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Outline

* Molecular Biology: the central dogma, regulation of gene expression,
functional diversity of RNA

« Genomics: evolution of sequencing technologies, genome annotation,
epigenetic regulation, comparative genomics

« Structural Biology: techniques for determining 3D structures of biomolecules
(NMR spectroscopy, X-ray crystallography, Cryo-EM/ET, MD simulation, Al
Prediction)

« Cell and Systems Biology: signal transduction pathways, dynamic modeling of

metabolic pathways







B The Centre Dogma

DNA
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B DNA and its replication

DNA REPLICATION

Chromosome
Free nucleotides

DNA copies its own information
through replication.
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From DNA repair to gene editing

Single-strand break
Single-base damage

Bulky lesions
Crosslinks
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Base mismatch

DNA Repair Mechanisms

Double-strand break

Base Excision
Repair (BER)

Gene knockout

Nucleotide
Excision Repair

(MMR)

HDR-based
gene editing

> Donor vector

Mismatch
Mediated Repair

H Homologous
i Recombination (HR)

Non-Homologous
End-Joining (NHEJ)

Prime editing
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DNA damage: Cells are continuously faced with
endogenous stress (for example, during replication)
and exogenous stress (for example, during exposure
to ultraviolet radiation) that can ultimately lead to
DNA damage.

DNA repair mechanisms: To preserve genomic
integrity, cells have an arsenal of repair proteins that
engage the appropriate repair pathway or, if damage
is irreparable, induce cell cycle arrest and/or
apoptosis.

From DNA repair to therapy: The CRISPR/Cas
system creates a targeted double-strand break in the
DNA, which co-opts the cell's innate repair
mechanisms—either NHEJ for gene knockouts or HR
for precise gene insertion—to achieve gene editing.




. Gene editing, "a manual regulation”

5:
crRNA rRNA 2019
Cas L’ Breakthrough in CRISPR: The emergence of Prime Editor
2017

Genomic DNA

Breakthrough in CRISPR: The emergence of Cpfl... 2010
2016 ) ) The emergence of TALEN
Breakthrough in CRISPR: The emergence of Base Editor gene editing technology
2015 1996
CRISPR first applied to gene The emergence of zinc finger
Tha fourth stage editing in human embryos 1994 nuclease technology

The era of CRISPR technology
Meganuclease first applied to mammal

1988 The third stage
Meganuclease first applied to yeast The era of gene editing

2012
The emergence of CRISPR
gene editing technology

1982
1973 Electroporation technology first applied to transgenic
The emergence of the first The second stage
transgenic animals The era of GMO
1952-1953 2 =
The discovery of DNA as genetic material The firststage

and its double helix structure The era of molecular genetics




B Gene expression

Cell Identity Genes Housekeeping Genes
« Housekeeping gene . o
e )® -
» Constantly expressed in approximately 1 e T o
p Yok
all cells v 0%
 Regulated gene

> Levels of the gene product rise and fall g E ; ; }{ :
with the needs of the organism. onononcr
. . Enhancer Promoter Hub-Promoter
» Such genes are inducible (able to be

turned on) ) )

» Such genes are also repressible (able to
be turned off)
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B Gene expression regulation

Transcriptional Translational
control control
I I
DNA transcription . mRNA translation - protein
Epigenetic Post-transcriptional Post-translational

control control control




a Epigenetic and transcriptional regulation

« Epigenetic Regulations: As relating to or arising
from non-genetic influences on gene expression,
including DNA modifications (methylation) , histone
modifications (acetylation, methylation,
phosphorylation), and RNA interference (RNAI). ()

« Promoters and Enhancers: Transcription begins chramat
with the binding of transcription factors to specific
DNA sequences known as promoters and
enhancers. Promoters are located near the
transcription start site, while enhancers can be
located at varying distances from the gene.

 RNA Polymerase: Transcription factors recruit
RNA polymerase, the enzyme responsible for
synthesizing RNA from a DNA template. Different
RNA polymerases transcribe different types of
RNA, such as mRNA, tRNA, and rRNA.




