Nucleic Acids
A. Replication

Lecture 26 (11/18/20)

TODAY
*Reading: ~ Ch27; 1088-1091, 1096-1108

*Problems: Ch27 (text); 5,8,10,11,13,16,17
iii. Nucleotide excision

Ch25 (study-guide: applying); 2,3 3. Sequence determination
Ch25 (study-guide: facts); 4,6 4. PCR
B. Transcription

1. Overview-mRNA

2. Process

3. RNA polymerase

a. Similarities to DNA polymerase
b. Differences from DNA polymerase

4. Fidelity
C. Genetic Code
1. Triplet
2. deciphering
D. Translation
1. tBNA charging; Synthetases, Mechanism,

END or Exam-4 MATERIAL

NEXT (Lipids):

*Reading:  Ch10; 361-368, 370, 372, 376 Fidelity )
2. Protein Biosynthesis
a. Ribosome
*Problems: Ch10 (text); 1,3,4,8,10,14,16 b. gverview&prgvce_sgl o of AG
Ch10 (study-guide: applying); 1,3,4 G Eioceeseriov:Seecten
Ch10 (study-guide: facts);1-5,6-8 i Decoding _ _
Chi1 (study-guide: facts); 8 ::| ;I;;e:]r;slgsgttif:tlon (peptide bond formatig

e. Fidelity; two steps

Translation: tRNA

2 step reaction: Aminoacylation: 2 steps tRNA

1) A.A.+ATP > AA-AMP + PP; |

2) AA-AMP +tRNA > AA-tRNA + AMP ?

(AA-tRNA is shown at right = “charged” tRNA) 0=P—0—CH; o

Adenine
L . o H H
Again, just like with DNA and RNA synthesis, subsequent H ) H
hydrolysis of pyrophosphate provides driving force for reaction 30 02H
H O
R—C—C—0~ + ATP é=0
NHJ |
Amino acid 1. The amino acid reacts with ATP to H—C—R
form an aminoacyl -adenylate |
PP i 1-AMP). The sub: NH3+
25 ° hydrolysis of the PP, product makes o
this step irreversible in vivo. e
R—C—C—0—P—0—Ribose-Adenine Amlnou‘yl 'R"A
NH3 o First % reaction is sequential random bi uni
Aminoacyl-adenylate
(aminoacyl-AMP)
tRNA 2. The amino acid, which has been AA-tRNA
i‘ P “activated” by its adenylation,
reacts with tRNA to form an
H O aminoacy!-tRNA and AMP. A.A. ATP PP, tRNA AMP
R—C—C—0—tRNA
NH3 E EeATPeAA. IE-AMP-A.A. l ] £

Aminoacyl-tRNA EeAMP-A.A.*PP;

I *
ATP A.A.
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oTransIation: tRNA

[Gin 195\ Ee AMP-Tvr
c. y
L S
o H W [ His a8 This bi-pyrimidal shape
' NH o
H O o has 180° angle
" . = between axial oxygens,
VRIS 7 s Bt TR H which were 109.5° in
N H CH, 1 0
€00~
0 -
A
coo- 0
o N
[Asp 176] [Gly 36] asp78y o ﬁﬁ¥a\fQIf}
OyH o / N
S oti"”"N HyH o HC{
. "Tyr 169 0 )
Condensation of two o N hest
acids = anhydride qof i tes ) Cvs 38
(mixed) /a W _<ﬁ -
Asp 176" ,,>’* -

Translation: tRNA

S e
‘\Anncodon
How do they ensure the
correct amino acid is
attached to the correct
tRNA?

Anticodon
loop

Some amino acids are different enough, e.g., Phe versus Tyr
(H-bonds from D176 & Y34 to phenolic oxygen account for 150,000 fold stronger binding)
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E

Synthetase specific
for isoleucine

Valine
+ ATP
Mistaken

activation
PP, e/J

Valine—AMP—E"

Hzo\
v

Valine + AMP + E

tRNA Error correction
by hydrolysis

Translation: tRNA

The extra methylene only gets E'®
200-fold stronger binding to lle
versus Val.

H,N” ~COOH H,N” ~COOH

And [Val] is 5x higher than [lle].
Valine (Val, V)  This cuts the effective driving
force to only 40-fold = 2.5% error
rate.

Isoleucine (lle, 1)

The editing site comes to the
rescue!

When tRNA/® binds, the Val-AMP
is forced into the hydrolysis site.
lle-AMP is too large to fit.
Decreases the error rate to
0.0003.

