The Central Dogma:
DNA, RNA, and Protein



Overview

Essential processes for copying and interpreting biological information:

1. REPLICATION - the synthesis of a new DNA molecule from an existing
template

2. TRANSCRIPTION — synthesis of an RNA molecule using a DNA
template

3. TRANSLATION — synthesis of protein using an RNA template



Criffith’s experiment — something’s moving between organisms

rough strain
(nonvirulent)

Streptococcus

mouse lives
Frederick Griffith (1928) J Hygiene
Image: Madeleine Price Ball, Wikimedia




Avery-MacLeod-McCarty experiment — that something is DNA

rough straie | smoath sirain | Beal-kiiledc - rough strain &
ot dbenl Dyviroten(t Coximnoeth strain . heat-killed
' . smooth strain

: DNA from
O

mouse ives  rpouss digs - mowme lives | mouse dies

Avery et al. (1944) J Exp Med
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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
(sometimes with extra bits thrown in)

Transcription:
RNA polymerase

Translation:
polymerase Ribosome

Replication: DNA

https://en.wikipedia.org/wiki/DNA_polymerase_ITI_holoenzyme https://www.rcsb.org/structure/5Vo3



Key steps and commonalities

All processes and phases are and have three phases:

Initiation Elongation Termination

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



Key steps and commonalities

Processes 1n cultarvotes tend to be more complex
than those 1n prolkarvotes




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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DNA has polarity

Thymine
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deoxyribose 7,
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http://en.wikipedia.org/wiki/File:DNA_replication_split.svg



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/

20 4qay &

13



Replication proceeds 1in 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

RNA primer
DNA ligase P
DNA Polymerase (Pola)

Laggmg
strand

\_J
anakl fragment

e < '/ ,"" nlul
[ 2] 3 'l n
| ' g
strand Topoisomerase
T _

Binding proteins

http://en.wikipedia.org/wiki/File:DNA_replication_en.svg
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DNA polymerase III (bacteria):
>6 different subunit types

http://www2.mrc-lmb.cam.ac.uk/groups/mlamers/Site/Home.html
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Eukaryotes:
At least 14 different DNA polymerase complexes

DNA polymerase Function

DNA replication /priming

Base excision repair

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

REV3: error-prone bypass synthesis

leading strand S ———
Pole / Pold

RAD30: error-free bypass of UV-induced CPDs

DNA repair
RAD308B: bypass synthesis
DinB: bypass synthesis o2 o8 Pos2

Pri2 Rev7

Base excision repair et @ P Reva

Exo*-Pol Prit Exo-Pol Exo*-Pol
Non-homologous end joining Pola Pole Pols Poit

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

Sister Ch roma Ud €0 h esion 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)

Deoxycytidyl transferase i

Carty et al. (2003) Biochemical Society Transactions Jain et al. (2018) Current Opinion in Structural



Replication

dupigx DNA

//'
cell divisoy
9 /
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E. coli: Single origin Humans: Multiple origins per chromosome
~40 minutes 1+ Hours

http://www.personal.psu.edu/rch8/workmg/Replication2Ch6_files/image049.png

http://www.mun.ca/biochem/courses/3107/images/Stryer/Stryer_F37-13.jpg



Mutations

When DNA polymerase makes an error that 1s not caught by the
‘proofreading’ mechanism, a mutation results

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

~ 10°® error rate (varies by species)
Without proofreading, error rate ~ 107
Some viruses: 10

Mutation patterns are not random!
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TRANSCRIPTION:
from DNA to RNA



What transcription looks like

An RNA molecule
1s produced

The DNA template
1s read by RNA
polymerase...

