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Back-translation

@ Amino acid R (Arginine) and its set of codons (graph):
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Back-translation

previous work

@ Compute the best back-translated sequence using
o multiple protein alignment
[Moreira and Maass, 2004, Giugno et al., 2004]
o DNA curvature, absence of interactions & restrictions sites
[Gonnet, 2005]
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previous work

@ Compute the best back-translated sequence using
o multiple protein alignment
[Moreira and Maass, 2004, Giugno et al., 2004]
o DNA curvature, absence of interactions & restrictions sites
[Gonnet, 2005]

@ Back-translation & frameshifts
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Back-translation

previous work

@ Compute the best back-translated sequence using
o multiple protein alignment
[Moreira and Maass, 2004, Giugno et al., 2004]
o DNA curvature, absence of interactions & restrictions sites
[Gonnet, 2005]

@ Back-translation & frameshifts
i. Half-related work:

o use BLASTN to predict frameshifts [Raes and Van de Peer, 2005,
Okamura, 2006, Harrison and Yu, 2007, Hahn and Lee, 2005]
— not a “back-translation” since you also need DNA sequence

@ amino acid substitution scores based on DNA similarities
[Leluk, 1998, Leluk, 2000]
— was not designed for frameshifted alignment
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Back-translation

previous work

@ Compute the best back-translated sequence using
o multiple protein alignment
[Moreira and Maass, 2004, Giugno et al., 2004]
o DNA curvature, absence of interactions & restrictions sites
[Gonnet, 2005]

@ Back-translation & frameshifts
i. Half-related work:
o use BLASTN to predict frameshifts [Raes and Van de Peer, 2005,
Okamura, 2006, Harrison and Yu, 2007, Hahn and Lee, 2005]
— not a “back-translation” since you also need DNA sequence
@ amino acid substitution scores based on DNA similarities
[Leluk, 1998, Leluk, 2000]
— was not designed for frameshifted alignment
ii. Related work:
@ amino acid score matrices with
frameshifts [Pellegrini and Yeates, 1999]
— does not predict frameshift inside proteins
o aligning sequence graphs [Arvestad, 1997, Arvestad, 2000]
— alignment of translated codons with all possible frameshifts
— time costly algorithm
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Back-translation alignment

find the “best” alignment of DNA sequences that encode the target proteins
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Back-translation alignment

find the “best” alignment of DNA sequences that encode the target proteins
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Back-translation alignment

find the “best” alignment of DNA sequences that encode the target proteins
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Back-translation alignment

Usage scenarios
e Hidden homologies (virus overlapped genes)

@ Frameshifts & incorrect translations (programmed frameshifts,
biological or “human” errors).
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Could be done by classic coding DNA alignment, but:

@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model
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Back-translation alignment

Could be done by classic coding DNA alignment, but:
@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model

- GCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAG - - -
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Could be done by classic coding DNA alignment, but:
@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model

A C L I M E G A E EN T E
- GCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAG - - -
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Back-translation alignment

Could be done by classic coding DNA alignment, but:
@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model

A C L I M E G A E EN T E
- GCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAG - - -
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Back-translation alignment

Could be done by classic coding DNA alignment, but:
@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model

A C L I M E G A E EN T E
- GCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAA - - -
|l |l \ |l
-+ CCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAG - - -
P Vv S s W K A L N L R K
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Back-translation alignment

Could be done by classic coding DNA alignment, but:
@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model

A ¢c/L I M E G A EFNT E
- -GCGTGCCTAATTATGGAGGGGGCCGAGTTCACAGAG - - -
SRR SN
++ -CCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAG - - -
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Back-translation alignment

Could be done by classic coding DNA alignment, but:
@ coding DNA evolves faster than Protein

@ synonymous mutations are “free” in our model

A C L I M E G A E EN T E
-GCGTGCCTAATTATGGAGGGGGCCGAGTTCACAGAG - - -
‘ ........ ‘ ‘ ..... ‘ ........ ‘
CCCGTG AGT!/ \GOTGGAAz\GCTTT AAACCTGAGAAAG -
P Vv S s W K A L N L R K
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Back-translation alignment algorithm
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs

M[i,j,(a,-, ﬁj)] =
0 (a)
M[’ -1,j- 17(ai—17ﬁi—1)] + score(a,-,ﬂj), aj—1 € prEdGA(ai);
Bj-1 € predeg (5;);
max < MI[i,j — 1.(ai, Bj—1)] + singleGapPenalty,  Bj_1 € predc,(05;);
M[i — 1. ) (aj-1, 5j)] + singleGapPenalty,  «j_1 € predg,(c);
Mli,j — 3.(e, Bj—3)] + tripleGapPenalty,  j >3
M[i — 3, j.(aj_3, B;)] + tripleGapPenalty, i>3

A~ NN
BRI
~—— O —

where
@ Gp and Gg are the back-translated graphs being aligned
@ o (respectively 3;) is a labelled node at position i (resp. j) of Ga (resp. Gg)
@ predg(n) is the set of nodes that precede n on the back-translated graph G.
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs

M[i,j,(a,-, ﬁj)] =
0 (a)
M[i —1.j — 1(aiz1, Bi—1)] + score(ai, B;), «i—1 € predg,(c);
Bj-1 € predeg (5;);
max < MI[i,j — 1.(ai, Bj—1)] + singleGapPenalty,  Bj_1 € predc,(05;);
M[i — 1. ) (aj-1, 5j)] + singleGapPenalty,  «j_1 € predg,(c);
Mli,j — 3.(«j, Bj—3)] + tripleGapPenalty,  j >3
M[i — 3, j.(aj_3, B;)] + tripleGapPenalty, i>3

A~ NN
BRI
~—— O —

where
@ Gp and Gg are the back-translated graphs being aligned
@ o (respectively 3;) is a labelled node at position i (resp. j) of Ga (resp. Gg)
@ predg(n) is the set of nodes that precede n on the back-translated graph G.

In practice, singleGapPenalty and tripleGapPenalty are affine gap functions
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs

Each DP matrix cell is composed of several entries
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs

Simple,
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs

Simple, but it does not work ...
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Back-translation alignment algorithm

Extended Smith-Waterman algorithm on two back-translation graphs

Simple, but it does not work ...