{tRNA [tRNAT
s 3

Cc=0 Val-tRNA

Isoleucine Valine

1
*H;N—C—H *H;N—C—
H—C—CH; H—
/ N\ \CH,
IIetRNA™ CH, \ CH,
1 CHy X ]
\ - \.‘_«/ Isoleucine-tRNA
Ksidier Hydrolytic is 100 big to fit
Y site into the hydrolytic
site Too small for lle site.
Correct Incorrect

Tra

val w
E

Synthetase specific
for valine

threonine

+ ATP\
Mistaken
activation

PP; <-/

N

threonine— AMP— EVE’lI

RNAVE

threonine4+ AMP + Eval

Error correction
by hydrolysis

nslation: tRNA

lydroxyl group /\

here methyl

Valine Threonine

Hydrophobic Hydrophilic Hydrophobic Hydrophilic

Hydrogen-bond Hiodrogentood
donor/acceptor e

donor/acceptor

C| o] Hydrolytic Site?
H 4 QC, Too polar for Val A\ 4 Q‘
¥ valine N\ ‘/C NH,
OH HO 07\ threonine
Acylation Site
A O (rNA) o i
(RNA)© A Hydrolysis

Proposed for the pr of the misacylati

Correct of tRNAY* with threonine. The valyl tRNA synthetase s Incorrect

thought to have two distinct sites: an acylation site where
the amino acid is transferred from the adenylate to the
tRNA and a hydrolysis site where amino acids that bind
tightly are hydrolyzed from the tRNA. A: The acylation site
is imagined to be specific for valine by being hydrophobic
and complementary in shape to the valine side chain. B:
The hydrolytic site is depicted as being specific for threon-
ine by virtue of a hydrogen-bond donor or acceptor for its
hydroxyl group; binding to this site produces hydrolysis of
the charged tRNA. (From A. R. Fersht and M. Kaethner,
B 15:3342-3346, 1976)
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Transcription & Translation

Transcription

Overview
Process

RNA Polymerase
Fidelity

Translation

Genetic Code
triplet
decyphering
tRNA
Structure
Anticodon
Acylation (charging)
Aminoacyl-tRNA Synthetases
Mechanism
Fidelity
Protein Biosynthesis
Overview
Process
Ribosome review
Peptidyl Transferase
Fidelity

Translation: Protein Biosynthesis

Amino acid

Transfer OH residue

RNA

Ribosome

Direction of ribosome movement on mRNA

Making the Peptide Bond
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Translation: Protein Biosynthesis
Process:
Initiation

Fidelity

*Elongation

1. Decoding
2. Peptidyl Transferase

3. Translocation

Termination

Making the Peptide Bond

Translation: Protein Biosynthesis

Antibiotic inhibitors of protein synthesis

Antibiotic Action

Streptomycin and other Inhibit initiation and cause misreading of mRNA

aminoglycosides (prokaryotes)

Tetracycline Binds to the 30S subunit and inhibits binding of
aminoacyl-tRNAs (prokaryotes)

Chloramphenicol Inhibits the peptidyl transferase activity of the 50S
ribosomal subunit (prokaryotes)

Cycloheximide Inhibits the peptidyl transferase activity of the 60S
ribosomal subunit (eukaryotes)

Erythromycin Binds to the 50S subunit and inhibits translocation
(prokaryotes)

Puromycin Causes premature chain termination by acting as an
analog of aminoacyl-tRNA (prokaryotes and
eukaryotes)
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Translation:

Ribosome:
RNA-protein
complex

Protein Biosynthesis

Bacterial ribosome Eukaryotic ribosome
70S 80S
M, 2.7 X 10° M, 4.2 X 10°
- l »
~P s
508 60S l
\ & A )
3 4
U | S
M, 1.8 x 10° M, 2.8 x 10°
SSrRNA SSrRNA
(120 (120 nucl;
23SrRNA 28S rRNA
(3,200 nucleotides) (4,700 nucleotides)
36 proteins 5.85 rRNA
(160 nucleotides)
~ 49 proteins
305 408
M, 0.9 X 10° M, 1.4 X 10°
16S rRNA 18SrRNA
(1,540 nucleotides) (1,900 nucleotides)
21 proteins ~ 33 proteins

Translation:

Protein Biosynthesis

Process Overview:
*mRNAread in 5>3’
direction
« protein synthesized from
N-terminus to C-terminus
« protein chain elongation
occurs by transferring new
AA to C-terminus of
growing chain

Ribosome has 3 tRNA
binding sites:

A-site — amino acyl tRNA binding site
P-site — peptidyl-tRNA binding site
E-site — exit site, deacylated tRNA
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Translation: Protein Biosynthesis

