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Course QOutline

The nanoscopic world: Building blocks, energy flow, how we observe it
Energy harvesting, storage and consumption
Movement, motors and locomotion

WM

Genetic information processing, protein manufacturing

3/24/2023 nanoMachines 4



o LU CA’I

Last Universal Common Ancestor

Bacteria Archaea Eukaryota
Spi : Slime=" .
pirochetes Chloroflexi Entamoebae moldé Animals s
Gram- Methanosarcina B Fungi .
positives | Methanobacterium | Haloarchaea "oy
Proteobacteria ‘ Methanococcus o Plants ..
Cyanobacteria Thermococcus Ciliates
celer
Planctomyces Thermoproteus Flagellates
Pyrodicticum
Bacteroides Trichomonads
Cytophaga
Microsporidia
Thermotoga
Aquifex Diplomonads

LUCA
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Session 4 Outline

Finish Molecular Motors

DNA & RNA: The Central Dogma
DNA Replication

RNA Blueprints: Transcription
Protein Factories: Ribosomes



Two very different ways to build a Flagellum

Eukaryotic Flagella
(e.g. Sperm or Algae )

Complex Flagellum Bends
using Dynein actuators

Flagellum

Outer Doublet
Microtubules

Central
Microtubules

Plasma
Membrane

Eukaryotic “9+2”

Quora

32472023 Flagellum

nanoMachines 4

Prokaryotic Flagella
( Bacteria & Archaea )

Simple Flagellum Spins
using a Rotary Motor

Manson 2022

26



Bacterial Flagella take many forms

3/24/2023

lateral flagellum

polar flagellum

nanoMachines 4

Chang et al Nature (2020)
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The
Bacterial
Flagellar

Motor

Stewart Lab
Callum Smits

ca 2018
3/24/2023

ATP
Synthase

nanoMachines 4




Bacterial Flagellar Motors

come in many variations

Wolinella succinogenes

Arcobacter butzleri

Bdellovibrio bacteriovorus

Science News 2018
(Imperial College)

3/24/2023

nanoMachss

Borrelia flagellar motor

Salmonella injectosome

"
" 'y s T -
e “
.
L ]
\! ‘x

, ‘:.\..‘.3:/

. Lo 3

Chang 2019 36 nm

E. Coli

Vibrio 1

Vibrio 2

D

H. Pylori

29



Bacterial
Flagella

Biology Help
ca 2018

3/24/2023



Outer Membrane
=

Nicholas Taylor group (Copenhagen)
Susan Lea group (Oxford)
(Late 2020)

MotA “Stators” are actually high
speed motors, which engage the
FliG main rotor.

3/24/2023

Bushing

nanoMachines 4

Sa af
dis ML
ot -f'.’:’ Aa'-."
SRR A%

“pG-Cell Wall

U of Copenhagen




Molecular Mechanism
for Rotational
Switching in the
Bacterial Flagellar
Motor

Motor from
B. burgdorferi
(Lyme disease

spirochete)

() collar

Chang et al (Yale) @ stator
Nature Structural Molec Bio

Nov 2020 @ C-ring

3/24/2023 nanoMachines 4

Inner

Membrane

32



Shifting into Reverse

3/24/2023

nanoMachines 4

Jahobr (Wikimedia Commons)
33




Shifting Gears
Into Reverse

CheY3-P bends
the FliG rotor
units outward so
they engage the
outer sides of the
MotA motors




The Bacterial 5 MotA Subunits
Flagella
MotA/MotB

Motor in Action

from numerical
modeling

MotA Pentamer
rotates 36° for
each proton
flowing through

Santiveri et al, Cell 183 (2020)
Structure and Function of
Stator Units of the BFM

Video S5

3/24/2023 36



EVOLUTION NEWS

&SCENCETODAY

SCIENCE v CULTURE WRITERS ¥ CONTACT SUBSCRIBE DONATE ABOUT

INFORMATIONAL

3/24/2023
nanoMachines 4
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Questions?