Reason: the scoring system
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Scoring system

Reasons:
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Scoring system

Reasons:

@ at the nucleic level, at least 1/4 of the matches are non significant.
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Scoring system

Reasons:

@ at the nucleic level, at least 1/4 of the matches are non significant.
@ in the context of back-translated sequences:

o some matches can be easily obtained (3" codon position),
e other are much more difficult to get.
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Scoring system

Reasons:

@ at the nucleic level, at least 1/4 of the matches are non significant.
@ in the context of back-translated sequences:

o some matches can be easily obtained (3" codon position),
e other are much more difficult to get.

— matching context plays an important role.
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Scoring system

Our scoring system depends on:

Marta Girdea, Laurent Noé, Gregory Kucherov Back-translation for discovering distant protein homologies



Scoring system

Our scoring system depends on:

@ the amino acids being aligned,
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Scoring system

Our scoring system depends on:

@ the amino acids being aligned,

@ the nucleic positions in the corresponding codons,
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Scoring system

Our scoring system depends on:

@ the amino acids being aligned,
@ the nucleic positions in the corresponding codons,

© the nucleic bases at these positions.
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Scoring system

Our scoring system depends on:

@ the amino acids being aligned,
@ the nucleic positions in the corresponding codons,

© the nucleic bases at these positions.

Moreover, it distinguishes the actual codons being aligned (no ambiguity)
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Scoring system

“Evolutionary” point of view

codons
: 4u lication
shared coding se- N P
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Scoring system

Substitution matrices

@ Our scoring matrices are computed as log odd ratio of such
evolutionary scenario based on substitution models:
@ Goldman model [Kosiol et al., 2007] — mechanical substitution
model, no AA constraints
@ ‘“codon-PAM" model [Schneider et al., 2005] — empirical
substitution model on vertebrates, thus with AA replacement
constraints
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Scoring system

Substitution matrices

@ Our scoring matrices are computed as log odd ratio of such
evolutionary scenario based on substitution models:
@ Goldman model [Kosiol et al., 2007] — mechanical substitution
model, no AA constraints
@ ‘“codon-PAM" model [Schneider et al., 2005] — empirical
substitution model on vertebrates, thus with AA replacement
constraints

@ Each time, we compute 6 scoring matrices according to the codon
position (0,1,2) on both sequences being aligned.
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Scoring system

Substitution matrices

@ Our scoring matrices are computed as log odd ratio of such
evolutionary scenario based on substitution models:
@ Goldman model [Kosiol et al., 2007] — mechanical substitution
model, no AA constraints
@ ‘“codon-PAM" model [Schneider et al., 2005] — empirical
substitution model on vertebrates, thus with AA replacement
constraints

@ Each time, we compute 6 scoring matrices according to the codon
position (0,1,2) on both sequences being aligned.

@ E-value is computed with the Karlin's A and K parameters (lIsland
Method [Altschul and et al, 2001]).
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Scoring system

Substitution scores between nucleotides located at position 1 (vertical) and 0
respectively of the codons in the aligned backtranslated proteins

1<->0 AlT AlK AlM AN AlR Als AlT CIH CIL clp cla CIR Gla GID GIE GlG
AID 1.23 -0.26 1.23 -0.17 -0.12 0.07 1.28 -1.38 -0.64 -1.07 -1.29 -0.73 -0.37 -1.69 -1.64 -1.35
AlE -0.41 1.08 -0.34 1.06 1.27 1.17 -0.04 -0.65 -1.54 -1.44 -0.63 0.58 -1.08 -0.94 -1.11 -0.66
AlH 1.39 -0.40 1.48 -0.29 -0.23 0.08 1.55 -1.13 -0.34 -0.69 -1.04 -0.74 0.02 -1.24 -1.12 -0.85
AlK -1.16 1.04 -1.04 0.99 1.16 1.05 -0.52 -0.68 -1.756 -1.51 -0.61 0.47 -0.82 -0.17 -0.17 0.07
AlN 1.13 -0.82 1.18 -0.66 -0.70 -0.34 1.24 -1.10 -0.42 -0.62 -1.04 -1.01 0.04 -1.53 -1.39 -1.15
AlQ -0.63 1.08 -0.51 0.97 1.46 1.34 -0.12 -0.41 -1.27 -1.09 -0.39 0.79 -0.79 -0.62 -0.67 -0.17
AlY 1.44 -1.33 1.63 -0.94 -1.30 -0.40 1.59 -1.73 -0.34 -0.94 -1.57 -1.76 -0.19 -2.21 -2.00 -1.55
Cla -0.74 -0.80 -0.56 -0.97 -0.02 -0.97 -0.86 1.00 0.87 1.17 0.90 0.63 -0.68 -1.44 -1.12 -1.25
clP -0.74 -0.63 -0.50 -0.88 0.19 -0.92 -0.93 1.24 1.01 1.21 1.13 0.86 -0.99 -1.73 -1.26 -1.58
cls -0.62 -0.82 -0.44 -1.06 0.06 -1.09 -0.81 1.08 0.98 1.23 1.02 0.76 -0.62 -1.72 -1.27 -1.48
cit -0.65 -0.74 -0.49 -0.94 0.05 -0.95 -0.74 1.01 0.77 1.06 0.94 0.70 -0.59 -1.57 -1.19 -1.39
Glc 0.44 -1.69 -0.02 -1.39 -1.51 -0.87 0.11 -1.32 -0.43 -0.44 -1.16 -1.48 1.65 -1.44 -1.12 -0.58
GIG -0.24 -0.99 -0.54 -0.61 -0.84 -0.42 -0.30 -0.85 -0.88 -0.67 -0.63 -0.97 0.98 0.93 0.97 1.04
GIR -0.10 -0.23 -0.34 -0.01 -0.07 0.23 -0.04 -0.98 -1.05 -0.84 -0.58 -0.59 1.12 1.23 1.35 1.48
GlIs 0.31 -1.13 0.10 -1.00 -0.83 -0.69 0.21 -0.66 -0.24 -0.10 -0.62 -0.74 1.17 -0.98 -0.80 -0.51
Glw -1.94 -1.64 -1.71 -0.69 -0.70 0.22 -1.16 -1.62 -2.34 -1.77 -1.58 -1.23 -0.3¢ -0.71 -0.78 2.56
TIF -0.47 -2.28 -0.24 -1.74 -2.11 -1.02 -0.10 -1.45 0.29 -0.56 -1.55 -1.90 -0.46 -2.60 -2.49 -1.82
TIT -1.26 -2.11 -0.94 -1.70 -1.79 -1.14 -0.71 -0.81 0.08 -0.56 -1.16 -1.41 -0.72 -2.39 -2.32 -1.94
TIL -1.61 -1.96 -1.26 -1.64 -1.43 -1.00 -1.03 -0.80 -0.40 -1.01 -1.25 -1.11 -1.10 -2.45 -2.42 -1.68
TIM -1.88 -1.74 -1.70 -1.62 -1.04 -0.95 -1.58 -0.67 -0.92 -1.15 -0.91 -0.67 -1.67 -2.28 -2.20 -1.49
TIV -1.34 -1.80 -1.06 -1.55 -1.23 -1.00 -0.90 -0.48 -0.02 -0.46 -0.76 -0.79 -0.88 -2.22 -2.13 -1.64
glR -0.83 0.03 -0.95 0.21 0.09 0.29 -0.58 -0.84 -1.53 -1.25 -0.48 -0.46 0.30 1.38 1.48 1.55
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Scoring system