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

Antisense strand RNA polymerase

ATGACGGATCAGCCGCAAGRGBAATTGGCGA

UACUG UAGUCGGCGUU )

RNA Transcript
r'G
Sense strand

(This 1s 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

Base

=
glycosidic bond

nucleoside

_nucleoside monophosphate

http://en.wikipedia.org/wiki/File:Nucleotides_1.svg
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Regulating transcription: the promoter

lac operon 1n 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 gene e lacY gene  lacA gene
(. | 1 | 1 L)
/ Transcription >
-

RNA polymerase with sigma factor
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Sigma factor binding sites in front of different genes

tttatgttgcttttttgtaaacagattaacacctcgtcaaaatcctgectattctgeccgtTgecggtactgggecatttacce
atcgtggtaagacctgccgggatttagttgcaaatttttcaacattttatacactacgaaAaccatcgcgaaagcgagttt
gttcgtgaatttacaggcgttagatttacatacatttgtgaatgtatgtaccatagcacgAcgataatataaacgcagcaa
aaagtcagttaatgtaatgcctcctactgaccaaagaatacttgcacttaaggttcagtaTaaaagggcatgataatttac
ttacgaggttttaattctgcctctttcaacccgcgtcaaaataaaacagtagaatattaaTctttttttgtgtttatgtge
gatttcaaattggtcaatggtcaaaagttaataaacccattgctgcgtttatattatcgtCgtgectatggtacatacattc
cgcaaagctgaccgcacaaaaggggagtgcttttctgtgcttagecggttagaatagtctcAtgactatatctggagttgac
aataaccacactgtgaatgttgtctttaatcaattgtaagtgcatgtaaaataccactttAgagttagtcagtatcttcct
atactaaacaaaactgccaatacccctacatttaacgcttatgccacatattattaacatCctacaaggagaacaaaagca
aaaaattaaagcgcaagattgttggtttttgcgtgatggtgaccgggcagcctaaaggctAtccttaaccagggagetgat
aacgtaaaaaatcgttgcgcaatcgtggatttttaccctgectttgtttttataatggtgeGecacttttatatccagaaaaa
ttcagtgataattatcacatttcaattgcacattaatggatattctttaataatctcgcgAcgtttctttatgataaataa
caacaacggttcagtgataattatcacatttcaattgcacattaatggatattctttaatAatctcgcgacgtttctttat
ttcaattgcacattaatggatattctttaataatctcgcgacgtttctttatgataaataAtaatcaaattgataaaatca
ttgttatctagttgtgcaaaacatgctaatgtagccaccaaatcatactacaatttattaActgttagctataatggcgaa
ttcaaaaatgtttgtttttcacgcgctttacagcccgaaaaggccggaagatacttgececGecaacgaagattecttcecataa
agcttgcgtcaatgggcaaggtgggcttgcatttgcttaatagaaaggcgttaataggcaAaacgaaatgaaacgaaagtt
tcgttttatttcttttttctccattgaactttcagtttecttttctatagattttaatcaaCgaaagacatcaccaagtgaa
atcgatttgataatggaaacgcattagccgaatcggcaaaaattggttaccttacatctcAtcgaaaacacggaggaagta
taggtaagagcttagatcaggtgattgccctttgtttatgagggtgttgtaatccatgteGttgttgcatttgtaagggca
gataagaatgttttagcaatctctttctgtcatgaatccatggcagtgaccatactaatgGtgactgccattgatggaggg
taagaaactaatattagacgtaaatattgaaatttttatattttttcttatttaggctttGecatttggcaaaattttgagg
agaaactaatattagacgtaaatattgaaatttttatattttttcttatttaggctttgcAtttggcaaaattttgaggca

299

(more on this in the machine-learning
Extracted from RegulonDB (http://regulondb.ccg.unam.mx/) SeCtiOn)



The fate of transcripts

Coding RNA

* Messenger RNA (mRNA) — ultimately translated to
protein (the next step)

Noncoding RNA

* Ribosomal RNA (rRNA) — 1important to translation

* Transfer RNA (tRNA) — also important to translation
* About 20 other types at last count!

Al



TRANSLATION: from
mRNA to protein



Key player: the ribosome

'Protein



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

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

Prokaryotic ribosome

~45 proteins
3 rRNASs

Eukaryotic ribosome

~80 proteins
4 RNASs

30



Initiati .
rHtiation Elongation

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

Termination
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Seond letter

A

UAU ]
uac | 1Y

UAA Stop
UAG Stop

CAU |
CAC
CAA 1 .
CAG | Gin

His
The triplet genetic code
(standard version)

-
-
=
Q.
@
-~
W

—4

First letter

OQ>rPrPO0C G>XPO0C OQ>P>0C O OC
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http://upload.wikimedia.org/wikipedia/commons/c/c6/Ribosome_(bacteria).JPG

Biochemical pathways



One lecture, two systems

(1) Phenylketonuria

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

(2) Beta-lactam antibiotic resistance

Bacteria acquire a new and function that protects them against a toxic compound

DISCLAIMER: This is a very, very simplified view of how metabolism works!!
(for example, 1t’s not always about proteins!)