3/24/2023 nanoMachines 4 25 38



Building Cells
from a DNA
Blueprint
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Central Dogma

@ Replication: Duplicating DNA when cells divide.

DNA EREER SRR TSN FARPNEES SRR NE R EERE 119/',’?\
T O T T TR T I T T O OO T T N
ATG‘ACGGTACAGwCCGCAAj\T_A‘CJ‘GAATTGGCGTTTAAG:GCGAAAGCT,:GGAGGAGGG_CGCTCATAA

Transcription @ Transcription: Copying one Gene in a strand of DNA to messenger RNA

mRNA

AUGACGGUACAGCCGCAAUACGAAUUGGCGUUUAAGGCGAAAGCUGGAACCGGGCGCUCAUAA

STOP

Lt @ Translation: using the mRNA to manufacture a Protein in a Ribosome

Protein J 000 —0V—0 0 —0V—09 —@ 00090 r—o

Met Thr Asp GIn Pro GIn Tyr Glu Leu Ala Phe Lys Aa Lys Ala Gly Thr Gly Arg Ser

National Human Genome Research Institute (2022)
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Structure of
DNA and RNA

nanoMachines 4
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Nucleic Acids

Acacia Tree

A similar 5 carbon sugar:

arabinose

VX 2

ribose

Nimed after arabinose, in turn nNamed
arter the Gum Arabic in which it was
found.

3/24/2023 nanoMachines 4 43



Nucleic Acids

3/24/2023

nanoMachines 4

DeOxy-Ribose

44



Nucleotides Ribo-Nucleotide

S
»

3’. Z’

Nitrogenous
Base

1to3
Phosphates

Ribose Core
I:)04 Adenine

3/24/2023 nanoMachines 4 45



Nucleotides Ribo-Nucleotide

LOOk F(]f\'\l\lﬂfo

S
»

q’
1’

i 2

1t03 Nitrogenous
Phosphates : EEEts
PO Ribose Core ,
RNA 4 Adenlne

Component “Adenosine Tri-Phosphate” ATP

3/24/2023 nanoMachines 4
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Nucleotides . _
DeOxy-Ribo-Nucleotide

DNA

Component

U
a ~

b 6 >

X

1to3 Nitrogenous
AespEiss Ribose Core i
PO4 D@OXY Adenine

dATP

3/24/2023 nanoMachines 4

48



‘?&Nucleotides

Adenosine Triphosphate

Guanosine Triphosphate
3/24/2023

U

(RNA
only)

Uracil

UTP

Uridine Triphosphate

-

(DNA
2 only)
Thymine

Thymidine Triphosphate

Cytosine
Cytidine Triphosphate s



A Nucleic Acid

3/24/2023

A

B>

U

g8

-

nanoMachines 4

2 Hydrogen
Bonds

“Complementary
Base Pair”

50



U

‘?&Nucleotides

(RNA
only)

Uracil

UTP

Uridine Triphosphate

-

> (DNA
Adenosine Triphosphate . only)
. Thymine

Thymidine Triphosphate

9 Cytosine

Guanosine Triphosphate . :
3/24/2023 nanoMachines 4 Cytldme Trlphosphate 51

Guanine



Another Nucleic Acid

3 Hydrogen
Bonds

3/24/2023 nanoMachines 4

“Complementary
Base Pair”

CTP

52



Joining 2 Nucleotides
with a
Phosphodiester Bond

3/24/2023

nanoMachines 4
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Joining 2 Nucleotides
with a
Phosphodiester Bond

Polymerization

Note:
3’ end of the
first nucleotide
attaches to 5’ end
of the other

Dehydration
Reaction

3/24/2023

nanoMachines 4
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Nucleotide
Polymerization

Single Strand
of RNA or DNA

Phosphodiester
Bonds

3/24/2023

nanoMachines 4
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Nucleotide
Polymerization

Single Strand
of RNA or DNA

5)

3)

ﬂ@eafl

FEE

3)

An Exact
Complementary
Strand will
spontaneously
find its position
and stick!

