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Sequence searching and sequence
alignments - MBV-INFX410

In this exercise we will start with a bacterial DNA repair protein called Nth and identify its
homologs in different species, including humans, using BLAST and PSI-BLAST, and then
identify conserved sequence motifs using multiple alignments. It is a good idea to create a
report document in Word (or a similar editor) were you describe briefly what you do, save
the sequences that you work with and answer the questions that are asked. You must also
save screen shots of what you do in your report. Make sure you know how to do this!

1. Find the RefSeq protein sequence of the Endonuclease lll (Nth) protein from the
bacterium Escherichia coli, strain K-12, substrain MG1655, using Entrez, in the NCBI
protein database (www.ncbhi.nlm.nih.gov). First try yourself, without checking below!

For the rest of the exercise, it is a good idea to sign up for a “My NCBI” account and
sign in. Follow the link “Sign in to NCBI” at the top/right hand side of the front page,
to do this. When you are signed in, you can, for example, save your searches and pick
them up at a later stage to do more work.

There are many ways to find the correct Nth protein, but what we are looking for is
the RefSeq sequence NP_416150. One possibility is to search for “Escherichia coli”
AND “Endonuclease III” AND MG1655 in the Protein database and then filter for
RefSeq in “Source databases”. You will then have some 10s of candidates and
among these the only one that is MG1655, “Endonuclease IlII”, and RefSeq is
NP_416150. Make sure you understand how you find a sequence by searching like
this!

2. Get the FASTA sequence for the protein and paste it into your report document.

>gi| 16129591 |ref|[NP_416150.1] DNA glycosylase and apyrimidinic (AP) lyase (endonuclease Ill) [Escherichia
coli str. K-12 substr. MG1655]
MNKAKRLEILTRLRENNPHPTTELNFSSPFELLIAVLLSAQATDVSVNKATAKLYPVANTPAAMLELGVE
GVKTYIKTIGLYNSKAENIIKTCRILLEQHNGEVPEDRAALEALPGVGRKTANVVLNTAFGWPTIAVDTH
IFRVCNRTQFAPGKNVEQVEEKLLKVVPAEFKVDCHHWLILHGRYTCIARKPRCGSCIIEDLCEYKEKVD

|

3. Follow the link to the corresponding Gene (in the list of “Related information” at the
right hand side). What is the NCBI gene identifier (Gene ID) for the gene? What is the
Swiss-Prot identifier for this protein? Which genes are found directly upstream and
downstream of nth? Are the three genes transcribed in the same direction?
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The Gene ID is 947122 and the Swiss-Prot ID is POAB83. The two neighbouring
genes are rsxE and dtpA. All three genes are transcribed in same direction.

4. In the simple genome browser on the NCBI Gene page (“Genomic regions,
transcripts, and products” section) click and drag the genome to centre the region
where you have the start of nth and the stop of rsxE. Then zoom in all the way to the
highest possible magnification by using the slider and/or the “+” and “ATc” buttons.
Make sure the start of nth stays in the middle of your browser by click-dragging, if
necessary. What are the three nucleotides of the codon encoding the last (C-
terminal) amino acid in rsxE? What are the nucleotides of the stop codon of rsxE and
the start codon of nth? How many nucleotides are there between the start of nth and
the stop of rsxE?

The last amino acid of rsxE is Val, encoded by GTC, and the stop codon is TGA. The
start codon of nth is encoded by ATG. In this case the A of TGA (stop) is the same as
the A of ATG (start). The two genes overlap by a single nucleotide, and there are,
obviously, no nucleotides between them.

Notice how densely packed the genes are in bacteria compared to, for example, the
vertebrates.
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5. Get the homologous sequences of the Nth protein from Mycobacterium tuberculosis
strain H37Rv (Gl number 57117142), Bacillus antracis strain Ames (Gl number
30261643), Neisseria meningitidis strain MC58 (Gl number 15676439), and
Streptococcus pneumoniae strain R6 (Gl number 15903200) in FASTA format, and
copy them into your report.

6. Edit the sequence titles to contain only the name of the bacteria and the RefSeq
identifiers. Replace the spaces with the underscore character (“_"), but keep the
initial larger-than character (“>”). For your first sequence, the header will then be
“>Escherichia_coli_NP_416150".
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7. Start Desktop JalView. Use “File” = “Input Alignment” - “from Textbox” to enter the
five bacterial Nth sequences by copying and pasting. Click on “New Window”. Take a
screenshot of Jalview with the input sequences and paste the image into your report.
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8. Use the MUSCLE-algorithm web service (found under “Web Service” - “Alignment”)
(with “Muscle with Defaults”) to generate a multiple sequence alignment (MSA). Can
you say anything about on which computer the MUSCLE-algorithm is running? Where
on the planet? Hint: Look in “Tools” - “Preferences” - “Web Services”.

The job is running as a web service on a server that at least contains the name
“dundee”. The service is, very likely, running in Dundee, Scotland, on a server
belonging to the group of Professor Geoff Barton. This is the group that is
developing Jalview.

9. Colour the amino acids according to “Percentage identity”. Remove the “Quality”
annotation information in the lower part of the window by right-clicking on the word
“Quality” and choose “Hide this row”. Do the same for the “Consensus” annotation.
Right-click on “Conservation” and choose “Edit Label/Description”. Change the
“Annotation name” to your native language. For example, in Norwegian use the text
“Grad av konservering”, then click “OK”. Sort the sequences by pairwise similarity
(“Calculate” - “Sort” - “By Pairwise Identity”). Reformat the alignment to make it
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more compact (“Format” = “Wrap”).
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Adjust the width of the window so that you

get the MSA split into 4 lines/blocks. Also remove the tick mark at “Show Sequence

Limits” under “Format”.
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© € | Bacillus_anthracis_NP_844020 53 KNEBFOKYKBPEDYLSVSLEELQQDIRS | KNIQKLCRMEBLDDYNSE KDRDEBTK 114
MNR| Alp| streptococcus_preumonize_NP_358750 54 PGBFVAF PIPQAMSVATESE | ASHISRL KF LKKCAQQELDDF D o QTREEHES 115
G| Mycohactedum_tubemulosis_NF_218191 63 PARFARYRMARDYAQADRTELESLIIRPT ASLIGLGQABVERF G| ATMDKBVT 124
IFR Mu|
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ESE| Ma)
THY| Ma| Eschedchia_coli_NP_416150 114 LNT veNRTQF APGKN - VEQ EKLLKVVPAEF KVD 174
Ma| WNeissera_meningitidis_NF_273578 114 LNT H VSNRTKIAPGKD - VREMEDKLMRF | PKEF LMD 174
Ma| Bacillus_anthiacis_NFP_844020 115 VSV, I AI VSKRLAICRWKDSVLE KTLMKKIPMDEWSY 176
Ga( Steptococcus_preumoniae_NF_353750 116 MSsve el | BaF ICKHHD I VKKSATPLEMEKRVMD | LEPEQWLA 177
Ga( Mycobacterum_tubemulosis_NP_213191 125 ILGN 1Ble 1T LVRRWRWT TAED - PVKMEQAVGEL | ERKEWTL 185
Ga
Ga Grad avkonservering
[Seq Cei
Te 66533764445.736 54076495365553
Smy
L={ Escherichia_coli_NP_416150 175 CHHwWL, 1ARK GSE I IEDLEEYKEKYD I« - - v oommemmeeee e e e 21
Neissera_meningitidis_NF_273578 175 AHHWL KALK n QTE I INDLEEYPAKA -« « -« s eoo e maao e 209
Bacillus_anthracis_NP_844020 177 THHRM KAQR EECPLLEVEREGKKRMKGK - - - o oo v v veeee et 215
Streptococeus_preumonize_NF_358750 178 AHQ AM) HP KN DOYP - -QLYDFSNL- - oo - o m oo e e e 209
Mycobacteriun_tubemulosis_NP_218191 186 LSHR V] HARR GVEVLAKDEPSFGLGPTEPLLAAPLVOGPETDHLLALAGL 245
Grad av konservering
‘4#3 77 33 5756 3 437620547432360- - -----------------------
ISequence 1 ID: Escherichia_coli_NP_416150 Residue: PRO (29)

Export the alignment in PNG format, and import it into PowerPoint, Adobe lllustrator,

or a similar program in order to add some extra information in the MSA. Indicate the
residues involved in the helix-hairpin-helix (HhH) motif (LxGVGxK) and the [4Fe—4S]
(iron sulphur) cluster motif (CxxxxxxCxxCxxxxxC). See Fig. 3 in the article below for
more information about these motifs. Copy the resulting figure into your report. Are

both motifs fully conserved in all sequences?

N. Goosen & G.F. Moolenaar, “Repair of UV damage in bacteria”,

DNA Repair 7, 353

(2008) http://dx.doi.org/10.1016/j.dnarep.2007.09.002

The HhH motif is conserved in all species, with GVGRKTANV being fully conserved.
The [4Fe-4S] cluster is conserved in all species except Streptococcus, which lacks

the two last cysteines.
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Sammenstilling av fem Nth homologer
fra bakterier

Escherichia_coli_NP_416150 Toeme e MNKAKRLE ILTRLRENN HPTT‘E NTS S‘PF
Neisseria_meningitidis_NP_273578 T ------ - - - MNRHIRQEIFERFRAANPHPTTEEBNENSPF
Bacillus_anthracis_NP_844020 1 ---------- MLNKTQIRYCLDTMADMYPIE AH C‘E I HD N‘P F
Streptococcus_pneumoniae_NP_358750 1T - -------- MVLSKKRARKVLEE I IALFRPIDAKPSEDEF ‘T NHE
Mycobacterium_tuberculosis_NP_218191 1 MPGRWSAETRLALVRRARRMNRALAQAF HVYC‘E DF‘T T‘PL

Grad av konservering

75435355856383456 477938 7 77
Escherichia_coli_NP_416150 52 AKEIYPVANIBPAAMLELGVEGVKTYILKTIGLMNSKAENI IKTCRIEBLEQHNGE EDR‘AA EA 113
Neisseria_meningitidis_NP_273578 52 AKIEF PVADIBPQAMLDLGLDGVMEYTKT IGLMKTKSKHIMQTCR I BLEKYNGE EDREABES 113
Bacillus_anthracis_NP_844020 53 KNEEFQKYKWBPEDYLSVSLEELQQDIRSIGLMRNKAKNIQKLCRMELDDYNGE KDRDEETK 114
Streptococcus_pneumoniae_NP_358750 54 PGEFVAFPEPQAMSVATESEIASHISRLGLNMRNKAKFLKKCAQQELDDF DGQ QTREEEES 115
Mycobacterium_tuberculosis_NP_218191 63 PAEIFARYRIMARDYAQADRTELESLIRPTGFMRNKAASL IGLGQAEVERFGGE ATMDKEVT 124
Grad av konservering
34 4363 7358537536493626546 8 6 833+546985 5758 38643 44

Escherichia_coli_NP_416150 114 V‘LNTA TI1A I F VCN‘RTQFAPGKN—VEQ EKLLKVVPAEFKVD 174
Neisseria_meningitidis_NP_273578 114 VLNTA VMA IFRIVSNRTKIAPGKD-VRE DKLMRF IPKEFLMD 174

Bacillus_anthracis_NP_844020 15 V‘VSVA AlA VERVS K‘RL Al CRWKDSVLE KTLMKKIPMDEWSV 176

Streptococcus_pneumoniae_NP_358750 116 \AMS VG AFA VERICKHHDIVKKSATPLE KRVMDILPPEQWLA 177
Mycobacterium_tuberculosis_NP_218191 125 ILGNA FGRLYV R‘RWRWT TAED-PVK QAVGELIERKEWTL 185
Grad av konservering I
7 877 5687 73 66833764445-736 54976495365553
Escherichia_coli_NP_416150 175 CHHWL 8L H YT I’XRK RBcsE 1 1EDLE@EYKEKYD I <« - v oo 211
Neisseria_meningitidis_NP_273578 175 AHHWL L H Y T K\iL KPIQEQTC I INDLCEYPAKA - - - - - - - - - - - - - oo oo oo oo o 209
Bacillus_anthracis_NP_844020 177 THHRMEF F YHEKAQRPIQEEECPLLEVEREGKKRMKGK - - - - - - - - - - - oo oo oo 215
Streptococcus_pneumoniae_NP_358750 178 AHQAMWY F AIGQHPKNPIEEEDQYP - -QLYDFSNL - - - - - - - - - - - oo oo oo oo e 209
Mycobacterium_tuberculosis_NP_218191 186 LSHRV\ FH RV H’XRR ACGGVCVLAKDCEPSFGLGPTEPLLAAPLVQGPETDHLLALAGL 245

Grad av konservering

54638 %7 33 5756 3 437620547432360N\ ------ -5

[4Fe-4S] cluster motiv
HhH motiv

10. Find the percentage sequence identity between the five sequences. First select all
the sequences in the Jalview MSA window, for example by typing <ctrl>-a. Btw, if you
want to select nothing, press the <Esc> key. Try this. Select all sequences again and
do “Calculate” - “Pairwise Alignments...”. Look at the pairwise alignments and find
which two sequences are the most similar. Which are they? What is the sequence
identity between those two sequences?

