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The genetic code is L
redundant ¢ |
quasi-universal. |
But the ¢!
representation
of q

the codon table
is arbitrary

ClR® 0 cing

From
« FRANCIS CRICK,

Hunter of Life’s
Secrets »

Robert Olby .
CSHLP, 2000. Figure 15.2 Crick's rough sketch of his checkerboard showing the stage reached in
solving the genetic code in April 1965.
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Corresponding amino acid | — =
attached by aminoacyl-tRNA-
synthetase

Decoding is an ensemble
5 of

molecular recognition

processes

Anticodon
36-35-34

mRNA 5’ P10 3’

I 3rd or Wobble position (Crick)




5 !
tRNA

3. Proximal extended
anticodon

1. Mini-helix formed between Anticodon
codon and anticodon 36-35-34

2. Ribosomal grip

mRNA 5’ REVEG Y




ONLY G=C pairs
at 1-36 /2-35

1 A3 Mixed r\ Mixed A2 73
e || | e=cau 6 ﬁ G=C/A-U IR
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U3 ‘ pairs at pairs at , U3
c3 C2 1-36 1-36
2-35 2-35
G2 G2

ONLY A-U pairs
at 1-36 / 2-35




1. Calculated energies of the AntiCodon-Codon mini-helix

Intermediate
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* < means often modified
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Lo A184 (P4-P6)
1405G — C
U 0 Uiass
C—0G
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C-G Codon
1410A — U1490 1
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A site Anticodon/Codon
minihelix
5' 3’
| | 31 5!’
G — ¢ |
| 1493 A 2 ac36| — | ¢l Type |
A
| 1492 A_< ac35[ | c2 | Typell A183 (P4-P6)
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3' 5' A
Anticodon

equivalent to C1=6G36

equivalent to 62=C35

The most common RNA-RNA interaction module




Most of the
contacts are
invariant

except those




How to optimize the ribosome « rhythm »?

Increasing stability of network interactions

How to optimize protein synthesis and folding?

Pro Ala

/Arg ,A3C3U3U3C3,3 Gly
u3© U3




| D sten |
Organisme 7 HH

METHANOCOCCUS JAN.
METHANOCOC. VANI.
METHANOTHERM. FER.
METHANOCOC. VOLTAE
MYCOPLASMA CAPRIC.
MYCOPLASMA GEN.

..G ]

..G ]

.G I

.. G |

A I A A .

A U - ulG .
MYCOPLASMA MYCOID. ...A A U cla .
MYCOPLASMA PNEUMO. ...A | [0 Mu - ulc .
ACHOLEPLASMA LAID. ...G . L . MA U CclG .
SPIROPLASMA MELIF. ...G | pW[% . ‘'G|a A U clG .
STREPTOMYCES LIV. ...G | LM[HA - Ul C ¥G|a e ¢ clG .
STAPHYLOCOC. AURE. ...G | LW [ , AflMG ¢ ...c|alA v clG .
STAPHYLOCOC. AURE. ...G . 59 ¢ ( ( p A [ C ...G|A[MA U C|G .
LACTOBAC. BULG. MBuU G |6 c 1 T GG ¢ ...6|a (A U cfc .
BACILLUS SUBTILIS ...G . LW [Hu [ A 'lG ¢ ...G|a MG U c|G .
BACILLUS SP. PS3 .G LERU [€ ¢ o A G ¢ ...G|a [MA U clG .
E.COLI .G UFERU [ : , A B ¢ ...clc (MG v clG .
HAEMOPHILUS INFLU. ...G | LSl u b 'SlA B ¢ ...6|lc [Bu - c|G .
HAEMOPHILUS INFLU. ...G . ESHu [ B\ WA B ¢ ...G|c MG U clG .
HAEMOPHILUS INFLU. ...G . EWlu UNce : A UB: ¢ ...6|lc G U c|G .
SYNECHOCYSTIS SP. ...G | EW[Hu [ : ~ WG [, ¢ ...G6|a WG U ulG .
PHYTOPHTHORA PAR. ...U | ES([c0u P : U : UBA UBA ¢ ...c|lu A - clc .
[SACCHAROMYCES CER. ...A | EM[Hu [Bu 1 (G IWA UG ¢ ...c|a A - ulc .
SACCHAROMYCES CER. ...A | EWlNU [Bu T o Gl A WA fWv ¢ ...c|a [Ba - ulc .
SCHIZOSACCHA. POM. RBU A |G UBA PBEA [ “« S G iBA [ c ...6|c (MG - clc .
GLYCINE MAX BNBU A |6 UBA UBEA 8 ’ UBA UBv ¢ ...c|lu a - clc .

tRNAs are very active partners
during ribosomal translation



Escherichia coli
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3’ mRNA
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N6-threonylcarbamoyladenosine

0

0

OH

CH,

H-bonds between
OH and N6/N7(A36)

Internal H-bond between NH and N1(t6A37)

I Rozov, et al. Nature Comm. 7, 10457(2016) I




Around the third base pair







Escherichia coli

B31X .7 A
BszX

B34

except

(U34)

Y3-ending codons

24 &3
5
27 /19
M
N

3¢3/a303lg3a3\ 30 A\ W
16\13 )
2234 11 12 7
Y




Uridine in the mRNA G340U(+3)
versus
Uridine in the anticodon U3406G(+ 3)

I Ribosomal grip I
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More than 110 modified nucleotides in
transfert RNA

