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Preface

This primer was ultimately inspired by Sirus Grames-Webb’s experience taking notes while a stu-
dent in Biol203. The idea to develop course notes into a formal primer for the subject and a core
resource for the course eventually grew to become a multi-year challenge spread over many drafts
and hundreds of hours of work. The primer has been checked and edited by a variety of experts,
and it is fully compatible with the contents of Biol203. However, we want to stress that it is NOT
a study guide and is especially NOT a replacement for lectures. Rather, it is a supplement
to your experience in the class and to reinforce concepts and contents covered by lecture material.

It is important to attend all the lectures and take your own notes. This primer does not
cover all the material in the class, and does not attempt to join di erent concepts from di erent
sections. It is organized di erently from the class and reading the primer cover to cover might
help you understand lectures, but it will not substitute for them. There are many topics and
details covered in class, that are not in the manual, and it is possible that some things
included here might not be mentioned in the course. As always, everything done in class { and
only things done in class { will be included in midterms, quizzes, and the nal exam, regardless of
the content of this manual.

The primer has been designed instead to help you Il in any gaps and clarify concepts or facts
that remain fuzzy after lectures. You can search for terms or topics, to hone in on sections of the
primer that you can then read thoroughly to correct misconceptions or |l in missing pieces. If
used that way, as an aid to listening to lectures and taking your own notes, this resource should
help you demystify concepts and clarify facts, and ultimately do well in the class, so we hope you
use it thoroughly but do not over-rely on it.
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1 An Introduction to Protists

In many high school biology classes, students are taught that eukaryotes can be divided into three
major groups: plants, animals, and fungi. Sometimes, a teacher may mention a fourth more obscure
group, protists, but they are rarely discussed more than as a brief cameo in an introductory lesson.
Also, protists are usually implied to be a \fourth lineage", of equal (or lower) standing than the
three \major" groups.

In fact, the term \protists" refers to many, many lineages of eukaryotes (whereas plants, fungi,
and animals each represent a single \twig" in the tree of eukaryotes) with immense biodiversity
and ecological importance; many cause diseases in humans and other animals, or otherwise directly
impact human society and economy, and a great number of them play essential roles in global
ecosystems, in a way that make the Earth habitable for humans and other animals. Because the
word \protist” is unfamiliar to most people, even extremely important or famous protists are more
commonly referred to by other terms, such as \microbes", or \parasites™ (when they are parasitic),
or \algae" (when they are photosynthetic).

Protist (de nition): A eukaryote that is not a plant, animal or fungus.

Pinning down an exact de nition of protists is surprisingly di cult. This is because they are so
diverse, and unlike animals, fungi, and plants they are not a single lineage in the tree of life. Of the
few existing de nitions, we will use the one above, which is still an odd one as it de nes protists
partly by what they are (eukaryotes), but partly by what they are not (plants, animals, or fungi).

Many plants, animals, and fungi are large, easily observed, and intuitively familiar to us, but
most protists are microscopic and y under the radar of our senses. Yet protists are found almost
everywhere; lakes, streams, oceans, and soils are lled with these (usually) tiny creatures, and many
live symbiotically inside other organisms. Autotrophic (photosynthetic) protists, commonly called
algae, x billions of tons of CO; each year, providing much of the primary production on which
the majority of aquatic life depends { not to mention, much of the atmospheric oxygen we breath.
Heterotrophic protists feast on bacteria, detritus, or other protists, regulating bacterial and algal
populations and making nutrients and biomass available for other trophic levels. Many protists can
be parasitic, causing diseases like malaria, beaver fever, sleeping sickness, and toxoplasmosis, or live
mutualistically with other organisms, notably in the guts of many animals, or as photosymbionts,
as in corals.

Some unicellular protists can be relatively simple, but others are amazingly complex, with cells
ranging in size over orders of magnitude and exhibiting a wide variety of anatomical blueprints.
Protist cells can harbour complex gun-like structures that re toxic projectiles to capture prey
or defend against predators, can have \mouths™ and digestive tracts to eat other cells, armour or
spines for protection, and complex behaviours for moving, eating, or sometimes for more mysterious
purposes. In most protists, all of this takes place within a single cell! There are however also also
colonial and multicellular protists { most of the seaweeds you know from the shores of BC, including
giant kelps, are not actually plants, but large multicellular protists.

