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The DNA sequence of a gene
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5° - ATGCGTTACTTCGAAATGGCAACCCACTCGGGGACTTCCTCCAACGGTTGA- 3~

3° - TACGCAATGAAGCTTTACCGTTGGGTGAGCCCCTGAAGGAGGTTGCCAACT- 5°

http://en.wikipedia.org/wiki/File:DNA chemical structure.svg (Madeleine Price Ball)


http://en.wikipedia.org/wiki/File:DNA_chemical_structure.svg

DNA to protein

DNA is read in triplets

ATQG cGT TAC TTC GAA ATG GCA ACC CAC TCG GGG ACT TCC TCC AAC GGT TGA

2 7’ N
' ¢y oA

HO  CH,
Threonine

Tyrosine

Asparagine


http://commons.wikimedia.org/wiki/Image:Threonine.png
http://commons.wikimedia.org/wiki/Image:Tyrosine.png
http://commons.wikimedia.org/wiki/Image:Asparagine.png

Protein sequence and structure

Y T N



http://upload.wikimedia.org/wikipedia/commons/1/18/Firefly_Luciferase_Crystal_Structure.rsh.png

A DNA-protein complex

- DNA-binding protein
(“TATA-box binding protein”)

DNA (note the recurring pattern;
yellow = phosphate)



http://upload.wikimedia.org/wikipedia/commons/4/41/TATA-BP_association_with_TATA.png

Metabolism — Proteins working together
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http://www.opencurriculum.org/5363/powering-the-cell-cellular-respiration-and-glycolysis/
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Pathways (metabolism
+ self-replication
+ signalling)
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Communities and Ecosystems
\ 4

s


http://upload.wikimedia.org/wikipedia/commons/3/32/Nwhi_-_French_Frigate_Shoals_reef_-_many_fish.jpg

Overview

1. All living organisms have several key essential properties

2. Life can be viewed as a hierarchical structure with many levels of
organization from genome (including genomic elements) to the biosphere

3. The levels we cannot observe with the naked eye are as (or more) diverse as
the levels we can observe
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Overview

Essential processes for copying and interpreting biological
information:

REPLICATION - the synthesis of a new DNA

molecule from an existing template

TRANSCRIPTION - synthesis of an RNA molecule
using a DNA template

TRANSLATION — synthesis of protein using an RNA
template



Criffith’s experiment — something’s moving between organisms

rough strain
(nonvirulent)

mouse lives
Frederick Griffith (1928) J Hygiene

Image: Madeleine Price Ball, Wikimedia Commons



Avery-MacLeod-McCarty experiment — that something is DNA

DNA from

rough strain | smocth strain | heat-kille¢ | rough strain &
{renvic aient} ! {viratent) smoeoth strair: | heat-killed

|
|
i ' smooth strain

mouse lives  mouse dies ' mouse lives | mouse dies

Avery et al. (1944) J Exp Med
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E{&}aboratory Only

ﬁ‘ Viruses Only

k In all Living Cells

Protein

\ § Lower Life Forms

Biological Information

Flow

The ‘Central Dogma’ —
From Information to Function

17
Mike Jones - http://commons.wikimedia.org/wiki/File:CDMB2.png


http://upload.wikimedia.org/wikipedia/en/4/46/CDMB2.png
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Key steps and commonalities

All three processes are carried out by multi-protein complexes (sometimes
with extra bits thrown in)

RNA polymerase

Ribosome
https://www.rcsb.org/structure/5V93

DNA polymerase Il

https://en.wikipedia.org/wiki/DNA_polymerase_lll_holoenzyme

19



Key steps and commonalities

All processes and phases are regulated and have three phases:

https://www.pnas.org/content/98/1/5/tab-figures-data



Key steps and commonalities

All processes and phases are regulated and have three phases:
* Initiation

Let’s make RNA!

https://www.pnas.org/content/98/1/5/tab-figures-data

21



Key steps and commonalities

All processes and phases are regulated and have three phases:
* Initiation
* Elongation

Let’s make RNA!

https://www.pnas.org/content/98/1/5/tab-figures-data

22



Key steps and commonalities

All processes and phases are regulated and have three phases:
* Initiation

* Elongation

* Termination

Let’s make RNA!

