins or long chain carbohydrates, not lipids. In contrast, eukaryotes have a range of
organelles including the nucleus, mitochondria, lysosomes and endoplasmic reticulum.
All of these sub-cellular compartments are surrounded by one or more lipid bilayers and,
together, typically comprise the majority of the bilayer area present in the cell. In liver
hepatocytes for example, the plasma membrane accounts for only two percent of the total
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bilayer area of the cell, whereas the endoplasmic reticulum contains more than fifty
percent and the mitochondria a further thirty percent.

[lustration of a GPCR signaling protein. In response to a molecule such as a hormone
binding to the exterior domain (blue) the GPCR changes shape and catalyzes a chemical
reaction on the interior domain (red). The gray feature is the surrounding bilayer.

Signaling

Probably the most familiar form of cellular signaling is synaptic transmission, whereby a
nerve impulse that has reached the end of one neuron is conveyed to an adjacent neuron
via the release of neurotransmitters. This transmission is made possible by the action of
synaptic vesicles loaded with the neurotransmitters to be released. These vesicles fuse
with the cell membrane at the pre-synaptic terminal and release its contents to the exterior
of the cell. The contents then diffuse across the synapse to the post-synaptic terminal.

Lipid bilayers are also involved in signal transduction through their role as the home of
integral membrane proteins. This is an extremely broad and important class of
biomolecule. It is estimated that up to a third of the human proteome may be membrane
proteins. Some of these proteins are linked to the exterior of the cell membrane. An
example of this is the CD59 protein, which identifies cells as “self” and thus inhibits their
destruction by the immune system. The HIV virus evades the immune system in part by
grafting these proteins from the host membrane onto its own surface. Alternatively, some
membrane proteins penetrate all the way through the bilayer and serve to relay individual
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signal events from the outside to the inside of the cell. The most common class of this
type of protein is the G protein-coupled receptor (GPCR). GPCRs are responsible for
much of the cell’s ability to sense its surroundings and, because of this important role,
approximately 40% of all modern drugs are targeted at GPCRs.

In addition to protein- and solution-mediated processes, it is also possible for lipid
bilayers to participate directly in signaling. A classic example of this is
phosphatidylserine-triggered phagocytosis. Normally, phosphatidylserine is
asymmetrically distributed in the cell membrane and is present only on the interior side.
During programmed cell death a protein called a scramblase equilibrates this distribution,
displaying phosphatidylserine on the extracellular bilayer face. The presence of
phosphatidylserine then triggers phagocytosis to remove the dead or dying cell.

Characterization methods

Human red blood cells viewed through a fluorescence microscope. The cell membrane
has been stained with a fluorescent dye. Scale bar is 20pm.
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Transmission Electron Microscope (TEM) image of a lipid vesicle. The two dark bands
around the edge are the two leaflets of the bilayer. Historically, similar images confirmed
that the cell membrane is a bilayer

The lipid bilayer is a very difficult structure to study because it is so thin and fragile. In
spite of these limitations dozens of techniques have been developed over the last seventy
years to allow investigations of its structure and function.

Electrical measurements are a straightforward way to characterize an important function
of a bilayer: its ability to segregate and prevent the flow of ions in solution. By applying a
voltage across the bilayer and measuring the resulting current, the resistance of the
bilayer is determined. This resistance is typically quite high since the hydrophobic core is
impermeable to charged species. The presence of even a few nanometer-scale holes
results in a dramatic increase in current. The sensitivity of this system is such that even
the activity of single ion channels can be resolved.

Electrical measurements do not provide an actual picture like imaging with a microscope
can. Lipid bilayers cannot be seen in a traditional microscope because they are too thin.
In order to see bilayers, researchers often use fluorescence microscopy. A sample is
excited with one wavelength of light and observed in a different wavelength, so that only
fluorescent molecules with a matching excitation and emission profile will be seen.
Natural lipid bilayers are not fluorescent, so a dye is used that attaches to the desired
molecules in the bilayer. Resolution is usually limited to a few hundred nanometers,
much smaller than a typical cell but much larger than the thickness of a lipid bilayer.
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3d-Adapted AFM images showing formation of transmembrane pores (holes) in
supported lipid bilayer
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Ilustration of a typical AFM scan of a supported lipid bilayer. The pits are defects in the
bilayer, exposing the smooth surface of the substrate underneath.

Electron microscopy offers a higher resolution image. In an electron microscope, a beam
of focused electrons interacts with the sample rather than a beam of light as in traditional
microscopy. In conjunction with rapid freezing techniques, electron microscopy has also
been used to study the mechanisms of inter- and intracellular transport, for instance in
demonstrating that exocytotic vesicles are the means of chemical release at synapses.

3'P_NMR (nuclear magnetic resonance) spectroscopy is widely used for studies of
phospholipid bilayers and biological membranes in native conditions. The analysis of 31p.
NMR spectra of lipids could provide a wide range of information about lipid bilayer
packing, phase transitions (gel phase, physiological liquid crystal phase, ripple phases,
non bilayer phases), lipid head group orientation/dynamics, and elastic properties of pure
lipid bilayer and as a result of binding of proteins and other biomolecules.

In addition, a specific H-N...(O)-P experiment (transition by scalar coupling 3JH-P~5Hz)
could provide a direct information about formation of hydrogen bonds between amid
protons of protein to phosphate of lipid headgroups, which is useful in studies of
protein/membrane interactions.

A new method to study lipid bilayers is Atomic force microscopy (AFM). Rather than
using a beam of light or particles, a very small sharpened tip scans the surface by making
physical contact with the bilayer and moving across it, like a record player needle. AFM
is a promising technique because it has the potential to image with nanometer resolution
at room temperature and even under water or physiological buffer, conditions necessary
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for natural bilayer behavior. Utilizing this capability, AFM has been used to examine
dynamic bilayer behavior including the formation of transmembrane pores (holes) and
phase transitions in supported bilayers. Another advantage is that AFM does not require
fluorescent or isotopic labeling of the lipids, since the probe tip interacts mechanically
with the bilayer surface. Because of this, the same scan can image both lipids and
associated proteins, sometimes even with single-molecule resolution. AFM can also
probe the mechanical nature of lipid bilayers.

Lipid bilayers exhibit high levels of birefringence where the refractive index in the plane
of the bilayer differs from that perpendicular by as much as 0.1 refractive index units.
This has been used to characterise the degree of order and disruption in bilayers using
dual polarisation interferometry to understand mechanisms of protein interaction.

Transport across the bilayer

Passive diffusion

Most polar molecules have low solubility in the hydrocarbon core of a lipid bilayer and
consequently have low permeability coefficients across the bilayer. This effect is
particularly pronounced for charged species, which have even lower permeability
coefficients than neutral polar molecules. Anions typically have a higher rate of diffusion
through bilayers than cations. Compared to ions, water molecules actually have a
relatively large permeability through the bilayer, as evidenced by osmotic swelling.
When a cell or vesicle with a high interior salt concentration is placed in a solution with a
low salt concentration it will swell and eventually burst. Such a result would not be
observed unless water was able to pass through the bilayer with relative ease. The
anomalously large permeability of water through bilayers is still not completely
understood and continues to be the subject of active debate. Uncharged apolar molecules
diffuse through lipid bilayers many orders of magnitude faster than ions or water. This
applies both to fats and organic solvents like chloroform and ether. Regardless of their
polar character larger molecules diffuse more slowly across lipid bilayers than small
molecules.
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Structure of a potassium ion channel. The alpha helices penetrate the bilayer (boundaries
indicated by red and blue lines), opening a hole through which potassium ions can flow

Ion pumps and channels

Two special classes of protein deal with the ionic gradients found across cellular and sub-
cellular membranes in nature- ion channels and ion pumps. Both pumps and channels are
integral membrane proteins that pass through the bilayer, but their roles are quite
different. Ion pumps are the proteins that build and maintain the chemical gradients by
utilizing an external energy source to move ions against the concentration gradient to an
area of higher chemical potential. The energy source can be ATP, as is the case for the
Na'-K" ATPase. Alternatively, the energy source can be another chemical gradient
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already in place, as in the Ca®>*/Na" antiporter. It is through the action of ion pumps that
cells are able to regulate pH via the pumping of protons.

In contrast to ion pumps, ion channels do not build chemical gradients but rather dissipate
them in order to perform work or send a signal. Probably the most familiar and best
studied example is the voltage-gated Na" channel, which allows conduction of an action
potential along neurons. All ion pumps have some sort of trigger or “gating” mechanism.
In the previous example it was electrical bias, but other channels can be activated by
binding a molecular agonist or through a conformational change in another nearby
protein.

Pinocytosis

Vesicle

Schematic illustration of pinocytosis, a type of endocytosis

Endocytosis and exocytosis

Some molecules or particles are too large or too hydrophilic to effectively pass through a
lipid bilayer. Other molecules could pass through the bilayer but must be transported
rapidly in such large numbers that channel-type transport is impractical. In both cases
these types of cargo can be moved across the cell membrane through fusion or budding of
vesicles. When a vesicle is produced inside the cell and fuses with the plasma membrane
to release its contents into the extracellular space this process is known as exocytosis. In
the reverse process a region of the cell membrane will dimple inwards and eventually
pinch off, enclosing a portion of the extracellular fluid to transport it into the cell.
Endocytosis and exocytosis rely on very different molecular machinery to function, but
the two processes are intimately linked and could not work without each other. The
primary mechanism this interdependence is the sheer volume of lipid material involved.
In a typical cell, an area of bilayer equivalent to the entire plasma membrane will travel
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through the endocytosis/exocytosis cycle in about half an hour. If these two processes
were not balancing each other the cell would either balloon outward to an unmanageable
size or completely deplete its plasma membrane within a matter of minutes.

Electroporation

Electroporation is the rapid increase in bilayer permeability induced by the application of
a large artificial electric field across the membrane. Experimentally, electroporation is
used to introduce hydrophilic molecules into cells. It is a particularly useful technique for
large highly charged molecules such as DNA which would never passively diffuse across
the hydrophobic bilayer core. Because of this, electroporation is one of the key methods
of transfection as well as bacterial transformation. It has even been proposed that
electroporation resulting from lightning strikes could be a mechanism of natural
horizontal gene transfer.

This increase in permeability primarily affects transport of ions and other hydrated
species, indicating that the mechanism is the creation of nm-scale water-filled holes in the
membrane. Although electroporation and dielectric breakdown both result from
application of an electric field, the mechanisms involved are fundamentally different. In
dielectric breakdown the barrier material is ionized, creating a conductive pathway. The
material alteration is thus chemical in nature. In contrast, during electroporation the lipid
molecules are not chemically altered but simply shift position, opening up a pore which
acts as the conductive pathway through the bilayer as it is filled with water.
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Schematic showing two possible conformations of the lipids at the edge of a pore. In the
top image the lipids have not rearranged, so the pore wall is hydrophobic. In the bottom
image some of the lipid heads have bent over, so the pore wall is hydrophilic.

Lipid bilayers are large enough structures to have some of the mechanical properties of
liquids or solids. The area compression modulus K,, bending modulus Ky, and edge
energy A, can be used to describe them. Solid lipid bilayers also have a shear modulus,
but like any liquid, the shear modulus is zero for fluid bilayers. These mechanical
properties affect how the membrane functions. K, and Ky, affect the ability of proteins and
small molecules to insert into the bilayer, and bilayer mechanical properties have been
shown to alter the function of mechanically activated ion channels. Bilayer mechanical
properties also govern what types of stress a cell can withstand without tearing. Although
lipid bilayers can easily bend, most cannot stretch more than a few percent before
rupturing.
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As discussed in the Structure and organization section, the hydrophobic repulsion
between lipid tails and water is the primary force holding lipid bilayers together. Thus,
the elastic modulus of the bilayer is primarily determined by how much extra area is
exposed to water when the lipid molecules are stretched apart. It is not surprising given
this understanding of the forces involved that studies have shown that K, varies strongly
with solution conditions but only weakly with tail length and unsaturation. Because the
forces involved are so small, it is difficult to experimentally determine K,. Most
techniques require sophisticated microscopy and very sensitive measurement equipment.