Collectively, protists make up most of the diversity of the eukaryotic tree of life { if animals,
fungi, and plants are each a \kingdom", then there are dozens of protist kingdoms that are as old
or older, and just as diverse. To understand the sheer breadth of this diversity, a tree of eukaryotes
is shown in the next page, that outlines the major groups and subgroups. As an exercise, try to

nd plants, animals, and fungi on the tree; they don’t stand out as much as you might think.
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Figure 1: The Tree of Eukaryotes Showing Major Subgroups
Keeling & Eglit, PLoS Biol., 2022. (https://doi.org/10.1371/journal. pbio.3002395)
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2 The Domains of Cellular Life

2.1 Overview

Cellular organisms can be divided into three major groups, or \domains': bacteria, archaea, and
eukaryotes. Almost all bacteria and archaea are single-celled; bacteria are the most common life
forms on the planet and their metabolic diversity is unparalleled, while archaea are well-known
for their ability to thrive in extreme environments (although by no means all archaea are ex-
tremophiles). Eukaryotes can be unicellular or multicellular and are most commonly de ned by the
presence of a nucleus, but are better characterized by two larger and more comprehensive cellular
systems: the cytoskeleton and the endomembrane system, the latter of which actually includes the
nucleus in addition to many other organelles. Eukaryotes also possess organelles that originated
by endosymbiosis, like mitochondria and (in some lineages) plastids. This chapter illustrates the
unique characteristics of each domain, their similarities and di erences, and how they express ge-
netic information (bear in mind that, due to the huge variability in each domain, most of what
follows is a simpli cation and there are exceptions to almost every statement).

( )

Bacteria Archaea Eukaryotes
| Bacteria | | | | |

Last Universal Common Ancestor J

Figure 2: The Universal Tree of Life

2.2 Introduction to the Information Flow in the Cell

All cellular life uses proteins as building blocks, for chemical signalling, enzymatic activity, and
many other functions. Proteins are polymers of amino acids arranged in a chain in a speci ¢
order, which are then folded into a precise three-dimensional structure. The information for these
amino acid sequences is stored in DNA regions called genes, which are read, or \transcribed", by
enzymes called RNA polymerases to make messenger RNAs (mMRNASs), which are in turn read,
or \translated”, by large complexes called ribosomes that produce the corresponding proteins.
A ribosome is composed of a few strands of ribosomal RNA (rRNA) complexed with dozens of
proteins, and has two parts, called the small subunit (SSU) and large subunit (LSU).

Both transcription and translation rely on particularly complex processes for initiation, since
initiation is often a point at which gene expression can be controlled by the cell. Initiation of
transcription requires getting the RNA polymerase (or RNA pol) to bind to the right place on the
DNA, typically a region upstream of a gene called the promoter. In the case of translation, initiation
requires the ribosome to attach to an mRNA, nd the three nucleotides where the transcribed gene
begins coding the protein (the start codon), and then read the message by adding one speci ¢ amino
acid to a growing polypeptide for every three-nucleotide codon in the correct frame. All cellular
life requires these processes to survive, but the three domains have evolved somewhat di erent
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strategies for each. These are interesting examples of just how diverse life is { indeed, the deeper
you dig into the biology of the three domains of life, the more di erences you nd.

2.3 An Overview of Bacteria

Bacteria are by far the most abundant organisms on Earth, with roughly 5x10%° individuals alive
today. Bacteria are highly studied because they cause many microbe-related diseases, have huge
economic impacts on the food industry, and are deeply important ecologically in terrestrial and
aquatic ecosystems, especially as consumers of organic compounds, primary producers, and sources
of food for larger organisms. Most average bacteria are smaller than most eukaryotic organisms,
usually measuring 1-3 m in length, and are structurally relatively simple; however, bacteria com-
monly rely on metabolic processes that cannot be found in other domains. They feed mostly
osmotrophically by secreting digestive enzymes near their food source and absorbing the broken-
down nutrients via transporters in their membranes.

( N\

Outer membrane

Inner membrane —Peptidoglycan wall .
Circular chromosome

Bacterial flagellum

Rotary motor: a - ) Lipopolysaccharides

Pilus Plasmid

Figure 3: A Bacterial Cell

|\ J

Most bacterial cells are surrounded by two membranes with a cell wall between them, which is
made from a complex compound called peptidoglycan (or murein). Bacteria with two membranes
are sometimes called Gram-negative for historical reasons, as opposed to the Gram-positive bacteria,
which have a single membrane (the inner one) and a thicker peptidoglycan wall surrounding it.
Gram-positive bacteria are less common and derived, meaning that they do not represent the
ancestral state for bacteria. Many bacteria swim using a bacterial agellum, which has a completely
di erent structure, composition, origin, and motility mechanism from the eukaryotic agellum,
despite the two sharing the same name. A bacterial agellum is proteinaceous, rigid, and coiled,
and it twirls using a rotary motor embedded in the inner membrane.

Bacteria do not have an endomembrane system { for example, they don’t have a nucleus. Their
chromosomes are typically circular and sit directly in the cytoplasm. Bacteria also do not have a
cytoskeleton like that of eukaryotes, and rely mostly on their wall for structural integrity.