E. coli and N. meningitidis are 72% identical while no other pairs are above 47%

11. Using the sequence from E. coli Nth as query, perform a protein BLAST (blastp)
search at the NCBI website (http://blast.ncbi.nlm.nih.gov). Use “Basic BLAST” and
“protein blast” and search in the RefSeq protein database. Limit the search to protein
sequences from vertebrates. Set the max target sequences options to 5000 under
algorithm parameters. Also set “Word size” to 3. Why do we choose blastp in this
case and not tblastn?




torognes@ifi.uio.no jonkl@medisin.uio.no

12.

13.

14.

15.

We are searching with a protein query sequence in a protein sequence database,
hence blastp. tblastn is used for searching with a protein sequence in a translated
nucleotide database.

How many hits do you get? The easiest way to find this out is not by counting, but by
jumping down to “Descriptions” and click “All” in “Select: All None”. How many
homologs of E. coli Nth do you find in vertebrates?

1015 hits Nov. 20 2016
On Nov 14, 2014, there are 591 hits, but this number will most likely change, and
grow, fast. There are not necessarily 591 homologs of E. coli Nth in vertebrates here
since the maxium threshold for E-value was set to 10 (as default). Many of the hits
are “random hits” with E-value approaching this value.

We could define an E. coli Nth homolog as a hit with E-value better (lower) than 0.01
(but we could also have chosen a different value). Do this, and check how many
hits/homologs you find now. Hint: Use the “Formatting options” at the top and set
“Expect Max:” to 0.01, press “Reformat”, and now count the number of hits.

On Nov 14, 2014, | get 477 hits with E-value better than 0.01. These are most likely

homologs (with a common ancestor gene with E. coli Nth). |806 hits Nov. 20 2016

What is the top hit with the best E-value? Write the accession identifier in your
document. Check also hit number 2 and 3 on the list, then 4 and 5. Which species are
these sequences from? What is the sequence identity between E. coli Nth and these
hits. What appears to be, very roughly on average, the sequence identity between E.
coli Nth and vertebrate Nth-like proteins.

Hits 1 to 3 are from Pantholops hodgsonii, the Tibetan antelope or chiru. The best
hit has identifier XP_005981298. Number 4 is from Elephantulus edwardii, the Cape
elephant shrew, and 5 from Chrysochloris asiatica, the Cape golden mole. Sequence
identities between E. coli Nth and these homologs are 55%, 55%, 49%, 32%, and
34%. Most of the other vertebrate Nth-like homologs are roughly 30% identical to
E. coli Nth.

From the resulting BLAST hits, select the following sequences: endonuclease lll-like
(Nth) (approx. 280-360 amino acids) and A/G-specific adenine glycosylase (also
known as MutY) (approx. 510-720 amino acids) from man (Homo sapiens), mouse
(Mus musculus), cow (Bos taurus), chicken (Gallus gallus), frog (Xenopus tropicalis),
and the fugu pufferfish (Takifugu rubripes). If there are several isoforms of the
proteins, choose the one with the lowest isoform number. Also, if there are several
entries for the same protein, select the one who has an accession starting with


jonbra
Text Box
1015 hits Nov. 20 2016

jonbra
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806 hits Nov. 20 2016
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“NP_", or alternatively with “XP_". We do not have time to look very closely at all the
sequences and their splice variants, but if we wanted to do serious work with these
sequences, we would have to do that. We should, for example, have checked if there
is something obviuosly wrong with the splicing of the sequences. Retrieve the
sequences in FASTA format, and paste them into the report. Make sure you are able
to do this properly, at least for human, mouse, and cow, before you continue below.
Can you use some of the options under “Formatting options” (at the top of the page)
to make this task easier? Why choose sequences with “NP_" identifier, rather than
“XP_"7?

If you, under “Formatting options” filter on “Organism”, you get only a few hits for
each organism and finding the relevant ones is much much easier than if you work
with the full list. Sequences with “XP_" identifiers are “models” (see lecture notes
from the first day of the course) and have almost certainly never been manually
curated, while “NP_" sequences at least possibly have been checked a bit better.

16. We want, as for the bacterial protein sequences, to shorten each sequence title to
contain only the species name and RefSeq identifier. We could do this manually, in a
text editor, as we did above for the bacterial homologs. However, the task here will
be to use a little program or script to do this. If we had hundreds of sequences,
making a script would certainly be quicker and less error prone. If we had even more
sequences, a script would be the only option.

Log onto freebee.abel.uio.no, and create a new directory that you will work in. Call it,
for example, “MSA_Exercise”. Download the file MSA_exercise.tar.gz from the wiki
page and put it in the new directory. How you do this will depend on your laptop.
When you have done this, make sure you understand what you did. We will do
similar operations more times during the course (and very likely for the exam...). This

is important! |https://github.com/jonbra/MBV-INFx41 0/raw/master/MSA_exercise.tar.gz

17. The file has a double ending, “.tar.gz”. This indicates that this is a compressed file
that has been compressed, or packed to save space, by the gzip software application
(hence the “.gz"). It is also a “tar file”, also known as a “tarball”, which usually means
that many files have been packed into a single file. This is often done to make file
transfer and/or file storage easier. Use Is -l MISA_exercise.tar.gz to see the size of the
compressed file.

18. Uncompress the file by running the command gzip -d MSA_exercise.tar.gz (gunzip
MSA_exercise.tar.gz will do exactly the same and is possibly easier to remember). Do
Is -l to see what you have now. Notice that the uncompressed file is much bigger than
the “gzipped” version. gzip and other compression applications are very useful to
save disk space and speed up file transfer.


jonbra
Text Box
https://github.com/jonbra/MBV-INFx410/raw/master/MSA_exercise.tar.gz
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19. Now pack out all the files in the tarball archive file by running tar -xvf

20.

21.

MSA_exercise.tar. Here “-x” tells tar to “extract” all files in the archive, “-f” tells tar to
extract them from the file MSA_exercise.tar (and not, for example, from a tape
station), and “-v” tells tar to be “verbose” and print to the terminal what it is doing.
Of course, you can read more about gzip and tar by using the man command. Now
do Is -/ to find out what you have in your current directory.

2P jonki@freebee:~/MSA_exercise E@@

bash-4.1$ 1s -
MSA_exercise.tar.gz

bash-4.1$ gunzip MSA exercise.tar.gz

bash-4.1§ tar -xvf MSA exercise.tar

12verts.fasta

modifyFastaHeaders.py

bash-4.1$ 1s

12verts.fasta modifyFastaHeaders.py MSA exercise.tar

bash-4.15 I

You find the 12 vertebrate Nth homologs in the file 12verts.fasta. Make sure the file
has correct Unix format with Unix end-of-lines by using cat -ve. Use man cat to find
out what the “-ve” is doing. If the end-of-lines are not correct, fix the problem with
the command dos2unix.

;
£ jonki@freebee:~/MBV-INFX410_Python =N R =)

[jonkl@freebee ~/MBV-INFX410 Python]$ cat -ve 1l2verts.fasta | head -n 5 -
>gi|4505471|ref|NP_002519.1| endonuclease III-like protein 1 [Homo sapiens]”"M$
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAFARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGAE"MS
PLKVPVWEPQDWQQQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMORLRARGLT "M$
VDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILQQHYGGDIPASVAELVALPGVGPRKMAHLAMAVAWGTVSGIAVDT "M$
HVHRIANRLRWIKKATKSPEETRAALEEWLPRELWHEINGLLVGFGQRQTCLPVHPRCHACLNQALCPARQGL"M$
[jonkl@freebee ~/MBV-INFX410 Python]$ dos2unix l12verts.fasta

dos2unix: converting file 12verts.fasta to UNIX format ...

[jonkl@freebee ~/M3V—INFX410_Python]S cat -ve 1l2verts.fasta | head -n S

>gi| 4505471 |ref|NP_002519.1| endonuclease III-like protein 1 [Homo sapiens]$
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGRES
PLKVPVWEPQDWQQQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMQORLRARGLT S
VDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILQQHYGGDIPASVAELVALPGVGPKMAHLAMAVAWNGTVSGIAVDTS
HVHRIANRLRWIKKATKSPEETRAALEEWLPRELWHE INGLLVGFGQQTCLPVHPRCHACLNQALCPAAQGLS
[jonkl@freebee ~/MBV-INFX410_Python]$ cat -ve 12verts.fasta | head -n SfJ

Your task is to open the file 12verts.fasta and change all headers to the correct
format (e.g. “>Homo_sapiens_NP_002519” for the human Nth homolog). Change all
spaces to “_” and, of course, keep the initial “>”. Then write out a new Fasta file,
identical to the original one, but with modified and simplified Fasta headers. Call the
new file 12verts_new.fasta.

>gi[4505471 |ref|NP_002519.1| endonuclease III-like protein 1 [Homo sapiens]

MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGAE
PLKVPVWEPQDWQOQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMQORLRARGLT

should become

>Homo_ sapiens NP 002519
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MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGAE
PLKVPVWEPQDWQOQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMORLRARGLT

and so on.
22. Write down the steps, or a little flowchart, that shows what the script has to do in
order to solve the task.
23. If you have done any programming before or you want a challenge, choose (a) below,
otherwise do (b).
a. Make a script in a programming language of your own choice that does the
file conversion described above
b. Take a look at the python script modifyFastaHeaders.py you found in the
tarball MSA_exercise.tar.gz. Go through it step by step and make sure you
understand what it will do. Use this script to do the file conversion

@ jonkl@freebee:~/MSA_exercise E @

[jonkl@freebee ~/HSA_exercise]S python modifyFastaHeaders.py 12verts.fasta l1l2verts_new.fasta -
Processing NP_002519 from species: Homo_sapiens

Processing NP_036354 from species: Homo_sapiens

Processing NP_032769 from species: Mus_musculus

Processing NP_573513 from species: Mus_musculus

Processing NP_001039862 from species: Bos_taurus

Processing NP_001039600 from species: Bos_taurus

Processing NP_001073043 from species: Gallus_gallus

Processing XP_422433 from species: Gallus_gallus

Processing NP_001037884 from species: Xenopus_(Silurana)_tropicalis

Processing NP_001072831 from species: Xenopus_(Silurana)_tropicalis

Processing XP_003972103 from species: Takifugu_rubripes

Processing XP_003974154 from species: Takifugu_rubripes

[jonkl@freebee ~/H5A_exercise]5 head -n 6 1l2verts_new.fasta

>Homo_sapiens NP_002519
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSERGEGAE
PLEVPVWEPQDWQQQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVIAGAMORLRARGLT
VDSILQTDDATLGKLIYPVGFWRSKVKYIRQTSAILQOHYGGDIPASVAELVALPGVGPRMAHLAMAVAWNGTVSGIAVDT
HVHRIANRLRWIKKATKSPEETRAALEEWLPRELWHEINGLLVGFGQRQTCLPVHPRCHACLNQALCPAAQGL
>Homo_sapiens NP_036354

[jonkl@freebee ~/H5A_exercise]5 I

m

24. As you did for the bacterial sequences, use Jalview to generate an MSA for the twelve
vertebrate sequences, but this time use the T-Coffee algorithm (with default
settings).