B emiind” DRI Ty B S

https://www.pnas.org/content/98/1/5/tab-figures-data

23



Key steps and commonalities

Processes in eukaryotes tend to be more complex than those in prokaryotes

24



REPLICATION:
from DNA to more DNA




The replication process

(1) DNA is UNWOUND

(2) A copy of EACH STRAND is made independently

(3) Each copy is packaged into a cell

http://en.wikipedia.org/wiki/File:DNA_replication_split.svg
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From Francis Crick’s letter to his son Michael, 1953
$5.3M at auction

http://voices.nationalgeographic.com/2013/04/11/francis-cricks-letter-to-son-describing-dna-auctioned/



Replication proceeds in the 5’ — 3’ direction

But DNA 1s antiparallel (the two strands point in opposite
directions)!

So replication proceeds differently on each strand (leading
strand 1s way easier)

DNA primase

DNA ligase AP
DNA Polymerase (Pola) \

-z RGN ™ 2%,

110,
Okazakl fragment \\\' I\ I
T

Topoisomerase

Leadlng
strand

WAL

DNA Polymerase (Polo)
Helicase
A

Binding proteins

28
http://en.wikipedia.org/wiki/File:DNA_replication_en.svg



DNA polymerase III (bacteria):
>6 different subunit types

http://[www2.mrc-lmb.cam.ac.uk/groups/mlamers/Site/Home.html

29



Eukaryotes:

At least 14 different DNA polymerase complexes

DNA polymerase

Function

; D VY ® R R

o~

Q T > k;:.

REVT™

DNA replication /priming

Base excision repair

Mitochondrial DNA replication
Chromosomal replication/excision repair
Chromosomal replication/repair

REV3: error-prone bypass synthesis
RAD30: error-free bypass of UV-induced CPDs
DNA repair

RAD30B: bypass synthesis

DinB: bypass synthesis

Base excision repair

Non-homologous end joining

Sister chromatid cohesion

Deoxycytidyl transferase

Carty et al. (2003) Biochemical Society Transactions

(@

Pold

PCNA =
3’ \
1 .
5’ lagging strand '5*
e
X

leading strand

Pole / Pold

Pol32

Pola Pole Pold Pol{

Pol1 / POLA1 (p180) Pol2 / POLE Pol3 / POLD1(p125) Rev3

Pol12 / POLA2 (p70) Dpb2 / POLE2 Pol31 / POLD2 (p50) Rev7
Pri1 / PRIM1 (p49) Dpb3 / POLE3 (p17) Pol32 / POLD3 (p68) Pol31 / POLD2 (p50)
Pri2 / PRIM2 (p58) Dpb4 / POLE4 (p12) -/ POLD4 (p12) Pol32 / POLD3 (p68)
Current Opinion in Structural Biology

30
Jain et al. (2018) Current Opinion in Structural Biology



Replication

duptex DNA 18t
CCW
fork
? R
1st
cw
fork
. oriC
onC
time=0

1st forks started 30 min ago
2nd forks at ori just started

cell divisi
“

oriC

ﬁrm min

'2nd" or top forks have
completed 3/4 of chramosome.
3rd forks at ori just started

L

oriC

S

orlC

time = 10 min

1st forks finish synthesis

2nd forks have completed
1/4 of chromosome

E. coli;: ~40 minutes

http://www.personal.psu.edu/rch8/workmg/Replication2Ch6_files/image049.png
http://www.mun.ca/biochem/courses/3107/images/Stryer/Stryer_F37-13.jpg

_/\_/\—/M
R T AT N e\
5 e ——— ~—~  m——
i 1S s VS S R
+

Humans: Hours
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Mutations

When DNA polymerase makes an error that is not caught by
the ‘proofreading’ mechanism, a mutation results

G inserted where A 1s supposed to go (oops!)