36
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http://www.plosone.org/article/info:doi/10.1371/journal.pone.0007710

Guthrie
test



http://images.google.ca/imgres?imgurl=http://www.pet-pawz.com/footprint-sand.jpg&imgrefurl=http://www.pet-pawz.com/tags-cards.htm&h=400&w=400&sz=17&hl=en&start=82&tbnid=YY2iHeVdOlIfnM:&tbnh=124&tbnw=124&prev=/images?q=footprint+baby&start=72&gbv=2&ndsp=18&svnum=10&hl=en&sa=N
http://images.google.ca/imgres?imgurl=http://www.pet-pawz.com/footprint-sand.jpg&imgrefurl=http://www.pet-pawz.com/tags-cards.htm&h=400&w=400&sz=17&hl=en&start=82&tbnid=YY2iHeVdOlIfnM:&tbnh=124&tbnw=124&prev=/images?q=footprint+baby&start=72&gbv=2&ndsp=18&svnum=10&hl=en&sa=N

Phenylketonuria (PKU)

NH;

Tyrosi Melanin
r((;;)me Catecholamines
etc

l

Phenylpyruvate

0O

OH
O

en.wikipedia.org (user NEUROtiker)
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Consequences
Too much phenylalanine and phenylpyruvate:

* Blocks the production of neurotransmitters (DOPA, serotonin,

GABA)

* Interferes with energy production (pyruvate transport is blocked)
* Leads to impaired brain function

40



o - Melanin
Phenylalanine Tyrosine Catorhelaminge

(F) ® etc

Phenylpyruvate
o

OH
O

How to break

a gene

v v v v

Y, | 21" 57 ¥ 11gY 148" 170 ¥ 236 281 305Y 3247 356 400 439 452
SUTR 3IUTR

B ' N F2 BN ' BNE BEESEE E6 BN 7 NN ES BN ENED BN U NN ED NN EL
16 7 I8 19 111 112

4 17
20 56 118 1474 170 2364 281p  z04h 323 355 400 A 4394 TAA

Phenylalanine hydroxylase (pah) gene
Chen et al. (2018) Sci Rep




Where 1s the pah gene?

https://en.wikipedia.org/wiki/Human_genome#/media/File:Karyotype.png
Shahid (2020) Int J Innov Sci Res Tech



Yes mutations, no PKU

A,
O Fope - - Maternal copy

Phenylalanine yrosine
B g

(N DY MY YN TEE(TEME 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

43



Treating PKU

NH,

Phenylalanine

()

ar

Severely restrict phenylalanine intake = little to no phenylpyruvate concerned
(we get enough tyrosine from our diet!)

en.wikipedia.org (user NEUROtiker)



Treating PKU

No phenylalanine-containing foods

http://bebiologypku.wikispaces.com/
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PKU 1s completely treatable,
if diagnosed at birth

No excess phenylalanine = no physiological
consequences

Treatment must be 1initiated as soon as possible
after birth!

46



Incidence of PKU:

Region / Country

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

Williams et al. (2008) Clin Biochem Rev

Incidence of PKU

: 17.000
+125.000
: 2.600

+ 5.300

- 5.300

- 7.000
+ 11.000
+ 12.000
: 13,500
+ 14,500
: 14,300
: 17.000
+ 22.000
- 200.000
pto | : 6,000
- 10.000
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uthrie test
for phenylalanine in
blood

48
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http://upload.wikimedia.org/wikipedia/commons/c/cc/PenicillinPSAedit.jpg

Antimicrobial resistance
DIFFERENT CLASSES OF ANTIBIOTICS - AN OVERVIEW

'h’(’y COMMONLY ACT AS BACTERIOSTATIC AGENTS, RESTRICTING GROWTH & REPRODUCTION . COMMONLY ACT AS BACTERICIDAL AGENTS, CAUSING BACTERIAL CELL DEATH

GLYCOPEPTIDES QUINULUNES

MOST WIDELY USED ANTIBIOTICS : AMILY \ COMMONLY USED IN LOW INCOME COMMON ‘DRUGS OF LAST RESORT" § POTENT ANTIBIOTICS COMMONLY

IN THE NHS COUNTRIES USED AS 'DRUGS OF LAST RESORT"

" All contain f ‘omatic rings with a
nct individual co P
All contain eminosugar su attached

EXAMPLES

EXAMPLES
Vancomycin (shown), teicoplanin. MODE OF ACTION
bacteria DNA

replication and transcription.