2.4 Transcription in Bacteria

Because bacterial chromosomes are in the cytoplasm, transcription and translation happen simul-
taneously. Bacteria initiate transcription when a protein called the sigma ( ) factor binds to the
RNA pol, allowing the complex to recognize and bind to promoter sequences approximately 35 and
10 base pairs upstream of where transcription begins (unimaginatively called the \{35" and \{10"
regions). RNA pol then catalyzes the formation of an mRNA transcript complementary to one of
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the DNA strands until it reaches a terminator sequence. Bacterial mRNA is often polycistronic,
meaning a single transcript contains multiple protein-coding regions. The term \operon™ is often
used to describe a polycistronic transcript coding for proteins with related functions, which is quite
common in bacteria and allows the cell to coordinate control over the expression of functionally
related proteins.

( )

: RNA polymerase
. @_Sigma factor
Zipped DNAJ \
Unzipped DNA- -35 box-  -10 box - L Transcribed region
1 siteJ

Figure 4: Transcription in Bacteria

2.5 Translation in Bacteria

Translation is initiated in bacteria by base-pairing between the rRNA in the ribosome small subunit
and a region of the mRNA called the Shine-Dalgarno (SD) sequence, upstream of the start codon. In
polycistronic mMRNAs, there will be an SD sequence upstream of each transcribed gene, so ribosomes
can bind to and initiate translation at multiple sites along one transcript. Because bacteria do not
have a nucleus, MRNA is transcribed and translated simultaneously: as soon as a transcript begins
to form, ribosomes will bind to it and begin translation.

( )

Detached subunit.
Growing peptide Complete peptide
Initiator tRNA
Large subunit@ Stop codon

Shine—DW
§%aere Small subunit-j ) i‘Protein—coding region

Figure 5: The Flow of Information in Bacteria

DNA mRNA transcript
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2.6 An Overview of Eukaryotes: Cellular Complexity Based on the
Cytoskeleton and Endomembrane Systems

While bacteria exhibit an astounding range of metabolic pathways and archaea can occupy the
most extreme environments, eukaryotes’ specialty lies in structural complexity and the behaviours
this allows. One of the key features that distinguishes eukaryotes is phagocytosis, the ability of
a cell to ingest large particles. While some eukaryotes feed osmotrophically, most heterotrophic
eukaryotes actively engulf their food, for example prey cells, enveloping it with their plasma mem-
brane and sequestering it into specialized compartments for digestion. This process has allowed
eukaryotic cells to bypass the di usion barrier problem and grow much larger than most bacteria
and archaea. Because bacteria and archaea rely on the di usion and/or transport of nutrients
across their membrane(s), and since volumes increase faster than surface areas for most common
cell shapes, the larger they are, the less e ective di usion and membrane transport become. Phago-
cytosis overcomes this limitation by bringing packages of concentrated nutrients (e.g., prey) into
the cell.

This is all possible because eukaryotes have evolved two major systems in their cell that im-
pact almost every cellular function: the endomembrane and cytoskeleton systems. Eukaryotic
cells are distinguished by possessing separate subcellular compartments called organelles, which
are structures within the cell with specialized functions. A few membrane-bound organelles, like
mitochondria and plastids, are derived from endosymbiotic events, as we will see in a later chapter,
but most (nucleus, endoplasmic reticulum, Golgi apparatus, lysosomes, ...) are part of the en-
domembrane system. The endomembrane system is a collection of internal membranes within the
cell, which are able to fuse and exchange material with each other and the plasma membrane in a
highly dynamic and regulated fashion. The endomembrane system allows eukaryotes to e ciently
sort and compartmentalize almost everything inside a cell: storing food in food vacuoles, sequester-
ing digestive enzymes into lysosomes, allowing controlled entry of materials in and out of the cell
using vesicles, and separating proteins destined for modi cation or secretion in the endoplasmic
reticulum (ER) and Golgi.

( N\

Axoneme Flagellum

Primary plastid (only in some eukaryotes)

Linear chromosomes

Figure 6: A Eukaryotic Cell
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The nucleus is the part of the endomembrane system enveloping the cell’s DNA: eukaryotic DNA
is packed tightly by proteins (chie y histones) and wrapped in a sheet of endomembrane that folds
back on itself, forming two stacked lipid bilayers. These bilayers constitute the nuclear envelope,
which is supported by the cytoskeleton and is continuous with the ER. The nuclear envelope has
pores, corresponding to the regions where it folds in on itself, that allow regulated transport of
materials in and out of the nucleus, including mRNA transcripts and ribosomal subunits (which
operate in the cytoplasm but are assembled in a specialized region of the nucleus, the nucleolus).

This endomembrane system works closely with the other major system that distinguishes eu-
karyotic cells, the cytoskeleton. The cytoskeleton is a network of lamentous protein polymers that
exist in a constant and regulated polymerization/depolymerization dynamic, and that associate
with speci ¢ molecular motor proteins that allow the cell to either move cytoskeletal laments
around, or move other material along them. There are two main kinds of cytoskeletal polymers,
present (in di erent relative amounts) in all eukaryotes: microtubules and micro laments.

