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Agenda heute

1. Cellular respiration — Oxidation and reduction-systems (Repetition of lecture)
1. Glycolysis and gluconeogenesis
2. Citrate cycle
3. Respiratory chain/ oxidative phosphorylation

2. Proteinbiosynthesis — Exercise 4
1.  Recap proteins, DNA & RNA
2. Transcription
3. Translation
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Cell respiration
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Cell respiration

Uptake of macromolecules that need to be catabolised in order to generate
energy and building blocks for new substrates.

Macromolecules - carbohydrates, lipids, proteins — are taken up by eating
or drinking them. They are broken down into smaller building blocks in
different ways.

Glycolysis is one of the most important reactions since it generates the
reactants for the citrate cycle, which in turn is essential for the respiratory
chain. The respiratory chain generates the most energy in the cell and is thus
needed for survival.

When catabolised, macromolecules generate building blocks and energy.
Depending on the type of macromolecule that is broken down, the amount of
energy differs. The energy is generated during the single steps of metabolism,

When metabolising a molecule of glucose, the following reactions take place:
— Gilycolysis

— Citrat cycle

— Respiratory chain

Florence Marti & Valentin Baumann

CeH1206 =
Glucose (CH;0)s
U C;H,0; =
Pyruvat | (CH,;0),
C,H,OSCoA
A [-CoA 273
cetyl-Co +CO,

Oxalacetat

>2 Cco,
NADH, FADH,

e

Citrat

ww

e

ADP+ Pi> y 2 [H]+ %0,
Atmungskette‘
ATP H,0

23.03.22



Glycolysis (and gluconeogenesis) simple

Glucose

GLYCOLYSIS t GLUCONEOGENESIS

 Fructose 6-phosphate |

F-2,6-BP (+
AMP (+ (=) F-2.6-BP
— | Phosphofructo- i
ATP 3,‘_;‘ kinase —) AMP
Citrate () +) Citrate
H* (&)
> Fructose 1,6-bisphosphate |
Several steps
- Phosphoenolpyruvate
’ ' (-) ADP
F-1,6-BP (-
ATP - Oxaloacetate
Alanine ()
—f wate | e
(R / (+) Acetyl CoA

(=) ADP
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Glycolysis (and gluconeogenesis) advanced

Stage 1 (IIHZOH
0
Glucose OH
/L% OH
ATP HO
" OH
iexokinase 2
e C|H20P03
—0_
Glucose 6-phosphate OH N
HO ‘ OH
Phosphoglucose
omerase OH
2-03POH,C % CH,0H
Fructose 6-phosphate HO
ATP OH
Phosphofructokinase HO
ADP 2-03POH, o CHy0PO32-
Fructose 1,6-bisphosphate HO
OH
OH
Aldolase H o
Triose pk \Cé
Dihydroxyacetone EoineIees Glyceraldehyde |
phosphate 3-phosphate HfT*OH
/CH20H CH,0P032-
0—C
'CH,0PO32-

In the first stage of glycolysis, 2 ATP molecules
are used and Glyeraldehyde-3-phosphate is

generated
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Stage 2 Glyceraldehyde Pi, NAD"
ph te
dehydrogenase NADH 2_03P0\c"0
1,3-Bisphosphoglycerate H (‘: OH
ADP
Phosphoglycerate CH20P032'
kinase 0.- .0
ATP c‘
3-Phosphoglycerate H-—C—OH
Phosphoglycerate CH,0P032-
mutase O:\_ 0
2x C
2-Phosphoglycerate H—C—OPO-
CH,OH
Enolase H,0 0
~ ¢ opos2-
0=C 3
Phosphoenolpyruvate (“]
ADP
TN
Pyruvate kinase H H
ATP ([J
ZGN (o]
Pyruvate 0~ \(‘:y
CHgz

In the second stage of glycolysis, 4 ATP are
generated and 2 pyruvate molecules are generated.
ATP is generated via substrate level
phosphorylation. This differs from the ATP
generation of the respiratory chain.

Additionally, 2 NADH are generated, these will later
be used in the respiratory chain.

The pyruvate generated will be used in the citrate
cycle.
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Citrate cycle simple

* Pyruvate that was generated during the glycolysis is
converted into Acetyl-CoA.