=1 Jalview 2.8 felfe ==

File Tools Vamsas Help Window

Cut & Paste Alignment File [=[® ‘E}
Filef
sae|  Cut & Pasteinput - FASTA o[B8 [=
MPE| Filef —ab—di <
- Alignment with TcoffeeWS ERICEES ] o
DEL| o TeoffeeWs alignment of Cut & Paste input - FASTA o [E [
GRAT| Hom:
e o File Edit Select View Format Colour Calculate Web Service
o s 520 530 a0 550 500 570 560
LoK 1% e i i . " i , ' . ¥ i
wrs| 85 e| Homo_sapiens_p_o02s1svt.512 i aficBP e effa - - All. EEWR s E i B HGLIVEFG 0 off mupmmLNIAmun B
5| soal T e sapiens_ne_0ssssr5i5 A16/ABF s 8% . vBaa LwaLABBLVOP. GATVETPORPLEHCRVESLERARG
2| ol 99 s musmutus 0327651300 souileee i, - BGWLETvL WYL LVargas 6. £ ErEaabL s LEPAda
MIS| Gal Aes_musoulus_NP_573513/1-515 16 ABP TETLvEHHLWNLABBL GaTvETRQRPLEEHERVESLERAN
OLK) Xenq 15| Bos_taums_aP_001039862/1-305 KKARKSPEERRR - - AL - EEWLPRELWSE I NGLLVGF G0 | LPlRPRdﬁA:LNRAL:PAAR
canl 5 25 o e i 0010356001526 416459557 v ga L wsLABaL 32 @ Fcrr BHERR 1 LEnane
] 4 Gallus_gallus_NE_001073043/1-281 KKETRYPEEMRY - - AL - EOWLP RBILWRE | BWLLVGFG0a[iEL PyNPREKEELNED | CPARK
ey Job | Gallus_gallus_XP_422433/1-687 CIGABTSSLAVIDCLWDMANTLWVDR MELGATMETPKSPL| HCH
SAH| Xenopus_(Silurana)_tropicalis_NP_001037884/1-300 R AM- EowMPRELWSE INwLLVGFGooVELPusPREBECLNKDIEPEAK
5Ta| | o d enopus. (sirana) topivatio NP 0010728371.520 1 6ADES BLAVE D KLWNLANAL GATVETPKKPLETACHLBO0EKANL
wsT] ool etitegu_nibripes_xe_oossrz1031-387 SWL KKPl - sL-EEWLFRELWSE INWLLVGFG0OVELPVSALBSVELNEHDERSAH
cr| | i sioes xe oosorstsar7is BATGABIC ToR TVEALWSLANTL MELGARVETPKBPLENRCR | B HOHSYH
a1l rurf
syl me >
1AT] el
1 Il g lin B s
KM -se 486453655534542--50-7475656355357 577548 646 6 43 5 41 68622 3534
GLL{ 5‘° p
-do_
~ter]
L b Consensus|
Bed -re RWIG+DTKSPE+TRKLWALAEE+\+RE++Gs FNOLL+++0+0VC+PVRPLESACS NO+LCPAAD
ord
-in ‘ [ ’
[Sequence 1 1D: Homo_sapiens_NP_002519 Residue: GLN (303)
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25.

26.

27.

In Jalview, generate a phylogenetic tree from the alignment of the twelve proteins
(Choose “Calculate” - “Calculate Tree” - ”Average Distance Using BLOSUMG62”).
Click in the tree window to get different colours on the two clades in the tree (See
below). Then, in the MSA windows, do “Calculate” = “Sort” > “By Tree Order” and
choose sorting according to the tree you just generated.

) Jalview 28 = R |

File Tools Vamsas Help Window

Cut & Paste Alignment File [ @ [= ]
File - ————
A€ Cut & Paste input - FASTA o | &8 =®
MPP| Filef - — =
Alignment with TcoffeeWS
] 9 [=[@[= ] -
DEL| s TcoffeeWs alignment of Cut & Paste input - FASTA [e[@ [=
GRT| Honr . 5 . ;
NEE| M File Edit Select View Format Colour Calculate Web Service
Lok] M. 550 560 570 580
NTS zz:- IlWLLVGFG.VCLP\ISPLCSVCLIO.DCP.AH -
>Ta| Gand Average distance tree using BLOSUM62 from TcoffeeWS alignment of Cut & Paste input -..| = | & [s23m
MIS| Ga File View
OL¥| Xen
Xen
SAN . . He ns_NP_038354
. Takitugu_rhipes_XP_003974154/1-715
| T Gallus_gallus_XP_422433/1-587
ShH Xenopus_ (Silurana)_tropicalis_NP._001072831/1-520 2 NP_
>Ta| Mys_amusculus_NP_573513/1-515
MST| _pull| Bos_taums_NP_001039600/1-526 R
cLLl Homo_sapiens_NP_036354/1-596 - -
HTL)
tropicalis_NP
SRY|
IAT,
vLc| Conservation ! Fe
KLM -
GLL 12 Takifugu_rubripes_XP_003974154
TPS] Quality
Homo_sapiens_NP_002519
Bos_taurus_NP_001039862
I Consensus
R G+ D
Seq Mus_musculus_NP_032769
«
[Sequence 1 1D: Takifugu_rubripes_XP_003972103 Resid Gallus_gallus_NP_001073043
1050.75
enopus_(Silurana)_tropicalis_NP_001037884
1153.60 Takifugu_rubripes_XP_003972103

Use the terms homologs, paralogs, and orthologs to describe the relationships
between these proteins/genes.

NP_036354 is human MutY (with official gene name and symbol “mutY homolog”
and MUTYH) while NP_002519 is human Nth (with official gene name and symbol
“nth endonuclease lll-like 1 (E. coli)” and NTHL1). All the other “blue”
sequences/nodes in the figure above are orthologs of human MUTYH. They are
unique genes/proteins due to a speciation event. Similarly, all the nodes in the
“red” clade are orthologs of NTHL1. NTHL1 and MUTYH are paralogs, due to a gene
duplication. All the sequences are homologs.

We now change the names of the sequences a final time and put Nth in all the
headers of the NTHL1 orthologs and MutY in all the headers of the MUTYH orthologs.
Open the file 12verts_new.fasta in a text editor and change the headers so that all
the Nth orthologs are named by their species and Nth (e.g. Homo_sapiens_Nth),

10
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while all MutY homologs are named with MutY (e.g. Homo_sapiens_MytY). Do this
manually, or with a script. Save the new Fasta file as 12verts_final.fasta.

28. Get the sequences from 12verts_final.fasta into Jalview and generate an MSA with

29.

the T-Coffee algorithm, as above. Also generate a phylogenetic tree and sort as
above. Save the tree in PNG format, and import it into your report. Are all the clades
as you would expect?

524.00
oo

Homo_sapiens_MutY

470.00 52400 Bos_taurus_MutY
&‘ 50 577.00 Mus_| lus_MutY
33070 iorZue Xenopus_(Silurana)_tropicalis_MutY
§92.15 1181.50

Gallus_gallus_MutY

1512.20

Takifugu_rubripes_MutY

Homo_sapiens_Nth

Bos_taurus_Nth

Mus_| lus_Nth

Gallus_gallus_Nth

1050.75

Xenopus_(Silurana)_tropicalis_Nth

1153.60

Takifugu_rubripes_Nth

One would expect, in each of the two main clades, that the orthologs in human,
mouse and cow were most similar, as they also are. Further out one would expect
to encounter first chicken, then frog, and finally the fish orthologs. The fish clades
are where they should be, but the frog/chicken is swapped (MutY) or in their own
clade (Nth).

It is certainly not possible to make reliable phylogenetic species trees from just a
single gene, but another problem here is that the phylogenetic tree building
algorithms in Jalview are very simple. They can certainly not be used in a
publication, for example!

This is a good review on how to make reliable trees: Z. Yang & B. Rannala,
"Molecular phylogenetics: principles and practice", Nat. Rev. Genet. 13, 303 (2012).

For the MSA, colour by percentage identity, turn off all annotations (remove the tick
mark at “View” - “Show Annotations”), and use “Edit” - “Remove Left/Right” to
trim the MSA and only keep the core part that is relatively conserved in all the
sequences (roughly corresponding to human MutY residues 120 — 320). Turn on
wrapping, and export the MSA as a PNG file. Import this alignment into PowerPoint
or a similar program, and indicate the two sequence motifs. Copy the resulting figure
into your report. Are both motifs fully conserved in all sequences?

11
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Takifugu_rubripes_Nth 133 —DADAPAHVKRFQ.LV LMLSS KDQVTSAAMQKLRAHGCIHBVENILATNDETLGQL I YPVEGFWRNKVKYLKLTS 206
Xenopus_(Silurana)_tropicalis_Nth 105 -DQNAAPEVMRMQ ILLSILMLSS KDQVTSAAMCRLRQHGLIBVSRILETDDGTLGKL I YPVEGFWKNKVKY IKQTT 178
Gallus_gallus_Nth 89 -DTSAPPQVMRNMQMLLSILMLSS KDQVTSAAMLRLRQRGLJBVDS ILOMDDATLGQ I IYPVEFWRNKVKY IKQTT 162
Mus_musculus_Nth 108 -DASASPKVRRMQMLLSILMLSS KDQVTAGAMQRLRARGLIBVES ILQTDDDTLGRL IYPVEGIFWRNKVKY IKQTT 181
Bos_taurus_Nth 113 -DPSASPKVRRMQMLLSILMLSS KDQVTAGAMQRLRARGLIBVDS ILQTDDSTLGAL I YPVEGFWRSKVKY IKQTS 186
Homo_sapiens_Nth 120 -DSSAPPKVRRMQMLLSILMLSS KDQVTAGAMQRLRARGLIBVDS ILQTDDATLGKL I YPVEIFWRSKVKY |IKQTS 193
Takifugu_rubripes_MutY 281 - - - - - DVNIRTMAMWVESIE | MLQ QVATVIDYYNKWMKRWPBVQDLATATLEDVNQMWAGLEIYYS -RGKRLHEGA 349
Gallus_gallus_MutY 158 LCTDPSV---LLAMWVSIE IMLQ QVATVIDYYNRWMQKWPHLQALAAASLEEVNELWAGLGIYYS -RGKRLQEAA 228
Xenopus_(Silurana)_tropicalis_MutY 73 -CTEPDLDRKAMAMWVSEVMLQ QVATVIDYYNKWMKVWPIEMEDL ARSSLEEVNEMWSGLEYYS -RGRRLQEGA 145
Mus_musculus_MutY AMWYVSIE VML Q QVATVIDYYTRWMQKWPKLQDLASASLEEVNQLWSGLEYYS -RGRRLQEGA 161
Bos_taurus_MutY AMWV AE VML Q QVATV|NYVTRWMQKWPILQDLASASLEEVNQLWAGL YYS -RGRWLQEGA 164
Homo_sapiens_MutY A WV.EVMLQ QVATVINYYTGWMQKWPLQDLASASLEEVNQLWAGLGIYYS -RGRRLQEGA 187