Substitution scores between nucleotides located at position 1 (vertical) and 0
respectively of the codons in the aligned backtranslated proteins

1<->0 AlT AlK AlM AN AlR Als AlT CIH CIL clp cla CIR Gla GID GIE GIG
AID 1.23 -0.26 1.23 -0.17 -0.12 0.07 1.28 -1.38 -0.64 -1.07 -1.29 -0.73 -0.37 -1.69 -1.64 -1.35
AlE -0.41 1.08 -0.34 1.06 1.27 1.17 -0.04 -0.65 -1.54 -1.44 -0.63 0.58 -1.08 -0.94 -1.11 -0.66
AlH 1.39 -0.40 1.48 -0.29 -0.23 0.08 1.55 -1.13 -0.34 -0.69 -1.04 -0.74 0.02 -1.24 -1.12 -0.85
AlK -1.16 1.04 -1.04 0.99 1.16 1.05 -0.52 -0.68 -1.756 -1.51 -0.61 0.47 -0.82 -0.17 -0.17 0.07
AlN 1.13 -0.82 1.18 -0.66 -0.70 -0.34 1.24 -1.10 -0.42 -0.62 -1.04 -1.01 0.04 -1.53 -1.39 -1.15
AlQ -0.63 1.08 -0.51 0.97 1.46 1.34 -0.12 -0.41 -1.27 -1.09 -0.39 0.79 -0.79 -0.62 -0.67 -0.17
AlY 1.44 -1.33 1.63 -0.94 -1.30 -0.40 1.59 -1.73 -0.34 -0.94 -1.57 -1.76 -0.19 -2.21 -2.00 -1.55
Cla -0.74 -0.80 -0.56 -0.97 -0.02 -0.97 -0.86 1.00 0.87 1.17 0.90 0.63 -0.68 -1.44 -1.12 -1.25
clP -0.74 -0.63 -0.50 -0.88 0.19 -0.92 -0.93 1.24 1.01 1.21 1.13 0.86 -0.99 -1.73 -1.26 -1.58
cls -0.62 -0.82 -0.44 -1.06 0.06 -1.09 -0.81 1.08 0.98 1.23 1.02 0.76 -0.62 -1.72 -1.27 -1.48
cit -0.65 -0.74 -0.49 -0.94 0.05 -0.95 -0.74 1.01 0.77 1.06 0.94 0.70 -0.59 -1.57 -1.19 -1.39
Glc 0.44 -1.69 -0.02 -1.39 -1.51 -0.87 0.11 -1.32 -0.43 -0.44 -1.16 -1.48 1.65 -1.44 -1.12 -0.58
GIG -0.24 -0.99 -0.54 -0.61 -0.84 -0.42 -0.30 -0.85 -0.88 -0.67 -0.63 -0.97 0.98 0.93 0.97 1.04
GIR -0.10 -0.23 -0.34 -0.01 -0.07 0.23 -0.04 -0.98 -1.05 -0.84 -0.58 -0.59 1.12 1.23 1.35 1.48
GlIs 0.31 -1.13 0.10 -1.00 -0.83 -0.69 0.21 -0.66 -0.24 -0.10 -0.62 -0.74 1.17 -0.98 -0.80 -0.51
Glw -1.94 -1.64 -1.71 -0.69 -0.70 0.22 -1.16 -1.62 -2.34 -1.77 -1.58 -1.23 -0.3¢ -0.71 -0.78 2.56
TIF -0.47 -2.28 -0.24 -1.74 -2.11 -1.02 -0.10 -1.45 0.29 -0.56 -1.55 -1.90 -0.46 -2.60 -2.49 -1.82
TIT -1.26 -2.11 -0.94 -1.70 -1.79 -1.14 -0.71 -0.81 0.08 -0.56 -1.16 -1.41 -0.72 -2.39 -2.32 -1.94
TIL -1.61 -1.96 -1.26 -1.64 -1.43 -1.00 -1.03 -0.80 -0.40 -1.01 -1.25 -1.11 -1.10 -2.45 -2.42 -1.68
TIM -1.88 -1.74 -1.70 -1.62 -1.04 -0.95 -1.58 -0.67 -0.92 -1.15 -0.91 -0.67 -1.67 -2.28 -2.20 -1.49
TIV -1.34 -1.80 -1.06 -1.55 -1.23 -1.00 -0.90 -0.48 -0.02 -0.46 -0.76 -0.79 -0.88 -2.22 -2.13 -1.64
glR -0.83 0.03 -0.95 0.21 0.09 0.29 -0.58 -0.84 -1.53 -1.25 -0.48 -0.46 0.30 1.38 1.48 1.55

Aligning the second Guanine of a codon “W" (Tryptophan) : G W
against the first Guanine of a codon “G” (Glycine) : G G
is an “exceptional” event.
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Scoring system