In contrast to K,, which is a measure of how much energy is needed to stretch the bilayer,
Ky is a measure of how much energy is needed to bend or flex the bilayer. Formally,
bending modulus is defined as the energy required to deform a membrane from its
intrinsic curvature to some other curvature. Intrinsic curvature is defined by the ratio of
the diameter of the head group to that of the tail group. For two-tailed PC lipids, this ratio
is nearly one so the intrinsic curvature is nearly zero. If a particular lipid has too large a
deviation from zero intrinsic curvature it will not form a bilayer and will instead form
other phases such as micelles or inverted micelles. Typically, K, is not measured
experimentally but rather is calculated from measurements of K, and bilayer thickness,
since the three parameters are related.

A is a measure of how much energy it takes to expose a bilayer edge to water by tearing
the bilayer or creating a hole in it. The origin of this energy is the fact that creating such
an interface exposes some of the lipid tails to water, but the exact orientation of these
border lipids is unknown. There is some evidence that both hydrophobic (tails straight)
and hydrophilic (heads curved around) pores can coexist.
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Fusion

Hemifused Fully Fused

[llustration of lipid vesicles fusing showing two possible outcomes: hemifusion and full
fusion. In hemifusion only the outer bilayer leaflets mix. In full fusion both leaflets as
well as the internal contents mix.

Fusion is the process by which two lipid bilayers merge, resulting in one connected
structure. If this fusion proceeds completely through both leaflets of both bilayers, a
water-filled bridge is formed and the solutions contained by the bilayers can mix.
Alternatively, if only one leaflet from each bilayer is involved in the fusion process, the
bilayers are said to be hemifused. Fusion is involved in many cellular processes,
particularly in eukaryotes since the eukaryotic cell is extensively sub-divided by lipid
bilayer membranes. Exocytosis, fertilization of an egg by sperm and transport of waste
products to the lysozome are a few of the many eukaryotic processes that rely on some
form of fusion. Even the entry of pathogens can be governed by fusion, as many bilayer-
coated viruses have dedicated fusion proteins to gain entry into the host cell.

There are four fundamental steps in the fusion process. First, the involved membranes
must aggregate, approaching each other to within several nanometers. Second, the two
bilayers must come into very close contact (within a few angstroms). To achieve this
close contact, the two surfaces must become at least partially dehydrated, as the bound
surface water normally present causes bilayers to strongly repel. The presence of ions,
particularly divalent cations like magnesium and calcium, strongly affects this step. One
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of the critical roles of calcium in the body is regulating membrane fusion. Third, a
destabilization must form at one point between the two bilayers, locally distorting their
structures. The exact nature of this distortion is not known. One theory is that a highly
curved "stalk" must form between the two bilayers. Proponents of this theory believe that
it explains why phosphatidylethanolamine, a highly curved lipid, promotes fusion.
Finally, in the last step of fusion, this point defect grows and the components of the two
bilayers mix and diffuse away from the site of contact.

synaptic
vesicle

plasmalemma

Diagram of the action of SNARE proteins docking a vesicle for exocytosis.
Complementary versions of the protein on the vesicle and the target membrane bind and
wrap around each other, drawing the two bilayers close together in the process.

The situation is further complicated when considering fusion in vivo since biological
fusion is almost always regulated by the action of membrane-associated proteins. The
first of these proteins to be studied were the viral fusion proteins, which allow an
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enveloped virus to insert its genetic material into the host cell (enveloped viruses are
those surrounded by a lipid bilayer; some others have only a protein coat).Eukaryotic
cells also use fusion proteins, the best studied of which are the SNAREs. SNARE
proteins are used to direct all vesicular intracellular trafficking. Despite years of study,
much is still unknown about the function of this protein class. In fact, there is still an
active debate regarding whether SNAREs are linked to early docking or participate later
in the fusion process by facilitating hemifusion.

In studies of molecular and cellular biology it is often desirable to artificially induce
fusion. The addition of polyethylene glycol (PEG) causes fusion without significant
aggregation or biochemical disruption. This procedure is now used extensively, for
example by fusing B-cells with melanoma cells. The resulting “hybridoma” from this
combination expresses a desired antibody as determined by the B-cell involved, but is
immortalized due to the melanoma component. Fusion can also be artificially induced
through electroporation in a process known as electrofusion. It is believed that this
phenomenon results from the energetically active edges formed during electroporation,
which can act as the local defect point to nucleate stalk growth between two bilayers.

Model systems

Lipid bilayers can be created artificially in the lab to allow researchers to perform
experiments that cannot be done with natural bilayers. These synthetic systems are called
model lipid bilayers. There are many different types of model bilayers, each having
experimental advantages and disadvantages. They can be made with either synthetic or
natural lipids. Among the most common model systems are:

e Black lipid membranes (BLM)

e Supported lipid bilayers (SLB)

o Tethered Bilayer Lipid Membranes (t-BLM)
e Vesicles

Commercial applications

To date, the most successful commercial application of lipid bilayers has been the use of
liposomes for drug delivery, especially for cancer treatment. (Note- the term “liposome”
is essentially synonymous with “vesicle” except that vesicle is a general term for the
structure whereas liposome only refers to artificial, not natural vesicles) The basic idea of
liposomal drug delivery is that the drug is encapsulated in solution inside the liposome
then injected into the patient. These drug-loaded liposomes travel through the system
until they bind at the target site and rupture, releasing the drug. In theory, liposomes
should make an ideal drug delivery system since they can isolate nearly any hydrophilic
drug, can be grafted with molecules to target specific tissues and can be relatively non-
toxic since the body possesses biochemical pathways for degrading lipids.
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The first generation of drug delivery liposomes had a simple lipid composition and
suffered from several limitations. Circulation in the bloodstream was extremely limited
due to both renal clearing and phagocytosis. Refinement of the lipid composition to tune
fluidity, surface charge density and surface hydration resulted in vesicles that adsorb
fewer proteins from serum and thus are less readily recognized by the immune system.
The most significant advance in this area was the grafting of polyethylene glycol (PEG)
onto the liposome surface to produce “stealth” vesicles which circulate over long times
without immune or renal clearing.

The first stealth liposomes were passively targeted at tumor tissues. Because tumors
induce rapid and uncontrolled angiogenesis they are especially “leaky” and allow
liposomes to exit the bloodstream at a much higher rate than normal tissue would. More
recently work has been undertaken to graft antibodies or other molecular markers onto
the liposome surface in the hope of actively binding them to a specific cell or tissue type.
Some examples of this approach are already in clinical trials.

Another potential application of lipid bilayers is the field of biosensors. Since the lipid
bilayer is the barrier between the interior and exterior of the cell it is also the site of
extensive signal transduction. Researchers over the years have tried to harness this
potential to develop a bilayer-based device for clinical diagnosis or bioterrorism
detection. Progress has been slow in this area and, although a few companies have
developed automated lipid-based detection systems, they are still targeted at the research
community. These include Biacore Life Sciences, which offers a disposable chip for
utilizing lipid bilayers in studies of binding kinetics and Nanion Inc which has developed
an automated patch clamping system. Other, more exotic applications are also being
pursued such as the use of lipid bilayer membrane pores for DNA sequencing by Oxford
Nanolabs. To date, this technology has not proven commercially viable.

A supported lipid bilayer (SLB) as described above has achieved commercial success as a
screening technique to measure the permeability of drugs. This parallel artificial
membrane permeability assay PAMPA technique measures the permeability across
specifically formulated lipid cocktail(s) found to be highly correlated with Caco-2
cultures, the gastrointestinal tract, blood-brain barrier and skin.

History

By the early twentieth century scientists had come to believe that cells are surrounded by
a thin oil-like barrier, but the structural nature of this membrane was not known. Two
experiments in 1925 laid the groundwork to fill in this gap. By measuring the capacitance
of erythrocyte solutions, Hugo Fricke determined that the cell membrane was 3.3 nm
thick. Although the results of this experiment were accurate, Fricke misinterpreted the
data to mean that the cell membrane is a single molecular layer. Prof. Dr. Evert Gorter
(1881-1954) and F. Grendel of Leiden University approached the problem from a
different perspective, spreading the erythrocyte lipids as a monolayer on a Langmuir-
Blodgett trough. When they compared the area of the monolayer to the surface area of the
cells, they found a ratio of two to one. Later analyses showed several errors and incorrect
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assumptions with this experiment but, serendipitously, these errors canceled out and from
this flawed data Gorter and Grendel drew the correct conclusion- that the cell membrane
is a lipid bilayer.

This theory was confirmed through the use of electron microscopy in the late 1950s.
Although he did not publish the first electron microscopy study of lipid bilayers J. David
Robertson was the first to assert that the two dark electron-dense bands were the
headgroups and associated proteins of two apposed lipid monolayers. In this body of
work, Robertson put forward the concept of the “unit membrane.” This was the first time
the bilayer structure had been universally assigned to all cell membranes as well as
organelle membranes.

Around the same time the development of model membranes confirmed that the lipid
bilayer is a stable structure that can exist independently of proteins. By “painting” a
solution of lipid in organic solvent across an aperture, Mueller and Rudin were able to
create an artificial bilayer and determine that this exhibited lateral fluidity, high electrical
resistance and self-healing in response to puncture, all of which are properties of a natural
cell membrane. A few years later, Alec Bangham showed that bilayers, in the form of
lipid vesicles, could also be formed simply by exposing a dried lipid sample to water.
This was an important advance since it demonstrated that lipid bilayers form
spontaneously via self assembly and do not require a patterned support structure.
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Chapter- 7

Internal Cellular Structures

Chloroplast

Intermembrane Inner
Outer space membrane Stroma

membrane (aqueous fluid)

Granum (stack

of thylakoids) Lumen

Thylakoid Lamella (inside of thylakoid)

The simplified internal structure of a chloroplast

Chloroplasts are organelles found in plant cells and other eukaryotic organisms that
conduct photosynthesis. Chloroplasts capture light energy to conserve free energy in the
form of ATP and reduce NADP to NADPH through a complex set of processes called
photosynthesis.
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The word chloroplast (yAwponAdotng) is derived from the Greek words chloros
(Y wpodc), which means green, and plastis (mhdotnc), which means "the one who forms".
Chloroplasts are members of a class of organelles known as plastids.

Evolutionary origin

Chloroplasts visible in the cells of Plagiomnium affine — Many-fruited Thyme-moss
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A model chloroplast

Chloroplasts are one of the many different types of organelles in the plant cell. In general,
they are considered to have originated from cyanobacteria through endosymbiosis. This
was first suggested by Mereschkowsky in 1905 after an observation by Schimper in 1883
that chloroplasts closely resemble cyanobacteria. All chloroplasts are thought to derive
directly or indirectly from a single endosymbiotic event (in the Archaeplastida), except
for Paulinella chromatophora, which has recently acquired a photosynthetic
cyanobacterial endosymbiont which is not closely related to chloroplasts of other
eukaryotes. In that they derive from an endosymbiotic event, chloroplasts are similar to
mitochondria, but chloroplasts are found only in plants and protista. The chloroplast is
surrounded by a double-layered composite membrane with an intermembrane space;
further, it has reticulations, or many infoldings, filling the inner spaces. The chloroplast
has its own DNA, which codes for redox proteins involved in electron transport in
photosynthesis; this is termed the plastome.