Post-transcriptional regulation

Alternative RNA splicing is a mechanism pre-mRNA 1 intron 2 inton 3 inton 4
that allows different combinations of introns,

and sometimes exons, to be removed from the / \
primary transcript. This allows different protein

products to be produced from one gene. spliced mMRNA P s 1 3

M2 RNA Stability: The stability of mRNA molecules
is regulated. Some sequences in the mRNA

SUTR IR 5@ SUIR BARARGA affect its half-life, and specific proteins can bind

5 (I:ap pon-IAtail to these sequences to regulate stability.




@ Translational regulation

MicroRNAs (miRNAs): These small RNA
molecules can bind to specific mMRNA
sequences, leading to mMRNA degradation or
inhibiting translation.

Initiation, Elongation, and Termination: The
translation of mMRNA into proteins involves
three main stages: initiation, elongation, and
termination. Each stage can be regulated by
various factors, including initiation factors,

ribosome-binding proteins, and release factors.

Translation inhibition mRNA degradation

Translation activation

Inhibits
translation ITAF binding modulates

IRES function
o% ' %
L
O )/ 5’ UTR binding )
element and
eIF4E- & )

binding protein IRES

Ribosome 3’ UTR binding
elements

binding ’.
proteins  oieaE 5’ cap % ﬁf
o - AAA(N}
Cap-binding ’
proteins ég 3 UTR

binding protein

Inhibits wuw microRNAs

trislation miRNA or protein binding to

3" UTR modulates translation
at several control points




B Post-translational regulation

* Protein Folding and Modification: Newly
synthesized proteins undergo folding and
may require post-translational modifications
(e.g., phosphorylation, glycosylation) to
become functional.

« Ubiquitination and degradation: Ubiquitin
molecules can be attached to proteins,
targeting them for degradation by the
proteasome. This process plays a role in
regulating protein levels within the cell. :>

Ubiquitin

Proteasome




B Functional diversity of RNA

* RNA processes both catalytic property and stores genetic information.

« The “RNA world hypothesis” proposes that RNA was the central biopolymer in the first life on
the Earth and DNA and protein evolved from it.
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RNA can encode genetic information

RNA viruses:
 Influenza virus

« Hepatitis C virus
« Dengue virus

« Zika virus

« HIV

« Ebola virus

« SARS virus

« SARS-CoV-2!




RNA can catalyze biochemical reactions
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a Dark matter in the human genome: Non-coding RNA

The human genome

® Encode for proteins Encode for ncRNAs = Not transcribed

What're their functions?
How’re they regulated?

Types of RNA produced in cells

mRNA

Encodes proteins

snoRNA

Facilitates chemical
modification of RNAs

Acts as adaptor
between mRNA and
amino acids

miRNA

Regulates gene expression

Silences gene expression

Functions in various
nuclear processes (e.qg.
splicing)

IncRNA

Regulates gene expression




IncRNA
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* Intergenic IncRNA

* Intronic IncRNA

« Sense INncRNA (exonic)
* Antisense IncRNA

« Bidirectional IncRNA
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circRNAs are functional: circRNAs mediate
complex biological processes by functioning as
mMiRNA sponges, RNA aptamers, and regulators of
transcription and translation.
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a The function and application of circular RNAs (circRNAs)
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immense

therapeutic and commercial potential, with emerging applications in
cancer and autoimmune disease treatment, vaccine development,

protein replacement therapy, and gene editing.




"Silent” mutations in the cancer genome
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a Evolution of sequencing technologies

First generation Second generation

(next generation sequencing)

Third generation
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Sanger sequencing 454, Solexa, PacBio
Maxam and Gilbert lon Torrent, Oxford Nanopore
Sanger chain termination lllumina
Infer nucleotide identity using dNTPs, High throughput from the Sequence native DNA in real time
then visualize with electrophoresis parallelization of sequencing reactions with single-molecule resolution