[ Acetyl CoA j « Acetyl-CoA then enters the citrate cylcle which
generates

- 2 CO,

— 8e

— ATP

2 CO,
ATP

e
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Citrate cycle simple

» The citrate cycle is a sequence of 9 reactions, during

C which all C atoms of the original glucose molecule are
| 2 completely oxidised.
(Oxa oacetate)c }ﬂ C « The energy that is generated is stored in the form of
4 6 NADH and FADH.,.
NADH NADH
co,

FADH, Cs

NADH

AIP
Cy Cco,
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Citrate cycle advanced

CoOo-
o} T
172 R
H;00% oL C?A Hy
HsC CoA | -00C—C—OH___
PP s — coo-
~ Citrat CH
/ Citrate = \
o z C00~  synthase ¢oo H—C—OH
Citrate S
CH, CH,
- +
NADH + H* o oo /NAD
\. / Oxaloacetate Isocitrate \.
/,/.:M‘ de ‘:“7'"7"1"""7”'"\\-\\-«-r\;\DH + CO
NAD*— \ 2
/ -00C 0
Co0- C
HO—C—H CH;
CH; CH;
COO- Ccoo
Malate «-Ketoglutarate
I"\ Ketoglutarate v/’ -~ NAD+ + CoA
/ CoA—S 0 \\
H,0 W COO- C NADH + €O,
C CH
-0ocH Succinate s RAcCH O "
dehvdrogenase ™ synthetase
Fumarate \ & 5 €00
a3 — 2 P .  Succinyl CoA
\\\ — e ,/fmp P FIGURE 17
FADH, \ CH, { i ;
S ATP Notice that
CO0~  + Coa molecule, tl
Succinate the acetyl u
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The name of the intermediate products are black and the
enzymes are blue.

One of the most important things to remember about the
citrate cycle is that the first product, citrate, is generated from
Acetyl CoA and Oxaloacetate. The latter however is the final
product of the citrate cycle, and is therefore always
repurposed.

Per cycle, 3 NADH and 1 FADH, are generated.
Since one molecule of glucose generates 2 pyruvate
molecules, a total of 6 NADH and 2 FADH, are generated per

glucose molecule.

The rest of the energy is stored in form of high-enery
electrons, which will be needed in the respiratory chain.
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Byproducts of the citrate cycle

* The citrate cycle not only generates ATP, NADH

Gl . .
-l and FADH,, but also many amino acids and
. N fatty acids as well as the building blocks for
purines, : Acetyl CoA DNA
pyrimidines / \ ]
Oxaloacetate \
Aspartate 4 . Citrate
F ids,
f ~> " terols
%
|3 / Purines
Succinyl a-Ketoglutarate 1
CoA T ‘ 5t
er
; Porphyrins, &~ Ghitamate amino acids
eme, chlorophyll o
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Respiratory chain simple

ETHzurich

Matrix

Intermembrane
space
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~

\\

B4R

Electron-transport chain

H,0

Proton-motive
force
H+

=

(‘ADP +P;

ATP

In the respiratory chain, the NAHD, FADH,
are used to power the proton pumps across
the membrane.

The end-goal is to have a structure with a
lower energy than NADH, so that H,O can
be produced safely.

The protons that are pumped across the
membrane into the intermembrane space
are then used to power the ATPase, where
ATP’s are generated.
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Respiratory chain advanced

4H* 2H* 2H! B P 22/;H"  Intermembranraum
\ A A
» e F&S
G
s
| Fe [
FeS
# FeS T S TRCRESRE
Bres | 4 L ]
"‘ Fe’;es FeS I", \ J‘;‘I 2 2/ 3 H*
EMN/ZZ> NAD* + 2H* \ B 1
k"x,_» -_-J‘Jl & B
NADH + H* _
4H* Succinat Fumarat 2HY 2H°
ADP + P, ATP + H,0 Matrix
| Il 1l v v

« There are five complexes that are part of the respiratory chain. The first three pump protons into the intermembrane
space, the second converts succinate into fumarate. The fourth complex generates H,0.