32



Fidelity

~ 108 error rate (varies by species)
Without proofreading, error rate ~ 107

Some viruses: 10°



TRANSCRIPTION
. from DNA to RNA




What transcription looks like

/?/V4

http://www.rcsb.org/pdb/101/motm.do?momID=40
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http://upload.wikimedia.org/wikipedia/commons/5/5e/RNA_polymerase_(1i6h).png
http://upload.wikimedia.org/wikipedia/commons/5/5e/RNA_polymerase_(1i6h).png

Transcription

s i

o™

>,
Nzrng vl

Antisense strand RNA polymerase

PEZEBEEAREREBRNEEEERE’ © G EEOBETEEFEE
ATGAUGGATUAGﬁVG‘AAGCGGAATTGGQGAMATAA
UAUUGQQUAGULGGUGUQI

3 W B W b W OST W BT EX S e el @ D O

RNA Transcript

TACTG TAGTCGGCGTTCG TTAA
o

GCTGTATT
¢ S Y W T e L

Sense strand

(This is the one we typically write out)

http://commons.wikimedia.org/wiki/File:DNA_transcription.svg
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http://upload.wikimedia.org/wikipedia/commons/0/0e/DNA_transcription.gif

One silly oxygen, a whole world of difference

l@O 1

Yo, .

O//(E) @O-/-/-/-’P/'O\P/ Base
’ @ 7 S\ AN

O { O O glycosidic bond

37
http://en.wikipedia.org/wiki/File:Nucleotides_1.svg



Termination

Initiation Transcription

38



Regulating transcription: the promoter

lac operon in E. coli — breakdown of lactose sugar (simplified)
operon = set of genes transcribed together but translated independently

RNA polymerase must recognize a stretch of DNA upstream of the genes to be transcribed —
the promoter

Promoter lacZ gsene lacY gene lacA gene

[ I S SR )

/ — >
Transcription

-

RNA polymerase with sigma factor

39



Sigma factor binding sites in front of different genes

tttatgttgcttttttgtaaacagattaacacctcgtcaaaatcctgectattctgeccgtTgecggtactgggecatttaccece
atcgtggtaagacctgccgggatttagttgcaaatttttcaacattttatacactacgaaAaccatcgcgaaagcgagttt
gttcgtgaatttacaggcgttagatttacatacatttgtgaatgtatgtaccatagcacgAcgataatataaacgcagcaa
aaagtcagttaatgtaatgcctcctactgaccaaagaatacttgcacttaaggttcagtaTaaaagggcatgataatttac
ttacgaggttttaattctgcctctttcaacccgcgtcaaaataaaacagtagaatattaaTctttttttgtgtttatgtge
gatttcaaattggtcaatggtcaaaagttaataaacccattgctgecgtttatattatcgtCgtgctatggtacatacattc
cgcaaagctgaccgcacaaaaggggagtgcttttctgtgcttagecggttagaatagtctcAtgactatatctggagttgac
aataaccacactgtgaatgttgtctttaatcaattgtaagtgcatgtaaaataccactttAgagttagtcagtatcttcct
atactaaacaaaactgccaatacccctacatttaacgcttatgccacatattattaacatCctacaaggagaacaaaagca
aaaaattaaagcgcaagattgttggtttttgcgtgatggtgaccgggcagcctaaaggctAtccttaaccagggagetgat
aacgtaaaaaatcgttgcgcaatcgtggatttttaccctgectttgtttttataatggtgecGecacttttatatccagaaaaa
ttcagtgataattatcacatttcaattgcacattaatggatattctttaataatctcgcgAcgtttctttatgataaataa
caacaacggttcagtgataattatcacatttcaattgcacattaatggatattctttaatAatctcgcgacgtttctttat
ttcaattgcacattaatggatattctttaataatctcgcgacgtttctttatgataaataAtaatcaaattgataaaatca
ttgttatctagttgtgcaaaacatgctaatgtagccaccaaatcatactacaatttattaActgttagctataatggcgaa
ttcaaaaatgtttgtttttcacgcgctttacagcccgaaaaggccggaagatacttgecccGecaacgaagattecttcataa
agcttgcgtcaatgggcaaggtgggcttgcatttgcttaatagaaaggcgttaataggcaAaacgaaatgaaacgaaagtt
tcgttttatttcttttttctccattgaactttcagtttecttttctatagattttaatcaaCgaaagacatcaccaagtgaa
atcgatttgataatggaaacgcattagccgaatcggcaaaaattggttaccttacatctcAtcgaaaacacggaggaagta
taggtaagagcttagatcaggtgattgccctttgtttatgagggtgttgtaatccatgtecGttgttgcatttgtaagggceca
gataagaatgttttagcaatctctttctgtcatgaatccatggcagtgaccatactaatgGtgactgeccattgatggaggg
taagaaactaatattagacgtaaatattgaaatttttatattttttcttatttaggectttGecatttggcaaaattttgagg
agaaactaatattagacgtaaatattgaaatttttatattttttcttatttaggctttgcAtttggcaaaattttgaggca