500-1,000 bp fragments ~50-500 bp fragments | | Tens of kb fragments, on average

Short-read sequencing Long-read sequencing




a First generation sequencing — Sanger sequencing

4 x PCR (+ one dideoxynucleotide)

gLyl

e Use a y I\
« The principle of Sanger Sequencing ddTTP  ddATP  ddGTP  ddCTP 3?2;‘;:}?,’29 GACTGAAGT CT
is based on the termination of DNA 1 .. 111111l
. sequence
strand elongation by ddNTPs § e
s T A G C
« 500-1,000 bp fragments Ll EREE R EEE
A C T G A & G I T
« Served as the bedrock of the £ 1 2 : : ‘; 2 :
Human Genome Project T
N i G B B Separate
mEE R with a gel
G c T

f




. Second generation sequencing — lllumina

» Allows for sequencing at very low cost
Typically produce reads of ~50-500 bp in length

DNA
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Prepare genomic DNA sample
Randomly fragment genomic DNA
and ligate adapters to both ends of
the fragments.
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First chemistry cycle:
determine first base

To initiate the first
® .;.' sequencing cycle, add
o all four labeled reversible G
terminators, primers, and
DNA polymerase enzyme
to the flow cell.

Image of first chemistry cycle
After laser excitation, capture the image
of emitted fluorescence from each
cluster on the flow cell. Record the
identity of the first base for each cluster.

Laser
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A
® G

o0 ® 0 G

G

Before initiating the
next chemistry cycle
The blocked 3' terminus

and the fluorophore
from each incorporated
base are removed.

— GCTGA...

Sequence read over multiple chemistry cycles

Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.




a Third generation sequencing — Nanopore

« Long-read sequencing using pore-forming proteins and electrical detection

« Tens of kb fragments

1. DNA is unwound by the motor
protein and one strand is
translocated through the pore to
the +ve side of the membrane

| | A
Characteristic

drop

lonic
Current

Motor
Protein

2. Each base gives a characteristic
reduction in the ionic current,
allowing the DNA to be sequenced

Membrane




B From bulk to single cell RNA-seq (scRNA-seq)

« comparative transcriptomics
Buk RNA-seq SRgee — B — average - mPed p
.’o A expression -« disease biomarker

level » homogenous systems

8- Populaton1 define heterogeneity

S & - Population 2 B .
scRNA-seq g;:..: &4+ Population 3 identify rare cell population

&4 1 Population4 * Cell population dynamics

Cell dissociation




Common applications of scRNA-seq

a) Deconvolving heterogeneous cell

populations
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Component 1

b) Trajectory analysis of cell state
transitions

lineage A

lineage B

(cell differentiation, or response to stimulus)

trajectory analysis pipeline
(e.g. Monocle, Wanderlust)

Component 2

trajectory A

\ 4

Component 1

c) Dissecting transcription mechanics

Gene transcrlptlon off”
RNA polymerase

d|sassociated from
gene
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bound and transcnbmg
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Gene transcription “on”
(transcriptional bursting and stochastic gene expression)

d) Network inference
Cells

>
L

Genes
module 1

module 2

module 3

Low - . High

(identifying modules of co-regulated genes)

network inference

(inference of gene regulatory networks/subnetworks)




Spatial transcriptomics preserves the spatial location

information of tissues

Tissue slice

Hybrid mRNAs

Representative
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Comparison of bulk RNA-seq, scRNA-seq, and spatial
transcriptomics technologies

Bulk RNA-Seq

Single-cell RNA-seq

High-throughput Spatial Transcriptomics

Samples Bulk Expression Profile Single-cell Single-cell/spot Cell/Spot Coordinates
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Sample
, . Cell/Spot x Gene Expression Count Data
StIP?:::a re Subject x Gene Expression Cell x Gene Expression Count Data ¢ g
MEE Count Data Cell/Spot 2-dimensional Coordinates
Spatially Variable Genes
. . . Differentially Expressed Genes
Detection Differentially Expressed Genes yEXP Tissus Architectire
Target Cell Sub-populations

Cell-Cell Communication




a The organization of the eukaryotic genome

* The relatively stable high-order structure of DNA is maintained by proteins.

Chromosomes

Chromatin loops )
(kb/Mb) Chromatin
— compartments /4

Nuclear
envelope

Architectural
proteins

Chromatin
domains / TADs

Chromatin fiber

Nuclear body




a Hi-C reveals the dynamic conformations of whole genomes

Hi-C produces a genome-wide
contact matrix

ehea L 1

Overview of Hi-C
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B Genome annotation

» Purpose and definition
» “Structural” genome annotation is the
process of identifying genes and their
intron—exon structures.
» “Functional” genome annotation is the
process of attaching meta-data such

as gene ontology terms to structural

annotations.