In green plants, chloroplasts are surrounded by two lipid-bilayer membranes. They are
believed to correspond to the outer and inner membranes of the ancestral
cyanobacterium. Chloroplasts have their own genome, which is considerably reduced
compared to that of free-living cyanobacteria, but the parts that are still present show
clear similarities with the cyanobacterial genome. Plastids may contain 60-100 genes
whereas cyanobacteria often contain more than 1500 genes. Many of the missing genes
are encoded in the nuclear genome of the host. The transfer of nuclear information has
been estimated in tobacco plants at one gene for every 16000 pollen grains.
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In some algae (such as the heterokonts and other protists such as Euglenozoa and
Cercozoa), chloroplasts seem to have evolved through a secondary event of
endosymbiosis, in which a eukaryotic cell engulfed a second eukaryotic cell containing
chloroplasts, forming chloroplasts with three or four membrane layers. In some cases,
such secondary endosymbionts may have themselves been engulfed by still other
eukaryotes, thus forming tertiary endosymbionts. In the alga Chlorella, there is only one
chloroplast, which is bell-shaped.

In some groups of mixotrophic protists such as the dinoflagellates, chloroplasts are
separated from a captured alga or diatom and used temporarily. These klepto chloroplasts
may only have a lifetime of a few days and are then replaced.

Structure

Chloroplasts are observable as flat discs usually 2 to 10 micrometers in diameter and 1
micrometer thick. In land plants, they are, in general, 5 pm in diameter and 2.3 pm thick.
The chloroplast is contained by an envelope that consists of an inner and an outer
phospholipid membrane. Between these two layers is the intermembrane space. A typical
parenchyma cell contains about 10 to 100 chloroplasts.

©)

Chloroplast ultrastructure:

1. outer membrane

2. intermembrane space

3. inner membrane (1+2+3: envelope)
4. stroma (aqueous fluid)

5. thylakoid lumen (inside of thylakoid)
6. thylakoid membrane

7. granum (stack of thylakoids)

8. thylakoid (lamella)

9. starch

10. ribosome
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11. plastidial DNA
12. plastoglobule (drop of lipids)

The material within the chloroplast is called the stroma, corresponding to the cytosol of
the original bacterium, and contains one or more molecules of small circular DNA. It also
contains ribosomes; however most of its proteins are encoded by genes contained in the
host cell nucleus, with the protein products transported to the chloroplast.

TEM image of a chloroplast

Within the stroma are stacks of thylakoids, the sub-organelles, which are the site of
photosynthesis. The thylakoids are arranged in stacks called grana (singular: granum). A
thylakoid has a flattened disk shape. Inside it is an empty area called the thylakoid space
or lumen. Photosynthesis takes place on the thylakoid membrane; as in mitochondrial
oxidative phosphorylation, it involves the coupling of cross-membrane fluxes with
biosynthesis via the dissipation of a proton electrochemical gradient.

In the electron microscope, thylakoid membranes appear as alternating light-and-dark
bands, each 0.01 um thick. Embedded in the thylakoid membrane are antenna complexes,
each of which consists of the light-absorbing pigments, including chlorophyll and
carotenoids, as well as proteins that bind the pigments. This complex both increases the
surface area for light capture, and allows capture of photons with a wider range of
wavelengths. The energy of the incident photons is absorbed by the pigments and
funneled to the reaction centre of this complex through resonance energy transfer. Two
chlorophyll molecules are then ionised, producing an excited electron, which then passes
onto the photochemical reaction centre.
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Recent studies have shown that chloroplasts can be interconnected by tubular bridges
called stromules, formed as extensions of their outer membranes. Chloroplasts appear to
be able to exchange proteins via stromules, and thus function as a network.

Transplastomic plants

Recently, chloroplasts have caught attention by developers of genetically modified plants.
In most flowering plants, chloroplasts are not inherited from the male parent, although in
plants such as pines, chloroplasts are inherited from males. Where chloroplasts are
inherited only from the female, transgenes in these plastids cannot be disseminated by
pollen. This makes plastid transformation a valuable tool for the creation and cultivation
of genetically modified plants that are biologically contained, thus posing significantly
lower environmental risks. This biological containment strategy is therefore suitable for
establishing the coexistence of conventional and organic agriculture. While the reliability
of this mechanism has not yet been studied for all relevant crop species, recent results in
tobacco plants are promising, showing a failed containment rate of transplastomic plants
at 3 in 1,000,000.

Mitochondrion

50 nm BLungTEM 1/ 7/0 REMF

Two mitochondria from mammalian lung tissue displaying their matrix and membranes
as shown by electron microscopy.

WORLD TECHNOLOGIES




Schematic of typical animal cell, showing subcellular components. Organelles:
(1) nucleolus

(2) nuclear membrane

(3) Ribosomes

(4) Vesicle

(5) Rough endoplasmic reticulum (ER)
(6) Golgi body

(7) Cytoskeleton

(8) Smooth ER

(9) Mitochondria

(13) Centrioles within centrosome

In cell biology, a mitochondrion (plural mitochondria) is a membrane-enclosed
organelle found in most eukaryotic cells. These organelles range from 0.5 to

10 micrometers (um) in diameter. Mitochondria are sometimes described as "cellular
power plants" because they generate most of the cell's supply of adenosine triphosphate
(ATP), used as a source of chemical energy. In addition to supplying cellular energy,
mitochondria are involved in a range of other processes, such as signaling, cellular
differentiation, cell death, as well as the control of the cell cycle and cell growth.
Mitochondria have been implicated in several human diseases, including mitochondrial
disorders and cardiac dysfunction, and may play a role in the aging process. The word
mitochondrion comes from the Greek uitog or mitos, thread + yovdpiov or chondrion,
granule.

Several characteristics make mitochondria unique. The number of mitochondria in a cell

varies widely by organism and tissue type. Many cells have only a single mitochondrion,
whereas others can contain several thousand mitochondria. The organelle is composed of
compartments that carry out specialized functions. These compartments or regions
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include the outer membrane, the intermembrane space, the inner membrane, and the
cristae and matrix. Mitochondrial proteins vary depending on the tissue and the species.
In humans, 615 distinct types of proteins have been identified from cardiac mitochondria,
whereas in Murinae (rats), 940 proteins encoded by distinct genes have been reported.
The mitochondrial proteome is thought to be dynamically regulated. Although most of a
cell's DNA is contained in the cell nucleus, the mitochondrion has its own independent
genome. Further, its DNA shows substantial similarity to bacterial genomes.

Structure

ATP synthase particles

Intermembrane space
Matrix

Cristae

N\

Ribosome

Granules

Inner membrane
Outer membrane

Deoxyribonucleic acid (DNA)

A mitochondrion contains outer and inner membranes composed of phospholipid bilayers
and proteins. The two membranes, however, have different properties. Because of this
double-membraned organization, there are five distinct compartments within the
mitochondrion. There is the outer mitochondrial membrane, the intermembrane space
(the space between the outer and inner membranes), the inner mitochondrial membrane,
the cristae space (formed by infoldings of the inner membrane), and the matrix (space
within the inner membrane).

Outer membrane

The outer mitochondrial membrane, which encloses the entire organelle, has a protein-to-
phospholipid ratio similar to that of the eukaryotic plasma membrane (about 1:1 by
weight). It contains large numbers of integral proteins called porins. These porins form
channels that allow molecules 5000 Daltons or less in molecular weight to freely diffuse
from one side of the membrane to the other. Larger proteins can enter the mitochondrion
if a signaling sequence at their N-terminus binds to a large multisubunit protein called
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translocase of the outer membrane, which then actively moves them across the
membrane. Disruption of the outer membrane permits proteins in the intermembrane
space to leak into the cytosol, leading to certain cell death. The mitochondrial outer
membrane can associate with the endoplasmic reticulum (ER) membrane, in a structure
called MAM (mitochondria-associated ER-membrane). This is important in ER-
mitochondria calcium signaling and involved in the transfer of lipids between the ER and
mitochondria.

Intermembrane space

The intermembrane space is the space between the outer membrane and the inner
membrane. Because the outer membrane is freely permeable to small molecules, the
concentrations of small molecules such as ions and sugars in the intermembrane space is
the same as the cytosol. However, large proteins must have a specific signaling sequence
to be transported across the outer membrane, so the protein composition of this space is
different from the protein composition of the cytosol. One protein that is localized to the
intermembrane space in this way is cytochrome c.

Inner membrane
The inner mitochondrial membrane contains proteins with five types of functions:

1. Those that perform the redox reactions of oxidative phosphorylation

ATP synthase, which generates ATP in the matrix

Specific transport proteins that regulate metabolite passage into and out of the
matrix

4. Protein import machinery.

5. Mitochondria fusion and fission protein

bl

It contains more than 151 different polypeptides, and has a very high protein-to-
phospholipid ratio (more than 3:1 by weight, which is about 1 protein for

15 phospholipids). The inner membrane is home to around 1/5 of the total protein in a
mitochondrion. In addition, the inner membrane is rich in an unusual phospholipid,
cardiolipin. This phospholipid was originally discovered in cow hearts in 1942, and is
usually characteristic of mitochondrial and bacterial plasma membranes. Cardiolipin
contains four fatty acids rather than two and may help to make the inner membrane
impermeable. Unlike the outer membrane, the inner membrane doesn't contain porins and
is highly impermeable to all molecules. Almost all ions and molecules require special
membrane transporters to enter or exit the matrix. Proteins are ferried into the matrix via
the translocase of the inner membrane (TIM) complex or via Oxal. In addition, there is a
membrane potential across the inner membrane formed by the action of the enzymes of
the electron transport chain.
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Cristae

OUTER MEMBRANE

CRISTAE

INNER MEMBRANE

Cross-sectional image of cristae in rat liver mitochondrion to demonstrate the likely 3D
structure and relationship to the inner membrane.

The inner mitochondrial membrane is compartmentalized into numerous cristae, which
expand the surface area of the inner mitochondrial membrane, enhancing its ability to
produce ATP. For typical liver mitochondria the area of the inner membrane is about five
times greater than the outer membrane. This ratio is variable and mitochondria from cells
that have a greater demand for ATP, such as muscle cells, contain even more cristae.
These folds are studded with small round bodies known as F; particles or oxysomes.
These are not simple random folds but rather invaginations of the inner membrane, which
can affect overall chemiosmotic function.

One recent mathematical modeling study has suggested that the optical properties of the
christae in filamentous mitochondria may affect the generation and propogation of light
within the tissue.

Matrix

The matrix is the space enclosed by the inner membrane. It contains about 2/3 of the total
protein in a mitochondrion. The matrix is important in the production of ATP with the aid
of the ATP synthase contained in the inner membrane. The matrix contains a highly-
concentrated mixture of hundreds of enzymes, special mitochondrial ribosomes, tRNA,
and several copies of the mitochondrial DNA genome. Of the enzymes, the major
functions include oxidation of pyruvate and fatty acids, and the citric acid cycle.
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Mitochondria have their own genetic material, and the machinery to manufacture their
own RNAs and proteins (see: protein biosynthesis). A published human mitochondrial
DNA sequence revealed 16,569 base pairs encoding 37 total genes: 22 tRNA, 2 rRNA,
and 13 peptide genes. The 13 mitochondrial peptides in humans are integrated into the
inner mitochondrial membrane, along with proteins encoded by genes that reside in the
host cell's nucleus.

Organization and distribution

Mitochondria are found in nearly all eukaryotes. They vary in number and location
according to cell type. A single mitochondrion is often found in unicellular organisms.
Conversely, numerous mitochondria are found in human liver cells, with about 1000—
2000 mitochondria per cell making up 1/5th of the cell volume. The mitochondria can be
found nestled between myofibrils of muscle or wrapped around the sperm flagellum.
Often they form a complex 3D branching network inside the cell with the cytoskeleton.
The association with the cytoskeleton determines mitochondrial shape, which can affect
the function as well. Recent evidence suggests vimentin, one of the components of the
cytoskeleton, is critical to the association with the cytoskeleton.