Substitution scores between nucleotides located at position 1 (vertical) and 0
respectively of the codons in the aligned backtranslated proteins

1<->0 AlT AlK AlM AN AlR Als AlT CIH CIL clp cla CIR Gla GID GIE GIG
AID 1.23 -0.26 1.23 -0.17 -0.12 0.07 1.28 -1.38 -0.64 -1.07 -1.29 -0.73 -0.37 -1.69 -1.64 -1.35
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Cla -0.74 -0.80 -0.56 -0.97 -0.02 -0.97 -0.86 1.00 0.87 1.17 0.90 0.63 -0.68 -1.44 -1.12 -1.25
clP -0.74 -0.63 -0.50 -0.88 0.19 -0.92 -0.93 1.24 1.01 1.21 1.13 0.86 -0.99 -1.73 -1.26 -1.58
cls -0.62 -0.82 -0.44 -1.06 0.06 -1.09 -0.81 1.08 0.98 1.23 1.02 0.76 -0.62 -1.72 -1.27 -1.48
cit -0.65 -0.74 -0.49 -0.94 0.05 -0.95 -0.74 1.01 0.77 1.06 0.94 0.70 -0.59 -1.57 -1.19 -1.39
Glc 0.44 -1.69 -0.02 -1.39 -1.51 -0.87 0.11 -1.32 -0.43 -0.44 -1.16 -1.48 1.65 -1.44 -1.12 -0.58
GIG -0.24 -0.99 -0.54 -0.61 -0.84 -0.42 -0.30 -0.85 -0.88 -0.67 -0.63 -0.97 0.98 0.93 0.97 1.04
GIR -0.10 -0.23 -0.34 -0.01 -0.07 0.23 -0.04 -0.98 -1.05 -0.84 -0.58 -0.59 1.12 1.23 1.35 1.48
GlIs 0.31 -1.13 0.10 -1.00 -0.83 -0.69 0.21 -0.66 -0.24 -0.10 -0.62 -0.74 1.17 -0.98 -0.80 -0.51
Glw -1.94 -1.64 -1.71 -0.69 -0.70 0.22 -1.16 -1.62 -2.34 -1.77 -1.58 -1.23 -0.3¢ -0.71 -0.78 2.56
TIF -0.47 -2.28 -0.24 -1.74 -2.11 -1.02 -0.10 -1.45 0.29 -0.56 -1.55 -1.90 -0.46 -2.60 -2.49 -1.82
TIT -1.26 -2.11 -0.94 -1.70 -1.79 -1.14 -0.71 -0.81 0.08 -0.56 -1.16 -1.41 -0.72 -2.39 -2.32 -1.94
TIL -1.61 -1.96 -1.26 -1.64 -1.43 -1.00 -1.03 -0.80 -0.40 -1.01 -1.25 -1.11 -1.10 -2.45 -2.42 -1.68
TIM -1.88 -1.74 -1.70 -1.62 -1.04 -0.95 -1.58 -0.67 -0.92 -1.15 -0.91 -0.67 -1.67 -2.28 -2.20 -1.49
TIV -1.34 -1.80 -1.06 -1.55 -1.23 -1.00 -0.90 -0.48 -0.02 -0.46 -0.76 -0.79 -0.88 -2.22 -2.13 -1.64
glR -0.83 0.03 -0.95 0.21 0.09 0.29 -0.58 -0.84 -1.53 -1.25 -0.48 -0.46 0.30 1.38 1.48 1.55

Aligning the second Guanine of a codon “W" (Tryptophan) : G W
against the first Guanine of a codon “G” (Glycine) : G G
is an “exceptional” event.

Tryptophan codons : TGG ,
Glycine codons : GGN

Marta Girdea, Laurent Noé, Gregol re ck-translation for discovering distant protein homologies



Advanced snakes venom neurotoxins
Malayan krait (Bungarus Candidus) & Monocled cobra (Naja kaouthia)

Bl M BKI M TR B T CTOPl c ENKE TN c EEEVE o Bl c cHEllc ¢ G G s
TTTATGAAAATGATACGGTATACAATACCATGCGAGAAGACGTGGGGGGAATACGTGEATTATGGATGTTATTGTGGAGTGGGAGGATCA

TTTAAGAATATGATACAGTGTACAGTACCA - - - AACAGGTCGTGGTGGGATTTCGCGEATTATGGATGTTATTGTGGAAGGGGAGGATCA
EICKOONT M T Q ¢ T EUP NO R S BWEmE D BEN A DEEC CHEEC GIRI G G S

G IRIPTII D AL DR C C Wi o BN c Bl ¢ » A & DKENKEVEONK N P K
GGAAGGCCAATAGATGCCTTAGATAGATGTTGTTACGTACATGATAATTGTTATGGCGATGCAGAAAAAAAACACAAGTGTAACCCAAAG

TAC

GGAACGCCAGTAGATGACTTAGATAGATGTTGTCAAGTACATGATAATTGTTATGACGAAGCAG.
@i o piL DR Cc C|QBMEE DINIC D E A

AAAAATAAGCAGGTGTTGGCC
a » K o1 R C IW0 P

E

M s

Q s s EEKPL TIRIR T T S M EVEP o BVE L BV HEVE L s BV 1 Bl T
ATGCAGTCGTATTCATATAAGTTAACCAAGAGAACCACATCTGCAATGGTGCCACAAGTGCTTGTGCACGTGCTGTOTGTGATTGTGAC

TTCAAGACGTATTCATATGAGTGTAGCCAAGGGACCCTCACCTGCAANAATGGCAACAATG
Bk T HE s EEN £ sIQ G T L T C BKEN N N

o

TTGTGCAGCTGOTGTCTGTGATTGTGAC
A C A A i c D D

AR QP s A S AT LUN/T S S G T R I L T P R DI 4
COCTCGGCAGCCATCTGCTTCGGCGATACTCAATACATCATCAGGAACTAGAATATTGACCCCAAGGGACATTGCC

COCTTGGCAGCCATCTGCTTCGCCGGTGCTCCATACAACAACAATAACTATAATATTGACCTCAAGGCACGTTGCC
R L A A 1 CHE A ¢ A PEEN N N N 1 D LIK A R C