. Structural genome annotation
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@ Functional genome annotation

/Orthology search \
KEGG KO groups
PhylomeDB,
eggNOG




How do different species differ?

Fruit Fly
44% 23andMe

What percent
of your genes
do you share?

www.23andme.com




Comparative genomics

Comparative genomics is a field of biological
research in which researchers use a variety of
tools to compare the complete genome
sequences of different species.

Interspecies comparison: By comparing the
genomic sequences of species with different
genetic relationships, evolutionary conserved
regions, species-specific regions, and
evolutionary relationships among species are
studied.

Intraspecies comparison: Identifying variations
and polymorphisms within the genome of the
same species, and studying individual and
population susceptibility to diseases as well as
differential responses to drugs and
environmental factors based on these variations.

AW :
VAN A DAY

»

Researchers choose the appropriate time-scale of evolutionary
conservation for the question being addressed.

Lommon 1ea (1] sms such as
humans and are within the DNA
evolutionarily conserved between them.

Looking at close ies such as humans and
chimpanzees shows which genomic elements are
unique to each.

Genetic differences within
own can reveal variants w




a Diseases and their genetic basis

Diseases

[ 4 )

Congenital diseases Acquired diseases
(present since birth) (present after birth)

[ \
Chromosomal Monogenic Poly\genic Infectious diseases Non-communicable
disorders disorders disorders (Spread from infected diseases
person to healthy person)

r \ [ \ [ \
Numerical Structural Autosomal  Autosomal X-linked Degenerative  Deficiency Allergies Cancer Other
abnormalities abnormalities  dominant recessive (The mutated diseases diseases  (hypersensitivity (uncontrolled diseases
(Trisomy, (Deletions, (Only one (Two mutated gene is located (malfunctioning (lack of of the body to growth of  (any other
Monosomy) Duplications, mutated  copies of the on the X of vital body nutrients in  certain foreign cells / tissues) reason)

Translocations, copy of the gene are chromosome) organ) diet) substances)
Inversions ) gene is required to
sufficientto  cause the
cause the disorder)

disorder)




Monogenic disorders and GWAS analysis

a Data collection b Genotyping ¢ Quality control
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Precision medicine

Precision medicine, also referred to as personalized
medicine, is a healthcare approach that utilizes molecular
information (e.g. genomic, transcriptomic, proteomic,
metabolomic), phenotypic and health data from patients to
generate care insights to prevent or treat human disease
resulting in improved health outcomes.

TRADITIONAL MEDICINE: SAME TREATMENT FOR ALL
Cancer patients with e.g. colon cancer receive the same therapy even though they have
different biomarkers

& auliee oy

P DY - ,
G = & o [$]
’ 3]
" ’ ’ Same treatment Effect
.

.:'." :2‘;' ,3:: = ) ——— o effect

—‘\’\ Adverse effects

ma%?. n?‘E-%
Liquid E et =
biopsy HEIE! /‘ﬂ\ B!
Tumor Nationwide/
biops o0 ationwide,
= e G*fn"n”ﬂ‘ regional network
o 0o
M o~
§—
Artificial NGS results
intelligence
Clinical trial Molecular
access tumor board

e
2.0

INNOVATIVE MEDICINE: PERSONALISED MEDICINE
Cancer patients with e.g. colon cancer receive a personalised therapy based on their biomarkers

The results will

The patients determine the best
are examined Biomarker treatment for each
and analysed diagnostics patient

C T @IS — e

J*. 8
b o Positive
= {@:= WS - — o

it - (@ - O = e o




i P ”Eé Nz A Csiean s
aﬂm“- Zeer .mw*a?’r“‘ﬁ: ::.é: Ehe i fnmww B




. Hierarchical organization of biomolecule structure

Proteins Nucleic Acids

Val Asp Leu

S
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Met Asp &, g Gly lle Lys
¢ N g |

2 - N b 9 e

N-terminus © - y » ) &
phe Alaleu Gin Ser Leu Ly Leu Ala
% a-helix
(3 strands) Pseudoknot

DNA Histone

protein




a Techniques for determining biomolecule structures

proteins and viruses and Procaryotic cells Eukaryotic cells
small molecules protein complexes vesicles and organelles

|1f\ | | |||||||1nm | | |||||||10nm| | ||I||||100nrn| |—____.