Function

The most prominent roles of mitochondria are to produce ATP (i.e., phosphorylation of
ADP) through respiration, and to regulate cellular metabolism. The central set of
reactions involved in ATP production are collectively known as the citric acid cycle, or
the Krebs Cycle. However, the mitochondrion has many other functions in addition to the
production of ATP.

Energy conversion

A dominant role for the mitochondria is the production of ATP, as reflected by the large
number of proteins in the inner membrane for this task. This is done by oxidizing the
major products of glucose, pyruvate, and NADH, which are produced in the cytosol. This
process of cellular respiration, also known as aerobic respiration, is dependent on the
presence of oxygen. When oxygen is limited, the glycolytic products will be metabolized
by anaerobic respiration, a process that is independent of the mitochondria. The
production of ATP from glucose has an approximately 13-fold higher yield during
aerobic respiration compared to anaerobic respiration. Recently it has been shown that
plant mitochondria can produce a limited amount of ATP without oxygen by using the
alternate substrate nitrite.

Pyruvate and the citric acid cycle

Each pyruvate molecule produced by glycolysis is actively transported across the inner
mitochondrial membrane, and into the matrix where it is oxidized and combined with
coenzyme A to form CO,, acetyl-CoA, and NADH.
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The acetyl-CoA is the primary substrate to enter the citric acid cycle, also known as the
tricarboxylic acid (TCA) cycle or Krebs cycle. The enzymes of the citric acid cycle are
located in the mitochondrial matrix, with the exception of succinate dehydrogenase,
which is bound to the inner mitochondrial membrane as part of Complex II. The citric
acid cycle oxidizes the acetyl-CoA to carbon dioxide, and, in the process, produces
reduced cofactors (three molecules of NADH and one molecule of FADH,) that are a
source of electrons for the electron transport chain, and a molecule of GTP (that is
readily converted to an ATP).

NADH and FADH;: the electron transport chain

Mitochondrial Intermembrane space ATP synthase
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Diagram of the electron transport chain in the mitonchondrial intermembrane space

The redox energy from NADH and FADHj is transferred to oxygen (O;) in several steps
via the electron transport chain. These energy-rich molecules are produced within the
matrix via the citric acid cycle but are also produced in the cytoplasm by glycolysis.
Reducing equivalents from the cytoplasm can be imported via the malate-aspartate
shuttle system of antiporter proteins or feed into the electron transport chain using a
glycerol phosphate shuttle. Protein complexes in the inner membrane (NADH
dehydrogenase, cytochrome ¢ reductase, and cytochrome ¢ oxidase) perform the transfer
and the incremental release of energy is used to pump protons (H") into the
intermembrane space. This process is efficient, but a small percentage of electrons may
prematurely reduce oxygen, forming reactive oxygen species such as superoxide. This
can cause oxidative stress in the mitochondria and may contribute to the decline in
mitochondrial function associated with the aging process.

As the proton concentration increases in the intermembrane space, a strong
electrochemical gradient is established across the inner membrane. The protons can
return to the matrix through the ATP synthase complex, and their potential energy is used
to synthesize ATP from ADP and inorganic phosphate (P;). This process is called
chemiosmosis, and was first described by Peter Mitchell who was awarded the 1978
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Nobel Prize in Chemistry for his work. Later, part of the 1997 Nobel Prize in Chemistry
was awarded to Paul D. Boyer and John E. Walker for their clarification of the working
mechanism of ATP synthase.

Heat production

Under certain conditions, protons can re-enter the mitochondrial matrix without
contributing to ATP synthesis. This process is known as proton leak or mitochondrial
uncoupling and is due to the facilitated diffusion of protons into the matrix. The process
results in the unharnessed potential energy of the proton electrochemical gradient being
released as heat. The process is mediated by a proton channel called thermogenin, or
UCPI. Thermogenin is a 33kDa protein first discovered in 1973. Thermogenin is
primarily found in brown adipose tissue, or brown fat, and is responsible for non-
shivering thermogenesis. Brown adipose tissue is found in mammals, and is at its highest
levels in early life and in hibernating animals. In humans, brown adipose tissue is present
at birth and decreases with age.

Storage of calcium ions

Mitochondria (M) within a chondrocyte stained for calcium as shown by electron
microscopy.

The concentrations of free calcium in the cell can regulate an array of reactions and is
important for signal transduction in the cell. Mitochondria can transiently store calcium, a
contributing process for the cell's homeostasis of calcium. In fact, their ability to rapidly
take in calcium for later release makes them very good "cytosolic buffers" for calcium.
The endoplasmic reticulum (ER) is the most significant storage site of calcium, and there
is a significant interplay between the mitochondrion and ER with regard to calcium. The
calcium is taken up into the matrix by a calcium uniporter on the inner mitochondrial
membrane. It is primarily driven by the mitochondrial membrane potential. Release of
this calcium back into the cell's interior can occur via a sodium-calcium exchange protein
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or via "calcium-induced-calcium-release" pathways. This can initiate calcium spikes or
calcium waves with large changes in the membrane potential. These can activate a series
of second messenger system proteins that can coordinate processes such as
neurotransmitter release in nerve cells and release of hormones in endocrine cells.

Additional functions
Mitochondria play a central role in many other metabolic tasks, such as:

o Regulation of the membrane potential

e Apoptosis-programmed cell death

e Calcium signaling (including calcium-evoked apoptosis)
o Cellular proliferation regulation

e Regulation of cellular metabolism

o Certain heme synthesis reactions

e Steroid synthesis.

Some mitochondrial functions are performed only in specific types of cells. For example,
mitochondria in liver cells contain enzymes that allow them to detoxify ammonia, a waste
product of protein metabolism. A mutation in the genes regulating any of these functions
can result in mitochondrial diseases.

Origin

Mitochondria have many features in common with prokaryotes. As a result, they are
believed to be originally derived from endosymbiotic prokaryotes.

A mitochondrion contains DNA, which is organized as several copies of a single, circular
chromosome. This mitochondrial chromosome contains genes for redox proteins such as
those of the respiratory chain. The CoRR hypothesis proposes that this co-location is
required for redox regulation. The mitochondrial genome codes for some RNAs of
ribosomes, and the twenty-two tRNAs necessary for the translation of messenger RNAs
into protein. The circular structure is also found in prokaryotes, and the similarity is
extended by the fact that mitochondrial DNA is organized with a variant genetic code
similar to that of Proteobacteria. This suggests that their ancestor, the so-called proto-
mitochondrion, was a member of the Proteobacteria. In particular, the proto-
mitochondrion was probably closely related to the rickettsia. However, the exact
relationship of the ancestor of mitochondria to the alpha-proteobacteria and whether the
mitochondria was formed at the same time or after the nucleus, remains controversial.

The ribosomes coded for by the mitochondrial DNA are similar to those from bacteria in
size and structure. They closely resemble the bacterial 70S ribosome and not the 80S

cytoplasmic ribosomes, which are coded for by nuclear DNA.

The endosymbiotic relationship of mitochondria with their host cells was popularized by
Lynn Margulis. The endosymbiotic hypothesis suggests that mitochondria descended
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from bacteria that somehow survived endocytosis by another cell, and became
incorporated into the cytoplasm. The ability of these bacteria to conduct respiration in
host cells that had relied on glycolysis and fermentation would have provided a
considerable evolutionary advantage. In a similar manner, host cells with symbiotic
bacteria capable of photosynthesis would have had an advantage. The incorporation of
symbiotes would have increased the number of environments in which the cells could
survive. This symbiotic relationship probably developed 1.7-2 billion years ago.

A few groups of unicellular eukaryotes lack mitochondria: the microsporidians,
metamonads, and archamoebae. These groups appear as the most primitive eukaryotes on
phylogenetic trees constructed using rRNA information, which once suggested that they
appeared before the origin of mitochondria. However, this is now known to be an artifact
of long-branch attraction—they are derived groups and retain genes or organelles derived
from mitochondria (e.g., mitosomes and hydrogenosomes).

Genome

The human mitochondrial genome is a circular DNA molecule of about 16 kilobases. It
encodes 37 genes: 13 for subunits of respiratory complexes I, III, IV and V, 22 for
mitochondrial tRNA (for the 20 standard amino acids, plus an extra gene for leucine and
serine), and 2 for rRNA. One mitochondrion can contain two to ten copies of its DNA.

As in prokaryotes, there is a very high proportion of coding DNA and an absence of
repeats. Mitochondrial genes are transcribed as multigenic transcripts, which are cleaved
and polyadenylated to yield mature mRNAs. Not all proteins necessary for mitochondrial
function are encoded by the mitochondrial genome; most are coded by genes in the cell
nucleus and the corresponding proteins are imported into the mitochondrion. The exact
number of genes encoded by the nucleus and the mitochondrial genome differs between
species. In general, mitochondrial genomes are circular, although exceptions have been
reported. In general, mitochondrial DNA lacks introns, as is the case in the human
mitochondrial genome; however, introns have been observed in some eukaryotic
mitochondrial DNA, such as that of yeast and protists, including Dictyostelium
discoideum.

In animals the mitochondrial genome is typically a single circular chromosome that is
approximately 16-kb long and has 37 genes. The genes while highly conserved may vary
in location. Curiously this pattern is not found in the human body louse (Pediculus
humanus). Instead this mitochondrial genome is arranged in 18 minicircular
chromosomes each of which is 3—4 kb long and has one to three genes. This pattern is
also found in other sucking lice but not in chewing lice. Recombination has been shown
to occur between the minichromosomes. The reason for this difference is not known.

While slight variations on the standard code had been predicted earlier, none was

discovered until 1979, when researchers studying human mitochondrial genes determined
that they used an alternative code. Many slight variants have been discovered since,

WORLD TECHNOLOGIES




including various alternative mitochondrial codes. Further, the AUA, AUC, and AUU
codons are all allowable start codons.

Exceptions to the universal genetic code (UGC)
in mitochondria

Organism  Codon Standard Novel
AGA, AGG Arginine  Stop codon

Mammalian AUA Isoleucine Methionine
UGA Stop codon Tryptophan
AGA, AGG Arginine  Serine

Invertebrates AUA Isoleucine Methionine
UGA Stop codon Tryptophan
AUA Isoleucine Methionine

Yeast UGA Stop codon Tryptophan
CUA Leucine  Threonine

Some of these differences should be regarded as pseudo-changes in the genetic code due
to the phenomenon of RNA editing, which is common in mitochondria. In higher plants,
it was thought that CGG encoded for tryptophan and not arginine; however, the codon in
the processed RNA was discovered to be the UGG codon, consistent with the universal
genetic code for tryptophan. Of note, the arthropod mitochondrial genetic code has
undergone parallel evolution within a phylum, with some organisms uniquely translating
AGG to lysine.

Mitochondrial genomes have far fewer genes than the bacteria from which they are
thought to be descended. Although some have been lost altogether, many have been
transferred to the nucleus, such as the respiratory complex II protein subunits. This is
thought to be relatively common over evolutionary time. A few organisms, such as the
Cryptosporidium, actually have mitochondria that lack any DNA, presumably because all
their genes have been lost or transferred. In Cryptosporidium, the mitochondria have an
altered ATP generation system that renders the parasite resistant to many classical
mitochondrial inhibitors such as cyanide, azide, and atovaquone.