Micro laments are built from monomers of actin, which bind together forming two strands
that twist into a tight double helix. Micro laments are described as having a + end and a -
end, preferentially polymerizing at the + end and depolymerizing at similar rates at both ends.
Micro laments are associated with the motor protein myosin, which consumes ATP to \walk"
along micro laments. Micro laments have various functions, including the formation of contractile
rings during cytokinesis and certain forms of cellular motility like amoeboid locomotion and some
variants of gliding.

Microtubules are larger and less exible than micro laments. Each microtubule is composed
of 13 parallel proto laments forming a cylindrical, hollow tube, with each proto lament built from
repeating units of tubulin heterodimers (each dimer is formed by one alpha-tubulin and one beta-
tubulin molecule). Microtubules also have a + and a { end, and preferentially polymerize and
depolymerize at the + end. On their { end, microtubules are in contact with large protein complexes
called microtubule organizing centers (MTOCSs) that regulate their polymerization and order their
direction. Two common types of MTOCs are basal bodies, which support agella, and centrosomes,
which organize the spindle bres during mitosis and meiosis (the \centrioles" often mentioned in
cell biology are conspicuous components of one type of centrosome found in animals and a few
other groups, and are in fact homologous to basal bodies).

( N\

O B-Tubulin +end
© o-Tubulin

+ end

Filamentous actin 13 protofilaments

0 0°

T —end
Globular actin

Actin filament

8 : Microtubule
8 8 * \-Protofilaments
T

ubulin dimer e

Figure 7: Micro laments and Microtubules

17



Eukaryotic agella are cellular projections often used to swim, feed, and sense the environ-
ment. They are actually intracellular structures, entirely bounded by the plasma membrane, unlike
bacterial agella and archaella, which are rigid structures made entirely of proteins, situated out-
side of the plasma membrane. The main component of a eukaryotic agellum is the axoneme, a
microtubule-based structure which grows from a basal body. Microtubules in the axoneme are
organized in a so-called \9+2" arrangement: nine microtubule pairs { each with one complete and
one incomplete microtubule { surrounding two unpaired, central microtubules. Basal bodies are
made of microtubules organized in a \9+0" arrangement: nine microtubule triplets { each with
one complete and two incomplete microtubules { with no central microtubules. The axoneme and
basal body are separated by a more variable region called the transition zone, where the two central
microtubules of the axoneme originate; the peripheral microtubules of the axoneme are continuous
with two of the three microtubules in each basal body triplet.

While the basal body is the essential organizing center (the MTOC) of the agellum, it is
absolutely not su cient to provide anchoring for such a large, often fast-beating structure by itself.
All basal bodies are held in place by complex, extensive cytoskeletal elements called agellar roots,
which stretch around the margin of the cell, often right below the plasma membrane, and vary
massively in arrangement and composition in di erent groups of eukaryotes.

( )

LONGITUDINAL SECTION Plasma membrane

Microtubule pairs

Plasma membrane

Transition zone

TRANSVERSE SECTION

feqo) (Flagellum) Basal body
g & % cen Flagellar roots
% & ] — }\Basal body
% @ Microtubule triplet
TRANSVERSE SECTION
(Basal body)
Figure 8: Eukaryotic Flagella
€ J

2.7 Transcription and mRNA Processing in Eukaryotes

Eukaryotic transcription happens in the nucleus, isolated from ribosomes, meaning transcription
and translation can never happen simultaneously. Eukaryotes use a promoter region called the
TATA box, which is recognized and bound to by a transcription factor { speci cally, the TATA-
binding protein (TBP) subunit of the larger TFIID complex. This rst transcription factor is
recognized by a second, then a third, a fourth, and so on until a very large aggregate of di erent
transcription factors has clumped around the TATA box. This complex (and not the TATA-box
itself) is recognized by RNA pol Il (one of several eukaryotic RNA polymerases) which binds to
the DNA and slides to the +1 site where it initiates transcription.
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Figure 9: Transcription in Eukaryotes
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Once transcribed, eukaryotic mMRNAs must undergo further modi cations before they leave
the nucleus. Nuclear enzymes trim the 3’ end and add a chain of adenines called the poly-A
tail. Di erent enzymes also add a modi ed guanosine nucleotide to the 5’ end, called the 5’ cap.
These modi cations, which are not present in bacteria and archaea, preserve the transcript from
degradation and help initiate translation (see below).

Many eukaryotic genes also have sequences that are not part of the information used to build
a protein. These sequences are called introns, while the surrounding coding regions of the gene are
called exons. Transcripts containing introns must undergo additional processing to precisely remove
these introns before they are translated. Intron removal is conducted by intranuclear protein-RNA
complexes called spliceosomes. Here is a step-wise walkthrough of a typical spliceosomal mMRNA
splicing:

1. Introns have a guanine-uracil (GU) sequence at their 5’ end, an adenine-guanine (AG) se-
guence at their 3’ end, and a key adenine (A) somewhere between the two, called the \branch-
ing point™. In a reaction catalyzed by the spliceosome, the branching point adenine nucleotide
attacks the guanine nucleotide in the GU at the 5’ splice site in a reaction called transesteri -
cation, cleaving the 5’ end of the intron from the 3’ end of the preceding exon. The branching
point nucleotide is now covalently bound to the splice site guanine nucleotide in the process,
while still being bound to the preceding and following nucleotides in the intron, in a very
unusual con guration.