2?7
(more on this in the machine-learning section)

Extracted from RegulonDB (http://regulondb.ccg.unam.mx/)
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The fate of transcripts

*Messenger RNA (mRNA) — ultimately translated to protein
*Ribosomal RNA (rRNA) — important to translation
*Transfer RNA (tRNA) — also important to translation

*About 20 other types at last count!



TRANSLATION:

from mRNA to protein




Key player: the ribosome



http://upload.wikimedia.org/wikipedia/commons/c/c6/Ribosome_(bacteria).JPG

Prokaryotic ribosome

~45 proteins
3 rRNASs

Eukaryotic ribosome

~80 proteins
4 RNASs

10 nm

http://book.bionumbers.org/how-big-are-the-molecular-machines-of-the-central-dogma/
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tRNA

Initiation :
At Elongation

Termination

45
http://commons.wikimedia.org/wiki/File:TRNA-Phe_yeast_lehz.png



The triplet genetic code Seond letter
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Summary

Essential processes for copying and interpreting biological
information:

REPLICATION - the synthesis of a new DNA

molecule from an existing template

TRANSCRIPTION - synthesis of an RNA molecule
using a DNA template

TRANSLATION — synthesis of protein using an RNA
template



02b: Pathways

CSCI4181/6802 Bioinformatics Algorithms
Finlay Maguire (finlay.maguire@dal.ca)



Overview

Human metabolism and phenylketonuria
Mechanisms of penicillin / ampicillin resistance

Metabolism can be complex!

DISCLAIMER: This is a very, very simplified view of how
metabolism works!!

(for example, 1t’s not always about proteins!)



Two example systems
Phenylketonuria

A very important metabolic process breaks due to
mutation(s) in a critical gene, with severe health
consequences

Beta-lactam antibiotic resistance

Bacteria acquire a new and very useful function that
protects them against a toxic compound
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http://www.plosone.org/article/info:doi/10.1371/journal.pone.0007710
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Phenylketonuria (PKU)

O . MUTATION ¢
NH; . NH2
Phenylalanine Tyrosine Melanin
- Catecholamines
(F) () etc
Phenylpyruvate
0O

OH
O

en.wikipedia.org (user NEUROtiker)




Consequences

Too much phenylalanine and phenylpyruvate:

e Blocks the production of neurotransmitters (DOPA, serotonin,
GABA)

e Interferes with energy production (pyruvate transport is
blocked)

e Leads to impaired brain function
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Chen et al. (2018) Sci Rep
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https://en.wikipedia.org/wiki/Human_genome#/media/File:Karyotype.png
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Yes mutations, P [ s e

I
no PKU

Maternal copy

(NI D WW ¥ TN TEE(TWMN O Paternal copy

One copy 1s good enough —
1f you have one “healthy” copy you don’t have PKU

This 1s how two non-affected parents can have offspring with PKU




Treating PKU

OH
NH,

Phenylalanine

()

!