Replication and inheritance

Mitochondria divide by binary fission similar to bacterial cell division; unlike bacteria,
however, mitochondria can also fuse with other mitochondria. The regulation of this
division differs between eukaryotes. In many single-celled eukaryotes, their growth and
division is linked to the cell cycle. For example, a single mitochondrion may divide
synchronously with the nucleus. This division and segregation process must be tightly
controlled so that each daughter cell receives at least one mitochondrion. In other
eukaryotes (in mammals for example), mitochondria may replicate their DNA and divide
mainly in response to the energy needs of the cell, rather than in phase with the cell cycle.
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When the energy needs of a cell are high, mitochondria grow and divide. When the
energy use is low, mitochondria are destroyed or become inactive. In such examples, and
in contrast to the situation in many single celled eukaryotes, mitochondria are apparently
randomly distributed to the daughter cells during the division of the cytoplasm.

An individual's mitochondrial genes are not inherited by the same mechanism as nuclear
genes. At fertilization of an egg cell by a sperm, the egg nucleus and sperm nucleus each
contribute equally to the genetic makeup of the zygote nucleus. In contrast, the
mitochondria, and therefore the mitochondrial DNA, usually comes from the egg only.
The sperm's mitochondria enter the egg but do not contribute genetic information to the
embryo. Instead, paternal mitochondria are marked with ubiquitin to select them for later
destruction inside the embryo. The egg cell contains relatively few mitochondria, but it is
these mitochondria that survive and divide to populate the cells of the adult organism.
Mitochondria are, therefore, in most cases inherited down the female line, known as
maternal inheritance. This mode is seen in most organisms including all animals.
However, mitochondria in some species can sometimes be inherited paternally. This is
the norm among certain coniferous plants, although not in pine trees and yew trees. It has
been suggested that it occurs at a very low level in humans.

Uniparental inheritance leads to little opportunity for genetic recombination between
different lineages of mitochondria, although a single mitochondrion can contain 2—10
copies of its DNA. For this reason, mitochondrial DNA usually is thought to reproduce
by binary fission. What recombination does take place maintains genetic integrity rather
than maintaining diversity. However, there are studies showing evidence of
recombination in mitochondrial DNA. It is clear that the enzymes necessary for
recombination are present in mammalian cells. Further, evidence suggests that animal
mitochondria can undergo recombination. The data are a bit more controversial in
humans, although indirect evidence of recombination exists. If recombination does not
occur, the whole mitochondrial DNA sequence represents a single haplotype, which
makes it useful for studying the evolutionary history of populations.

Population genetic studies

The near-absence of genetic recombination in mitochondrial DNA makes it a useful
source of information for scientists involved in population genetics and evolutionary
biology. Because all the mitochondrial DNA is inherited as a single unit, or haplotype,
the relationships between mitochondrial DNA from different individuals can be
represented as a gene tree. Patterns in these gene trees can be used to infer the
evolutionary history of populations. The classic example of this is in human evolutionary
genetics, where the molecular clock can be used to provide a recent date for
mitochondrial Eve. This is often interpreted as strong support for a recent modern human
expansion out of Africa. Another human example is the sequencing of mitochondrial
DNA from Neanderthal bones. The relatively large evolutionary distance between the
mitochondrial DNA sequences of Neanderthals and living humans has been interpreted as
evidence for lack of interbreeding between Neanderthals and anatomically-modern
humans.
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However, mitochondrial DNA reflects the history of only females in a population and so
may not represent the history of the population as a whole. This can be partially
overcome by the use of paternal genetic sequences, such as the non-recombining region
of the Y-chromosome. In a broader sense, only studies that also include nuclear DNA can
provide a comprehensive evolutionary history of a population.

Dysfunction and disease

Mitochondrial diseases

With their central place in cell metabolism, damage — and subsequent dysfunction — in
mitochondria is an important factor in a wide range of human diseases. Mitochondrial
disorders often present as neurological disorders, but can manifest as myopathy, diabetes,
multiple endocrinopathy, or a variety of other systemic manifestations. Diseases caused
by mutation in the mtDNA include Kearns-Sayre syndrome, MELAS syndrome and
Leber's hereditary optic neuropathy. In the vast majority of cases, these diseases are
transmitted by a female to her children, as the zygote derives its mitochondria and hence
its mtDNA from the ovum. Diseases such as Kearns-Sayre syndrome, Pearson's
syndrome, and progressive external ophthalmoplegia are thought to be due to large-scale
mtDNA rearrangements, whereas other diseases such as MELAS syndrome, Leber's
hereditary optic neuropathy, myoclonic epilepsy with ragged red fibers (MERRF), and
others are due to point mutations in mtDNA.

In other diseases, defects in nuclear genes lead to dysfunction of mitochondrial proteins.
This is the case in Friedreich's ataxia, hereditary spastic paraplegia, and Wilson's disease.
These diseases are inherited in a dominance relationship, as applies to most other genetic
diseases. A variety of disorders can be caused by nuclear mutations of oxidative
phosphorylation enzymes, such as coenzyme Q10 deficiency and Barth syndrome.
Environmental influences may interact with hereditary predispositions and cause
mitochondrial disease. For example, there may be a link between pesticide exposure and
the later onset of Parkinson's disease.

Other pathologies with etiology involving mitochondrial dysfunction include
schizophrenia, bipolar disorder, dementia, Alzheimer's disease, Parkinson's disease,
epilepsy, stroke, cardiovascular disease, retinitis pigmentosa, and diabetes mellitus. A
common thread thought to link these seemingly-unrelated conditions is cellular damage
causing oxidative stress. How exactly mitochondrial dysfunction fits into the etiology of
these pathologies is yet to be elucidated.

Possible relationships to aging

Given the role of mitochondria as the cell's powerhouse, there may be some leakage of
the high-energy electrons in the respiratory chain to form reactive oxygen species. This
can result in significant oxidative stress in the mitochondria with high mutation rates of
mitochondrial DNA. A vicious cycle is thought to occur, as oxidative stress leads to
mitochondrial DNA mutations, which can lead to enzymatic abnormalities and further
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oxidative stress. A number of changes occur to mitochondria during the aging process.
Tissues from elderly patients show a decrease in enzymatic activity of the proteins of the
respiratory chain. Large deletions in the mitochondrial genome can lead to high levels of
oxidative stress and neuronal death in Parkinson's disease. Hypothesized links between
aging and oxidative stress are not new and were proposed over 50 years ago; however,
there is much debate over whether mitochondrial changes are causes of aging or merely
characteristics of aging. One notable study in mice demonstrated shortened lifespan but
no increase in reactive oxygen species despite increasing mitochondrial DNA mutations,
suggesting that mitochondrial DNA mutations can cause lifespan shortening by other
mechanisms. As a result, the exact relationships between mitochondria, oxidative stress,
and aging have not yet been settled.

Cytoskeleton

The eukaryotic cytoskeleton. Actin filaments are shown in red, microtubules in green,
and the nuclei are in blue.
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The cytoskeleton (also CSK) is a cellular "scaffolding" or "skeleton" contained within
the cytoplasm and is made out of protein. The cytoskeleton is present in all cells; it was
once thought to be unique to eukaryotes, but recent research has identified the
prokaryotic cytoskeleton. It has structures such as flagella, cilia and lamellipodia and
plays important roles in both intracellular transport (the movement of vesicles and
organelles, for example) and cellular division. The concept of a protein mosaic that
dynamically coordinated cytoplasmic biochemistry was proposed by Rudolph Peters in
1929 while the term (cytosquelette, in French) was first introduced by French
embryologist Paul Wintrebert in 1931.

The eukaryotic cytoskeleton

Actin cytoskeleton of mouse embryo fibroblasts, stained with phalloidin.

Eukaryotic cells contain three main kinds of cytoskeletal filaments, which are
microfilaments, intermediate filaments, and microtubules. The cytoskeleton provides the
cell with structure and shape, and by excluding macromolecules from some of the cytosol
it adds to the level of macromolecular crowding in this compartment. Cytoskeletal
elements interact extensively and intimately with cellular membranes.

WORLD TECHNOLOGIES




Microfilaments

These are the thinnest filaments of the cytoskeleton. They are composed of linear
polymers of actin subunits, and generate force by elongation at one end of the filament
coupled with shrinkage at the other, causing net movement of the intervening strand.
They also act as tracks for the movement of myosin molecules that attach to the
microfilament and "walk" along them.

Intermediate filaments

Microscopy of keratin filaments inside cells.

These filaments, around 10 nanometers in diameter, are more stable (strongly bound)
than actin filaments, and heterogeneous constituents of the cytoskeleton. Although little
work has been done on intermediate filaments in plants, there is some evidence that
cytosolic intermediate filaments might be present, and plant nuclear filaments have been
detected. Like actin filaments, they function in the maintenance of cell-shape by bearing
tension (microtubules, by contrast, resist compression. It may be useful to think of micro-
and intermediate filaments as cables, and of microtubules as cellular support beams).
Intermediate filaments organize the internal tridimensional structure of the cell,
anchoring organelles and serving as structural components of the nuclear lamina and
sarcomeres. They also participate in some cell-cell and cell-matrix junctions.

Different intermediate filaments are:
o made of vimentins, being the common structural support of many cells.

¢ made of keratin, found in skin cells, hair and nails.
e neurofilaments of neural cells.
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o made of lamin, giving structural support to the nuclear envelope.

Microtubules

Microtubules in a gel fixated cell.

Microtubules are hollow cylinders about 23 nm in diameter (lumen = approximately
15nm in diameter), most commonly comprising 13 protofilaments which, in turn, are
polymers of alpha and beta tubulin. They have a very dynamic behaviour, binding GTP
for polymerization. They are commonly organized by the centrosome.

In nine triplet sets (star-shaped), they form the centrioles, and in nine doublets oriented
about two additional microtubules (wheel-shaped) they form cilia and flagella. The latter
formation is commonly referred to as a "9+2" arrangement, wherein each doublet is
connected to another by the protein dynein. As both flagella and cilia are structural
components of the cell, and are maintained by microtubules, they can be considered part
of the cytoskeleton.
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They play key roles in:

o intracellular transport (associated with dyneins and kinesins, they transport
organelles like mitochondria or vesicles).

o the axoneme of cilia and flagella.

e the mitotic spindle.

o synthesis of the cell wall in plants.

Comparison

Cytoskeleton  Diameter

Structure Subunit examples
type (nm)
Microfilaments 6 double helix actin
e vimentin (mesenchyme)
o glial fibrillary acidic
. two anti-parallel protein (glial cells) .
Intermediate . . . o neurofilament proteins
10 helices/dimers, forming
filaments tetramers (neuronal processes)
o keratins (epithelial cells)
e nuclear lamins
protofilaments, in turn
Microtubules 23 consisting of tubulin a- and B-tubulin

subunits

The prokaryotic cytoskeleton

The cytoskeleton was previously thought to be a feature only of eukaryotic cells, but
homologues to all the major proteins of the eukaryotic cytoskeleton have recently been
found in prokaryotes. Although the evolutionary relationships are so distant that they are
not obvious from protein sequence comparisons alone, the similarity of their three-
dimensional structures and similar functions in maintaining cell shape and polarity
provides strong evidence that the eukaryotic and prokaryotic cytoskeletons are truly
homologous. However, some structures in the bacterial cytoskeleton may have yet to be
identified.

FtsZ

FtsZ was the first protein of the prokaryotic cytoskeleton to be identified. Like tubulin,
FtsZ forms filaments in the presence of GTP, but these filaments do not group into
tubules. During cell division, FtsZ is the first protein to move to the division site, and is
essential for recruiting other proteins that synthesize the new cell wall between the
dividing cells.
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MreB and ParM

Prokaryotic actin-like proteins, such as MreB, are involved in the maintenance of cell
shape. All non-spherical bacteria have genes encoding actin-like proteins, and these
proteins form a helical network beneath the cell membrane that guides the proteins
involved in cell wall biosynthesis.