NMR spectroscopy

X-ray crystallography -
‘ Single Particle Cryoj.

super resolution

Size range of object investigated

«=»Resolution attainable

Cryo-electr




B X-ray crystallography

Protein
crystal

1 ol —— =3
e ‘f . —_
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@D . O Xraye

Protein

engineering ﬁ

=

Structure-function

relationship
) ﬁ Applications

k Discovery of

novel protein fold

\ Structure-based
drug designing

Diffraction data processing
& structure solution

PROTEIN DATA BANK

Structure validation

& deposition 3D structure of protein

Diffraction happens when waves
encounter periodic structures, causing
them to scatter in specific directions.

In X-ray crystallography, the crystal lattice
serves as such a periodic structure,
causing the X-rays to undergo diffraction.

The resulting diffraction pattern carries
valuable information about the
arrangement of atoms within the crystal




@ NMR spectroscopy

Many nuclei have spin and all nuclei are
electrically charged. If an external magnetic field
is applied, an energy transfer is possible between
the base energy to a higher energy level
(generally a single energy gap).

The energy transfer takes place at a wavelength
that corresponds to radio frequencies and when
the spin returns to its base level, energy is
emitted at the same frequency.

The signal that matches this transfer is measured
in many ways and processed in order to yield an
NMR spectrum for the nucleus concerned.

Nuclear spin without and with an external magnetic field

. o

No external magnetic field

<@
Q> 'O

Apply external magnetic field B,

NMR spectroscopy instrumentation

RF
transmitter

Magnet

controller

Absorption

Magnetic field




. Cryo-EM

When the sample is rapidly frozen to temperatures below -150 °C, it would be trapped in vitreous ice.

The sample is then imaged from different angles using an electron microscope, where a beam of
electrons passes through the specimen, resulting in a set of two-dimensional (2D) projections.

Advanced computational algorithms are then used to reconstruct a 3D model of the sample from these

projections.
Sample Grid Electron microscope
\ Freeze
—_— ) —_—

H(O|/E|A| Pick particles

AlOA O +— ,

(o) ol . Resolution = If Sl o Resolution
‘ mlale before 2013 R TR VY atpresent

3D model Particle alignment 2D projections

and averaging




a Comparation of the three techniques

Characteristics X-ray crystallography NMR spectroscopy Cryo-EM
Resolution Ultra-high (£ 1 A) Moderate (~2-3 A) High (~2-3 A)
Vitrified film

Sample state

Sample requirements

Applicable molecular
weight range

Dynamic information

Cost and instrumentation
requirements

Crystalline form

Crystallizable

Small-to-medium and
medium-to-large molecules

Static

Moderate

Solution state

High purity, low
molecular weight

<50 kDa

Dynamic information
resolvable

Moderate-to-low

(cryogenic state)

High purity,
homogeneously dispersed

Small-to-medium to very
large complexes

Capable of capturing
dynamic conformations

Very high




Cryo-ET

Cryo-electron tomography (Cryo-ET) is a technique that provides researchers with a 3D view of cells,
subcellular components (e.g., organelles), viruses, and proteins.

Thanks to Cryo-ET, researchers can now bridge the gap between techniques that enable them to study
cells at the micron scale (e.g., light microscopy) and molecular structures at the atomic-level (e.g., X-ray
crystallography).
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a Molecular dynamics simulation

« Basic idea: mimic what atoms do in real life, assuming a given potential energy function.

» The energy function allows us to calculate the force experienced by any atom, given the positions of
the other atoms

> Newton’s laws tell us how those forces will affect the motions of the atoms

* Limitations
» Short-timescale simulation

» Molecular mechanics force fields are inherently
approximations

» Covalent bonds cannot break or form during
standard MD simulations (required, e.g. disulfide
bonds between cysteines) Position

Energy (U)

‘POSMOn




a Protein complexes and biomolecular interactions

protein-ligand

« Biomolecules do not operate in isolation. They
engage in numerous interactions that facilitate
cellular function and communication.