Takifugu_rubripes_Nth 207 AMLQKEF G VR - PKMAHL AMD I AWDQV S I SNRILGWLKKPTKTPEETRK - -5 278
Xenopus_(Silurana)_tropicalis_Nth 179 EILQEKYG VK - PKMAHL VMD I AWNNVS I SNRILKWVRKETKTPEETRV - - A 250
Gallus_gallus_Nth 163 AILKQKYG VK - PKMAHL AMNIAWN S V.S ITNRILKWVKKETRYPEETRV - -A 234
Mus_musculus_Nth 182 AILQQRYE VA - PKMAHL AMAVEBWGT | S I ANRILRWTKKMTKTPEETRK - - N 253
Bos_taurus_Nth 187 ATLQQRYD VA - PKMAHL AMAVEWG T V'S I ANRILRWTKKATKSPEETRR - -A 258
Homo_sapiens_Nth 194 AILQQHYG VA - PKMAHL AMAVERWGT VS I ANRILRWTKKATKSPEETRA - - A 265
Takifugu_rubripes_MutY 35 QKVVsQLQ L KQ RYTAGAIGS IALGQVIT VLCRLRAIGADCTGPTVTEALWS 423
Gallus_gallus_MutY 229 RKVVSELA QRL RYTAGAIASISFGQAT VLCRLRCIGADTSSLAVIDCLWD 302
Xenopus_(Silurana)_tropicalis_MutY 146 KKVVLELG QKL RYTAGAIASISYGQVT VLSRLRCIGADSSTLAVSDKLWN 219
Mus_musculus_MutY 162 RKVVEELG QaL RYTAGAIAS IAFDQVT VLCRIVRAIGADPTSTLVSHHLWN 235
Bos_taurus_MutY 165 RKVVEELG QQF RYTAGAIAS IAFGQAA VLCRIVRAIGADSSSTLVSQHLWS 238
Homo_sapiens_MutY 188 RKVVEELG RTAETEQQL RYTAGAIASIAFGQAT VLCRIVRAIGADPSSTLVSQQLWG 261
Takifugu_rubripes_Nth 279 M-eewiprRELwsE I fwLEver 325
Xenopus_(Silurana)_tropicalis_Nth 251 M-EDWMPRELWSE | NWLL|VGF 297
Gallus_gallus_Nth 235 B -EDWLPRDLWRE | NWL LlvG# 280
Mus_musculus_Nth 254 B -EEWLPRVLWSEVNGLLIVGF 299
Bos_taurus_Nth 259 B -EEWLPRELWSE INGLL|YGF 304
Homo_sapiens_Nth 266 B -EEWLPRELWHE INGLLVGF 311
Takifugu_rubripes_MutY 424 HIANTLVDPDRPGDFNQALMEL SYHKAHFKQEKNSMKLMGKLD-R 488
Gallus_gallus_MutY 303 MANTLVDRSRPGDFNQALMEL AWRRVEKELASASQKLFGKT - - - 365
Xenopus_(Silurana)_tropicalis_MutY 220 BANALVDPDRPGDF NQGMME L AYLKVIAEKESAVKTL IKKQASP 285
Mus_musculus_MutY 236 IAQQLVDPARPGDFMQAAMEL RAYQRVQRGQLSA---LPG---- - 293
Bos_taurus_MutY 239 BAQQLVDPARPGDFMNQAAMEL RARQRVEREQLSASQSLPG - - - - - 299
Homo_sapiens_MutY 262 IAQQLVDPARPGDFMNQAAMEL RARQRVEQEQLLASGSLSG - - - - - 322

HhH motif [4Fe-4S] cluster motif

The 4 Cys residues of the [4Fe-4S] cluster motif are 100% conserved in all homologs.
The motif LPGVGxxxA is conserved in all sequences where xxx is PKM or RYT in Nth
and Muty, respectively.
30. Select a chunk of the MSA between human MutY residues 270 and 307 containing
the [4Fe-4S] cluster motif. Do this by left-clicking just above the MSA, next to “160”
(See below), and pull to the right while holding down the mouse button. Select the
“red region” below. Copy this segment by pressing <ctrl>-c, and paste this into a new
window by pressing <ctrl>-<shift>-v. See below. It should look something like this!:

=) Jahview 28

Eile Tools Yamsas Help Window

TcoffeeWs alignment of Cut & Paste input - FASTA = [@[=
File Edit Select View Format Colour Calculate Web Service

1ISD
sl EEWLPRE LWSE |
- AN - EDWMPR}ELWSE I

Takifugs_nibrioes_ith
Xenopus_ (Siurama)_topicalis_mt

Gallus_galhus_lith -All- EpwLFRD LWRE |
Irs_museuties At - N - EEWL PR LWKS E V]
Bos_taus Mtk - All- EEWLPRELWSE |
Homo_sapiens_iith - Al - EEWL P RIELWHE | -

Fokifugu_mibripes_ Wty
Gallus_galis_ ity

Xemopus_ (Siuina) bopicalis Mt
Afrs_rmusculies_ Wt

Bos_tavwrs Mty

ANTLVDPDRPGDF
WOMANTLVDRISRPGDF
AMALVDPDRPGDF
ARDLVDFARPGDF

H S HIKAHF KQEKNSMKLMG KLD -
HEWRRVEKELASASQKLFGKT- - -
KAYLIKY | AEKESAVKTL | KKRASP

Homa_sagiens_ (Mt wellacaLvorarresrloaame BaT BT BorELEsBrvEsL
Copied es- from TcoffeeWs ali of Cut & Paste input - FASTA =[5 =
File Edit Select View Format Colour Calculate Web Service
10 20 a0
Tabiugu_nibrpes Nih/288-323 Liins LLvereooELPvsp L cBvELHEH o ErBAH o
Henopus_(Silursna) tmpicalis_Nth/255-295 ELWS LLYGFGoaWELPVSPRESECLNKDIEPGAK
Gallus_gallus_Nth/242-278 LR LLvGFeoofcLPyNPREKEELNED | EPAAK
Mus_musoutis, A/261-235 VLIS EVNGLLVGF 600 | 6L FWHPRERABLN KALEPAAG

Bos_taurs_ W/ 266-303

oo _sapiens_Miw27+310
Tabifogu_nibipes_ Matvi432-963
Gallrs_gsllus_Msti314.398

GLLYGFGOQTCLP I RPREQAELNRALEPAAR
GLLYEFeuaTCLPYHPREHAELNEALEPAAD

ALMELGARMETPKEFLETRER I RsHE H
QALMELGATMETPKSPLIEREEPY 1KEHEHAWR

Lins
LinH
REG

1
1
|

v
1
|
F

SRPGDBF
F
F
F
F

Xenopus_(Silurana)_tmpicalis_\ut 228265 BRP G QEMME L&A TME TP KKPLERACPLES0EKANL
Mus_wusoulus NutV244-281 ARPG QAAME LG~ TWETRORPLEEHER VRS LER AN
Bos_taunis_Muthi247-204 ARPG RAAME L&A | METPKRPLEEHERVENLERARD

FHoira_s3piens_Mat ¢ 270-307 ARPG CAAMELSATMETPORPLESCERPVESLERARD

[Sequence 1 ID: Takifugu_ry

:

Consenation

366307 5775948 BAG G 43 6 41 60622 2534
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31.

32.

Now let us make a sequence logo for this segment. Go to the following website,
http://weblogo.berkeley.edu, and follow the link “create”. In Jalview, get the MSA for
our [4Fe-4S] cluster motif segment in Fasta format by doing “File” = “Output to
Textbox” - “FASTA”. Copy the Fasta format text into the window on the WebLogo
website. Then press “Create Logo”. Put the logo in your report. Take a screen-shot,

for example.

bits
Y

-
\

P 06 B L
6l ILPL

The logo gives a good illustration of which residues are conserved in this protein
family and which are not.

Z‘?

© = 0
oo

20

NB! Check out nve E. coli Nth as query, perform an iterative protein PSI-BLAST
version of task 32 |CBI Reference protein sequence database (Refseq protein).
on the wiki pages [rch, limit the search to mammalian sequences, set the max
target sequences options to 1000 under algorithm parameters, and change the “PSI-
BLAST threshold” from the default value of 0.005 to 0.0002. After convergence (or at
least three iterations), reformat the results to include only human (Homo sapiens)
sequences. From the results, select sequences corresponding to the four human
homologs denoted Endonuclease lll-like protein 1 (NTHL1) (312 aa), A/G-specific
adenine DNA glycosylase isoform 1 (MUTYH) (546 aa), N-glycosylase/DNA lyase
isoform 1a (OGG1) (345 aa) and methyl-CpG-binding domain protein 4 (MBD4) (580
aa). Give the sequences short names. After each iteration, check how many hits you

have.
Make a multiple sequence alignment of the four sequences, using the MUSCLE

program from JalView. Format the alignment as earlier. Then try the MAFFT and
ClustalW programs. Import the three sequence alignments into your report.

13
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MUSCLE:

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

MAFFT:

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

L I MCSIQESGMTA SARMLT- -RSRSLGPGAGPRGCREEPGPL R IEAAAEARKSHSPVSS

feceeceannccaanan MTPLVSRLSR| IMRK- - PRAAVGSGH- - - - - - - - - - -« QAASQEGRQKHAKN42

1- -MPARALLPRRMGHRTLASTPA SIPC--PRSELRLDL----VLPSGQSF IEOSFAHWSGVLADG1

1MGTTGLESLSLGDRGAARTVTSSERMVPDPPNDLRKEDVAMELERVGEDEEQMM I KRSSECNPLLOEP |ASAQFGATAGTECRKSVPCGWERVVKQIE

56 K- RPRKAQRLRVAYEGSDSEKGEGAERLKVPVY- - -WEPQDWQQQLVNIRAMRNK- - - - - - - - KDAPVDHLGTEHCYDSSAPPKV- - - - RRYQ131
43 NSQAKPSACDGMIAECPGAPAGLARQPEEVY -QASVSSYHLFRDVAEVTAFRGS- - - - - - - - LLSWYDQEKRDLPWRRRAEDEMDLDRRAYA126
82 QVWTLTOTEEQLHCTVYRGD SQASRRTPDE -EAVRKYFQLDVTLAQLYHHWGS - - - - - - - - VDSHFQEVAQKFQGVRLLRQDP - - 1E139
o7 RLFGKTAGRFDVVFISPQOL FRSKSSLANYLHKNGETSLKPEDFDFTVLSKRG IKSRYKDCSMAALTSHLONQSNNSNWNLRTRSKC - KKD187
1:12 LELMLESaTKDQVTAGAMQRLRA- - - - RGLTVDS ILQTDDATLGKE VP -« -« oo VBFWRSKVKY I KQTSAILQQHYGED IPASY.- - - - - 208
127 EVMLQQTQVATVINYYTGWMA- - - - KWPTLQDLASASLEEVNQLWAG - - - - - - - - - - LGYY-SRGRRLQEGARKVVEELGBHMPRTAE - - - -203
140 CLF FIC NNNIARITGMVERLCQAFGPRL IQLDDVTYHGFPSLQALAGPEVEAHLRKLGLEY - - - RARYVSASARAILEEQGELAWLQQLRESS232
188.FMPPSS ELQESRGLSNFTSTHL- - - -LLKEDEGVDDVNFRKVRKPKGK- - - - - - - - - VTIL--KGIPIKKTKKGCRKSCS@BFVQSDSKRESV267
209 - - -AELVA PKMAHLAMAV| TV-S6 | A THVHRIANR- LRWTKKATKSPEETRAALEEW- - LPRE ----HEINGLL- - - - VG284
204 - ----TLQOL RYTAGAIASIAFGQA- TGV -MDGNVARVLCR- - - - VRAIGADPSSTLVSQQLW-GLAQQLV- - - DPARPGDFNQAA- - - ME281
233 YEEAHKALC | TKVADCICLMALDKP -QAVP VHMWH | AQRDYSWHP TTSQAKGPSPQTNKELGNFFRSEW- - - - - - - - PHi------- AG312
288 CNKA- DAESEPVAQKSQLDRTVC I SDABACGETLSMTSEENSLVKK- - - - - KERSLSSGSNFCSEQKTSG | INKFCSAKDSEHNEKYEDTFLESEE357
“PRCHACLNQALGPAAQGL - - - - = = s o n s s s oo m s s e et e e e 312

285 FIQOTCLPVH
282 LBATMCTPQR
313 WAQAMLF SAD - LRQSRHAQEPPAKRRKGSKGPEG
358 | B TKMEVVERKEHLHTD | LKRGSEMDNNCSPTRKDF TGEKIFQEDT IPRT----QIERRKTSLYFSSKYNKEALSPPRRKAFKKWTPPRSPFNLVQ44a

370 ATCVLEQPGALGAQILLVOQRPNSGLLAGLWEFPSVTWEPSEQLQRKALLQELQRWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTT48S

466 VPPGARWLTQEEFHTAAVSTAMKKVFRVYQGQQPGTCMGSKRSQVSSPCSRKKPRMGQQVLDNFFRSHISTDAHSLNSAAQ 546

521 - 580
1MCS QESGMTA ------------ SARMLTRSRS- - - - - - LGP AGFIGCREEFSPL RREA. -------------- A ARKS SPVKRPRKA RLRVAYEBO
1~MT LvSRESR- - -« oo oo IMRKERAA- - - - . - VGSBH- - - - - eRoK - .. -KNNS@AKPSACDS2
1 ARAL PRRMGHRTLASTPA SIPCPRSELRLDLVLPSGQSF IHWSG\ILADQVWTLTQTEEOL CTVYRGDKS ASRPTPDO1
1MGTTGLES ------------- GDRGAARTVT -« vvnnnn-- SSERLVPDPPNDLEIKEDVA- - -« -« oo cMELERV - - v v e
olsnsi ----- KGEGAEPLKVPUWEPQDWG - - - - @oL----VvNIRAMR- - NKKDAP - - - - - VBHLGTEHCYDSSAPPKVRRYQVLLELML 138