Some plasmids encode a partitioning system that involves an actin-like protein ParM.
Filaments of ParM exhibit dynamic instability, and may partition plasmid DNA into the
dividing daughter cells by a mechanism analogous to that used by microtubules during
eukaryotic mitosis.

Crescentin

The bacterium Caulobacter crescentus contains a third 3rd protein, crescentin, that is
related to the intermediate filaments of eukaryotic cells. Crescentin is also involved in
maintaining cell shape, such as helical and vibrioid forms of bacteria, but the mechanism
by which it does this is currently unclear.

History

Microtrabeculae

A fourth eukaryotic cytoskeletal element, microtrabeculae, was proposed by Keith Porter
based on images obtained from high-voltage electron microscopy of whole cells in the
1970s. The images showed short, filamentous structures of unknown molecular
composition associated with known cytoplasmic structures. Porter proposed that this
microtrabecular structure represented a novel filamentous network distinct from
microtubules, filamentous actin, or intermediate filaments. It is now generally accepted
that microtrabeculae are nothing more than an artifact of certain types of fixation
treatment, although we have yet to fully understand the complexity of the cell's
cytoskeleton.
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Chapter- 8

Cell Culture

Epithelial cells in culture, stained for keratin (red) and DNA (green)

Cell culture is the complex process by which cells are grown under controlled
conditions. In practice, the term "cell culture" has come to refer to the culturing of cells
derived from multicellular eukaryotes, especially animal cells. However, there are also
cultures of plants, fungi and microbes, including viruses, bacteria and protists. The
historical development and methods of cell culture are closely interrelated to those of
tissue culture and organ culture.

Animal cell culture became a common laboratory technique in the mid-1900s, but the
concept of maintaining live cell lines separated from their original tissue source was
discovered in the 19th century.

History

The 19th-century English physiologist Sydney Ringer developed salt solutions containing
the chlorides of sodium, potassium, calcium and magnesium suitable for maintaining the
beating of an isolated animal heart outside of the body. In 1885 Wilhelm Roux removed a
portion of the medullary plate of an embryonic chicken and maintained it in a warm
saline solution for several days, establishing the principle of tissue culture. Ross
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Granville Harrison, working at Johns Hopkins Medical School and then at Yale
University, published results of his experiments from 1907-1910, establishing the
methodology of tissue culture.

Cell culture techniques were advanced significantly in the 1940s and 1950s to support
research in virology. Growing viruses in cell cultures allowed preparation of purified
viruses for the manufacture of vaccines. The injectable polio vaccine developed by Jonas
Salk was one of the first products mass-produced using cell culture techniques. This
vaccine was made possible by the cell culture research of John Franklin Enders, Thomas
Huckle Weller, and Frederick Chapman Robbins, who were awarded a Nobel Prize for
their discovery of a method of growing the virus in monkey kidney cell cultures.

Concepts in mammalian cell culture

Isolation of cells

Cells can be isolated from tissues for ex vivo culture in several ways. Cells can be easily
purified from blood, however only the white cells are capable of growth in culture.
Mononuclear cells can be released from soft tissues by enzymatic digestion with enzymes
such as collagenase, trypsin, or pronase, which break down the extracellular matrix.
Alternatively, pieces of tissue can be placed in growth media, and the cells that grow out
are available for culture. This method is known as explant culture.

Cells that are cultured directly from a subject are known as primary cells. With the
exception of some derived from tumors, most primary cell cultures have limited lifespan.
After a certain number of population doublings (called the Hayflick limit) cells undergo
the process of senescence and stop dividing, while generally retaining viability.

An established or immortalised cell line has acquired the ability to proliferate
indefinitely either through random mutation or deliberate modification, such as artificial
expression of the telomerase gene. There are numerous well established cell lines
representative of particular cell types.

Maintaining cells in culture

Cells are grown and maintained at an appropriate temperature and gas mixture (typically,
37°C, 5% CO; for mammalian cells) in a cell incubator. Culture conditions vary widely
for each cell type, and variation of conditions for a particular cell type can result in
different phenotypes being expressed.

Aside from temperature and gas mixture, the most commonly varied factor in culture
systems is the growth medium. Recipes for growth media can vary in pH, glucose
concentration, growth factors, and the presence of other nutrients. The growth factors
used to supplement media are often derived from animal blood, such as calf serum. One
complication of these blood-derived ingredients is the potential for contamination of the
culture with viruses or prions, particularly in biotechnology medical applications. Current
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practice is to minimize or eliminate the use of these ingredients wherever possible, but
this cannot always be accomplished. Alternative strategies involve sourcing the animal
blood from countries with minimum BSE/TSE risk such as Australia and New Zealand,
and using purified nutrient concentrates derived from serum in place of whole animal
serum for cell culture.

Plating density (number of cells per volume of culture medium) plays a critical role for
some cell types. For example, a lower plating density makes granulosa cells exhibit
estrogen production, while a higher plating density makes them appear as progesterone
producing theca lutein cells.

Cells can be grown in suspension or adherent cultures. Some cells naturally live in
suspension, without being attached to a surface, such as cells that exist in the
bloodstream. There are also cell lines that have been modified to be able to survive in
suspension cultures so that they can be grown to a higher density than adherent
conditions would allow. Adherent cells require a surface, such as tissue culture plastic or
microcarrier, which may be coated with extracellular matrix components to increase
adhesion properties and provide other signals needed for growth and differentiation. Most
cells derived from solid tissues are adherent. Another type of adherent culture is
organotypic culture which involves growing cells in a three-dimensional environment as
opposed to two-dimensional culture dishes. This 3D culture system is biochemically and
physiologically more similar to in vivo tissue, but is technically challenging to maintain
because of many factors (e.g. diffusion).

Cell line cross-contamination

Cell line cross-contamination can be a problem for scientists working with cultured cells.
Studies suggest that anywhere from 15-20% of the time, cells used in experiments have
been misidentified or contaminated with another cell line. Problems with cell line cross
contamination have even been detected in lines from the NCI-60 panel, which are used
routinely for drug-screening studies. Major cell line repositories including the American
Type Culture Collection (ATCC) and the German Collection of Microorganisms and Cell
Cultures (DSMZ) have received cell line submissions from researchers that were
misidentified by the researcher. Such contamination poses a problem for the quality of
research produced using cell culture lines, and the major repositories are now
authenticating all cell line submissions. ATCC uses short tandem repeat (STR) DNA
fingerprinting to authenticate its cell lines.

To address this problem of cell line cross-contamination, researchers are encouraged to
authenticate their cell lines at an early passage to establish the identity of the cell line.
Authentication should be repeated before freezing cell line stocks, every two months
during active culturing and before any publication of research data generated using the
cell lines. There are many methods for identifying cell lines including isoenzyme
analysis, human lymphocyte antigen (HLA) typing, Chromosomal analysis, Karyotyping,
Morphology and STR analysis.
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One significant cell-line cross contaminant is the immortal HeLa cell line.
Manipulation of cultured cells

As cells generally continue to divide in culture, they generally grow to fill the available
area or volume. This can generate several issues:

e Nutrient depletion in the growth media

e Accumulation of apoptotic/necrotic (dead) cells.

o Cell-to-cell contact can stimulate cell cycle arrest, causing cells to stop dividing
known as contact inhibition or senescence.

o Cell-to-cell contact can stimulate cellular differentiation.

Among the common manipulations carried out on culture cells are media changes,
passaging cells, and transfecting cells. These are generally performed using tissue culture
methods that rely on sterile technique. Sterile technique aims to avoid contamination with
bacteria, yeast, or other cell lines. Manipulations are typically carried out in a biosafety
hood or laminar flow cabinet to exclude contaminating micro-organisms. Antibiotics (e.g.
penicillin and streptomycin) and antifungals (e.g. Amphotericin B) can also be added to
the growth media.

As cells undergo metabolic processes, acid is produced and the pH decreases. Often, a pH
indicator is added to the medium in order to measure nutrient depletion.

Media changes

In the case of adherent cultures, the media can be removed directly by aspiration and
replaced.

Passaging cells

Passaging (also known as subculture or splitting cells) involves transferring a small
number of cells into a new vessel. Cells can be cultured for a longer time if they are split
regularly, as it avoids the senescence associated with prolonged high cell density.
Suspension cultures are easily passaged with a small amount of culture containing a few
cells diluted in a larger volume of fresh media. For adherent cultures, cells first need to be
detached; this is commonly done with a mixture of trypsin-EDTA, however other enzyme
mixes are now available for this purpose. A small number of detached cells can then be
used to seed a new culture.

Transfection and transduction

Another common method for manipulating cells involves the introduction of foreign
DNA by transfection. This is often performed to cause cells to express a protein of
interest. More recently, the transfection of RNAi constructs have been realized as a
convenient mechanism for suppressing the expression of a particular gene/protein. DNA
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can also be inserted into cells using viruses, in methods referred to as transduction,
infection or transformation. Viruses, as parasitic agents, are well suited to introducing
DNA into cells, as this is a part of their normal course of reproduction.

Established human cell lines

One of the earliest human cell lines, descended from Henrietta Lacks, who died of the
cancer that those cells originated from, the cultured HeLa cells shown here have been
stained with Hoechst turning their nuclei blue.

Cell lines that originate with humans have been somewhat controversial in bioethics, as
they may outlive their parent organism and later be used in the discovery of lucrative
medical treatments. In the pioneering decision in this area, the Supreme Court of
California held in Moore v. Regents of the University of California that human patients
have no property rights in cell lines derived from organs removed with their consent.

Generation of hybridomas

It is possible to fuse normal cells with an immortalised cell line. This method is used to
produce monoclonal antibodies. In brief, lymphocytes isolated from the spleen (or
possibly blood) of an immunised animal are combined with an immortal myeloma cell
line (B cell lineage) to produce a hybridoma which has the antibody specificity of the
primary lymphoctye and the immortality of the myeloma. Selective growth medium (HA
or HAT) is used to select against unfused myeloma cells; primary lymphoctyes die
quickly in culture and only the fused cells survive. These are screened for production of
the required antibody, generally in pools to start with and then after single cloning.
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Applications of cell culture

Mass culture of animal cell lines is fundamental to the manufacture of viral vaccines and
other products of biotechnology

Biological products produced by recombinant DNA (rDNA) technology in animal cell
cultures include enzymes, synthetic hormones, immunobiologicals (monoclonal
antibodies, interleukins, lymphokines), and anticancer agents. Although many simpler
proteins can be produced using rDNA in bacterial cultures, more complex proteins that
are glycosylated (carbohydrate-modified) currently must be made in animal cells. An
important example of such a complex protein is the hormone erythropoietin. The cost of
growing mammalian cell cultures is high, so research is underway to produce such
complex proteins in insect cells or in higher plants, use of single embryonic cell and
somatic embryos as a source for direct gene transfer via practicle bombardment, transit
gene expression and confocal microscopy observation is one of its applications. It also
offers to confirm single cell origin of somatic embryos and the asymmetry of the first cell
division, which starts the process. -

Tissue culture and engineering

Cell culture is a fundamental component of tissue culture and tissue engineering, as it
establishes the basics of growing and maintaining cells ex vivo. The major application of
human cell culture is in stem cell industry where mesenchymal stem cells can be cultured
and cryopreserved for future use.

Vaccines

Vaccines for polio, measles, mumps, rubella, and chickenpox are currently made in cell
cultures. Due to the HSN1 pandemic threat, research into using cell culture for influenza
vaccines is being funded by the United States government. Novel ideas in the field

include recombinant DNA-based vaccines, such as one made using human adenovirus (a
common cold virus) as a vector, , such as adjuvants.