2. In a second transesteri cation reaction, the exposed last nucleotide of the upstream exon then
attacks the nucleotide after the guanine in the AG at the 3’ splice site (the rst nucleotide of
the downstream exon), which results in the two exons being covalently bound and the intron
being \spliced out™ of the mMRNA.

3. Once this process is complete for all the introns in a gene, the exons are arranged consecutively
and each intron is left in a lasso-like structure called a lariat, which is degraded. The mRNA
transcript is now readable.
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Figure 10: Mechanism of Spliceosomal mRNA Splicing

2.8 Translation in Eukaryotes

Processed, mature mRNA is exported from the nucleus via a nuclear pore. While bacteria rely
on Shine-Dalgarno sequences to recruit and position ribosomes on mRNAs, eukaryotic ribosomes
use the 5’ cap to bind to mRNA, and then \scan" (sliding over the mMRNA molecule) for the rst
start codon they can nd. This is a signi cant di erence because it means that there can only
be one initiation site per transcript: eukaryotic ribosomes cannot translate polycistronic mRNAs.
Translation then proceeds somewhat similarly to that in bacteria, although many more translation
factors are involved.

( N\

mRNA
Nuclear DNA

5° cap rPoly-A tail "
! \< )—Nuclear pore
K %Nuclear envelope

Mature, spliced mRN A\\ 3’ ' Folded Protein
> Translated protein
5° S
w \_’7

Chaperone

RibosomeJ

Figure 11: The Flow of Information in Eukaryotes




Another wrinkle in eukaryotic protein expression comes from the fact that eukaryotes have to
ensure each protein is not only expressed correctly and at the right level, but also sent to the correct
cellular compartment. Proteins destined for compartments other than the cytoplasm are described
as being \targeted" to those speci ¢ compartments. This is a feature of the endomembrane system.
Here is a stepwise description of one kind of protein targeting, sorting, and processing, typical of
secreted proteins:

1. A gene coding for a secreted protein is transcribed into mRNA in the nucleus. The mRNA
is processed like any other, but the 5" end of the gene’s coding region encodes a short amino
acid sequence called a signal peptide that will dictate where the protein ends up. The mMRNA
transcript is processed and released from the nucleus, like normal.

2. The mRNA binds a ribosome in the cytoplasm, and translation initiates in the usual way,
but then quickly stops after the signal peptide is completed. That is because a cytoplasmic
complex called the signal recognition particle (SRP) binds to the signal peptide, interrupting
translation, and guides the ribosome to the rough endoplasmic reticulum.

3. The ribosome and SRP lock onto the membrane of endoplasmic reticulum, the signal peptide
is inserted into a channel in the ER membrane, and the SRP is released, allowing translation
to resume. But now the protein is simultaneously being polymerized while passing through
the ER membrane into the ER lumen. Enzymes inside the ER lumen cleave the signal peptide
and degrade it, before translation is even complete.

4. The translated protein is folded by chaperonins in the ER lumen, and it is then exported
from the ER inside a vesicle.

5. The protein reaches the Golgi, where it is typically glycosylated, further sorted, and packaged
in a vesicle that will eventually fuse with the plasma membrane, releasing the protein either
onto the surface of the cell or into the surrounding medium.
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Figure 12: Protein Processing by the Endomembrane System
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2.9 Archaea

Archaea are the least studied domain of life, but they are important microorganisms that play a
role in global carbon and nitrogen cycles, and are common in a variety of ecosystems, although
their exact ecological roles are not always well understood. Many archaea, especially among those
that are best known, are extremophiles, living in thermal vents, hot springs, and environments
with extreme acidity or salinity. Archaea have approximately the same size range as bacteria, and
they also feed osmotrophically. They have circular chromosomes and lack both an endomembrane
system and a true cytoskeleton, making them appear more similar to bacteria than eukaryotes (both
are often described as \prokaryotes) { although, critically, they have a single plasma membrane
and no peptidoglycan wall, so are structurally quite di erent from bacteria.

Archaea are actually more closely related to eukaryotes than they are to bacteria. One recently
discovered group called the Lokiarcheaota appears to be especially closely related to eukaryotes {
indeed, Loki archaea are closer to eukaryotes than to other archaea, so one could argue that they
should then not be called archaea... but this is a classi cation issue. The similarities between
archaea and eukaryotes emerge not from their structural features, but in their molecular biology,
and speci cally in the ow of information. Archaea package DNA with histones, use TATA box
promoters, and have a eukaryote-like RNA polymerase that docks not on the promoter but rather
on a cluster of transcription factors, although fewer than those found in eukaryotes. But they
also have characteristics in common with bacteria, for instance polycistronic mRNAs with Shine-
Dalgarno sequences, no 5’ cap or poly-A tail, and no spliceosomes or spliceosomal introns. Since
there is no nucleus, transcription and translation co-occur in archaea, just like they do in bacteria.