B

Diversification of venom toxins is studied in [Fry et al., 2008]

Laurent Noé, Gregory



Advanced snakes venom neurotoxins
Malayan krait (Bungarus Candidus)

(&

A A DND T PP HS P WEEONT L1 ONOEN v BRI v 1 R B T
AGCAGCAAATATACCACCACATCCATTCAATTTAATAAATTTTATGAAGATGATAAGATATACAATA

A HE c Bl 5 DD
GCAGTATGTGTATCATTATTAG

GATGATAAGATATACAATA
M RS T T

GCAGTATGTGTATCATTATTAGGAGCAGCAAATATACCACCACATCCACTCAATTTAATAAATTTTATGG
AN c Il s L G A AN I P P H P LIN L I NESM E

GEWl ¢ ¢ S GURUPIII D AL DR
JAGTGGGAGCGATCAGGAAGACCAATAGATGCATTAGATAGA

Hl c
TATTGTC

Pl c & KN T I © ENEAVE 0 BNl ¢ C
CCATGTGAAAAAACATGGGGAGAATATGTGGATTATGGATC

COATGTGAAAAAACATGGGGAGAATATGCGGATTATGGATGTTATTGTGGAGCGGGAGGATCAGGAAGACCAATAGATGCATTAGATAGA
Plic ENKE THNE ¢ ElEl A DEEc c Il c A ¢ G S GIR.P I D AL DR

E

D A KOUKD H UKD ¢ UNC P ORI M Qs BEE s BRI LT
GATGCAGAAAAAAAACATAAATGTAATCCAAAAATGCAATCATATTCATATAAATTAACA

¢ ¢ EEEVETHI D BNY c EE
TGTTGTTATGTACATGATAATTGTTATGE

TTCATA
[N |

AAATTAACA
BT T

TGTTGTTATGTACATGATAATTGTTATGGAGATGCAGAAAAAAAACATAAATGTAATCCAAAAACGCAATCA
c cHENVTH DN CcHEE G D A K K H K ¢ N P K T Q 8

B

KOR T T s A MEVEPT Q NVE L BVECHEVE L s BVICUEE T AR QUPIS A s AN
AAAAGAACAACHATCTGCTATGGTGCCGCAGGTACTTGTGCACGTATTGTCTGTGATTGTGACCGCACGGCAGCCCTCTGCTTCGGOGAT
ceAT
D

TGGTGCCGOAGGTACTTGTGCACGTATTGTCTGTGATTGTGACCGC.
G A A GIT C ANRGEM C D C D IR

GGCAGCCCTCTGOTTCG!
A A LD Cc HE

i

AAAAGAACAATCATCTGC!
K R T 1 I C

R D00 A
GAGATATTGCC

DB T s s ¢ T RN T NP
TCTGAATACATOGAGCGGCACAAGAATATTGACACC

TCTGAATACATCGAGCGGCACAAGAATATTGACACCGCGAGATTTTGOC
s EMMM 1 E R H K N I D T A RN C

Laurent Noé, Gregory




Enterobacteriaceae transposases

Yersinia pestis

©

w

I H s UF
CATTCATTCGTTC

DIH s Q
GAGGAATGACCATTCTCAGG

NP G NI G BNDR. s (R D [Q RUPI G Il s
ATCCCGGCAACGGTAATCGCTCGAGAGATCAGAGACCAGGGATATCC

:GAATGACCATTCTCAGGGCATTCATTCGTTCTCTCTC
M T I L R AN I R S L S

AATCCCGGCAACGGTAATCGCTCGAGAGATCAGAGACCAGGGATATCGTGGA
I P A TEMET AR E.I R D Q GEER G

AQAMEREEIE T EP G R Q M QEMIDEWIG T
AGCCGCAGTAAGATTTGAAACAGAACCAGGAAGACAAATGCAAGTAGATTGGGGAACA

G s s oG A
GATTCCTCAGGAGCAGH

ACA
I

GGTTCCTCAGGAG AGCCGGCAGTAAGATTTGAAACAGAACCAGGAAGACAAATGCAAGTAGATTGGGG
Vi P Q E E'P ABNSREENE T E'P G R Q M QEVE D EWH G

Q

as in E. coli [Licznar et al., 2006]

Most probably a programmed translational frameshifting: observed in transposases of related species




Mammals Platelet-derived growth factors

Homo Sapiens & Rattus norvegicus
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Mammals Platelet-derived growth factors

Homo Sapiens & Rattus norvegicus

PDGFA_HUMAN 1 MRTLACLLLLGCGYLAHVLAEEAEIPREVIERLARSQIHSIRDLQRLLEI 50
FEEETEEE R PR e R e
BAA00987 .1 1 MRTWACLLLLGCGYLAHALAEEAEIPRELIERLARSQIHSIRDLQRLLEI 50

PDGFA_HUMAN 5

-

DSVGSEDSLDTSLRAHGVHATKHVPEKRPLPIRRKRSIEEAVPAVCKTRT 100
(IR B RN RN R AR RN
BAA00987.1 51 DSVGAEDALETNLRAHGSHTVKHVPEKRPVPIRRREVLRKPFPQFARPGR 100

PDGFA_HUMAN 101 VIYEIPRSQVDPTSANFLIWPPCVEVKRCTGCCNTSSVKCQPSRVHHRSV 150
coeeeettad LEEREERERREREEREER R TR R R R R ET e
BAA00987.1 101 SFTRYLGARWTPTSANFLIWPPCVEVKRCTGCCNTSSVKCQPSRVHHRSV 150

PDGFA_HUMAN 151 KVAKVEYVRKKPKLKEVQVRLEEHLECACATTSLNPDYREEDT 193
FECREEREEREET R e e PR e e ]
BAA00987.1 151 KVAKVEYVRKKPKLKEVQVRLEEHLECACATSNLNPDHREEET 193

ck-translation for discovering distant protein homologies



Mammals Platelet-derived growth factors

Homo Sapiens & Rattus norvegicus

M I A D LG ¢ cElL AN L A B B A ETCRCR EEET
ATGAGAACATTGGCATGTTTAT ATTAGGATGTGGATATTTAGCACAT [AGCAGAAGAAGCAGAAATACCAAGAGAAGTGATA