Phenylpyruvate

O

OH

NH,

OH

en.wikipedia.org (user NEUROtiker)




Treating PKU

No phenylalanine-containing

foods

aspartame

http://bebiologypku.wikispaces.com/



PKU 1s completely treatable,
if diagnosed at birth

No excess phenylalanine = no physiological consequences
Treatment must be initiated as soon as possible after birth!

See : siblings
born before and after PKU screening at birth



http://www.pahdb.mcgill.ca/images/pku.gif

Incidence of PKU:

Region / Country

Incidence of PKU

Asian Populations

European Populations

Arabic Populations
Oceania

China

Japan

Turkey
Yemenite Jews (in Israel)
Scotland
Czechoslovakia
Hungary
Denmark

France

Norway

United Kingdom
Italy

Canada

Finland

Australia

: 17.000
: 125,000
£ 2,600
5,300
: 5,300
- 7.000
: 11,000
: 12,000
0 13,500
: 14,500
: 14,300
: 17.000
:22.000
£ 200,000
Jpto 1:6,000
: 10,000

b Y s o bt o o o o p— o — p—

Williams et al. (2008) Clin Biochem Rev




- . - . N
‘ 5 J o .°‘~$q '
+ o . -
1 : ,“-- = - -5 ‘C
! B - .
‘ .
. -~
L]

v, | --CURED .
T < ] ’ o ’
\ ~ % ALL

' | R . .

- -

\ » .
- \ -
http://commons.wikimedia.org/wiki/File:Penicillin_cures_gonorrhea. {


http://upload.wikimedia.org/wikipedia/commons/c/cc/PenicillinPSAedit.jpg

DIFFERENT CLASSES OF ANTIBIOTICS - AN OVERVIEW
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Quick disclaimer

- There are many enzymes that can break down
beta-lactams

- I'll be referring to a couple of very similar but
non-identical genes in a couple of different organisms




The bacterial cell wall



The bacterial cell wall



The bacterial cell wall



Breaking down beta-lactams

RO R. O
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\
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-CO |
B -Lactamase J—HI\VI/ > HN

http://en.wikipedia.org/wiki/File:Lactamase_Application_V.1.svg



The blaZ gene

Protein sequence

10 20 30 40 50
MKKLIFLIAI ALVLSACNSN SSHAKELNDL EKKYNAHIGV YALDTKSGKE
plasmid 60 70 80 90 100
DN A VKFNSDKRFA YASTSKAINS AILLEQVPYN KLNKKIHINK DDIVAYSPIL
UBlOl 110 120 130 140 150
p sequence EKYVGKDITL KELIEASMAY SDNTANNKII KEIGGIKKVK QRLKELGDKV
21 845 nt q 160 170 180 190 200
’ ATG TNPVRYEIEL NYYSPKSKKD TSTPAAFGKT LNKLIANGKL SKENKKFLLD
210 220 230 240 250
LMLNNKSGDT LIKDGVSKDC KVADKSGQAI TYASRNDVAF VYPKGQSEPT
260 270 280
VLVIFTNKDN KSDKPNDKLI SETAKSVMKE F

S.capitis FDAARGOS378 plasmid{CladeA) — bin3 > @‘Q@ﬁ

S0

L
A (o) [
— ’
-

S.caprae SY333 plasmid(CladeA)

S.epidermidis RP62A plasmid(CladeA)

S.epidarmidis ATCC 12228 plasmid(CladeA)

R AR s
{57t "”.:.‘;m‘ﬁ’ﬁ;ﬂw b EEbp

S.caprae JMUB898 chr{op1;CladeB) i 3

S.caprae JMUB145 chr{CladeB)

Sun et al. (2020) Front Cell Infect Microbiol
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APQQINDIVHRTITPLIEQQKIPGMAVAVIYQGKPYYFTWGYADIAKKQPVTQQTLFEL
4 10 20 30 40 50 60 63