Inhibit the
bacteria,

MODE OF ACTION
and worri Yy nhibit bacteria cell wall biosy

sescsssssssssssnes

"eecescscsegeccsscnce eescsscscegecccscne

FIRST COMMERCIAL ANTIBIOTICS BECOMING LESS POPULAR DUETO SECOND MOST PRESCRIBED CAN ALSO DEMONSTRATE WO GROUPS OF ANTIBIOTICS THAT
WERE SULFONAMIDES DEVELOPMENT OF RESISTANCE ANTIBIOTICS IN THE NHS ANTIVIRAL ACTIVITY CT SYNERGISTICALLY

on PO T

9o Ao

in 4 adjacen
hydrocarbon ri ntain an ar
an aliphati
EXAMPLES X > EXAMPLES
clarithromycin, azithrom naphth

MOPEQEACYION: MODE OF ACTION

https://www.compoundchem.com/2014/09/08/antibiotics/



Beta-lactams are majority of a antibiotics used

Broad Spectrum
Penicillins

_/—\/ e
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Klein, Eili Y., et al. "Global trends in antibiotic consumption during 2016—-2023 and future projections through 2030."
Proceedings of the National Academy of Sciences 121.49 (2024): e2411919121.



Antimicrobial Resistance impacts all antimicrobials

» Clinical Approval
1 Resistance First Reported
@® Resistance Same Year as Approval

Q Q Q Q Q
N %) 0 \2)

Spagnolo, Fabrizio, Monica Trujillo, and John J. Dennehy. "Why do antibiotics exist?." MBio 12.6 (2021): e01966-21.
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Antimicrobial Resistance impacts all antimicrobials

» Clinical Approval
1 Resistance First Reported
@® Resistance Same Year as Approval

Beta-Lactams (Penicillin)|H | '
2015

1905 s i Sulfonamides
| P I Arsphenamine (Salvarsan) |

Q Q Q Q Q Q Q Q Q Q Q
A %) X \p) © A D Q 43

Spagnolo, Fabrizio, Monica Trujillo, and John J. Dennehy. "Why do antibiotics exist?." MBio 12.6 (2021): e01966-21.
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Antimicrc

» Clinic
1 Resis
@® Resis

Spagnolo, Fabrizio, Mon

ON THE ANTIBACTERIAL ACTION OF CULTURES OF A
PENICILLIUM, WITH SPECIAL REFERENCE TO THEIR
USE IN THE ISOLATION OF B. INFLUENZA.

ALEXANDER FLEMING, F.R.C.S.
From the Laboratories of the Inoculation Department, St Mary’s Hospital, London.

Received for publication May 10th, 1929.

WHILE working with staphylococcus variants a number of culture-plates
were set aside on the laboratory bench and examined from time to time. In
the examinations these plates were necessarily exposed to the air and they
became contaminated with various micro-organisms. It was noticed that
around a large colony of a contaminating mould the staphylococcus colonies
became transparent and were obviously undergoing lysis (see Fig. 1).

Subcultures of this mould were made and experiments conducted with a
view to ascertaining something of the properties of the bacteriolytic substance
which had evidently been formed in the mould culture and which had diffused
into the surrounding medium. It was found that broth in which the mould
had been grown at room temperature for one or two weeks had acquired
marked inhibitory, bactericidal and bacteriolytic properties to many of the
more common nathoceniec bacteria
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LETTERS TO THE EDITORS

The Editors do not hold themselves responsible for opinions expressed by their correspondents.

They canmot undertake to return, or to corr

with the writers of, rejected manuscripts

intended for this or any other part of NATURE. No notice is taken of anonymous communications.