The fifth complex generates ATP by using the electrochemical proton gradient to generate mechanical energy, which
in turn generates ATP (chemical energy)
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«Everything» put together:

* When catabolised, macromolecules generate building blocks and energy. Depending on the type of macromolecule that is broken
down, the amount of energy differs. The energy is generated during the single steps of metabolism,

*  When metabolising a molecule of glucose, the following reactions take place:

—  Glycolysis CoH,,0s + 2 NAD* + 2 ADP + 2 P, - 2 C3H,0 + 2 NADH, + 2 ATP + 2 H,0
— Citrat cycle 2 C3H,0 + 8 NAD* + 2 FAD + 2 ADP + 2 P, + 4 H,0 —> 6 CO, + 8 NADH, + 2 FADH, + 2 ATP
— Respiratory chain 60, + 10 NADH, + 2 FADH, + 34 ADP + 34 P, - 46 H,0 + 10 NAD* + 2 FAD + 34 ATP

The final fomula is therefore:  C,H,,04 + 38 ADP + 38 P, + 60, - 6 CO, + 6H,0 + 38 ATP + 38 H,0

Electrons " _|Electrons carried | -
carried P via NADH and
via NADH FADH, w
Oxidative
Glycolysis :%';;?;z phosphorylation: !
‘ electron transport | | |
Glucose > Pyruvate [ >Acetyl CoA and N/
\ chemiosmosis

Substrate-level Substrate-level Oxidative
phosphorylation phosphorylation phosphorylation

E'HZUI’IC/') Florence Marti & Valentin Baumann 23.03.22



Protein Biosynthesis



Protein Biosynthesis — Protein recap

1. Primary Structure: sequence of amino acids

H O H O H O H O H
C—C N—{—( N—C—C N—{—( N—C
R, H F;; H R, H R, H R
Amino-terminal o » » Cétl)()xyl—terrllil1al
residue residue

2. Secondary Structure: Alpha-helices & Beta-structures
3. Tertiary Structure: 3D folding of the amino acid sequence

4. (Quaternary Structures: Several protein domains with seperate amino acid chains, interact to make
up the whole funcitonal protein)
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Protein Biosynthesis — ,Instruction manual® for proteins

—> Primary Structure encoded in genome/DNA

e Bases:A,C,G, T

« DNA sequence, which encodes for a funcitonal protein is a
gene

» The gene encodes the order of amino acids in the peptide
chain of a protein

- (messenger)RNA used as an intermediary structure during
Protein-Biosynthesis (Bases: A, C, G, U; only one strand)
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Protein Biosynthesis — Central Dogma

5' E 3
ONA 3 AICAA. GT cler AIGAA 5
TRANSCRIPTION
RNA 5 (U
TRANSLATION
Protein . [ ERIRITREIET] o
[ oo Ribosom
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Protein Biosynthesis — Transkription (DNA -> RNA)

* RNA-Polymerase reads DNA (from 3'- DNA | LA T1GT 1 F AT{C A G’ ﬂc 1T 4
5%), producing an mRNA (from 5’-3’) 3 AAAICAAITTAIGTCIGTAIGAA 5
 DNA strand read by polymerase is TRANS@'W'ON
called the template/non-coding strand
« mRNA is complementary to it (A&T, RNA 5 [JUUUJGUUJAAU|CAG|CAU|CU U] 3’
C&G)

* Other DNA strand is called the coding
strand

« mRNA has same base sequence I'GA

apart from T being replaced with a JALLOCLRAGYLUOULOT

U

3

(;1 TGCCTAGTCGGCGTTCGCCTTAATT

l llllllJlllJll JLllllJLlll

5 K}
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Transcription — Polymerase & Promoters

RNA polymerase (core enzyme)

 RNA Polymerase responsible for reading the template strand
3’-5" and producing the mRNA strand 5’-3" according to base
pair principles

Sigma Transcription

« Promoter sequences:

« Upstream of 5’ end of a gene (regarding coding strand)
« TATA-Box with TATAAT sequence -> recognised by
sigma factor )

/ \ start
/ / | \
T Dl
£ /

CTGRETGAGKATTAATCATC GAACTAG TABGTAGTAC G CRAG

i, ;
| \
| \
\
“ mRNA

\

 [|nitiation process:

1.
i i ; e ATAACCATGTGTATTAGAGTTAGAAAACA
- Sigma factor is only responsible for recognition of the 1 ?éé%ﬁ;ﬂfﬁoeCCTTTTGCTGTAT%‘WC —
start site for transcription on the DNA (promoter ¢ TTTENGAGHTGTGTATAACCCCTCATTGTGATCCCAGOTT
5, TAGWH@&EGAACTCGCATGTCTCCAI’KGNM?GCGCGCT&CT
Sequence) 6. TTCW@WKCCTTTTCGGCATCGCCCT‘KWAMTCGGCGTC
« Sigma factor dissociates after a certain transcribed 35 sequence Pribriow box
sequence Consensus  ITHGIATCIA TATAAT -