We now have
Double
Stranded DNA
or RNA




Nucleotide
Polymerization

Existing Strand
of RNA or DNA

Now add
Complementary
Bases one by one

3/24/2023

nanoMachines 4

Again,
Double Stranded
DNA or RNA

Anti-
Paralle|

59




Key to the | \‘N Photograph 51:
Discovery of the [ DNA (High Humidity)
Structure of DNA ‘
May 1952

Rosalind Franklin w
(1920-1958)

Diffracted

v s
don N

Setup at King’s College, Londoh




Rosalind Franklin -

(1920-1958)

Key to the
Discovery of the
Structure of 5%

Setup at King’s College, Londoh

e A
Do N

Photograph 51:
DNA (High Humidity)




3 S n‘
IZ7 el -y
”, ¢ .!4\% . \"/‘ -~

nhanoMachines 4

Discovery Science (2022)
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Similar punched cards were to be used by Charles Babbage and Ada Lovelace in
programming the mechanical Difference Engine computer...

- .-..,--_._.... — ) & ' - ! b..‘
o — Re=s s SO v o - [ X3
. W o dl /] - -

| 3/24/2023




The 20 Major a-Amino Acids

 Glycine Gly P Proline Pro
A Alanine Ala ¥V Valine Val
L Leucine Leu I Isoleucine lle
M Methionine Met C Cysteine Cys
F Phenylalanine Phe Y Tyrosine Tyr
W Tryptophan  Trp H Histidine His
K Lysine Lys R Arginine Arg
() Glutamine Gln N Asparagine  Asn
E Glutamic Acid Glu D Aspartic Acid Asp
5 Serine Ser T Threonine Thr
Non-polar Acidic
Polar . Basic
3/24/2023 hes 4

Glycine Alanine Valine Leucine Isoleucine
GLY-G et VALV LEU-L ILE-1
Methionine | Phenylalanine | Tryptophan :
MET-M PHE-F yEnp-vI\? Prg}_}ne
Serine | Threonine Cysteine Tyrosine | Asparagine | Glutamine
SER-S THR-T CYs-C TYR-Y ASN-N GLN-Q

artic Acid | Glutamic Acid

RE

Wikimedia Commons: Spaokobb




The “Universal” Amino Acid Codon Code Some Amino Acids coded in 2 to 6 different ways

1st 2nd base 3rd
base U = Uracil C = Cytosine A = Adenine G = Guanine base
UUU (Phe/F) ucu UAU _ UGU , U

0 UUC Phenylalanine ucc Ser/s) Seri UAC (Tyr/Y) Tyrosine UGC (9] G C
UUA \ UCA (Setr/3) Serine UAA UGA A
UuG UCG UAG UGG G
Cuu . CCU CAU CGU U

(Leu/L) Leucine >6H (His/H) Histidine
C cue cee (Pro/P) Proline CAC cac (Arg/R) Arginine ¢
CUA ?*OPT CCA — CAA (GIn/Q) Glutamine cGa '8 A
CUG ode J CcCG CAG CGG G
AUU ACU AAU . AGU . U
) (Asn/N) Asparagine (Ser/S) Serine
A AuUC/ (lle/1) lIsoleucine ACC The/T) Th _ AAC AGC E— C
AUY , ACA ( d ) reonine AAA (L /K) AGA (A /R) Areini A
S sin r rginine
(Met/M) Methionine} ACG AAG y Lysine AGG & Arsinine G
Guu " GCU GAU . . GGU U
(Asp/D) Aspartic acid
G euc (val/V) Valine oce (Ala/A) Alanine GAC eac (Gly/G) Glycine <
GUA - GCA - GAA . . GGA y wlycine A
(Glu/E) Glutamic acid
GUG GCG GAG GGG G