Culture of non-mammalian cells

Plant cell culture methods
Plant cell cultures are typically grown as cell suspension cultures in liquid medium or as

callus cultures on solid medium. The culturing of undifferentiated plant cells and calli
requires the proper balance of the plant growth hormones auxin and cytokinin.

WORLD TECHNOLOGIES




Bacterial and yeast culture methods

For bacteria and yeast, small quantities of cells are usually grown on a solid support that
contains nutrients embedded in it, usually a gel such as agar, while large-scale cultures
are grown with the cells suspended in a nutrient broth.

Viral culture methods

The culture of viruses requires the culture of cells of mammalian, plant, fungal or
bacterial origin as hosts for the growth and replication of the virus. Whole wild type
viruses, recombinant viruses or viral products may be generated in cell types other than
their natural hosts under the right conditions. Depending on the species of the virus,
infection and viral replication may result in host cell lysis and formation of a viral plaque.

Common cell lines

Human cell lines
o National Cancer Institute's 60 cancer cell lines

e DUI145 (Prostate cancer)

o Lncap (Prostate cancer)

e MCF-7 (breast cancer)

e MDA-MB-438 (breast cancer)

e PC3 (Prostate cancer)

e T47D (breast cancer)

e THP-1 (acute myeloid leukemia)

o U87 (glioblastoma)

e SHSYS5Y Human neuroblastoma cells, cloned from a myeloma
e Saos-2 cells (bone cancer)

Primate cell lines

e Vero (African green monkey Chlorocebus kidney epithelial cell line initiated
1962)

Rat tumor cell lines

e GH3 (pituitary tumor)
e PCI12 (pheochromocytoma)

Mouse cell lines
e MC3T3 (embryonic calvarial)

Plant cell lines
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e Tobacco BY-2 cells (kept as cell suspension culture, they are model system of
plant cell)

Other species cell lines
e zebrafish ZF4 and AB9 cells.

e Madin-Darby Canine Kidney (MDCK) epithelial cell line
o Xenopus A6 kidney epithelial cells.

List of cell lines

Origin

Cell line Meaning  Organism tissue Morphology Link
Kidne Derivative of
293-T Human (eomb Yo ) HEK
cmbryonic 293ECACC
tfe;r?sa:f}ér Embryonic llso known as
3T3 cells . ’ Mouse Y NIH 3T3
moculum 3 x fibroblast ECACC
1075 cells"
721 Human Melanoma
9L Rat Glioblastoma
A2780 Human Ovary Ovarfg ECACC
Cancer
Adriamycin-
A2780ADR Human Ovary resistant ECACC
derivative
Cisplatin-
A2780cis Human Ovary resistant ECACC
derivative
Al72 Human glioblastoma mghgnant ECACC
glioma
A20 Murine B lymphoma B lymphocyte
Head and )
A253 Human neck submandibular
. duct
carcinoma
Skin squamous ECACCCell
A4l Human epithelium  carcinoma Line Data Base
A-549 Human — DUPECANO Epipelium  DSMZECACC
ALC Murine bone marrow Stroma PubMed
B16 Murine Melanoma ECCAC
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B35

BCP-1 cells

BEAS-2B

bEnd.3

BHK-21

BR 293

BxPC3

C3H-10T1/2

C6/36

Cal-27

CHO

COR-L23

COR-
L23/CPR

COR-
L23/5010

COR-
L23/R23

COS-7

Bronchial
epithelium +
Adenovirus
12-SV40
virus hybrid
(Ad12SV40)

Brain
endothelial

"Baby
Hamster
Kidney
Fibroblast
cells"

Biopsy

xenograph of

pancreatic
carcinoma
line 3

Chinese
hamster
ovary

Cercopithecu
s aethiops,

Rat

Human

Human

Mouse

Hamster

Human

Human

Mouse

Asian tiger
mosquito

Human
hamster

Human

Human
Human

Human

Ape -
Cercopithec

Neuroblasto
ma

PBMC

Lung

Brain /
Cerebral
cortex

Kidney

Breast

pancreatic

HIV+
Lymphoma

Epithelial

Endothelium

fibroblast

Breast cancer

adenocarcino Epithelial

ma

Embryonic
mesenchyma
1 cell line

larval tissue

Tongue

Ovary

Lung
Lung

Lung
Lung

Kidney

squamous cell

carcinoma

Epithelium

Epithelial

fibroblast
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ATCC

ATCC

ATCC

ECACCOlymp
us

ATCC

ECACC

ECACC

ECACCICLC

ECACC
ECACC

ECACC
ECACC

ECACCATCC




COV-434

CML T1

CMT

CT26

D17

DHS82

DU145

DuCaP

EL4

EM2

EM3

EMT6/AR1

EMT6/AR10.
0

FM3

H1299
H69
HB54

origin-
defective SV-
40

Chronic

Myelod
Leukaemia T-

lymphocyte 1
canine

mammary
tumor

Dura mater
Cancer of the
Prostate

us aethiops
(Chlorocebu

s)

Human

Human

Dog

Murine

canine

canine

Human

Human

Mouse
Human

Human
Mouse

Mouse

Human

Human
Human
hybridoma

Ovary

CML acute
phase

Mammary
gland

Colorectal
Carcinoma

osteosarcom
a

histiocytosis

Androgen
insensitive
carcinoma

Metastatic
Prostate
Cancer

CML blast
crisis
CML blast
crisis
Breast
Breast

Metastatic
lymph node

Lung
Lung
hybridoma

Metastatic
granulosa cell
carcinoma

T cell
leukaemia

Epithelium

Colon

monocyte/mac
rophage

Prostate

Epithelial

T cell
leukaemia

Ph+ CML line

Ph+ CML line
Epithelial-like
Epithelial-like
melanoma

Lung cancer

secretes 1.243
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ECACC

Blood

ECACC
ECACC

J Vir Meth

PubMed

EAC { Ehrlich
Ascites
Carcinoma }
mice

ECACC

Cell Line Data
Base

Cell Line Data
Base

ECACC
ECACC

ECACC
Human




HBS55

HCA2

HEK-293

HeLa

Hepalclc?7

HL-60

HMEC

HT-29

Jurkat

JY cells

K562 cells

Ku812

KCL22

KGl

Human
embryonic
kidney
Henrietta
Lacks

clone 7 of
clone 1
hepatoma
line 1

Human
leukemia

Human
mammary

epithelial cell

hybridoma hybridoma

Human

Human

Human

Mouse

Human

Human

Human

Human

Human

Human

Human

Human

Human

fibroblast
Kidney
(embryonic)
Cervical

cancer

Hepatoma

Myeloblast

Colon
epithelium

T-Cell-
Leukemia

Lymphoblast

oid

mAb (against Immunology

HLA-DR)

secretes
MA2.1 mAb

(against HLA-
A2 and HLA-

B17)

Epithelium

Epithelium

Epithelial

bloodcells

Epithelium

Adenocarcino

ma

white blood
cells

EBV

immortalised

B cell

Lymphoblast CML blast

oid

Lymphoblast erythroleukem

oid

Lymphoblast

oid

Lymphoblast

oid

crisis

1a

CML

AML
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Journal of
Immunology

Journal of
General
Virology

ATCC

DSMZECACC

ECACC

ATCC

ECACCDSMZ

ECACC

ECACC

Cell Line Data
Base

ECACC

DSMZ

ECACC
ECACC

LGCstandards




KYOl

LNCap

Ma-Mel 1, 2,
3...48

MC-38

MCF-7

MCF-10A

MDA-MB-
231

MDA-MB-
468

MDA-MB-
435

MDCK II

MDCK II
MOR/0.2R

MONO-MAC
6

MTD-1A
MyEnd

NCI-
H69/CPR

NCI-
H69/LX10

Kyoto 1 Human

Lymph node
Cancer of the Human
Prostate

Human

Mouse

Michigan
Cancer
Foundation-7

Human

Michigan
Cancer
Foundation
M.D.
Anderson -
Metastatic
Breast

M.D.
Anderson -
Metastatic
Breast

M.D.
Anderson -
Metastatic
Breast

Madin Darby
canine kidney
Madin Darby Do
canine kidney

Human

Human

Human

Human

Human
Human
Mouse

Myocardial

endothelial Mouse

Human

Human

Lymphoblast

oid CML
prostatic
adenocarcino Epithelial
ma
a range of
melanoma cell
lines
Adenocarcino
ma
Invasive breast
Mammary
ductal
gland .
carcinoma
mammary 1
oland Epithelium
Breast Cancer
Breast Cancer
melanoma or
Breast carcinoma
(disputed)
Kidney Epithelium
Kidney Epithelium
Lung
myeloid
WBC metaplasic
AML
Epithelium
Endothelium
Lung
Lung

WORLD TECHNOLOGIES

DSMZ

ECACCATCC

ER+, PR+

ATCC

ECACC

ECACC

Cambridge
Pathology
ECACC

ECACC ATCC

ATCC
ECACC

Cell Line Data
Base

ECACC

ECACC




NCI-
H69/LX20

NCI-H69/LX4

NIH-3T3

NALM-1

NW-145

OPCN/
OPCT cell
lines

Peer

PNT-1A/
PNT 2

RenCa

RIN-5F
RMA/RMAS
Saos-2 cells

S£-9

SkBr3

T2

T-47D

T84

THP1 cell line
U373

NIH, 3-day
transfer,

inoculum 3 x

10° cells

Onyvax
Prostate
Cancer....

Renal
Carcinoma

Spodoptera
frugiperda

Human

Human

Mouse

Human

Mouse

Mouse
Mouse
Human

insect -
Spodoptera
frugiperda
(moth)

Human

Human

Human

Human

Human

Human

Lung

Lung

embryo

peripheral
blood

T cell
leukemia

Pancreas

Ovary

Mammary
gland
colorectal
Carcinoma /
Lungmetasta
sis

Monocyte

Glioblastoma
-astrocytoma

fibroblast

blast-crisis
CML

Melanoma

Range of
prostate
tumour lines

Prostate
tumour lines

renal
carcinoma

T cell tumour
Osteosarcoma

Breast
carcinoma

T cell
leukemia/B
cell line
hybridoma

ductal
carcinoma

Epithelium

AML

Epithelium

WORLD TECHNOLOGIES

ECACC
ECACC

ECACCATCC

Cancer
Genetics and
Cytogenetics

ESTDAB

Asterand

DSMZ

ECACC

ECACC

DSMZECACC

DSMZ

ECACCATCC

ECACC




usg7

U937

VCaP

Vero cells

WM39

WT-49
X63
YAC-1

YAR

Human
Human

Vertebra

Prostate Human

Cancer

Yera Reno African

('Green

. . Green

kidney") / Monke

"Vero' ('truth') y
Human
Human
Mouse
Mouse
Human

glioblastoma
-astrocytoma
Leukaemic
monocytic
lymphoma
Metastatic

prostate
cancer

Epithelial

Kidney
epithelium

) Prima
skin Y
melanoma

Lymphoblast
oid
Melanoma

Lymphoma

EBV

Beecll transofrmed

WORLD TECHNOLOGIES

Epithelial-like Abcam

ECACC

ECACC ATCC

ECACC

Cell Line Data
Base ECACC

Human
Immunology




Chapter- 9

Cell Disruption

Cell disruption is a method or process for releasing biological molecules from inside a
cell.

Choice of disruption method
The production of biologically-interesting molecules using cloning and culturing methods
allows the study and manufacture of relevant molecules.Except for excreted molecules,

cells producing molecules of interest must be disrupted. This page discusses various
methods.

Mayjor factors
Several factors must be considered.

Volume or sample size of cells to be disrupted

If only a few microliters of sample are available, care must be taken to minimize loss and
to avoid cross-contamination.

Disruption of cells, when hundreds or even thousands of liters of material are being

processed in a production environment, presents a different challenge. Throughput,
efficiency, and reproducibility are key factors.