Of course, archaea have unique features too, shared with neither bacteria nor eukaryotes. For
example, they often have a cell wall called the S-layer made from membrane proteins, and a unique
locomotive apparatus called the archaellum, which is super cially similar to the bacterial agellum,
but is made of completely di erent proteins. But one of the most puzzling and important features
that distinguish archaea is the nature of their membrane phospholipids. Archaea make their plasma
membrane from isoprenoids ether-linked to glycerol-1-phosphate, whereas the membrane phospho-
lipids in both bacteria and eukaryotes are made of fatty acids ester-linked to glycerol-3-phosphate.
This is a major di erence in how the cell is constructed, requiring di erent enzymes, exhibiting
di erent chiralities, and conferring very di erent properties to their membranes. Furthermore, al-
though in most archaea the phospholipids are organized in a typical bilayer, in some the isoprenoid
tails of phospholipids on the two layers are covalently bound, so the plasma membrane remains
polarized but it is not strictly speaking a lipid bilayer but rather a less uid bi-polar monolayer.
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3 Mitochondria

3.1 Overview

Mitochondria are often described as the powerhouse of the cell, but they are a lot more than that.
Mitochondria are the descendants of an ancient bacterium that lived endosymbiotically inside an
ancestor of eukaryotes, and over millions of years lost many of its bacterial structures and transferred
the majority of its genes to the host genome. Most mitochondria produce ATP through cellular
respiration, but they also synthesize crucial cofactors like heme and iron-sulphur (Fe-S) clusters,
oxidize fatty acids, and regulate calcium homeostasis, among other functions. They also perform
a number of housekeeping processes, including maintaining, replicating, and expressing their own
genome, which means they have their own RNA polymerase, tRNAs, ribosomes, etc. Modi ed
mitochondria in certain lineages have lost the ability to produce ATP, or they produce ATP in
di erent ways; some mitochondria are so functionally reduced they are almost unrecognizable, and
are kept exclusively for Fe-S cluster biosynthesis.

3.2 Structure and Function

Mitochondria are membrane-bound organelles that typically perform both catabolic and synthetic
functions in eukaryotes. They have two membranes: a porous outer membrane (OM) and a highly
folded inner membrane (IM), which surrounds the innermost compartment, the matrix.

Mitochondria are typically involved in cellular respiration, fatty acid oxidation, and the synthesis
of heme and iron-sulphur clusters. Cellular respiration begins with glucose, which is broken down
into pyruvate in the cytoplasm by glycolysis. Pyruvate is moved into the mitochondrial matrix
by speci c transporters, where it enters the Krebs cycle (also called the Citric Acid Cycle, or
Tricarboxylic Acid Cycle, or TCA cycle), a cyclic series of enzymatic steps that generates ATP,
CO,, and electrons to provide reducing potential. These high-energy electrons subsequently enter
the electron transport chain (ETC), which is a series of large protein complexes on the inner
membrane, where the energy is harnessed to create a proton gradient that in turn powers the
synthesis of even more ATP.
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Figure 14: Metabolic Function of Mitochondria
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In addition to producing ATP, mitochondria synthesize precursors for several amino acids, as
well as important cofactors like heme and Fe-S clusters. Heme is an organic molecule that forms a
ring around a central iron atom and is used as a catalyst in the redox reactions of many enzymes.
Fe-S clusters are molecular ensembles of iron and sulphur, which bind together in tight pyramidal
or square-shaped complexes. Fe-S clusters are essential in electron-transporting proteins such as
ferredoxin, a protein participating in electron transport chains.

The inner membrane of canonical mitochondria has many folds called cristae, which increase
its surface area and allow the mitochondria to be densely packed with ETCs. Cristae are typically
classi ed by shape and can be tubular (1), at/lamellar (2), or discoid (3) depending on the group
of eukaryotes; for example, the mitochondria of animals, plants, and some protists have at cristae,
while most protists have tubular or, occasionally, discoid cristae.
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Figure 15: Tubular, Flat/Lamellar, and Discoid Cristae

3.3 Primary Endosymbiosis and the Origin of Mitochondria

Plastids and mitochondria both evolved from the uptake and integration of once free-living bacteria
in a process called \primary endosymbiosis™. While we know these two organelles originated from
endosymbiotic bacteria, exactly how this process took place has remained a matter of some debate.
One of the undisputed hallmarks of this process, however, is the genetic integration of the endosym-
biont with the host, which is also often referred to as the point where an \endosymbiont™ becomes
an \organelle”. By genetic integration we mean that genes from the endosymbiont move to the
host nuclear genome, are then expressed by the host transcription and translation apparatus, and
their protein products are then targeted back to the endosymbiont. This transfer of genes resulted
in the endosymbiont genome getting smaller and smaller, as more and more essential genes were
moved to the nucleus. Over the course of evolution, the symbiont also lost unnecessary structures
like its peptidoglycan wall and bacterial agellum.