Amino-acid properties = Nonpelar Polar Basic Acidic



https://en.wikipedia.org/wiki/Phenylalanine
https://en.wikipedia.org/wiki/Serine
https://en.wikipedia.org/wiki/Tyrosine
https://en.wikipedia.org/wiki/Cysteine
https://en.wikipedia.org/wiki/Leucine
https://en.wikipedia.org/wiki/DNA_and_RNA_codon_tables#cite_note-historical-14
https://en.wikipedia.org/wiki/Tryptophan
https://en.wikipedia.org/wiki/Proline
https://en.wikipedia.org/wiki/Histidine
https://en.wikipedia.org/wiki/Arginine
https://en.wikipedia.org/wiki/Glutamine
https://en.wikipedia.org/wiki/Isoleucine
https://en.wikipedia.org/wiki/Threonine
https://en.wikipedia.org/wiki/Asparagine
https://en.wikipedia.org/wiki/Serine
https://en.wikipedia.org/wiki/Lysine
https://en.wikipedia.org/wiki/Arginine
https://en.wikipedia.org/wiki/Methionine
https://en.wikipedia.org/wiki/Valine
https://en.wikipedia.org/wiki/Alanine
https://en.wikipedia.org/wiki/Aspartic_acid
https://en.wikipedia.org/wiki/Glycine
https://en.wikipedia.org/wiki/Glutamic_acid
https://en.wikipedia.org/wiki/Amino_acids

3/24/2023

Questions?
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@ DNA Replication

o] res
=

A c)G A A,LLIJLG_Q

3/24/2023

yesia il B | 11
] Ll ll 1 [J I l“
ATaacaleralcaslecaleanlraclaal ULG_
| —
T [ I U
1] |
T 111 11
| l\;l ] |l 1l 1L L L Ll ‘
ATalcaleTalcasle A Al acleanlrralsc
| ——

nanoMachines 4

2
Identical
Copies

67



@® DNA Repllcatlon

Should be easy...

5’

3’

Start with double stranded DNA ....

3’

5’



3’

@® DNA Replication

[T e

Should be easy...

5 Zip it open with Helicase....

TTTTTTTTTTTTT I

d

@ Unzipper

5’




" 3 ,
W DNA_PO‘\/merase 5

@ Polymerizer

Should be easy... \
q

@® DNA Replication

[T e

1 T~ Two ldentical
5’

. AL d Copies of the
T IIT T TIT T1T | A 4 Double
3’

o Stranded DNA!

d

@ Unzipper A

Then add back the complementary & ‘ \
strands with Polymerases. €

)

“Hell.CaSeu ~

® Polymerizer -

3’
5’




Unzipper
Helicases are
completely different

in Bacteria vs.

Eukaryotes
(and Archaea)

* Hexamers

* Burn ATP

e Surround only
one DNA strand

3/24/2023

Top view (PDB 4R7Y) Side view

(Archaeal)

Eukaryotes Bacteria
— 3' 5 3 5'
Bacterial leading  lagging leading lagging

manoiviaCrimes &

O’Donnell & Li (Nature Struc Mol Biol Feb 2018) 71




Helicase Animations

Actual Helicases have
only one strand threaded
through

3/24/2023




Helicase Animations

RS DNA helicase |
3/24/2023 ATP & Helicase (Drew Berry WEHI-tv) — _, )



Powered by
ATP




. ogé 2SI,
Helicase steps are very small — ofgm ‘,,. 9k
% ® B e "u’ o
.; v ¢ “ .
0.34 nm per base. | SO %
8 g ) b
‘8. - Jf‘ 385 oy
TS = “ﬁ»@
Recent work suggests that LY i
. . . LBl . oa ~ ~ ,; .:'/
Eukaryotic Helicases are likely o o T %,
close to being.... | saand 4

Localized

&&= “Brownian Ratchets”

Sometimes observed to

=
@
S
=
T
e
S
3
S
S
o
0

take a step backwards

—_—— X
Flashing Ratchet 75




5’