MIAECPGAPAGLARQPEEV-MLOASVSS- - - - RAYAVWVSEVM133

02 ELEAV- - -« ----- RKYFQLD TLAOLVHHWGS\/DSHFI .. .ECLFSFIcC148

2 QEPIASAQFGATAGTECRKSVPCOWERVVE4

132 SSQTKDAVT - - - - - - AGAMARLRARGLTVDS I LQTDDATHGKEIVP- - - - - oo vBFw-. - .- rRskvkMIKkaTsAILQaHYBED | - 204

134 LQQT- - QVATV INYYTGWMBKWP - - - - TLADLASASLEEVNQLWAG - - - - - - - - - - Leyy. .- .- SRGRRLOEGARKVVEELGGHM 108

147 SSNN- - NIARI TGMVERLCAAFGPRLIQLDDVTYHGF PSLQALAGPEVEAHLRKLGLGY - - - - - - - - RARYVSASARA I LEEQGG - - - 221
05 KQRLFGKTA- -« -« -« -« - GRFDVYF ISPQGLKFRSKSSLANYLHKNGETSLKPEDFDF TVLSKRG | KSRYKDCSMAALTSHLONQSNNSNWNLRTRSKCK185

205 - - IASVAE v A - P MEHLAMAVAWG TVsG | AVBlTHVHR 1 BN 248

100 - - RTAETHEQL RY TAGAIAS IAFGQATGV - VBIGNVARVLCR - - 242

222 - - QLRESS- - - - - YEEAHKALC 'rI VADC I CLMALDKPQAVP! vmwn:le DY SWH282

186 KDVFMP.SSSSE ESRGLSNFTSTHLLLKEDEGVDDVNFRKVRKPKGKVT IHKE I P IKKTKKGCRKSCSGFVQSDSKRESVCNKABAESEPVAQKSQLDR286

240 LRWTKKATKSPEETRAALEEW- DPREDWH - - - - - EINGLLVGFBaaTBLPVHPRCHACLNGALBPAAQ 310

243 VR- - -AIBADPSSTLVSQQLWGLAGQ VDPARPGDFNQAAMEL ATVETPQRPLCSQCPVESL 307

283 PTTSQAKGPSPQTNK- - - LGNFFRS YAGWAQAVLF SAD -a22

287 TVC I SDAGACGETLSVTS ENS.\IKK ---------- KERSLSS.SNF.SEQK---TSGI |NKF.S.KDSEHNEKYEDTFLESEEIGTK\IE\IVERKEHLHTD374

308 - -

L I T T BE- - .- 312
378 GALGAQILLVQRPNSGLLAGLWEFPSVTWEPSEQLORKALLQELQRWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTTVPPGARWLTQEEF 478

458 KLLIATIFLNRTSGKMA | PVLWKF - 524
470 HTAAVSTAMKKVFRVYQGQQPGTCMGSKRSQVSSPCSRKKPRMGQQVLDNFFRSHISTDAHSLNSAAQ 548
323 - - LRQSRHAQEPPAKRRKGSKGPEG 345
525 - - TKQWKYP I|ELHG IGKYGNDSYRIFCVNEWKQVHPEDHKLNKYHDWLWENHEKLSLS 580
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33.

34.

35.

CLUSTAL:

NTHL1_Homo_sapiens L I MCSPQESGMTABSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRK- - - - - AQRLRVA 87
MUTYH_Homo_sapiens L I MTPLVSRLSR AIMRKPRAAVGS - - - - - GHRKQAASQEGRQKHAKNNSQAKPSACDGM- - - - - |AECPGA 61
OGG1_Homo_sapiens 1----MPARALLPRRMGHRTLASTPA] ASIPCPRSELRLD----LVLPSGQSFRWREQSPAHWSGVLADQVWTL - - - - - TQTEEQL 73
MBD4_Homo_sapiens TMGTTGLESLSLGDRGAAPTVTSSEREVPDPPNDLRKEDVAMELERVGEDEEQMMI KRSSECNPLLQEPIASAQFGATAGTECRKSV 86
NTHL1_Homo_sapiens 68 YEGSDS- EKGEGAEPLKVPVWEPQD- - - - - WQQQLVNIR-AMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQV 146
MUTYH_Homo_sapiens 62 PAGLAR-QPEEVVLQASVSSYHLFR- - - - - DVAEVTAFRGSLLSWYDQEKRDLPWRRRAEDEMDLDRRAYAVWVSEVMLQAQTQVAT 141
OGG1_tHomo_sapiens 74 HCTVYRGDKSQASRPTPDELEAVRK- - - - - YFQLDVTLAQLYHHWGSVDSHFQEVAQKFQGVRLLRQDPIECLFSFICSSNNNIAR 154
MBD4_Homo_sapiens 87 PCGWERVVKQRLFGKTAGRFDVYF | SPQGLKFRSKSSLANYLHKNGETSLKPEDFDFTVLSKRG IKSRYKDCSMAALTSHLQNQSN 172

MUTYH_Homo_sapiens 142 VINYYTGWMQKW- - - - - - - - - - -« PTLQDLASASLEEVNQLWAGLGYY- SRGRRLQEGARKVVEELEBG - - - - - - - - - HMPRTAETL 205
OGG1_tHomo_sapiens 155 | TGMVERLCQAFGPRL IQLDDVTYHGFPSLQALAGPEVEAHLRKLGLG - YRARYVSASARAILEEQBGLAWLQQLRESSYEEAHKA 239

NTHL1_Homo_sapiens 147 TAGAMQRLRARG - - - - - - - - - - - - LTVDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILOQHYIG ~~~~~~~~~ DIPASVAEL 211
MBD4_Homo_sapiens 173 NSNWNLRTRSKCK- - - - - - KDVFMPPSSSSELQESRGLSNFTSTHLLLKEDEGVDDVNFRKVRKPKBKVTILKGIPIKKTKKGCRK 252

MUTYH_Homo_sapiens 206 QQLLPGVGRYTAGAIAS IAFGQATG - VWDGNVARVLCRVRAIGADPSSTLVSQQLWGLAQQLVDPARPGDFN- -QAAMELGATVET 288
OGG1_Homo_sapiens 240 LC | LPGVGTKVADC ICLMALDKPQAVPMDVHMWH I AQRDYSWHPTTSQAKGPSPQTNKELGNFFRSLWGPYAGWAQAVLFSADLRQ 325

NTHL1_Homo_sapiens 212 VALP-OVOF‘KMAHLAMAVI’VGTVSG IAVDTHVHR I ANRLRWT - - - KKATKSPEETRAALEEWLPRELWHE IN- -GLLVGFGQQTEL 201
MBD4_Homo_sapiens 253 SCSGFVQSDSKRESVCNKBDAESEPVAQKSQLDRTVC | SDAGACGETLSVTSEENSLVKKKERSLSSGSNFCSEQKTSG I INKFES 338

NTHL1_Homo_sapiens 202 PVHPRCHACLNQALCPAAQGL - - - - = - - =« = oo o oo m oo m s oo s oo oot o it 312
MUTYH_Homo_sapiens 289 PQRPLCSQCPVESLCRARQRVEQEQLLASGSLSGSPDVEECAPNTGQCHLCLPPSEPWDQTLGVVNFPRKASRKPPREESSATCVL 374
0GG1_Homo_sapiens 328 SRHAQEPPAKRRKGSKGPEG - - - = - - =« < oo« oo m oo oo oo oo st e ittt ittt 345
MBD4_Homo_sapiens 330 AKDSEHNEKYEDTFLESEE IGTKVEVVERKEHLHTD ILKRGSEMDNNCSPTRKDF TGEKIFQEDTIPRTQIERRKTSLYFSSKYNK 424

NTHLA_HOMO_SSPIENS = = = = = = = & ot e e m e ettt ettt e e e e e e et et e e et
MUTYH_Homo_sapiens 375 EQPGALGAQ ILLVOQRPNSGLLAGLWEFPSVTWEPSEQLOQRKALLQELQRWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQ 480
OGG1_HOMO_SSPIENS = = = = = =+ & = s st s e e o e et e e et

MBD4_Homo_sapiens 425 EALSPPRRKAFKKWTPPRSPFN- - - - - LVQETLFHDPWKLLIATIFLNRTSGKMAIPVLWKFLEKYPSAEVARTADWRDVSELLKP 505

NTHLA_HOMO_SDIENS = = = = = = = = = s @ n s o n e o m e e e e e e e e e
MUTYH_Homo_sapiens 461 TPVTTVPPGARWLTQEEFHTAAVS TAMKKVFRVYQGQQPG TCMGSKRSQVSSPCSRKKPRMGQQVLDNFFRSHISTDAHSLNSAAQ 548
OGG1_HOMO_SSPIENS = = = =~ = = = = = &~ n m s s st e e e et e e

MBD4_Homo_sapiens 506 LGLYDLRAKT I VKF SDEYLTKQWKYP I|ELHG IGKYGNDSYR I FCVNEWKQVHPEDHKLNKYHDWLWENHEKLSLS - - - - - - - - - - - 580

NTHL1_Homo_sapiens
MUTYH_Homo_sapiens
0GG1_Homo_sapiens
MBD4_Homo_sapiens

Are the HhH motif and the [4Fe—4S] cluster motif present in all four sequences? Note
that the first 400 residues in the N-terminal of MBD4 are unrelated to the other
proteins, and any similarity to that N-terminal part of the MBD4 protein is completely
random.

The HhH motif is well conserved in NTHL1, MUTYH and OGG1. However, ClustalW
does not align the initial L and P correctly for NTHL1.

The [4Fe-4S] cluster motif is fully conserved in NTHL1 and MUTYH, but not nicely
aligned above due to the other two sequences that are lacking the motif. Actually,
there is no [4Fe-4S] cluster in OGG1 or MBDA4. Hence, there is no need to conserve,
during evolution, the Cys residues that are complexing the iron-sulphur cluster in
the other homologs.

MBDA4 is also aligned to both these motifs with all three programs, but to the wrong
part of MBDA4.

Judging from the proper alignment of residues in the two motifs, which of the
programs has produced the worst alignment?

The Clustal W program seemes to produce the worst alignment, as the HhH motif
was not well aligned in NTHL1.

Finally, make MUSCLE and MAFFT alignments where you also include the bacterial
and vertebrate Nth and MutY sequences that we worked with earlier. Do not

15



torognes@ifi.uio.no jonkl@medisin.uio.no

duplicate the human Nth and MutY. Format the alignment as earlier, but sort “by ID”.
Include the alignments in your report, but crop the images so that only the region
“core region” with the HhH motif is shown. Are any of the programs able to correctly
align the HhH motif when all sequences are included? Which important lesson can
we learn from this? Which program performed best?