TTATTATTATTAGGATGTGE

s
L L L L G c cHEllL

ATGAGAACATGGGCATC AGCACATGCGTTAGCAGAAGAAGCAGAAATACCAAGAGAACTGATA
MR T WM A C ATHIATL A E E A EDUPCR E LT

ROL AR S Q IUH ST R D L QR L L Bl p SEMG S E D S L D
AGATTAGCAAGATCACAAATACATTCAATAAGAGATTTACAAAGATTATTAGAAATAGATTCAGTAGGATCGGAAGATTCGTTAGAT

GAAAGATTAGCAAGATCACAAATACATTCAATAAGAGATT
ER R s Q I B S I R D L

ACAAAGATTATTAGAAATAGATTCAGTAGGAGCGGAAGATGCGTTAGAA
L A QR LL I'D sSENEG A E D A B

L R AUH GEVEH A TUKCHINEP EIKIR RORUKR

T s PoLoP o1 s WlEE
CAAGTTTAAGAGCACATGGAGTGCATGCGACGAAACATGTACCAG, GACCACTGCCAAT TATTGAGGAA

AAATTTAAGAGCACATGGATCGCATACGGTGAAACATGTACC CAGTGCCAAT TATTGAGGAA
TENT L R A CHY G S CHT T EVESKS HEVE P PEVE P 1 ¥eL R OK

viop
CGTTCCC

AW KT T I EME 1 P R S QIWIDEP T S AINEEL IIW
iCAGTTTGCAAGACCAGGACGGTCATTTACGAGATACCTAGGAGCCAGGTGGACICCAACATCAGCAAATTTTTTAATATG

CGTTCCCGCAGTTTGCAAGACCAG
PEEI P QUEIA R P

GTCATTTACGAGATACCTAGGAGCCAGGTGGACCCCANCATCAGEAAATTTTTTAATATG
SHEl T RO L ACREWE T P T s ACNEEL I

Povpd ¢ BVE E ENENKSCRS ¢ T G ¢ c BNO T s s EVENKN C (QUPN s PROENENESHICRY s BN
CACCATGTGTAGAAGTAAAAAGATGTACAGGATGTTGTAATACATCATCAGTAAAATGTCAACCATCAAGAGTACATCATAGATCAGT

CACCATGTGTAGAAGTAAAAAGATGTACAGGATGTTGTAATACATCATCAGTAAAATGTCAACCATCAAGAGTACATCATAGATCAGT
PP CEVIEIMSK R C T G C CLN'T s sEMEKI C Q P S RENOH H R 5 LN

KOV A CkuvE £ EEEOVE R KK P UK L UKD £ DVE Q BVE R E B IEIL C UK O K
AAAAGTAGCAAAAGTAGAATATGTAAGAAAAAAACCARAATTAAAAGAAGTACAAGT AAGATTAGAAGAACATTTAGAATGTGCATGTGC

AAAAGTAGCAAAAGTAGAATATGTAAGAAAAAAACCAAAATTAAAAGAAGTACAAGTAAGATTAGAAGAACATTTAGAATGTGCATGTGC
KWl A (K owi F BEEOVS R K K. P OK L K BLVIQEIVIR L ECHIL E C A C A

T 1 s LENEEl D MR E E D T G
AACAACGAGTTTARATCCAGATTACAGAGAAGAAGATACAGGC

AACATCGAATTTAAATCCAGATCACAGAGAAGAAGAAACAGAC
T s NS L NSRS D CHOR E E E T D

a Girdea, Laurent Noé, Gregory Kuch ack-translation for discovering distant protein homologies



Mammals Platelet-derived growth factors

Homo Sapiens & Rattus norvegicus

M I A D LG ¢ cElL AN L A B B A ETCRCR EEET
ATGAGAACATTGGCATGTTTAT ATTAGGATGTGGATATTTAGCACAT [AGCAGAAGAAGCAGAAATACCAAGAGAAGTGATA

TTATTATTATTAGGATGTGE

s
L L L L G c cHEllL

ATGAGAACATGGGCATC AGCACATGCGTTAGCAGAAGAAGCAGAAATACCAAGAGAACTGATA
MR T WM A C ATHIATL A E E A EDUPCR E LT

B

ROL AR S Q IUH ST R D L QR L L Bl p SEMG S E D S L D
AAGATTAGCAAGATCACAAATACATTCAATAAGAGATTTACAAAGATTATTAGAAATAGATTCAGTAGGATCGGAAGATTCGTTAGAT

GAAAGATTAGCAAGATCACAAATACATTCAATAAGAGATT
3 R s Q I B S I R D L

ACAAAGATTATTAGAAATAG.
L A QR LL 1

ATTCAGTAGGAGCGGAAG.
sEMc A E

ATGCGTTAGAA
[ DA E

LR A DHD G Iy B K

T s von TIK HIV P R P oL Pl s WlEE
ACAAGTTTAAGAGCACATGGAGTGCATGCGACGAAACATGTACCAG. GACCACTGCCAAT TATTGAGGAA

ACAAATTTAAGAGCACATGGATCGCATACGGTGAAACATGTACC CAGTGCCAAT TATTGAGGAA
TENT L R A CHY G S CHT T EVESKS HEVE P PEVE P 1 ¥eL R OK

viop
CGTTCCC

AW KT T I EME 1 P R S QIWIDEP T S AINEEL IIW
iCAGTTTGCAAGACCAGGACGGTCATTTACGAGATACCTAGGAGCCAGGTGGACICCAACATCAGCAAATTTTTTAATATG

CGTTCCCGCAGTTTGCAAGACCAG
PEEI P QUEIA R P

GTCATTTACGAGATACCTAGGAGCCAGGTGGACCCCANCATCAGEAAATTTTTTAATATG
SHEl T RO L ACREWE T P T s ACNEEL I

Povpd ¢ BVE E ENENKSCRS ¢ T G ¢ c BNO T s s EVENKN C (QUPN s PROENENESHICRY s BN
CACCATGTGTAGAAGTAAAAAGATGTACAGGATGTTGTAATACATCATCAGTAAAATGTCAACCATCAAGAGTACATCATAGATCAGT