-CH,
-CHO

-CH,OH

-CH,COOH

.CH,CONH,
-CH,COOCH,
-CH(OH)COOH
-CH(OH)CONH,
-CH(OH)COOCH,
-CH,NH,

-CH,NHCH,
-CH,NHCH,COOH
-CH,NHC,H,SO,H
-CH,NHCH,CH= C(CH.),
-OH

-OCH,

-OCH,COOH
-OCH,COOCH,

HO

m°D, m5C, m3U
f5C,f°U
hmS5U, hm5C
cmsuU
ncmsU
mcm?3U
chmsU
nchmsU
mchmsU
nmsuU
mnm?3U
cmnmsU
tmsuU

inmsuU ;
hoSC,ho’U i
mosU i
cmoSU
mcmo5U

(”)inU «— s’y

Numerous enzymes are
necessary to introduce
those modifications.
They are mostly species
specific

[
UJ

NH, in C «<—m‘c -cH,

m44C -(CH.,)
ac'C -COCH,

\N 5 <— mM3C,mU,m*¥ -CH,

i &, /K
O <«— s2C,s2U-S

acp®U,acp3¥,acp3D -C,H,CH(NH,)COOH
[% amino-3-carboxypropyl)

se?lU -Se

ges?U -SCH,CH=C(CH,)C,H,CH=C(CH,), (thiogeranyl)
k2C -NHC Hz;CH(NH COOH (I )/by[l

C+ -NHC,HgNHC(=NH)NH, (agmatinyl)

\

m'¥Y -CH,

OH OH <«— CmUmW¥m-CH,

From Modomics database 2013
(http://modomics.genesilico.pl/)



Modified Uridine mnm2s2U340U(+3)
versus
Non-modified Uridine U3406G(+ 3)

in the anticodon

mnm?s2U34




5-Methylaminomethyl-2-thiouridine

mnm?>s2U34 (S)

S2 stacking below U35

H-bonds between NH
I and U33 sugar

I Rozov, et al. Nature Comm. 7, 10457(2016)




neutral form
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ch,

mnm3s2U

ionized form 1

C1-C1'=1145A

Standard wobble 7‘6 42°

Rozov, et al. Nature Comm. 6, 7251 (2015) U(+6) circr-106A



V34

C1034

V34 = cmo°U34 S34 = mnm3s2U34

Trends in Biochemical Sciences, September 2016, Vol. 41, P. 798



Escherichia coli

52
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A 9 U3 ~ Al
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ONLY G340U(+3)

o sy | Usual GoU wobble pai

- e >>E> ual GoU wobble pair
Watson-Crick-like

_m GoU tautomeric pair

WHEN G(+3)oU34*

Novel GoU wobble pair



Coevolution of the genetic code with metabolic pathways

Increasing stability of network interactions

Strong tRNA
binding

Modulation of
helix adaptors

///<g£g

U3

Pro Ala

U3 u3c
3A3C3 3A3G3

U3

Gly

G/C-rich RNA
world with
oldest amino
acids

Increasing
complexity
of
modifications
at 34 & 37

Increase in A/U
and amino acid
diversity
coupled with
metabolic
enzymes




Turner energy for
Codon-Anticodon

IS triplet pairs
£
S
X
Modulation by anticodon loop sequence
BB STRONG Y P =eq
Natural
evolution )
-5}
4| Intermediate Optimum

decoding region

Natural N\

evolution

Modulation by B34/B37 modifications




Kcal/mol

Turner energy for
Codon-Anticodon
triplet pairs

STRONG

Miscoding / Misfunction region

Intermediate

Optimum tRNA core mutations

decoding region Enzymatic deficiencies

No binding region / Non functional tRNA




Second

. Specificity of
genetic aminoacyl-
code ARNt

synthetases

Genetic code

(64 codons for 20
amino acids)

Universal and

i redundant




Crystallography:
Gulnara & Marat Yusupov

N. Demeshkina, L.
Jenner, A. Rozov

Henri Grosjean (IGBMC-Strasbourg)
(Gif-sur-Yvette)

Henri Grosjean and Eric Westhof
An integrated, structure- and energy-based view of the genetic code

Nucleic Acids Res. 44, 8020-8040 (2016).

oPeN Access | (c) |



First genetic code
Codon usage in mRNAs
(genome size and GC content)

!

Second Gene expression
genetic

code l,

tRNA aminoacylation by
aminoacyl-tRNA synthetases




The second genetic code




First genetic code
Codon usage in mRNAs
(genome size and GC content)

!

Second Gene expression
genetic
code ‘1’ A

-
Adjusted pool t i f
[ tRNA aminoacylation by l justed pool (amount/species) o

aminoacyl-tRNA synthetases

=>  fully mature tRNAs, rRNA & mRNA
> Bases and riboses modifications

!

Efficient and accurate translation

with non-random codon usage and protein
homeostasis/regulation > allow

\ readjustments of the cellular proteome

-

Y,

Third
genetic
code




Optimization of Codon Translation Rates via tRNA
Modifications Maintains Proteome Integrity

tRNA

. modified unmodified
! anticodon X anticodon
—\ — —\ —

¥y @

optimal codon translation rates codon-specific ribosome pausing

i !

I Vi

folded proteome protein misfolding
and aggregation

Nediakova & Leidel, 2015, Cell 167, 1606-1618



Code deviations, recoding, codon reassignments

(decoding errors code ambiguities)
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