. . n
@ DNA Replication \\DNA,P()\\/er‘GSZ
@ Polymerizer

™~

Should be easy...
/”" ————— ~\\\ \
-~ 5 1
// A \ 1»
5 44

\
\
1
/ ) = A
/

1
1
1
]
! o
i © Unzipper /' &

1 V4

1 n . V4

\‘\ HeI[CaSe " ,,,/
AN -~ 3 Polymerizer

~ -
~~——_——

’
3 76

nanoMachines 4 5’
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@ DNA Repllcatlon DNA polymerase PO poecnee

DNA-Polymerase  |“opeqepesest

- L, Extension
\/ Ee® H
+ Active sites are \ O Om® 3
| AN
conserved across al o EE:E:EMEEE pldelole
life forms
Extension
. With proofreading, WV &
W as ee@ee@e’
Error Rates as 10 CperCReROE R
1 per Billion bases e N R 2
» Proofreading
% o
5' \
_ A1 ACa < ACATe ACAT HCeRC 2
Primer removal . - Eg@gggﬁgggg o0 M, ]
N
E Coli DNA Polymerase S L
Extension
(PDB 101) v




DNA Polymerase'2010

Drew Berry

- o

i,

Single DNA &3 ~
) v

Strand Input 4‘0‘

»

Double DNA
Strand Output

DNA Polymerase



@® DNA Replication

DN A-Polymerase’
@ Polymerizer
\

Should be easy...

J
® -k
3’ » AT o
yd ‘
@ Unzipper v ‘¢

® Polymerizer




Supercoiling is a

result of Helicase

Untangler of Knots

Discovery Science (2022)




Untangler of Knots:
Topolsomerases

Discovery Science (2022)
3/24/2023
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[ S

sai .Q"
Untangler a@(ﬁ t&”t
TopolsomeraS&s ‘t %

Movie

y

Discovery Science (2022)
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Untangler of Kno
Topolsomerases

Movie

r r

Discovery Science (2022)
3/24/2023 -



5’

@ Polymerizer

Maybe not so
easy... ™~
"Topo-
po- N
Isomerase -
\ 1/\'
s > AL
Ny
A A A
3’ ' 0 e —— A2
v !
® Unzipper N :‘ Oops! Nature Forgot
" : ' to Build this Machine
Hellcaseu \ -
® Polymerizer age/},g ]
*~-.~-~..... ‘5}5:39727' ’:3’

3/24/2023
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5’

@ DNA Replication “DNA-P0|\/m€mS€

[T e

@ Polymerizer @

™~

easy...

5’

A
TN “ AT

3 Okazaki
® Unzipper fragment Rube Goldberg solution is
" y to use regular 3’-5" DNA
HeIiCGSe " Polymerase backwards in
short Okazaki fragments.

: { :
® Polymerizer age/},g
St
/'e’)d




Mechanism of Replication

(DNA Learning Center)
Lagging Strand ‘\h‘

Doubled
N "y
Repli \8 1
eplisome ,
(
2"4 DNA Okazaki '
Polymerase \N _ Fragment
Original S (Lariat) »
DNA
".'.,’) -
Helicase
Leading Strand
d K DNA Polymerase Leading Strand .
[ | - [ | al Doubled Xact COpy Of
: - : ﬁ www.dnalc.org % (Daughter DNA)  ©riginal DNA
[ [ o

3/24/2023 nanoMachines 4 87



Mechanism of Replication
(DNA Learning Center)

Replisome ‘{f

\ Py

.
» »

' ,"’.",,", §

“Intricate as this mechanism appears,

numerous components have been
deliberately left out to avoid

complete confusion.” ®

g www.dnalc.org

-
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Questions?
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Central Dogma

Replication: Duplicating DNA when cells divide.