Process Overview:
* mRNAread in 5'>3’
direction
« protein synthesized from
N-terminus to C-terminus
« protein chain elongation
occurs by transferring new
AA to C-terminus of
growing chain

Ribosome has 3 tRNA
binding sites:

A-site — amino acyl tRNA binding site
P-site — peptidyl-tRNA binding site
E-site — exit site, deacylated tRNA

Translation: Protein Biosynthesis
Translation Initiation Sequences

Initiation
codon
araB -uUUGGAUGGAGUGAAAccfAu'dcccAuu- RNA,
lacZ -UUCACACAGGAAACAGCUAUGACCAUG- "“ (|>
QP phage replicase ~UAACUAAGGAUGAAAUGCAUGUCUAAG - “H,;N—C—C—O—tRNA
$X174 phage Aprotein ~AAUCUUGGAGGCUUUUUUA GGUUCGU - ‘H
R17 phage coat protein ~UCAACCGGGGUUUGAAGC/ 2
Ribosomal 512 A . CH,
Ribosomal L10 ~CUACCAGGAGCAAAGCUAAUGGCUUUA- s
trpE ~CAAAAUUAGAGAAUAACAAUGCAAACA- |
trp leader -GUAAAAAGGGUAUCGACAAUGAAAGCA - cH;
Methionyl-tRNA;
(Met-tRNA,)
3’ end of 165 rRNA 3 AUUCCU N formyl-
5 tetrahydrofolate
Consensus Shine-Delgarno 5-AAGGAGGU-3’ Transtormylase
mRNA Sequence Tetrahydrofolate
H HO
o, I [ 1
his —Nf(l,‘—CAO-—\RNA.
H
3'0OH G 3’ end of ?H’
A 16S ribosomal RNA CH,
A u :
TH— b
3
X U C C U C C A 3 Formylmethionyl-tRNA;
5 STATe e il (fMet-tRNA,)

GAU UCCUAGGAGGUUUGACCU AUGCGAGCUUU UAG U—Messenger RNA
‘fMet—Arg—AIa—Phe ~—Ser—Polypeptide
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Translation:

Elongation
Recall:

video of translation: http://www.hhmi.org/biointeractive/translation-advanced-detail

Protein Biosynthesis

ELONGATION

N terminus. -

1 Decoding
(GTP hydrolysis)

Peptidyltransferase
- £

5

3 Translocation
(GTP hydrolysis)

Translation:

Elongation

Nascent
polypeptide

Protein Biosynthesis

Peptidyl-tRNA

¥ T

Aminoacyl-tRNA+ EF-Tu+GDP

EF-Tu+GTP / .
\ i

P ani Dect;ding \

Aminoacyl-
tRNA

A site

Transpeptidation

Peptidyl-tRNA
Asite

3’
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Translation: Protein Biosynthesis
Elongation: Decoding
54
. 549
..:?;'v_‘r
1cY iEe Site: _E %P A
o _EF sos| OH
% :
EF-Tu: Mw ws 11
*Most abundant protein ', (., p Bindingstate: FE PP | aa tANAEF-Tu+GTP
* Binds to AA-tRNA (not Posttranslocational ™ A
free tRNA) FrGSTP/5 state "/ Decoding
« Anti-codon end is free EDP A
to bind to 30S-mRNA. 1 ) o S
| B
P/E A/P PIPNT‘,;"
Kinetic \¢ 71. '
. EF-Tu*GDP +P;
proofreading: £ A o % &
. |
GTP hydrolysis e TIT] [ i -
v E P/E AP Pep L1V S!
o . D 'ann:lo'a'lonl i J Qz’.‘ 3
24 state = = ami § % Sty
\\ tRNA 8""’;":'::‘“ sy

Translation: Protein Biosynthesis _ .,
Elongation: Decoding &,... ™" s

5’-UUU 3 N
RS
Three highly conserved residues on the 30S
subunit each associate with the tRNA anticodon

residues:
* Position 1 (U1): A1493
* Position 2 (U2): A1492 \

* Position 3 (Wobble) (U3): G530
Wobble

Position 2
L rProtein S12
Position 1 EF-Tu

550(512) A1492

These highly conserved residues all interact with
the minor groove!!

Minor groove Where have we seen this before?

The energetics of these binding interactions is insufficient to account for the error rate of protein synthesis....