MUSCLE:

Bacillus_anthracis_NP_844020 arFeLviAavaLBaflcToaLvnkvTkNEFaK PEDYLSVSLEELQQDIRS IBLYRNKAKN QKL CRMELSS
Bos_taurus_MutY 102 YAVWVAEVMLO@TQVATV I NYYTRWMAK LQDLASASLEEVNQLWAGLEBYY - SRGRWLQEGARKV V168
Bos_taurus_Nth 123 YQVLLELMLES KDQVTAGAMORIRAR VDSILQTDDSTLGAL I YPV| FWRSKVKYIKQTSAIOWU
Escherichia_coli_NP_416150 30 FELL IAVLLSABATDVSVNKATAKLYPV PAAMLELGVEGVKTY KT IBLYNSKAEN I IKTCRILL97
Gallus_gallus_MatY 166 LAVWVSE IMLO@TQVATV I DYYNRWMA K LQALAAASLEEVNELWAGLBYY - SRGKRLQEAARKV V232
Gallus_gallus_Nth o0 YavLLSLMLEs@TkbavTsAAMLRERGR VDS ILQMDDATLGA I I YPVEBFWRNKVKY | KaTTA Ik 1es
Homo_sapiens_MutY 125 YAVWV EVMLQ QVATVINYYTGWMAK LQDLASASLEEVNQLWAGLEBYY- SRGRRLQEGARKVV191
Homo_sapiens_Nth 130 YQVLL LML KDQVTAGAMARLRAR - « - -« v vvevnn GLEVDSILQTDDATLGKL I YPV| FWRSKVKYIKQTSAIQ1Q7
MBDA_Homo_sapiens 156 KDCSMAALT HLQNOSNNSNWNLRTRSK -------- CKKDVFMPPSSSSELQESRGLSNF - - - - - - - - TSTHLLL214
Mus_musculus_MatY 29 VAVWV!EVMLO QVATVIDYYTRWMAK- - - - - -« -« - - - WPKLQDLASASLEEVNQLWSGLBYY- SRGRRLQEGARKV V165
Mus_musculus_Nth 118 YQVLLSLML KDQVTAGAMARLRAR - - - - - - - - - -- GLMVESILQTDDDTLGRL I YPVEFWRNKVKY I KQTTAILa185
Mycobacterium_tuberculosis_NP_218191 41 LELAVAT I L. STDKRVNLTTPALFAR- -« -« vcnu-o- YREARDYAQADRTELESL IRPTBF YRNKAASL | GLGQAL V108
Neisseria_meningitidis_NP_273578 30 FELLIAVLL A ATDVGVNKATAKLF PV ADMPQAMLDLGLDGVMEYTKT IBLYKTKSKH IMQTCR I LLO7
0GG1_Homo_sapiens 138 1ECLFEFIC SNNNIARITSMVERCQAFGPRL|QLDDVTYHGFFSLQALASPEVEAHLRKL LG-YRARYVSASARA I L2168
Streptococcus_pneumoniae_NP_358750 32 FELLVAVML TDAAVNKATPGLFVA PQAMSVATESEIASHISRL LYRNKAKFLKKGAQQLBB
Takifugu_rubripes_MutY 287 YAVWV EIMLO QVATV I DYYNKWMKR VQDLATATLEDVNQMWAGLEYY - SREKRLHEGAQKV V353
Takifugu_rubripes_Nth 143 FQVLVSLMLEs@TKDaVTsAAMaKERAH VENILATNDETLGAL I YPVBFWRNKVKYLKLTSAMEQ210
Xenopus_(Silurana)_tropicalis_MatY 83 YAVWVSEVMLO@TQVATV I DYYNKWMKV MEDLARSSLEEVNEMWSGLBYY- SRGRRLAEGAKKVV 149
Xenopus_(Silurana)_tropicalis_th 15 valLLSLMLEs@TkpavTsAAMcRERGH VSRILETDDGTLGKL I YPVEBIFWKNKVKY I kaTTE I Ha1s2
Bacillus_anthracis_NP_844020 korDE@TK - IE- - NVVVSVAFG 1P - ALAl efvskR- - - -LAIcRWKD 156
Bos_taurus_MutY RTAETHaaF BF- . GAIASIAFGQAABY - NV IRVLCR- - - - VRAIGADS227
Bos_taurus_Nth AsvAEBVA- BB - . HLAMAV| VS HR I ANR- - - - LRWTKKAT240
Escherichia_coli_NP_416150 EDRAABEA- EBF- - NVVLNTAFGWP - T 1A I FRVCNR- - - - TQF APGKN155
Gallus_gallus_MatY RTAEDHQRLER- - GAIASISFGQATEV - NV IRVLCR- - - -LRCIGADT201
Gallus_gallus_Nth G TVEERVK- BB - . HLAMN | AWNSVSG | A HR I TNR- - - - LKWVKKET225
Homo_sapiens_MutY RTAETHaaLER- . GAIASIAFGQATEY - NVARVLCR- - - - VRAIGADP250
Homo_sapiens_Nth AsvAEEVA- BB - - HLAMAV, TVSG I A HR I ANR- - - - LRWTKKAT256

MBD4_Homo_sapiens KGKVTILKG IR I KKTKK] CRKSCSGFVQSDSKRESVCNKA ESEPVAQKSQLDRTVCISDA293

4040 A4< A4 40P 4040+ -+

Mus_musculus_MutY RTAETEQQL - GAIASIAFDQVT NVLRVLCH- - - - VRAIGADP224
Mus_musculus_Nth ASVAEBVA - - HLAMAV TIS IA HR I AN - - - LRWTKKMT244
Mycobacterium_tuberculosis_NP_218191 ATMDKEVT - - NVILGNAFG I P - FGRLVR - - -WRWTTAED 166
Neisseria_meningitidis_NP_273578 EDREABES - - NVVLNTAFGHP - VMA IFRVSN ---TKIAPGKD155
OGG1_Homo_sapiens 217 EEQGBLAWLQQLRESSYEEAHKARBC | - - DCICLMALDKPQAVP MWH | AQ - -DYSWHPTTS286
Streptococcus_pneumoniae_NP_358750 100 DDF D QTREEBES - - NVVMSVGF IP-AFA ERICKH----HDIVKKSA157
Takifugu_rubripes_MutY 354 saLa RTVDABLKQ - GAIGS | L QvT NMIRVLC ---LRAIGADCA412
Takifugu_rubripes_Nth 211 KEF G| DSVEGHEVR - - HLAMDI DQVS HR I SNR- - - - LGWLKKPT269
Xenopus_(Silurana)_tropicalis_MutY 150 LELG! RSADERQKL - GAIAS I SYlQVT NV IRVLS ---LRCIGADS208
Xenopus_(Silurana)_tropicalis_Nth 183 EKYG DNVTDEVK - - - HLVMD IlNN NVS! HR I SN - - -LKWVRKET241
Bacillus_anthracis_NP_844020 157 SVLEVEKT- - - - LMKKIPMDEWSVTHHR - -MIFF@RYH KAOR EE@GPLLEVER- - - - 208
Bos_taurus_MutY 228 SSTLVSQHLWSLAQQLVDPARPGDFHQA- -AMELBA | V| T L SH PVQNLEBRARQR 285
Bos_taurus_Nth 250 KSPEETRRA- - - LEEWLPRELWSE | -LVGF@QQT LNRALS- - - - - 209
Escherichia_coli_NP_416150 156 VEQVEEK- - - - - LLKVVPAEFKVDCHHW- -LILH@RYT IARK | TEDL@- - - - - 203
Gallus_gallus_MutY 202 SSLAVIDCLWDMANTLVDRSRPGDFNQA- - LMELBATV PVKEHEBHAWRR 340
Gallus_gallus_Nth 226 RYPEETRVA.- - - LEDWLPRDLWRE | L--LVGF@QQT LNQD I §- - - - - 275
Homo_sapiens_MutY 251 SSTLVSQQLWGLAQQLVDPARPGDFNQA- - AMELBATV| PVESLEBRARQR 308
Homo_sapiens_Nth 257 KSPEETRAA- - - LEEWLPRELWHE INGL - - LVGF@QQT LNQALS- - - - - 308
MBD4_Homo_sapiens 204 GACGETLSVTSEENSLVKKKER- - - - - - - - SLSSESNF SEOK---TSGI INKFEBSAKDS 342
Mus_musculus_MutY 225 TSTLVSHHLWNLAQQLVDPARPGDFHQA< -AMELBATV| PVQSLEBRAYQR 282
Mus_musculus_Nth 245 KTPEETRKN- - - LEEWLPRVLWSEVNGL - - LVGF@QQ | L VH R OA LNKALS- - - - - 204
Mycobacterium_tuberculosis_NP_218191 167 PVKVEQA- - - - - VGEL I ERKEWTLLSHR- -VIFHBRRVEBHARR A GV VLAKDEBIPSFG - 218
Neisseria_meningitidis_NP_273578 156 VREVEDK- - - - - LMRF IPKEFLMDAHHW- - L I LHEIRY TBIKALK| IINDLME- - - - - 203
OGG1_Homo_sapiens 287 QAKGPSPQTNKELGNFF-RSLWGPYAGWAQAVLFSADLRQSRHAQEPPAKRRKGS~~- - 340
Streptococcus_pneumoniae_NP_358750 158 TPLEVEKR- - - - VMD ILPPEQWLAAHQA- -MIYF@RAIBHPKNREBDQYP- -QLY - - - - - 204
Takifugu_rubripes_MutY 413 TGPTVTEALWSLANTLVDPDRPGDFNQA- - LMELBARVEBTPKGRLEBTREP IQSHEHSYHK 470
Takifugu_rubripes_Nth 270 KTPEETRKS - - - LEEWLPRELWSE | L--LVGFBQQVEBLPVSPLEBSVEBLNQHDBPSAHK 324
Xenopus_(Silurana)_tropicalis_MutY 209 STLAVSDKLWNLANALVDPDRPGDFNQG- - MMELBATVEBTPKKRLEBTABPLAGQBKAYLK 266
Xenopus_(Silurana)_tropicalis_Nth 242 KTPEETRVA- - - MEDWMPRELWSE | L--LVGFEQQVEILPVSRREBISEBLNKD 18- - - - - 201
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MAFFT:

Bacillus_anthracis_NP_844020 31 FELVIAVALEA CTDALVNKVTKNEFQK PEDYLSVSLE-ELQaD IRS IBL¥RNKA 87
Bos_taurus_MutY 102 YAVWVAEVMLQ ‘QVATVINYYTRWMQK- LQDLASASLE-EVNQ‘EWAGL Y¥-SRG 157
Bos_taurus_Nth 123 YQVLLSLMLS‘S TKDQVTAGAMaRLERAR - VDSILQTDDS- TLGALIYPVEFWRSKV 179
Escherichia_coli_NP_416150 30 FELLIAVLLSA ATDVSVNKATAKLYPV - PAAMLELGVE-GVKTY KT L@NSKA 36
Gallus_gallus_MutY 166 LAVWVS‘EIMLQ TQVATVIDYYNRWMOK - LQALAAASLE- EVNELWAGLEYY - SRG 221
Gallus_gallus_Nth 99 YQVLL‘S‘LMLSAS TkpavTsAAMLRERGR - VDSILQMDDA-TLGQ I I YPVEFWRNKV 155
Homo_sapiens_MutY 125 YAVWVSEVMLO@TQVATV INYY TGWMAK - LapLASASLE- EvNaBwacLBv¥- sre 180
Homo_sapiens_Nth 130 YQVLLSLMLESETKDQVTAGAMQORLRAR - - VDSILOTDDA-TLGK‘LIYPV FWRSKV 186
MBD4_Homa_sapiens 457 WKLL IATIFLNRTSGKMA | PVLWKFLEK- .- .- -YPSAEVARTADWR - DVSEHL KPL L&DLRA 513
Mus_musculus_MutY 20 YAVWVEEVML QBT Q VATV IDYYTRWMAK - - - -« -« oo e v e e WPKLQDLASASLE- EVNQLWSGL SRG 154
Mus_musculus_Nth 18 YQVLLHLMLE}S IKDQVTAGAMQRqRAR sLflvEs ILaTDDD - TLGR:LIYP\I FWRNKV 174
Mycobacterium_tuberculosis_NF_218191 41 LELAVAT I LSA STDKR\INLTTFA;LFARv -YRWMARDYAQADRT-ELESLIRPTEF¥RNKA 07
Neisseria_meningitidis_NP_273578 30 FELLIAVLLSABATDVGVNKATAKLF PV ADMPQAMLDLGLD -GVMEYTKT IBLYKTKS 86
OGG1_Homo_sapiens 138 1ECLFEF I c‘s‘swyw |ARITGMVERLCQAFGPRL IQLDDVTYHGFPSLAALAGPEVEAHLRKE.- -GLBY - - - RA 205
Streptococcus_pneumoniae_NP_358750 32 F ELLVAVMLSA T TDAAVNKATPGLF VA FPllPa- AMSVATESE I ASHISRLELF¥RNKA 88
Takifugu_rubripes_MutY 287 YAVWVS‘EIMLO TQVATVIDYYNKWMKR - -WPEVADLATATLE - DVNQMWAGL@YY - SRG 342
Takifugu_rubripes_Nth 143 FQVLVS‘LMLSS TkpavTSAAMOKERAH - -GCMVENILATNDE- TLGQL I YPVBFWRNKV 199
Xenopus_(Silurana)_tropicalis_MutY 83 YAVWVSEVMLOBTQVATV I DY YNKWMKY WPAMEDLARSSLE- EVNEMWSGLB[Y¥- SRG 138
Xenopus_(Silurana)_tropicalis_Nth 115 Yo I LLSLMLEs@TKkpavTsAAMCRERQH GLMVSRILETDDG - TLGKE I YPVBIFWKNKY 171
Bacillus_anthracis_NP_844020 88 BN 1QKLCRMLLDDYNE- - - - - - - .- KTENvvvsVAFE- 1Pa I AlBlTHVERY s KB 148
Bos_taurus_MutY 158 RWLQEGARKVVEELGE- - - - - - - - - - RTAET GAIASIAFG}QAAE Gﬁv VL CH 219
Bos_taurus_Nth 180 KY | KQTSAILQQRYD ASVAE! | HLAMAVAWG TVS THVHR | AN 241
Escherichia_coli_NP_416150 87 ENIIKTCRILLEQHN EDRAA - KTRNVVLNTAFG - WPT 1A THIFRvVCNE 147
Gallus_gallus_MutY 222KRLQEAARKVVSELA RTAED GAIASISFQJQAT v - WBlc nl | BV c 283
Gallus_gallus_Nth 156 KY I KQTTA I LKQKYG, GTVEE KmBHLAMN I BWNSVSE 1A T,H,\IJH I TNR 217
Homo_sapiens_MutY 181 RRLQEGARKVVEELG GAIASIA‘FE‘OAT v - GEVA VL CR 242
Homo_sapiens_Nth 187 KY I KQTSA I LQQHYGE- - I VsG | AMDITHVHE | ANR 248
MBD4_Homa_sapiens 514 KT IVKF SDEYLTKQW- - - - -« - - - - -KYBIE- - - - - - - BHBIBKY - - - - -« - SYRIFCVNE 552