Mitochondria originated 2.0 - 1.7 billion years ago when an alphaproteobacterium was taken
up by an ancestor of all known extant eukaryotes. Alphaproteobacteria are Gram-negative bacteria,
and so the endosymbiont would have had two membranes; the two membranes of mitochondria most
likely correspond to the inner and outer membranes of the bacterium.

3.4 Protein Targeting

Most mitochondria retain their own small genome with a handful of protein-coding genes, but the
mitochondrion requires hundreds of proteins to function. The many \missing" mitochondrial genes
have been transferred to the nucleus, and are translated by eukaryotic, cytoplasmic ribosomes. In
order to function, therefore, these proteins have to enter the mitochondrion. The cell has a speci ¢
targeting system to ensure this happens. Protein targeting to the mitochondrial matrix can be
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summarized as follows (note that modi cations to this general scheme also allow for targeting to
other mitochondrial compartments, like the intermembrane space or one of the two membranes):

1. In the nucleus, a mitochondrial-speci ¢ gene is transcribed into an mRNA transcript.

2. The mRNA transcript is processed like any other, transported out of the nucleus, and trans-
lated in the cytoplasm by a ribosome. The resulting protein includes a short N-terminal
extension called a transit peptide, which is recognized by receptors in the mitochondrial
membranes.

3. The transit peptide is rst recognized by a complex in the outer mitochondrial membrane
called the Translocon of the Outer Mitochondrial membrane (TOM for short), which pulls the
protein through the membrane to another complex, the Translocon of the Inner Mitochondrial
membrane (TIM for short), required for the protein to cross the inner membrane.

4. The protein ends up in the mitochondrial matrix, where the transit peptide is cleaved from the
protein by mitochondrial peptidases and the rest of the protein is re-folded by chaperonins.

RNA Pol
Nuclear DNA

mRNA

PROTEOBACTERIUM OM
PROTEOBACTERIUM IM

/i

)—Nuclear pore

9" K Nuclear envelope

3 ‘/\/\Transit peptide sequence
Transit peptide

'_éTranslated protein

g

3 _| S
Ribosome

TOM

Chaperonin

Figure 16: Protein Targeting in Mitochondria

3.5 Modi ed Mitochondria

When we think of mitochondria we generally have a picture of animal mitochondria (i.e. bean-
shaped organelles with at cristae carrying out oxidative phosphorylation), but protist mitochondria
can be quite diverse: many have other functions or a reduced number of functions, they can be
structurally modi ed, or completely lost. The best-known cases where mitochondria have signif-
icantly changed are found in anaerobic protists, some of the best studied examples of which are
parabasalians, diplomonads, oxymonads, archamoebae, and microsporidians. These protists were
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once thought to lack mitochondria entirely, and were even proposed to have diverged from other
eukaryotes before the primary endosymbiosis event (they were considered \ancestrally amitochon-
driate™, meaning that neither them nor any of their ancestors ever had a mitochondrion), and were
referred to as the \Archezoa". This view turned out to be incorrect. Phylogenetic trees eventually
showed that the Archezoa do not branch at the base of the eukaryotic tree, and in fact belong
to many di erent groups of eukaryotes. Moreover, most archezoans were also shown to have mi-
tochondria, albeit reduced or modi ed to the point of being unrecognizable. Organisms typically
lose unnecessary features quickly in the course of evolution; in mitochondria, the most commonly
lost function is actually aerobic respiration, which is useless in anoxic environments. For example,
diplomonads, oxymonads, and parabasalians usually live in the guts of larger organisms and rely
on fermentation to make ATP, and microsporidians are parasites that live inside other cells and
can steal ATP directly from their host.

Parabasalians have mitochondria-derived organelles called hydrogenosomes, which have evolved
a novel energy metabolism that produces hydrogen gas and CO» instead of water and CO,. They do
not possess cristae nor a genome. Other anaerobic protist mitochondria are more extremely reduced
to organelles called mitosomes, which have further lost all energy-related functions. Mitosomes
function exclusively to synthesize Fe-S clusters: you may have never heard of Fe-S clusters, but all
organisms need these cofactors to survive, and their biosynthesis is the most conserved pathway
of mitochondria. Oxymonads are the only known group of eukaryotes that have lost all traces of
their mitochondria; so how do they survive without Fe-S clusters? The answer is they can’t survive
without them either, but they acquired the genes for a bacterial Fe-S cluster biosynthesis pathway
via horizontal gene transfer; the enzymes in this alternative pathway are active in the cytoplasm, so
when the ancestor of oxymonads became anaerobic they could completely lose their mitochondria.
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4 Plastids

4.1 Overview

\Plastid™ is a general term that refers to all the organelles ultimately deriving from an ancient
primary endosymbiosis between a eukaryote and a cyanobacterium. We will use it for simplicity,
but keep in mind that there are a variety of terms for speci c types of plastids: chloroplasts are green
plastids typical of plants and algae related to plants, but there are also rhodoplasts, amyloplasts,
leucoplasts, apicoplasts, etc.