Promoter sequence /
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Transcription — Terminators

« Terminator sequences:
« Downstream of the 3’ end of a gene (regarding

the coding strand)
» Responsible for the stop of transcription (marks

end of pre-mRNA)

» Termination process:

« At termination site there is DNA with inverted
repeats = synthesised mRNA can form
secondary structures called stem-loops

« Stem-loop structures cause RNA-polymerase to
slow down and eventually cease transcription

* Polymerase dissociates from the DNA

ETHzurich
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TGCGIGGTCGACTG|CCGAT|CAGTCGACC|T 7T T DNAwWIt

ACGC|CCAGCTGAC|GGCTA|GTCAGCTGGIAAAA "orted

repeats
Transcription of
one strand

UGCGIGGUCGACUG|ICCGAU|ICAGUCGACC|UUUU RNA

Fold to form
secondary structure

UGCG uuuu
GIC
A

LCJ |G Stem-loop in RNA

(0]

GiC immediately upstream
A l U from a run of uracils
cle leads to termination
UIA of transcription
G,C

C V)

CN—A

G
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Protein Biosynthesis — Translation (RNA -> Polypeptide chain)

* Ribosome reads mRNA from 5’-3’ RNA UUU|JGUUJAAU|CAG|CAU|CUU 3
(same direction the mRNA is
synthesised) -
TRANSLATION
» Polypeptide chain produced from N- v
terminus to the C-terminus accordingto Protein  y.n| phe | val | Asn | Gin | His | Leu |
genetic code
 Translation can be subdivided into o _
three stages: Ribosom
* Initiation , 0] Q/S;ﬂ&»
. i p/ (o~ - ° s
Elongatlgn i ) (~ o v {00
« Termination B : = h ) h
« Amino acids are "supplied” to the A\ < y =) F ) :
ribosome by transporter RNAs (tRNAs)
ETH:zurich Florence Marti & Valentin Baumann 23.03.22 21



Translation — Genetic Code/ Code Sun

« J3/Triplett of bases of MRNA (= Codon) encodes
for an amino acid or represents a stop signal

» Genetic code is:
 Redundant - multiple codons encode the
same amino acid (43 = 64 codons vs. 20
amino acids)
« Universal - the genetic code is identical
across all species

« Start Codon = Methionin (M)

« Every amino acid has a letter assigned for a more
convenient way to write amino acid sequences
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Translation — Ribosomes & important codons

Prokaryotic Ribosome Eukaryotic Ribosome

Ribosome (prokaryotes) 70S

- 508 subunit (big subunit) c0s 10> 80S
« 5S rRNA, 23S rRNA & 34 proteins subunit 605
 30S subunit (small subunit) subunit f4S
« 16S rRNA & 21 proteins S RNA ot
30S 16S RNA 408
30S subunit of Ribosome recognises and binds so subunit 68 subunit

called Shine-Dalgarno-Sequence (AGGAG)
After a few bases the start codon (AUG) follows

- |nitiation of translation

» Untranslated regions of mMRNA at 5’ and 3’

« At the end of translation, ribosome dissociates due end are of no importance regarding
to recognition of a stop codon (UAA, UAG or UGA) translation
UAA
5° untranslated leader- AGGAG - (7-9 bp) - AUG - (AS-Codons fur das Protein) - UAG - 3° untranslated leader
UGA
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Translation — tRNA

 tRNA - mediator between mRNA and ribosome

» tRNA has cloverleaf form due to secondary

structures formed by inverse repeats

« tRNAs has to key aspects:

* tRNA-Anticodon at the anticodon stem
« 3 bases complementary to a certain codon
on the mRNA - responsible for tRNA
binding on the mMRNA within the ribosome

» Bound amino acid at the acceptor end/stem
* Amino acid corresponds to tRNA anticodon

E'HZUI‘IC/’) Florence Marti & Valentin Baumann

)
3'0OH und .
Carboxyl derAS | s,
Acceptor
end 2 !
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a g c/ stem
T X N D loop
C b - = G
mA CACAG U
G e e e AmGCUCA D
GUGUmMC ERU
Ry c CGAG, 8
U U GA mG G
TYC loop mG g -0
8 ! g-———-Anﬁcodon
mC- G stem