Mus_musculus_MutY 155 B‘RLQEGARKVVEELG GAIAS IA‘F DQVTEV- GNVL VLCR 216
Mus_musculus_Nth 175 KY IKQTTAILQQRYE HLAMAVAWGT | SG | A TH /HR | ANR 236
Mycobacterium_tuberculosis_NP_218191 98 ASLIGLGQALVERFG| NVILG NAFG‘- IPGIT THFG LVRR 158
Neisseria_meningitidis_NP_273578 87 EH IMQTCRILLEKYN NVVLNTRFQJ- HPVMA TH IFRVSNR 147
OGG1_Homo_sapiens 206 RYVSASARAILEEQG DCICLMA‘LDKPQAVP \IHMWHIAQ 277
Streptococcus_pneumoniae_NP_358750 89 EF LKKCAQQLLDDFD QTREE - NVVMSVGFG | PAF A E I CKH 140
Takifugu_rubripes_MutY 343 KRLHEGAQK\I\ISQLQ - Cee e RTVDA GAI1GS IALB‘QVT A - GHUI vLCR 404
Takifugu_rubripes_Nth 200 KYLKLTSAMLO KEFG DSVEG - L HLAMD IAWDQVS TH,\JH I SNR 261
Xenopus._(Silurana)_tropicalis_MutY 130 RRLQEGAKKVVLELGE- - cee e RSADE ] - eg‘u VL SR 200
Xenopus_(Silurana)_tropicalis_Nth 172 EY IKQTTEILQEKYGE- - ------- - DNVTD K HLVMD IAWN NVSE THVHR | SNR 233
Bacillus_anthracis_NP_844020 149 LA | CRWK - DS\/LE\IEKT’T MKKIPMDEWSVTHHRMIFFBRYHEBKAQRPBQBEE F‘LLE\IO‘REGKKRMK 213
Bos_taurus_MutY 220 VRAIGAD - SSSTLVSQHL\NSLAQQLVDPARPGDFNQAAMEL A Ve TRKRELEBSH PVONL‘G!RARORVER 288
Bos_taurus_Nth 242 LRWTKKATKSPEETRRAL‘ EEWLPRELWSEI‘_[{‘GLLVGF QQT L‘.EIR REIQ A LNRAL‘S‘PAARGL 305
Escherichia_coli_NP_418150 148 TQFAPGK-N- VEQVEEKL‘ LKVVPAEFKVDCHHWL ILHEBRYTE | ARKBREGSE - | IEDLCEYKEKVD 210
Gallus_gallus_MutY 284 LRCIGAD - TSSLAVIDCL\NDMANTLVDRSRPGDF‘N‘QALMEL ATV TFKS LEBRE P\/KEH‘G‘HAWRRVEK 352
Gallus_gallus_Nth 218 LKWVKKETRYPEETRVAL‘ EDWLPRDLWREI‘N‘\NLL\/GF QaT L‘FVN REBIKE! LNQDI‘O‘PAAKRF 281
Homo_sapiens_MutY 243 VRAIGAD - PSSTLVSQQL\NGLAQQLVDPARPGDF‘N‘QAAMEL ATV T‘PQR LEsQ P\/ESL‘GiRARORVEQ 31
Homo_sapiens_Nth 240 LRWTKKATKSPEETRAAL‘ EEWLPRELWHE INGLLVGFEGQQTEILPVHRREBHABLNQALECPAAQGL - 312
MBD4_Homo_sapiens 553 WKQVHPEDHKLNKYHDWLWENHEKLSLS ------------------------------------------ 580
Mus_musculus_MutY 217 VRAIGAD - PTSTLVSHHL\NNLAQQLVDPARPGDFNQAAMEL ATVETEorRBLBEsHBPvasLErRAYORVAR 285
Mus_musculus_Nth 237 LRWTKKMTKTPEETRKNL‘ EEWLPRVLWSEV‘.M‘GLLVGF Qa | L‘EVH REBIQ A LNKALHPAAODL 300
Mycobactenium_tuberculosis_NP_218191 150 WRWTTAE-D- PVKVEQAV- - - -GEL I ERKEWTLLSHRVIFHBRRVEBHARRBABGVEBVLAKDEPSFGLGPT 222
Neisseria_meningitidis_NP_273578 148 TKIAPGK - D-VREVEDKD- ---MRFIPKEFLMDAHHWL I LHEBRYTEBIKALKRQEBQTE- | INDLCEYPAKA - 209
OGG 1_Homo_sapiens 278 - - - - - - DYSWHPTTSQAKGPSPQT- - - - - - - - EKELGNFFRSLWG‘PYAGWAQAVLFSADLRQSRHAQE 331
Streptococcus_pneumonige_NP_358750 150 HD | VKKS - ATPLEVEKRV MDILPPEOWLAAHOAMIYF RA I ‘PKN E DQYPOLYDFSNL ----- 209
Takifugu_rubripes_MutY 405 LRAIGAD - CTGPT\ITEALWSLANTLVDPDRPGDFNOALMEL ARV ‘PKG LETR PIQSH‘B‘HSYHKAHF 473
Takifugu_rubripes_Nth 262 LGWLKKPTKTPEETRKSL‘ -EEWLPRELWSE I‘N‘ LLVGF@aaQV| ‘PVS LGSV LNQHD‘GiPSAHKNSP 327
Xenopus_(Silurana)_tropicalis_MutY 201 LRCIGAD- SSTLAVSDKL NLANALVDPDRPGDF‘N‘QGMMEL ATV ‘FKK LETA PLQGQ‘G‘KAYLKVIA 269
Xenopus_(Silurana)_tropicalis_Nth 234 LKWVRKETKTPEETRVAM- - - - EDWMPRELWSE INWLLVGFEQQVEBILPVSEREBSEBLNKD IEPGAKKKKP 209

MAFFT was able to correctly align the HhH motif of MBD4 with all the others when
all sequences are included. MUSCLE did not. MAFFT performed best, but this is no
general rule. MUSCLE and T-Coffee are also excellent MSA programs.

Important: Very often, you get a better alignment of two, or a few sequences, if
you align these sequences together with many homologs!

36. Near the start of the exercise you found that the Nth homolog from Pantholops
hodgsonii, the Tibetan antelope (identifier XP_005981298) was 55% identical to E.
coli Nth. No other mammals had Nth-like homologs that were more than roughly 33%
identical to E. coli Nth. Why is mammalian Nth rather unlike E. coli Nth, while Tibetan
antelope Nth is quite similar? Do you have a suggestions?

Run a blastp search in the full nr database with default settings with Tibetan antelope
sequence XP_005981298. What are the top hits? Do you now have any suggestions

37

why mammalian Nth is rather unlike E. coli Nth, while Tibetan antelope Nth is quite
similar?
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The top hit is XP_005981298, itself, then follows Nth from Phenylobacterium
zucineum (78% identical) and Caulobacter segnis (74%) among other sequences.

Actually, all the 100 top hits are from bacteria, except the Tibetan antelope. If you

Google Phenylobacterium zucineum, you find that it is a recently identified

bacterial species that lives intracellularly in the human leukemia cell line K562.
Caulobacter segnis is a bacteria that hardly has been studied at all.

There are three “possible” explanations here:

Tibetan antelope Nth is evolving and becoming more similar to bacterial Nth,
through convergent evolution. This can safely be ruled out! This is not possible!

Tibetan antelope recently obtained XP_005981298 by a horisontal gene transfer
event. The gene has jumped from a bacteria, into the genome of the antelope.
This is unlikely, but perhaps not impossible!

The DNA from the Tibetan antelope that was used for sequencing was
contaminated by DNA from an unknown, possibly intracellular, bacteria.
XP_005981298 is not encoded by the antelope genome at all, but by a bacterial
contamination, and this was not spotted during sequencing or sequence
processing. Personally, | think this is the most likely explanantion!
XP_005981298 is wrongly annotated as a mammalian, antelope protein. It is
actually bacterial...

38. If you have more time, experiment and modify the script for example to

a. Use H_sapiens, M_musculus, and so on in the headers

b. Automatically generate 12verts_final.fasta from 12verts.fasta

c. Or download a few hundred Nth vertebrate homologs from the BLAST results
and test the script on this bigger data set. If necessary, modify the script to be
more robust

18
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APPENDIX 1:
Bacterial Nth homologs, original sequences

>gi[16129591 |ref|NP 416150.1| DNA glycosylase and apyrimidinic (AP) lyase (endonuclease III)
[Escherichia coli str. K-12 substr. MG1655]
MNKAKRLEILTRLRENNPHPTTELNFSSPFELLIAVLLSAQATDVSVNKATAKLYPVANTPAAMLELGVE
GVKTYIKTIGLYNSKAENIIKTCRILLEQHNGEVPEDRAALEALPGVGRKTANVVLNTAFGWPTIAVDTH
IFRVCNRTQFAPGKNVEQVEEKLLKVVPAEFKVDCHHWLILHGRYTCIARKPRCGSCIIEDLCEYKEKVD

I

>gi|57117142|ref|NP 218191.2| Probable endonuclease III Nth (DNA-(apurinic or apyrimidinic

site) lyase) (AP lyase) (AP endonuclease class 1I) (endodeoxyribonuclease (apurinic or
apyrimidinic)) (deoxyribonuclease (apurinic or apyrimidinic)) [Mycobacterium tuberculosis
H37RvV]

MPGRWSAETRLALVRRARRMNRALAQAFPHVYCELDFTTPLELAVATILSAQSTDKRVNLTTPALFARYR
TARDYAQADRTELESLIRPTGEFYRNKAASLIGLGQALVERFGGEVPATMDKLVTLPGVGRKTANVILGNA
FGIPGITVDTHFGRLVRRWRWTTAEDPVKVEQAVGELIERKEWTLLSHRVIFHGRRVCHARRPACGVCVL
AKDCPSFGLGPTEPLLAAPLVQGPETDHLLALAGL

>gi|30261643|ref|NP_844020.1| endonuclease III [Bacillus anthracis str. Ames]
MLNKTQIRYCLDTMADMYPEAHCELIHDNPFELVIAVALSAQCTDALVNKVTKNLFQKYKTPEDYLSVSL
EELQODIRSIGLYRNKAKNIQKLCRMLLDDYNGEVPKDRDELTKLPGVGRKTANVVVSVAFGIPAIAVDT
HVERVSKRLAICRWKDSVLEVEKTLMKKIPMDEWSVTHHRMIFFGRYHCKAQRPQCEECPLLEVCREGKK
RMKGK