CACCATGTGTAGAAGTAAAAAGATGTACAGGATGTTGTAATACATCATCAGTAAAATGTCAACCATCAAGAGTACATCATAGATCAGT
PP CEVIEIMSK R C T G C CLN'T s sEMEKI C Q P S RENOH H R 5 LN

KOV A CkuvE £ EEEOVE R KK P UK L UKD £ DVE Q BVE R E B IEIL C UK O K
AAAAGTAGCAAAAGTAGAATATGTAAGAAAAAAACCARAATTAAAAGAAGTACAAGT AAGATTAGAAGAACATTTAGAATGTGCATGTGC

AAAAGTAGCAAAAGTAGAATATGTAAGAAAAAAACCAAAATTAAAAGAAGTACAAGTAAGATTAGAAGAACATTTAGAATGTGCATGTGC
KWl A (K owi F BEEOVS R K K. P OK L K BLVIQEIVIR L ECHIL E C A C A

T 1 s LENEEl D MR E E D T G
AACAACGAGTTTARATCCAGATTACAGAGAAGAAGATACAGGC

AACATCGAATTTAAATCCAGATCACAGAGAAGAAGAAACAGAC
T s NS L NSRS D CHOR E E E T D

Unsure frameshifts, both inside two exons: if confirmed, does not modify any important domain of the protein

a Girdea, Laurent Noé, Gregory Kuch ack-translation for discovering distant protein homologies



Mammals Platelet-derived growth factors

Homo Sapiens & Rattus norvegicus

G Cc ¢ L ATH A B E A BIIUE E 1
AGGATGTGGATATTTAGCAC AGCAGAAGAAGCAGAAATACC AAGTGATA

o1 AT
SAGAACATTGGCATGTTTAT

TG

ATGAGAACATGGGCATGTTTATTATTATTAGGATGTGGATATTTAGCACATG
MR TIWIA C L L L L G C cEEL A H

TTAGCAGAAGAAGCAGAAATACCA. AACTGATA
LA E E A E T P E L1

r

ECR L AR S Q I UE ST R D L QR L L E T b SEMG S E D s L D
GAAAGATTAGCAAGATCACAAATACATTCAATAAGAGATTTACAAAGATTATTAGAAATAGATTCAGTAGGATCGGAAGATTCGTTAGAT

GAAAGATTAGCAAGATCACAAATACATTCAATAAGAGAT
3 ATR s @ romH s TR D

ACAAAGATTATTAGAAATAG.
L L QR LL 1

ATTCAGTAGGAGCGGAAGATGCGTTAGAA
D sEMcC A E D AL E

LR A DHD G W B K

T s HoA TIK HIWP R P oL Pl s WlEE
ACAAGTTTAAGAGCACATGGAGTGCATGCGACGAAACATGTACCAG. GACCACTGCCAAT TATTGAGGAA

ACAAATTTAAGAGCACATGGATCGCATACGGTGAAACATGTACC CAGTGCCAAT TATTGAGGAA
TENT L R A CHY G S CHT T EVESKS HEVE P RPNV P 1 ¥eL R OK

v

A BN c BRE T 'R
AGTTTGCAAGACCAGH

s QEl b N T s
3CCAGGTGGACCCAACATCAGH

AP TV I EEE 1 PR NOF LW
HCCGTTCCCG ACGGTCATTTACGAGATACCTAGG. AAATTTTTTAATATG

ITCCCGCAGTTTGCAAGACC
POQEEN AR

ACGGTCATTTACGAGATACCTAGG
P RosEmT REEL G

CAGGTGGACCCCAACATCAC TITTTTAATATG
AR TP T S A BoLo1w

v ROVIH T

KI c QR s Ros W
AGTAAAATGTCAACCATCAAGAGTACATCATAGATCAGT

PANPN c EVE E EVENREORS C CT0 G c c ENECT
SCCACCATGTGTAGAAGTAAAAAGATGTACAGGATGTTGTAATACATCAT

GCCACCATGTGTAGAAGTAAAAAGATGTACAGGATGTTGTAATACATCATC
PP CEVIERNSK R C T G C CLNOT s s

v

AAAATGTCAACCATCAAGAGTACATCATAGATCAGT
K C Q P s RENIH H R SN

KOmVA A CKOVE £ BNV R CKOUKD P OUKO L UKD E VB QA R L E E(H N SR
AAAAGTAGCAAAAGTAGAATATGTAAGAAAAAAACCARAATTAAAAGAAGTACAAGT AAGATTAGAAGAACATTTAGAATGTGCATGTGC

AAAAGTAGCAAAAGTAGAATATGTAAGAAAAAAACCAAAATTAAAAGAAGTACAAGTAAGATTAGAAGAACATTTAGAATGTGCATGTGC
KWl A (K owi F BEEOVS R K K. P OK L K BLVIQEIVIR L ECHIL E C A C A

T 1 s LENEEl D MR E E D T G
AACAACGAGTTTARATCCAGATTACAGAGAAGAAGATACAGGC

AACATCGAATTTAAATCCAGATCACAGAGAAGAAGAAACAGAC
T s NS L NSRS D CHOR E E E T D

Unsure frameshifts, both inside two exons: if confirmed, does not modify any important domain of the protein

Strong tips: absence of STOP codons after the first frameshift in two reading-frames + strong mRNA conservation (see next slide)

Laurent Noé, Gregory Kuch: ck-translation for discovering distant protein homologies