Functional sites

'TGVTA:GEHXI@URGEﬁ[KI&ﬂD’
70 80

LNHTWINVPPAEEKNYAWGYREGKA
184 190 200 210

GWEM]
70

PTPAVRASWVHKTGATGGFGSYVAFIPEKELGIVMLANKNYPNPARVDAAWQILNALQ
304 310 320 330 340 350 360

S PCGALDAEAYCGVKYTIEDMARWVOSNLKPLDI

Powers and Sholchet, J Med Chem
2002

NEKTLQQGIQLAQSRYWQTGDMYQG

IWPVINPDSIINGSDNKIALAARPVKAITE
244 250 260 )

280 ' 260 ) 300

http://www.rcsb.org/pdb/explore/remediatedSequence.do?structureld=1LL9



Binding antibiotics

72



Self-defence 1n several easy steps

Lowy (2013) J Clin Invest



Safe and sound —
Blal keeps things quiet

Operator region

blaZ - blaR1 blal

| Blal
V. /B actamaseU U/'( acti?/ o)

Blal
(active)




Danger!
Penicillin 1s 1n the air

Operator region

blaz | 1L blaR1 blal

< el
-lactamase Blal

V. / ; / (active)

Blal
(active)

Intracellular

........................................

.......................................

S

i N ’ domain
CO,H ¥

Penicillin
(active)




Oh snap!

Operator region

blaZ | I L blaR1 blal

< -4 ' BlaR
-lactamase Blal aR2
V- / P / (active) -«
Ul ~)
mA
(aE:?Je) /Cleavage

Intracellular

........................................

......................................

S

i N ’ domain
CO,H ¥

Penicillin
(active)




Destroy the repressor,
activate the system

Operator region

>

blaZ - blaR1 blal

V.‘/ﬁ-lactamase 74 ) \010 < BRLE
OO V. & /

Blal lil. Cleavage
(inactive)

Intracellular

.........................................

.......................................

S

o N ’ domain
CO,H 7

Penicillin
(active)




Transcribe and translate
- The beginning of the end

Operator region

»
blaz | blaR1 blal
< W
v. - B-lactamase \ _BlaR2
8 8 IV.
Py o0 \ /
. > 0 "‘ a O p

B-lactamase Blal . Cleavage
PR (inactive)

/ Intracellular

.........................................

.......................................

S

i N ’ domain
CO,H 7

Penicillin
(active)




Export and destroy

Operator region

>
blaZ | R L blaR1 blal
v. -PBlactamase \ _BlaR2
( QQ v
> -
0. > ;*N, 2 OO /

placighage _ Blal . /Cleavage
P X (inactive)

Intracellular

BN EO L TLOKADIN WML Rl OO

Hydrolysis Extracellular
R . and R S >
inactivation
b-_ ® inillin ki
HH 7 domain
2 VL. O v
OH
VIl G COH o
Penicilloic acid Penicillin CO.H

(inactive) (active)




- Different parts of a protein can play different roles

e Binding small molecules such as antibiotics, food / energy molecules,
etc.

e Contact with other proteins or DNA
e Assembly
e Internal stability once assembled

- These functions impose different constraints on protein sequence
and structure, and affect how gene and protein sequences can
evolve

e ‘Ultraconserved’elements




xanthosine 7-methylxanthosine

http://parts.igem.org/Part:BBa_K801077

O
{
| @
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H
T-methylxanthine

thecbromine
3,7-Dimethybanthing

(]
/
N
L »
o N
caffeine




Wilke et al., J Biol Chem
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B-lactamase |
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Mobilization of Penicillin Defence

beta-LACTAM RESISTANCE

Penicillins and Cephalosporins
Binosynthesis

I
I
I
I
I
I
4

Blal a® » EB::Z | (Amp
DHNa beta-Lactamas))
- —£=0) beta-Lactam D1p35
Mecl L@ - Mecd

DN&  penicillin-binding protein

00312 72Z9102

http://www.genome.jp/dbget-bin/show_pathway?map00312+3.5.2.6