Plastids are generally, and for good reasons, associated with photosynthesis, however they also
synthesize numerous essential cellular compounds like Fe-S clusters, some amino acids, fatty acids,
heme, and isoprenoids. Plastids arose from a primary endosymbiosis similar to the one originating
mitochondria, but they have engaged in further rounds of endosymbiosis called secondary, or ter-
tiary, endosymbioses. Primary plastids have two membranes, whereas secondary plastids can have
three to four membranes and result from an endosymbiosis with a primary alga. Tertiary plastids
are only known in dino agellates, and are the result of an organism with a secondary plastid being
taken in as an endosymbiont.

4.2 Structure and Function

Primary plastids have two membranes, which correspond to the two membranes of the ancestral
Gram-negative cyanobacterial endosymbiont: an outer membrane (OM) and an inner membrane
(IM), the latter of which is highly folded, forming many stacked compartments called thylakoids.
The compartment surrounded by the IM is called the stroma. Some plastids have a dedicated region
of the stroma called a pyrenoid where carbon xation by the enzyme RuBiSCo is concentrated.
Secondary and tertiary plastids share the same overall structure, but are surrounded by additional
membranes.
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Figure 17: Metabolic Function of Plastids
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The main function of most plastids is obviously photosynthesis, which is the harnessing of
energy from light to drive the xation of CO, into glucose. There is a lot of variation in this
process between di erent kinds of plastids, but in general light strikes a protein complex embedded
in the thylakoid membrane, providing the energy to split a water molecule into oxygen gas, protons,
and electrons. The electrons travel down the plastid electron transport chain (ETC), driving the
protons across the thylakoid membrane and creating an electrochemical gradient that powers an
ATP synthase protein complex, which synthesizes ATP. At the end of the ETC, electrons are picked
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up by molecular couriers that carry them to the Calvin Cycle, where a series of enzymes use these
electrons plus the protons split from water to reduce carbon dioxide into glucose, consuming energy
stored in ATP to do so. Like mitochondria, plastids also carry out a number of other metabolic
pathways that we often forget: various plastids synthesize Fe-S clusters, amino acids, isoprenoids,
heme, fatty acids, and also convert glucose to numerous complex carbohydrates for storage.

4.3 Origin of Primary Plastids

Primary plastids originated 1.5 billion years ago from a primary endosymbiosis between an an-
cestor of the archaeplastid supergroup of eukaryotes and a cyanobacterium. As with mitochondria,
the exact process is not known, but there is little doubt that it involved phagocytosis. Over time,
the cyanobacterium transferred the majority of its genes to the eukaryotic nucleus, and the corre-
sponding proteins are now targeted back to the organelle. Plastids also became reduced by losing
structures and functions; most plastids have lost their peptidoglycan wall, with some interesting
exceptions, like the plastids of glaucophytes and some land plants. Most plastids have lost the
ancestral phycobiliproteins, large protein complexes that help collect sunlight, which were however
retained in the plastids of red algae and some secondary plastids. Plastids also gained some func-
tions, the most conspicuous of which is the light harvesting complex (LHC) proteins, a family of
proteins that form huge light-collecting antennae that more e ciently transfer energy from light to
the reaction centres. Three major algal lineages have primary plastids: red algae, green algae, and
glaucophytes, which collectively make up the supergroup Archaeplastida.

4.4 Secondary Plastids

Secondary endosymbiosis is the process in which an alga with a primary plastid is engulfed by
another eukaryote, and it is itself retained and integrated as an organelle (a secondary plastid) in
the host. Unlike primary plastids, secondary plastids remain surrounded by the endomembrane
of the new host (originally, the membrane of the food vacuole). Most secondary plastids have
four membranes, but in some protists (dino agellates and euglenids), the plasma membrane of the
endosymbiotic alga is lost and the plastids only contain two cyanobacterial membranes surrounded
by secondary host endomembrane. In two groups (cryptomonads and chlorarachniophytes) the
nucleus of the endosymbiotic alga has also been retained in a reduced form, which appears as a
vestigial structure called the nucleomorph, containing a small genome with a few hundred genes.
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Figure 18: Secondary Plastid with a Remnant Algal Membrane and Nucleomorph
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Secondary plastids originate either from red or green algae. There have been two events of sec-
ondary endosymbiosis with green algae, one resulting in the chlorarachniophyte plastid and another
resulting in the euglenid plastid. The plastids in a wide variety of protist groups (cryptomonads,
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