DNA EERBENE ‘D\

I I | Y [

l,k TeacesTAcAGccacanTacleanTTelscaTTTAAGGECGAAANGETIG6AEGAGGECECTCATAR

TEETLT TS CET LN W
| | | |

Transcription @ Transcription: Copying one Gene in a strand of DNA to messenger RNA

mRNA AUGACGGUACAGCCGCAAUACGAAUUGGCGUUUAAGGCGAAAGCUGGAACCGGGCGCUCAUAA
STOP
Translation
Protein 00009000 0039 09 00 00 9 0
Met Thr Asp GIn Pro GIn Tyr Glu Leu Ala Phe Lys Aa Lys Ala Gly Thr Gly Arg Ser
90

3/24/2023 nanoMachines4 National Human Genome Research Institute (2022)




® RNA Transcription

Building Messenger RNA (mRNA)

Polymerase
----------------- movement
f

c I- .h ,&'
n ~- -
' g —

Rewinding strand

of DNA

Unwinding
of DNA

N L4 l N LA N 4 ) [ R i A4 A | L, |
R s ‘ \.\, ! b\ Y ML 2N [ 1 BT ! l N ‘
, DA P WY \ D | B 4 QP Nl
~ [ " < !

3'

Nucleotide being added
to the 3’ end of the RNA

RNA ‘
S'NTTTTTTTIT 0]

RNA-DNA
hybrid region

© 2012 Pearson Education, Inc Quizlet: Pearson Education (2012)

3/24/2023 91



. “'
N " ‘3
A i
oy § RNA
- ;' ¥ ~ 60 Bases/sec
* e i
e
w

5 g
-
.
s >
’ 9,; .Q
TR e
. ’,’ .

Human RNA Polymerase

Yeast RNA Polymerase
(Wikipedia)




-
wehi.tve . ’ w4
DrewBerry “
“ v L ¢ :
Gene . 4 o
Transcription - ' ;
’
RNA Polymerase v\
.‘
from:
DNA Animation -
(2002-2014) : 3 e
Drew Berry
“ - _

. o RNA : . .

[ | [ | ‘ oo -

0 - 0 Polymerase

[ | [ |

Il i

[ | [ | i

[ | [ | . .

3/24/2023 ." “ g -



® RNA Transcription

Introns

DNA <€ Gene

mRNA 5’ mmm
Cap

3/24/2023 nanoMachines 4 94



® RNA Transcription

€

Introns

DNA

Gene

MmRNA E;’ L ey
Cap Tail
Non-Coding Region Non-Coding Region
DNA p A \ —

LLLLLLLLLEELEEEEELEEEELEEEEEEEELEEELLELELLELLELEEEELEEEEERERERELEE
T e e e e R e e e na|

Bacteriy-

1 Gene 1 Protem
3'

[

MmRNA ES’ \""H"IHH""H""HI"HH""H""H"""H""H""H"""H"

<— edited out —>

Cap

Edited mRNA

3/24/2023
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<

Yeast Spliceosome
(at a particular stage)

Protein subunits OO
O®
RNA structural

subunits O O
Intron to QQO

be excised

MRNA
Intron

3/24/2023 “Lariat” LdNC. AL nes 4
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Central Dogma

Replication: Duplicating DNA when cells divide.

DNA I I I | I | I | I “ k Vl

AtcaceleTalcaslccalcanltracleanlivelecealrv1laaslecaslannleclesalssaleesles c T C AT A

Transcription Transcription: Copying one Gene in a strand of DNA to messenger RNA

mRNA

AUGACGGUACAGCCGCAAUACGAAUUGGCGUUUAAGGCGAAAGCUGGAACCGGGCGCUCAUAA
STOP

et aton @ Translation: using the mRNA to manufacture a Protein in a Ribosome

Protein — ,—0—@—@— —0—@— ) —&—3— —@— —80—80—0—80—_.—J

Met Thr Asp GIn Pro GIn Tyr Glu Leu Ala Phe Lys Aa Lys Ala Gly Thr Gly Arg Ser

97

3/24/2023 nanoMachines4 National Human Genome Research Institute (2022)




Ribosome:
Building a
Protein

growing peptide chain

AeU

Aspartic Acid Cea
(GAU)