How many different samples need to be disrupted at one time?
Frequently when sample sizes are small, there are many samples. As sample sizes

increase, fewer samples are usually processed. Issues are sample cross contamination,
speed of processing, and equipment cleaning.
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How easily are the cells disrupted?

As the difficulty of disruption increases (e.g. E. coli), more force is required to efficiently
disrupt the cells. For even more difficult samples (e.g. yeast), there is a parallel increase
in the processor power and cost. The most difficult samples (e.g. spores) require
mechanical forces combined with chemical or enzymatic efforts, often with limited
disruption efficiency.

What efficiency of disruption is required?

Over-disruption may impact the desired product. For example, if subcellular fractionation
studies are undertaken, it is often more important to have intact subcellular components,
while sacrificing disruption efficiency.

For production scale processes, the time to disrupt the cells and the reproducibility of the
method become more important factors.

How stable is the molecule(s) or component that needs to be isolated?

In general, the cell disruption method is closely matched with the material that is desired
from the cell studies. It is usually necessary to establish the minimum force of the
disruption method that will yield the best product. Additionally, once the cells are
disrupted, it is often essential to protect the desired product from normal biological
processes (e.g. proteases) and from oxidation or other chemical events.

What purification methods will be used following cell disruption?

It is rare that a cell disruption process produces a directly usable material; in almost all
cases, subsequent purification events are necessary. Thus, when the cells are disrupted, it
is important to consider what components are present in the disruption media so that
efficient purification is not impeded.

Is the sample being subjected to the method biohazardous?

Preparation of cell-free extracts of pathogens presents unique difficulties. Mechanical
disruption techniques are not always applicable owing to potential biohazard problems
associated with contamination of equipment and generation of aerosols.

Lysis

For easily disrupted cells such as insect and mammalian cells grown in culture media, a
mild osmosis-based method for cell disruption (lysis) is commonly used. Quite
frequently, simply lowering the ionic strength of the media will cause the cells to swell
and burst. In some cases it is also desirable to add a mild surfactant and some mild
mechanical agitation or sonication to completely disassociate the cellular components.
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Due to the cost and relative effort to grow these cells, there is often only a small quantity
of cells to be processed, and preferred methods for cell disruption tend to be a manual
mechanical homogenizer, nitrogen burst methods, or ultrasound with a small probe.
Because these methods are performed under very mild conditions, they are often used for
subcellular fractionation studies.

For cells that are more difficult to disrupt, such as bacteria, yeast, and algae, hypotonic
shock alone generally is insufficient to open the cell and stronger methods must be used,
due to the presence of cell walls that must be broken to allow access to intracellular
components. These stronger methods are discussed below.

Laboratory-scale methods

Enzymatic method

The use of enzymatic methods to remove cell walls is well-established for preparing cells
for disruption, or for preparation of protoplasts (cells without cell walls) for other uses
such as introducing cloned DNA or subcellular organelle isolation. The enzymes are
generally commercially available and, in most cases, were originally isolated from
biological sources (e.g. snail gut for yeast or lysozyme from hen egg white). The
enzymes commonly used include lysozyme, lysostaphin, zymolase, cellulase,
mutanolysin, glycanases, proteases, mannase etc.

Disadvantages include:

e Not always reproducible.
In addition to potential problems with the enzyme stability, the susceptibility of the cells
to the enzyme can be dependent on the state of the cells. For example, yeast cells grown
to maximum density (stationary phase) possess cell walls that are notoriously difficult to
remove whereas midlog growth phase cells are much more susceptible to enzymatic
removal of the cell wall.

o Not usually applicable to large scale.

Large scale applications of enzymatic methods tend to be costly and irreproducible.

The enzyme must be removed (or inactivated) to allow cell growth or permit isolation of
the desired material.

Bead method

Another common laboratory-scale mechanical method for cell disruption uses small
glass, ceramic, zirconium, or steel beads and a high level of agitation by stirring or
shaking of the mix. The method, often referred to as "beadbeating", works well for all
types of cellular material - from spores to animal and plant tissues.
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At the lowest levels of the technology, beads are added to the cell or tissue suspension in
a test tube and the sample is mixed on a common laboratory vortex mixer. While
processing time is 3-10 times longer than that in specially machines, it works for easily
disrupted cells and is inexpensive.

At the more sophisticated level, beadbeating is done in closed vials, centrifuge tubes, or
sealed titer plates. The sample and the beads are vigorously agitated at about 2000
oscillations per minute in a specially designed clamp driven by a high energy electric
motor. In some machines hundreds of samples can be processed simultaneously. To
prevent degradation of RNA and proteins, some form of cooling is required because
samples heat due to collisions of the beads. This can be accomplished by placing titer
plates or vials in chilled aluminum blocks. Another configuration suitable for larger
sample volumes uses a rotor inside a sealed 15, 50 or 200 ml chamber to agitate the
beads. The chamber can be surrounded by a cooling jacket. Using this same
configuration, commercial machines capable of processing many liters of cell suspension
are available.

Disadvantages include:

e Occasional problems with foaming and sample heating, especially for larger
samples.

e Tough tissue samples such as skin or seeds are difficult to disrupt unless the
sample is very small or has been pre-chopped into small pieces.

Sonication

Another common laboratory-scale method for cell disruption applies ultrasound
(typically 20-50 kHz) to the sample (sonication). In principle, the high-frequency is
generated electronically and the mechanical energy is transmitted to the sample via a
metal probe that oscillates with high frequency. The probe is placed into the cell-
containing sample and the high-frequency oscillation causes a localized low pressure
region resulting in cavitation and impaction, ultimately breaking open the cells. Although
the basic technology was developed over 50 years ago, newer systems permit cell
disruption in smaller samples (including multiple samples under 200 pL in microplate
wells) and with an increased ability to control ultrasonication parameters.

Disadvantages include:
e Heat generated by the ultrasound process must be dissipated.
e High noise levels (most systems require hearing protection and sonic enclosures)

e Yield variability
o Free radicals are generated that can react with other molecules.
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Detergent methods

Detergent-based cell lysis is an alternative to physical disruption of cell membranes,
although it is sometimes used in conjunction with homogenization and mechanical
grinding. Detergents disrupt the lipid barrier surrounding cells by disrupting lipid:lipid,
lipid:protein and protein:protein interactions. The ideal detergent for cell lysis depends on
cell type and source and on the downstream applications following cell lysis. Animal
cells, bacteria and yeast all have differing requirements for optimal lysis due to the
presence or absence of a cell wall. Because of the dense and complex nature of animal
tissues, they require both detergent and mechanical lysis to effectively lyse cells.

In general, nonionic and zwitterionic detergents are milder, resulting in less protein
denaturation upon cell lysis, than ionic detergents and are used to disrupt cells when it is
critical to maintain protein function or interactions. CHAPS, a zwitterionic detergent, and
the Triton X series of nonionic detergents are commonly used for these purposes. In
contrast, ionic detergents are strong solubilizing agents and tend to denature proteins,
thereby destroying protein activity and function. SDS, an ionic detergent that binds to and
denatures proteins, is used extensively for studies assessing protein levels by gel
electrophoresis and western blotting.

In addition to the choice of detergent, other important considerations for optimal cell lysis
include the buffer, pH, ionic strength and temperature.

Solvent Use
A method was developed for the extraction of proteins from both pathogenic and
nonpathogenic bacteria. The method involves the treatment of cells with sodium dodecyl

sulfate followed by extraction of cellular proteins with acetone. This method is simple,
rapid and particularly well suited when the material is biohazardous.

Simple and rapid method for disruption of bacteria for protein studies. S Bhaduri and P H
Demchick Disadvantages include:

e Proteins are denatured
The 'cell bomb'
Another laboratory-scale system for cell disruption is rapid decompression or the "cell
bomb" method. In this process, cells in question are placed under high pressure (usually
nitrogen or other inert gas up to about 25,000 psi) and the pressure is rapidly released.
The rapid pressure drop causes the dissolved gas to be released as bubbles that ultimately

lyse the cell.

Disadvantages include:
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e Only easily disrupted cells can be effectively disrupted (stationary phase E. coli,
yeast, fungi, and spores do not disrupt well by this method).

o Large scale processing is not practical.

e High gas pressures have a high risk of personal hazard if not handled carefully.

High-shear mechanical methods.

High-shear mechanical methods for cell disruption fall into four major classes: rotor-
stator disruptors, valve-type processors, fixed-geometry processors and fixed orifice and
constant pressure processors. (These fluid processing systems also are used extensively
for homogenization and deaggregation of a wide range of materials — uses that will not be
discussed here.) These processors all work by placing the bulk aqueous media under
shear forces that literally pull the cells apart. These systems are especially useful for
larger scale laboratory experiments (over 20 mL) and offer the option for large-scale
production.

Rotor-stator Processors
Most commonly used as tissue disruptors.
Disadvantages include:
e Do not work well with difficult-to-lyse cells like yeast and fungi

e Often variable in product yield.
e Poorly suited for culture use.
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Valve-type processors

Feed

Seat

%0 Impact ring

Homogenizing valve, a method to homogenize at high pressure.

Valve-type processors disrupt cells by forcing the media with the cells through a narrow
valve under high pressure (20,000-30,000 psi or 140-210 MPa). As the fluid flows past
the valve, high shear forces in the fluid pull the cells apart. By controlling the pressure
and valve tension, the shear force can be regulated to optimize cell disruption. Due to the
high energies involved, sample cooling is generally required, especially for samples
requiring multiple passes through the system. Three major implementations of the
technology exist: the French pressure cell press, Constant Cell Disruption Systems and
pumped-fluid processors.

French press technology uses an external hydraulic pump to drive a piston within a larger
cylinder that contains the sample. The pressurized solution is then squeezed past a needle
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valve. Once past the valve, the pressure drops to atmospheric pressure and generates
shear forces that disrupt the cells. Disadvantages include:

e Not well suited to larger volume processing.
e Awkward to manipulate and clean due to the weight of the assembly (about 30 1b
or 14 kg).

Mechanically pumped-fluid processors function by forcing the sample at a constant
volume flow past a spring-loaded valve.

Disadvantages include:

e Requires 10 mL or more of media.

e Prone to valve-clogging events.

e Due to variations in the valve setting and seating, less reproducible than fixed-
geometry fluid processors.

Fixed-geometry fluid processors

Fixed-geometry fluid processors are marketed under the name of Microfluidizer
processors. The processors disrupt cells by forcing the media with the cells at high
pressure (typically 20,000-30,000 psi or 140—210 MPa) through an interaction chamber
containing a narrow channel. The ultra-high shear rates allow for:

e Processing of more difficult samples
o Fewer repeat passes to ensure optimum sample processing

The systems permit controlled cell breakage without the need to add detergent or to alter
the ionic strength of the media. The fixed geometry of the interaction chamber ensures
reproducibility. Especially when samples are processed multiple times, the processors
require sample cooling.

Fixed Orifice and Constant Pressure

Constant Cell Disruption Systems by Constant Systems part of Score Group plc -
these systems are fully contained and operate using a finely controlled hydraulic system
powered by electricity only. The sample is taken in and instantly pressurised up to a
maximum of 40,000 PSI before being passed through a very small and fixed orifice and
then returned back to atmospheric pressure. As the sample is being processed this type of
cell disruptor ensures that the pressure is maintained throughout the process, ensuring
repeatability throughout the sample run.

Both fluid and non fluid samples can be processed through this type of cell disruptor,

plant leaves and skin samples being a good example of non fluid samples. Having a
maximum process pressure achievable of 40,000 PSI enables this type of unit to process
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more difficult sample types with fewer repeat passes. A built-in cooling jacket ensures
temperature control of the sample (Water Bath or Chiller Unit is required)
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