¥ A
A mC

Anticodon
/
mRNA 3’

A AmG
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Translation — Initiation

* [nitiation complex
« mRNA
» 30S subunit of ribosome (bound to
Shine-Dalgarno-Sequence of mRNA)
* Methionin-tRNA (bound to start codon
of MRNA)

» 50S subunit binds the initiation complex and
initiation is complete

* At the end of initiation, Methionin-tRNA is
bound to its codon on the mRNA within the
P-site of the ribosome

ETHzurich
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E-site — P-site A-site

—— 508 subunit
= 30S subunit

Esite P
e k7 INITI
(a) : 4 ATION
: | iRNA
| :z AC Messenger RNA
0 “
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Translation — Elongation (tRNA binding sites)

E-site - 1 P-site — - A-site
| / — 508 subunit
« At Acceptor site (A-site) a new incoming, j B 105 < bunit
corresponding tRNA binds the codon presented at "l' \' ': \'
the A-site \ o i

« At Peptide site (P-site) the growing peptide chain is | . '
transferred on top of amino acid bound to incoming E-site ~P-site ~A-site
tRNA in A site
T
Vet

« At Exit site (E-site) “empty” tRNAs are dissociated
form the ribosome and can be reloaded with the

corresponding amino acid to join the loaded tRNA (@) '3—,1’&:3 O% INITIATION
tR

pool within the cytosol

o Qe /»MessengerRNA
G

1 I 1
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Translation — Elongation
* Elongation consists of 4 sub-processes

1
New tRNA is bound at A-site (here loaded
with Asparagin, because of GAU codon)
* Previous tRNA still loaded with
amino acid is boudn in P-site

2
Simultaneously there is:

« formation of a peptide bond
between both amino acids

* break of the ester bond between
the amino acid and tRNA in P-site

—> First amino acid gets transferred

onto the amino acid and tRNA in A-site

ETHzurich
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Bindung _
geIOSt %llta %LEQ Peptide bond

_— A-site

ELONGATION

Binding of charged
tRNA

9616@9@99.4

>mc
L | ||)>
r-G)iHO

i)

Neue Bindung

>

Peptide bond »

formation

lllllllllllllllllll
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Translation — Elongation

Cr el
3 . . E-site —_ \Asp
Ribosome shifts by one codon towards the 3’ end of the D{tﬁ %E:’ &
C

MRNA (translocation)

* Now empty tRNA previously in P-site now in E- AR
site L AUBGAUAGGGCG

« tRNA carrying the whole peptide chain
previously in A-site now in P-site
The empty tRNA in E-site dissociates from the mRNA
and ribosome

;
Acceptor site now free again for the next amino acid Aa
loaded tRNA to bind (here Arginin) D%f" @ %
WV U
e
&

. . . > &
- Steps 1-3 repeated until a stop codon is located in SNIEE citg czll%:a |
. . . . elease of Process continues
the A-site - triggers termination process discharged ™. | untilastop codon
tRNA AU C C is reached

1 1 1 1 T P 1 1 1 1 1 Ay § 1 1 L 1 aReN]
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Translation — Termination & Overview

Translation is terminated
» As soon as a stop-codon is located in the A-site of the ribosome (UAA, UAG, UGA)
* Normally no tRNAs for the stop codons - ribosome pauses

» Finished peptide chain is cleaved from the last tRNA located in P-site

* Ribosome dissociates into its subunits freeing up mMRNA

. : MRNA
 In bacteria Translation starts before
transcription is finished ‘( B
« Multiple ribosomes travel along the still — i —
growing mRNA synthesising new L Bolibosoiie

polypeptide chains (Polyribosome) DNA
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tRNA, rRNA, mRNA

Grosse Funktion

tRNA 80-95 Nukleotide Ubertragung von
Aminosauren zum
Proteinsyntheseapparat

rRNA drei Arten aus etwa Struktur- und Funktions-
120, 1540 bzw. Elemente von
2900 Nukleotiden Ribosomen

MRNA sehr verschieden (von die Boten-(messenger)-
einigen hundert bis zu RNAs enthalten Abschrif-
mehreren tausend ten der Gene und
Nukleotiden) programmieren den

Proteinsynthese-Apparat
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