[N THE PRESENT CIRCUMSTANCES,

PROOFS OF

“LETTERS”’ WILL NOT BE SUBMITTED TO

CORRESPONDENTS OUTSIDE GREAT BRITAIN.

An Enzyme from Bacteria able to
Destroy Penicillin

Freming! noted that the growth of B. coli and a
number of other bacteria belonging to the coli-
typhoid group was not inhibited by penicillin. This
observation has been confirmed. Further work has
hbeen done to find the cause of the resistance of these
organisms to the action of penicillin.

An extract of B. coli was made by crushing a
suspension of the organisms in the bacterial crushing
mill of Booth and Green?®. This extract was found to
contain a substance destroying the growth-inhibiting
property of penicillin. The destruction took place on

Spagnolo, Fabrizio, Monica Trujillo, and John J. Dennehy. "Why do antibiotics exist?." MBio 12.6 (2021): e01966-21.

B. coli, it was not necessary to crush the organism
in the bacterial mill in order to obtain the enzyme
from it; the latter appeared in the culture fluid.
The enzyme was also found in M. lysodeikticus, an
organism sensitive to the action of penicillin, though
less so than Staphylococcus aureus. Thus, the presence
or absence of the enzyme in a bacterium may not
be the sole factor determining its insensitivity or
sensitivity to penicillin.

The tissue extracts and tissue autolysates that have
been tested were found to be without action on the
growth-inhibiting power of penicillin. Prof. A, D.
Gardner has found staphylococeal pus to be devoid
of inhibiting action, but has demonstrated a slight

95



Antimicrobial Resistance impacts all antimicrobials

» Clinical Approval
1 Resistance First Reported
@® Resistance Same Year as Approval

Penicillin treatment was started on 12 February 1941, with 200
mg (10000 units) intravenously initially and then 300 mg every
three hours. All the patient’s urine was collected, and cach
morning I took it over to the Dunn Laboratory on my bicycle so
that the excreted penicillin could be extracted to be used again.
There I was always eagerly met by Florey and Chain and other
members of the team. ag; the first day I was able to report that for
the first time throughout his illness the patient was beginning to
feel a little better. Four days later there was a striking improve-
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Spagnolo, Fabrizio, Monica Trujillo, and John J. Dennehy. "Why do antibiotics exist?." MBio 12.6 (2021): e01966-21.



Antimicrobial Resistance impacts all antimicrobials

» Clinical Approval
1 Resistance First Reported
@® Resistance Same Year as Approval
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Spagnolo, Fabrizio, Monica Trujillo, and John J. Dennehy. "Why do antibiotics exist?." MBio 12.6 (2021): e01966-21.
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Antimicrobial Resistance impacts all antimicrobials

» Clinical Approval F?gg)?grwilci?ne.l
1 Resistance First Reported Glycylcycline (Tigecycline) -4 .
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Spagnolo, Fabrizio, Monica Trujillo, and John J. Dennehy. "Why do antibiotics exist?." MBio 12.6 (2021): e01966-21.
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Many antibiotics - few targets

Cell wall

mRNA DNA
transcription gyrase

DNA

Nucleic acid synthesis

O—O RNA synthetase

y Ribosome
V) c &

Cell membrane

Boolchandani, Manish, Alaric W. D’Souza, and Gautam Dantas. "Sequencing-based methods and resources to study antimicrobial resistance." Nature Reviews Genetics 20.6 (2019): 356-370.



Many antibiotics - few targets

Cell wall

mRNA
transcription

DNA

Nucleic acid synthesis

Cell membrane

RNA synthetase

DNA

gyrase

Ribosome

Glycopeptides

(vancomycin)
-lactams
penicillin)
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Many antibiotics - few targets
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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
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Breaking down beta-lactams
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The blaZ gene

Protein sequence
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Functional sites
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Binding antibiotics



Self-defence 1n several easy steps

Lowy (2013) J Clin Invest



Safe and sound — Blal keeps things quiet
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Danger! Penicillin 1s in the air
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|[cracking sound ensues]
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Destroy the repressor, activate the system
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Transcribe and translate - the beginning of the end
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Export and destroy
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So

 Pathways are important but can be fragile

» Different parts of a protein can play different roles

* Binding small molecules such as antibiotics, food / energy molecules, etc.
» Contact with other proteins or DNA
» Assembly

* 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
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