« Types of interactions
» Hydrophobic interactions
» Hydrogen bonds
» lonic interactions
» Van der Waals forces
» Disulfide bonds
> ...

Molecular docking: Computational simulation of
a candidate ligand binding to a receptor.

Ligand Molecular Docking

Zf
I




. Two molecular models used for molecular docking

Lock-and-key model
(for rigid docking)

=

Key (substrate) Lock (enzyme)

|

Lock-Key Complex

Induced-fit model
(for flexible docking)

Substrate

Active site

©
<

¢

nzyme

Enzyme-Substrate
Complex

Rigid docking is a molecular docking
model that treats the ligand and target
as rigid objects, most commonly used
for protein-to-protein docking.

Flexible docking is a type of molecular
docking that models changes in the
internal geometry of interacting partners
when a complex is formed. Allows
conformational changes during the
docking process.




. Computer-assisted drug design (CADD)
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RNA structures

tRNA

Anticodon

ribozyme

tRNA icon

Anticodon

riboswitch
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B Cellcycle

Prometaphase

/ Prophase
G,/M checkpoint
'F

Metaphase [/

M checkpOintapmese—

6‘\'»0(’\5

Telophase

G, checkpoint

Cely growth

G,/S checkpoint
(restrictjgn)

Cell cycle: Cell-division cycle is the sequential
series of events that take place in a cell that
causes it to divide into two daughter cells.

These events include:

> G,: A phase where the cell has left the cycle and
has stopped dividing.

» Gq: Cell growth. The G; checkpoint ensures that
everything is ready for DNA synthesis.

» S : DNA replication.

» G,: Growth and preparation for mitosis. The G,
checkpoint ensures that everything is ready to
enter the M (mitosis) phase and divide.

» M : Cell division occurs. The metaphase
checkpoint ensures that the cell is ready to
complete cell division.




a Cell signaling

« Cell signaling, or intracellular signal transduction, is a series of chemical reactions that work
together to control cellular functions by activating a chain of biochemical events.

: Exogenous
Ligand @ stimulus # Signal

\ (e.g. pathogen) \ /' ... \

o
Receptor ReceptO}r
\
&)
Jv Chemical
L messengers
"4

Response Response
Source Target
Chemical messengers relay the signal Cell signaling leads to the production of

from the ligand and receptor signals that serve as inputs for other cells




a Classes of signaling molecules

« Signaling molecules are mostly hydrophilic and are unable to directly cross the plasma
membrane, therefore, they bind to cell-surface receptors.

« Smaller signal molecules diffuse across the plasma barrier and bind to intracellular receptors
inside the target cell in the cytosol or the nucleus.

Cell-impermeant molecules Cell-permeant molecules Cell-associated molecules
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Metabolic pathways
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. Metabolic networks
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Metabolic pathways are the
fundamental components that, when
interconnected, form the complex
system of a metabolic network.




8 Cell

death
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,Cell suicide®

[ Type | cell death

Apoptosis

AB: Apoptotic bodies
MB: Membrane blebbing
NEF: Nuclear fragmentation

Autophagy

I. Macroautophagy

II: Microautophagy

III: Chaperone-mediated
autophagy

A: Autophagosome

/" Type Ill cell death

Cell damage

Necrosis
(Oncosis)

D

Type IV cell death

Entosis

ﬁtypical cell death

Mitotic death,
Paraptosis,
Pyroptosis, ...

MR: Membrane rupture

Q{V: Membrane vesicles /




. Systems biology: emergent properties




a System biology for dynamic modeling of living cells

100% 900+ 1900+ 28
of genes publications parameters processes
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* An entire organism is modeled in terms of its
L molecular components

o/

« Complex phenotypes can be modeled by
integrating cell processes into a single model

* Unobserved cellular behaviors are predicted by
model of M. genitalium

* New biological processes and parameters are
predicted by model of M. genitalium

v ! ) ! (Karr et al., Cell, 2012)

Predictive Novel Biological Rational
capacity hypotheses discovery design
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