Amino Acid Carrier with

tRNA

tRNA

UUUICUA

4~ matching Code at bottom

One
Codon

| —

<:| UGG'AAAUGGAAA'GAUUUC'AAAUGGUUC'AAA

5;_1 messenger RNA
ribosom J

Peptide.Synthesis



Ribosome: AeU

Building a growing peptide chain CeG
Protein
N incoming tRNA
'L?‘\\\ ?\&p bound to amino acid
outgoing
empty tRNA\ , C C
tRNA || tRNA
\ U U UIC U A)

| | |
<:| UGG:AAA:UGGAAA'GAUUUC'AAAUGGUUC'AAA
I -

5;_1 messenger RNA
ribosom J

Peptide.Synthesis




A Simplified

()
-
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@)
=
9
>
| -
Q
>
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ite

anol\/lachiness




Ribosome:

Building a growing peptide chain
Protein
N incoming tRNA
alN .
i t?\&p bound to amino acid
outgoing
empty tRNA\ \ C C

tRNA | tRNA
\ UUUlC UA

| | | | | | | |
<:| UGGIAAAUGGAAAGAUUUCAAAUGGUUCAANA
' ’ ' messenger RNA

ribosome

Peptide.Synthesis



Ribosome:
Building a ;

Protein Methionine

~

“}L

tRNA

growing peptide chain

incoming tRNA

b dt id
. ‘?\\\\p ound to amino aci
outgoing

ampty tRNA

UGC

uiviy

UGGAAAUGGAAAGAUUUCAAAUGGUUCAAA

messenger RNA
ri bosome

W—I

Peptlde Synthesis
Wikipedia
3/24/2023 nanoMachines 4 103



Ribosome:
Building a
Protein

Methionine

tRNA

growing peptide chain

incoming tRNA

outgoing
ampty tRNA

UGC

uiviy

UGGAAAUGGAAAGAUUUCAAAUGGUUCAAA

messenger RNA
ribosome

W—I

Peptide Synthesis
Wikipedia
3/24/2023 nanoMachines 4 104



RibOsome: Methionine
Building a

Protein @

Methionine
(amino acid) \/

_— ATP

tRNA for methionine\/

tRNA Charging
Machines

growing peptide chain

outgoing
ampty tRNA
tRNA jj tRNA
‘U U U‘C U Ah

ribosome

messenger RNA

Charged

Khan Academy tRNA-Met

Peptide Synthesis
3/24/2023 nanoMachines 4 105



Ribosome:
Building a

Protein @

growing peptide chain

outgoing

ampty tRNA ‘
tRNA jj tRNA
‘U U U‘C U Ah

Methionine

ribosome

Peptide Synthesis
3/24/2023

messenger RNA

Example: Serine AGU 2 codes
AGC

AHU
CHG

Nature’s
Hack

tRNA

“Wobble”
ENE

Using special

u\\obble” bases,

some tRNA's can ~ , \ , \ ’
cover several

codons for J\f\f\

same Amino

Acid AGU mMRNA
I AVAVA,

106



P@oosome% 3’
(LabExchange 2022) .

UAA, UAG [, 5’ AUg
or UGA o

More than one
Ribosome may be
assembled on the
same mRNA strand

(PolyRibosome)

llll.§ll
IUII




Y o) % 3’ S E
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Ribosome constructed of 2 Subunits: Large and Small

Large subunit

* Proteins
 rRNA’s O

Thermus thermophilus
Wikipedia
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Ribosome “Innards” in Action
Thermus thermophilus Bacterium

¢ ~ Emerging
® Protein
Product

Large
Subunit
tRNA
in Exit site
tRNA
in P site G
Small Elongation
Subunit Factor

(Protein)
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Melecular Biology: Principles of Genome Function
Oxford U Press, Animation 8: Translation (2014)
(Animated by Connor Hendrich)

A more up-to-date
story of the
Ribosome
ca 2014




Questions?
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