Platelet-derived growth factors

Homo Sapiens & Rattus norvegicus Homo Sapiens & Danio rerio

Strong conservation (of the protein mainly due the mRNA constraints) on a distant species Zebra fish (Danio rerio) just after the 1st

frameshift
PDGFA_HUMAN 1 MRTLACLLLLGCGYLAHVLAEEAEIPREVIERLARSQIHSIRDLQRLLEI ~ 50 PDGFA_HUMAN 1 MRTLACLLLLGCGYLAHVLAEEAEIPREVIERLARSQIHSIRDLQRLLEI
RN NN R NN RN NN R R RN NN RAR AT ... [ P N A R R NN E N R RN AR
BAA00987 .1 1 MRTWACLLLLGCGYLAHALAEEAEIPRELIERLARSQIHSIRDLQRLLEI ~ 50 PDGFA_DANIORE 1 MRTALIHFLVCCFSLLSAAAEEAPIPRELTERLSNSETHSISDLQRILEM
PDGFA_HUMAN ~ 51 DSVGSEDSLDTSLRAHGVHATKHVPEKRPLPIRRKRSIEEAVPAVCKTRT 100 PDGFA_HUMAN 51 DTSLR. TKHVPEKRPLPTRRKRSIEEAVPAVCKTRT
IR N RN e N N NN NN N e PP P [RERE R P [ PR Lo b PR
BAA00987. 1 51 DSVGAEDALETNLRAHGSHTVKHVPEKRPVPIRRREVLRKPFPQFARPGR 100 PDGFA_DANIORE 51 DFLENEVLEDVKIJG!-IHKE.HL‘{DSR_IILKN LHSRRKRSIEEAVPAVCKTRT
PDGFA_HUMAN 101 VIYEIPRSQVDPTSANFLIWPPCVEVKRCTGCCNTSSVKCQPSRVHHRSYV 150 PDGFA_HUMAN 101 VIYEIPRSQVDPTSANFLIS TGCCNTSSVKCQ!
EEEEEEEEEEEE PPy [ NN R NN AR RN RN ] S
BAA00987.1 101 SFTRYLGARWTPTSANFLI TGCCNTSSVKC! 150 PDGFA_DANIORE 100 VI‘{EIPRSQVDPTAAIIFLIWPPCVEVRRCSGCCNTSNHRCHPSKKHHRIIV
PDGFA_HUMAN 151 KVAKVEYVRKKPKLKEVQVRLEEHLECACATTSLNPDYREEDT 193 PDGFA_HUMAN 151 KVAKVEYVRKKPKLKEVQVRLEEHLECACATTSLNPDYREEDTGRPRESG

FECEEEEEEEE R ER PR PP e e s P == [ RN R N R AR
BAA00987.1 151 KVAKVEYVRKKPKLKEVQVRLEEHLECACATSNLNPDHREEET 193 PDGFA_DANIORE 150 KVAKVEYVRRRPKLREVQVQLEDHLECVCTSRHHSESRIHTADIR-----

Marta Girdea, Laurent Noé, Gregor



Proposed tool

Available at http://bioinfo.lifl.fr/path

BIO“\ > path :: web server
info

home  webserver examples retrieve result with an ID

I bioinfo.lifl.fr

Sequola Protein sequence(s) 1
B mreps Paste one sequence In FASTA formati
>sp|Q8AY47|PA2A2_BUNCA
B vass B —
B Fotn ooy
I Magnolia
Prot M e
otea —_—
Upload MULTIFASTA file: Browse.
Reblosum
RNA Protein sequence(s) 2
P st s ASTA Gt
one s
RNAfamily ooy cencorerammonccanComeKiccy
Gardenia
REGLISS
o
TFM -Explorer Upload MULTIFASTA file: Browse.
TFM-Scan s
TFM-Pvalue . Pl
Norine .
General
Structure
Scoring function
Monomers ‘Translation-dependent base substitution scores

Assumed evolutionary distance between sequences: (00,50 1) mutations per codon (more information sbout
the ransition dependent scoes)

O Classic base substitution scores.
Match: 03 Transversion mutation: -04 | Transition mutation: -02

Gap penalties

Gap of size 3 o v
tension: 10

Framoehit gap oeemcucion o e st
opening: -60 extension: -20

o deetion)t

Alignment sense
@ Forward ce, bath in ition sense)

O Backward (sign the frst sequence with the reverse complementary of the second sequence)
O Forward and Backward



http://bioinfo.lifl.fr/path/

Proposed tool

Available at http://bioinfo.lifl.fr/path

Blo‘w
info

path :: alignment results

I bioinfo.lifl.fr
Sequoia

B mreps

N vass

B Path

I Magnolia
Protea
Reblosum
RNA

Carnac

Norine
General
Structure
Monomers

TFM -Explorer
TFM-Scan
TFM-Pvalue

home  webserver examples retrieve result with an ID

« Back to the form

Input sequences

550 0

CCYVHDNCYGDAE KKHKCNPIQS YS YKL TKRTTSANVEQVLVHVLSVIVIARQPSASAT
LNTSSGTRILTPRDIADDT

>ss0 1
LY

Alignment of back-translated graphs

Score:
Evalve, 2.320446049250313¢-16

Sequence 1 Sequence2 Reading frame

ragment. frag difference Soors) =D

(64 .. 225) (13 ..171] 0 257.87  1.7763568394002505E-15

(227.412) (171 356) 2 0.31439250070590163
o TR T Tr C EE G VSO C cEEC CEMG G s
P anc AN TChTACCETAY T RCTeaATINTCaATGT AT

e 1

AT CATACACTOTACAGTACCAAG - .mcimsw‘m‘m‘nmmmsmgm Y
R ¢ I C TAVE RS R P IEUNSSSS A DN G C BN C GG CEE

GMIP T D A L DRIC cEEVEED N cEEC D AESKSKEENK]c N ® I

11| i |
carcaranrcaanc

G'T AIED D L DERIC C QIVEND N C G IEIA E

o S BN S WL T EENRIT T S
ATCCAATeT IR G AC AT TAAC A

i ]
FTACACTCTATARGTAT

T =i C 'S 008 ¢ ML C

ABREQ P S A S ATIL N T S § C TERNI L T PERID I A

-l I i 1.
11 7ac AT cocsragee
LIVEA AN CHEA G ACREET D A NEEN I B LEKIE
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Conclusion & Future Work

Available at http://bioinfo.1ifl.fr/path/

A new method to discover hidden protein homologies:
@ algorithm that detects frameshifts on distant proteins

@ associated substitution matrices and significance parameters

Future work:
@ low complexity filtering (both Protein and Codon ...)
@ multiple alignment (to quickly confirm a frameshift ...)
@ seeding techniques for back-translation graphs (speed up ...)
@ large scale studies of frameshift events (takes lot of CPU-time ...)
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