11/18/20



Translation: Protein Biosynthesis
Elongation: Fidelity

It uses a complex of EF-Tu-GDP-AA-tRNA-mRNA-Ribosome to test the codon-
anticodon interaction via a conformational change that stresses this interaction.
* EF-Tu-GTP+AA-tRNA binds the A-site with a strained anticodon stem-loop
* Anticodon-codon interactions in the A-site induce EF-Tu’s hydrolysis of GTP
to GDP. GTP hydrolysis is FASTER for cognate tRNA.
* This results in EF-Tu release from the complex as EF-Tu-GDP

* Once the EF-Tu is gone, the AA-tRNA relaxes, swings its acceptor stem
into the A-site on the 50S, pivoting at the codon-anticodon interaction
* Non-cognate tRNAs do not survive this pivot and fall out most of the time

THEREFORE, GTP HYDROLYSIS IS KEY:

1. Inits slowness, time is allowed for optimal cognate codon-anticodon
interactions

2. Inits hydrolysis, initiated by these interactions, the process achieves a second
test of the fitness by being "hinged” at the codon-anticodon during the pivoting.

Translation: Protein Biosynthesis

Probability of synthesizing

Frequency of an error-free protein
inserting an incorrect
amino acid Number of amino acid residues

100 300 1000

1072 0.366 0.049 0.000

10°? 0.905 0.741 0.368

) 0 0.990 0.970 0.905
10°° 0.999 0.997 0.990

p=(1-¢)

p is the probability of an error-free protein
¢ is the error rate
n is the length of the protein

Each of the 2 selection mechanisms (EF-Tu GTPase and conf. change)
have a 1% error rate (¢ = 102). Combined & = 10.
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Translation: Protein Biosynthesis
Elongation: Transpeptldatlon

‘k"i

1iy Site: E %P A
o _fFG 06 (iu
A;' ' sos{ I [ 1
A’ o= 2]
3 -tRNA ¢ EF-Tu * GTP
EF-Ge GDNP;MWM E/E P/P aa o u*G
Posttranslocational
EF-G*GTP. A state 1 I

e%m A &
\? ,@ér-ru-taun

I
53
PIE AP PIP AT s ,7“‘ |
\‘ 2/( ey’
Q EF-Tu+GDP +P;
§~ P E%p a
S 3 11
1y ¥ 1 ] Tr_a‘nsﬂ_ I 193
NS E P/E AP Pep
Transpeptidation “ﬁ P nP A ;_'»"'e@:';,
Ry state \\=(RNA 3 =amino acid oY

Translatlon Protein Biosynthesis

o Ot i Elongation: Transpeptidation or the
o Peptidyltransferase reaction

R—H

0=C

PIIN NH

R—tl.u R—CIH

o=t o=¢

||uu {NH; NH

b /e -
omt=" lome o=¢

< s on
|RllA (ILA RNA lRtIlA
Peptidyl-tRNA  Aminoacyl-tRNA  Uncharged tRNA Peptidyl-tRNA

. e - A e Tamm
Polarizatidg of a-amino of

incoming amino acid to make it -
a better nucleophile is from the
N3 of Adenine?486 of the large

rRNA.
It's a RIBOZYME!!

Rate enhancement is mostly Aminoacy|-tRNATV"
all proximity (entropy trap) (in the A-site)
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MRNA Interactions with tRNAs

Interactions of tRNA with mRNA
PDBid 2WDK

Translation: Protein Biosynthesis
Elongation: Decoding

537
. ke
e
e
19} e Site: E %\P A
SNEL sos| OF
- # I
nm sos TT1
et

g i ] -tRNA * EF-Tu * GTP
EF-G* GDP+ "Bndng state: E/E P/P aa on u
Posttranslocational
EF-G*GTP 5 state 1 I
E %k? A % @
N
Y EF-Tu *tRNA
7| wiiis
%)

biE A What happens
\. to EF-Tu-GDP?
oEi P_A E
1 Tr_:nsp'

e #J E PE AP Pep
- tl;:" Pretranslocational

\ state \\\= tRNA 8 = ra:li:;o acid
ue
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Translation: Protein Biosynthesis
Elongation: Decoding EF-Tsis a GTP

exchange protein
(guanine nucleotide
Ribosome exchange factor;

jGTPi ,___5:2\\55 jGTPi S

aa-tRNA —,
aa-tRNA H,0
Ribosome
with aa-tRNA
DP

TS(\\CT')//‘ Ts

Translation: Protein Biosynthesis
ENERGY REQUIREMENTS:

2 ATP equivalents for every base in the 3-base codon of the mRNA =6
(mRNA synthesis (transcription))

*2 ATP equivalents for every AA-tRNA =2
(tRNA charging)

*1 ATP equivalent for binding with EF-Tu =1

«1 ATP equivalent for translocation with EF-G =1

=10 total ATPs

for every

residue
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END of
Material for
Exam 4