>gi|15676439|ref|NP_273578.1| endonuclease III [Neisseria meningitidis MC58]
MNRHIRQEIFERFRAANPHPTTELNENSPFELLIAVLLSAQATDVGVNKATAKLFPVADTPQAMLDLGLD
GVMEYTKTIGLYKTKSKHIMQTCRILLEKYNGEVPEDREALESLPGVGRKTANVVLNTAFGHPVMAVDTH
IFRVSNRTKIAPGKDVREVEDKLMREFIPKEFLMDAHHWLILHGRYTCKALKPQCQTCIINDLCEYPAKA
>gi[15903200|ref|NP 358750.1| endonuclease III [Streptococcus pneumoniae R6]
MVLSKKRARKVLEEIIALFPDAKPSLDFTNHFELLVAVMLSAQTTDAAVNKATPGLEFVAFPTPQAMSVAT
ESETASHISRLGLYRNKAKFLKKCAQQLLDDEFDGQVPQTREELESLAGVGRKTANVVMSVGFGIPAFAVD
THVERICKHHDIVKKSATPLEVEKRVMDILPPEQWLAAHQAMIYFGRAICHPKNPECDQYPQLYDEFSNL
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APPENDIX 2:
Bacterial Nth homologs, modified headers

>Escherichia coli NP 416150
MNKAKRLEILTRLRENNPHPTTELNFSSPFELLIAVLLSAQATDVSVNKATAKLYPVANTPAAMLELGVE
GVKTYIKTIGLYNSKAENIIKTCRILLEQHNGEVPEDRAALEALPGVGRKTANVVLNTAFGWPTIAVDTH
IFRVCNRTQFAPGKNVEQVEEKLLKVVPAEFKVDCHHWLILHGRYTCIARKPRCGSCIIEDLCEYKEKVD
I

>Mycobacterium tuberculosis NP 218191
MPGRWSAETRLALVRRARRMNRALAQAFPHVYCELDFTTPLELAVATILSAQSTDKRVNLTTPALFARYR
TARDYAQADRTELESLIRPTGFYRNKAASLIGLGQALVERFGGEVPATMDKLVTLPGVGRKTANVILGNA
FGIPGITVDTHFGRLVRRWRWTTAEDPVKVEQAVGELIERKEWTLLSHRVIFHGRRVCHARRPACGVCVL
AKDCPSFGLGPTEPLLAAPLVQGPETDHLLALAGL

>Bacillus anthracis NP 844020
MLNKTQIRYCLDTMADMYPEAHCELIHDNPFELVIAVALSAQCTDALVNKVTKNLFQKYKTPEDYLSVSL
EELQODIRSIGLYRNKAKNIQKLCRMLLDDYNGEVPKDRDELTKLPGVGRKTANVVVSVAFGIPAIAVDT
HVERVSKRLAICRWKDSVLEVEKTLMKKIPMDEWSVTHHRMIFFGRYHCKAQRPQCEECPLLEVCREGKK
RMKGK

>Neisseria meningitidis NP 273578
MNRHIRQEIFERFRAANPHPTTELNENSPFELLIAVLLSAQATDVGVNKATAKLFPVADTPQAMLDLGLD
GVMEYTKTIGLYKTKSKHIMQTCRILLEKYNGEVPEDREALESLPGVGRKTANVVLNTAFGHPVMAVDTH
IFRVSNRTKIAPGKDVREVEDKLMREFIPKEFLMDAHHWLILHGRYTCKALKPQCQTCIINDLCEYPAKA
>Streptococcus_pneumoniae NP_358750
MVLSKKRARKVLEEIIALFPDAKPSLDFTNHFELLVAVMLSAQTTDAAVNKATPGLEFVAFPTPQAMSVAT
ESETASHISRLGLYRNKAKFLKKCAQQLLDDFDGQVPQTREELESLAGVGRKTANVVMSVGFGIPAFAVD
THVERICKHHDIVKKSATPLEVEKRVMDILPPEQWLAAHQAMIYFGRAICHPKNPECDQYPQLYDEFSNL

20



torognes@ifi.uio.no jonkl@medisin.uio.no

APPENDIX 3:
12 vertebrate homologs, original sequences

>gi[4505471 |ref|NP_002519.1| endonuclease III-like protein 1 [Homo sapiens]
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGAE
PLKVPVWEPQDWQQQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLT
VDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILQQHYGGDIPASVAELVALPGVGPKMAHLAMAVAWGTVSGIAVDT
HVHRIANRLRWTKKATKSPEETRAALEEWLPRELWHEINGLLVGFGQQTCLPVHPRCHACLNQALCPAAQGL

>gi| 6912520 |ref|NP_036354.1| A/G-specific adenine DNA glycosylase isoform 1 [Homo sapiens]
MTPLVSRLSRLWAIMRKPRAAVGSGHRKQAASQEGROKHAKNNSQAKPSACDGMIAECPGAPAGLARQPEEVVLQASVSS
YHLFRDVAEVTAFRGSLLSWYDQEKRDLPWRRRAEDEMDLDRRAYAVWVSEVMLQQTQVATVINYYTGWMQKWPTLQDLA
SASLEEVNQLWAGLGYYSRGRRLOQEGARKVVEELGGHMPRTAETLOQQLLPGVGRYTAGATIASIAFGQATGVVDGNVARVL
CRVRAIGADPSSTLVSQOLWGLAQQLVDPARPGDEFNQAAMELGATVCTPQRPLCSQCPVESLCRARQRVEQEQLLASGSL
SGSPDVEECAPNTGQCHLCLPPSEPWDQTLGVVNFPRKASRKPPREESSATCVLEQPGALGAQILLVQRPNSGLLAGLWE
FPSVIWEPSEQLQRKALLQELQRWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTTVPPGARWLTQEEFHT
AAVSTAMKKVEFRVYQGQQPGTCMGSKRSQVSSPCSRKKPRMGQOVLDNFFRSHISTDAHSLNSAAQ

>gi 227908769 |ref [NP_032769.2| endonuclease III-like protein 1 [Mus musculus]
MNSGVRMVTRSRSRATRIASEGCREELAPREAAAEGRKSHRPVRHPRRTQKTHVAYEAANGEEGEDAEPLKVPVWEPQNW
QOQLANIRIMRSKKDAPVDQLGAEHCYDASASPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLTVESILQTDDDTL
GRLIYPVGFWRNKVKYIKQTTAILQQRYEGDIPASVAELVALPGVGPKMAHLAMAVAWGTISGIAVDTHVHRIANRLRWT
KKMTKTPEETRKNLEEWLPRVLWSEVNGLLVGFGQQICLPVHPRCQACLNKALCPAAQDL
>gi|227330621|ref|NP_573513.2]| A/G-specific adenine DNA glycosylase [Mus musculus]
MKKLQASVRSHKKQPANHKRRRTRALSSSQAKPSSLDGLAKQKREELLQASVSPYHLFSDVADVTAFRSNLLSWYDQEKR
DLPWRNLAKEEANSDRRAYAVWVSEVMLQQTQVATVIDYYTRWMOQKWPKLQDLASASLEEVNQLWSGLGYYSRGRRLQEG
ARKVVEELGGHMPRTAETLQQLLPGVGRYTAGAIASIAFDQVTGVVDGNVLRVLCRVRAIGADPTSTLVSHHLWNLAQQL
VDPARPGDFNQAAMELGATVCTPQRPLCSHCPVQSLCRAYQRVQORGQOLSALPGRPDIEECALNTRQCQLCLTSSSPWDPS
MGVANFPRKASRRPPREEYSATCVVEQPGAIGGPLVLLVQRPDSGLLAGLWEFPSVTLEPSEQHQHKALLOELQRWCGPL
PATRLQHLGEVIHIFSHIKLTYQVYSLALDQAPASTAPPGARWLTWEEFCNAAVSTAMKKVFRMYEDHRQGTRKGSKRSQ
VCPPSSRKKPSLGQQVLDTFFQRHIPTDKPNSTTQ

>gi 114051958 |ref NP _001039862.1| endonuclease III-like protein 1 [Bos taurus]
MNAAGVRMVVTRARSRGTGASLRRRGEKAAPLRSGEAAAEERKSYSPVKRRRKAQRLSVAYEASEGEGGEGAEHLQAPSW
QPODWRQQLDNIRTMRSGKDAPVDQLGAEHCEFDPSASPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLTVDSILQT
DDSTLGALIYPVGFWRSKVKYIKQTSAILQQRYDGDIPASVAELVALPGVGPKMAHLAMAVAWGTVSGIAVDTHVHRIAN
RLRWTKKATKSPEETRRALEEWLPRELWSEINGLLVGFGQQTCLPIRPRCQACLNRALCPAARGL

>gi 281485563 |ref NP _001039600.2| A/G-specific adenine DNA glycosylase [Bos taurus]
MKKSRAAVGNRSGRRKQASSQEGKEKCAFGSSQAKPSAPSAGPARQQKALLQASVSPYHLFRDVAEVTALQESLLDWYDR
KKRDLPWRRLVEDEVDLDRRAYAVWVAEVMLQQTQVATVINYYTRWMOQKWPTLOQDLASASLEEVNQLWAGLGYYSRGRWL
QEGARKVVEELGGHMPRTAETLQQFLPGVGRYTAGAIASIAFGQAAGVVDGNVIRVLCRVRAIGADSSSTLVSQHLWSLA
QQOLVDPARPGDFNQAAMELGAIVCTPKRPLCSHCPVONLCRARQRVEREQLSASQSLPGNCDVEECAPNTGQCPLCAPPT
EPWDQTLGVTNFPRKASRKPPREECSAICVLEQPKALGGAHILLVORPNSGLLAGLWEFPSVSVNAEASGOQHQRAALLQE
LOSWVGPLPDTRLQHLGQVVHTFSHIKMTYQVYSLALEEHTPVTIVPPGARWLTREDFHTAAVSTAMKKVFRMYEGQQPG
TCKGSKRSQVATLSKRKKPSPGQQVLESFFWPHVPTDAPSLNTAAQ

>gi[118601744|ref|NP_001073043.1| endonuclease III-like protein 1 [Gallus gallus]
MCAAAPRGGGRAARRLGAATAGSRVPSAAPRYSRRTRRVPIAYEAEPKPESPGPKWEPENWQQQLERIREMRRHRDAPVD
EMGVDKCYDTSAPPQVMRYQVLLSLMLSSQTKDQVTSAAMLRLRQRGLTVDSILOMDDATLGQITIYPVGFWRNKVKYIKQ
TTAILKQKYGGDIPGTVEELVKLPGVGPKMAHLAMNIAWNSVSGIAVDTHVHRITNRLKWVKKETRYPEETRVALEDWLP
RDLWREINWLLVGFGQQTCLPVNPRCKECLNQDICPAAKRF

>gi|513197809|ref |XP 422433.3| PREDICTED: A/G-specific adenine DNA glycosylase isoform X5
[Gallus gallus]
MGGAAVRARRSVKVRAGGEHVGPGLGSPATALRTHRRCCDPTPVPVSROQGLPLDHMHCISSVTPSRSMPYVAACSPGMTK
AGGTFPGGRWLQLSWMLTGGRMQLLGLLVASERQVWARERSCGDEDGEEGCWVGEFCCSSWNQOHGDRGACCEKWHWHLCT
DPSVLLAVWVSEIMLQQTQVATVIDYYNRWMOKWPTLQALAAASLEEVNELWAGLGYYSRGKRLQEAARKVVSELAGRMP
RTAEDLQRLLPGVGRYTAGAIASISFGOATGVVDGNVIRVLCRLRCIGADTSSLAVIDCLWDMANTLVDRSRPGDENQAL
MELGATVCTPKSPLCRECPVKEHCHAWRRVEKELASASQKLFGKTTLVPDVEDCGPGGCPLCLPAAEPWDSSLGVTNEPR
KAAKKQPRVEWTATCVLERRGRLGAPEYLIVQRPSSGLLAGLWEFPSLPLAPGLQEEQQKEVLADHLRAWTRQPVQTQSL
CFIGEVVHIFSHIHQTYVVYSLCLDGDVALDAASSPSRWVTEEEFRASAVSTAMKKVLKARETQRGVQSGRAKGSKRKRE
SKLGAAGSTPTGMQLSLRAFLRAQPPP

>gi[113205550|ref [NP_001037884.1| nth endonuclease III-like 1 [Xenopus (Silurana) tropicalis]
MSGSLRPLGRRGRRGVLKAVGGKDQODGTSKGQVIDDSEDEKPSSPKERSKRRVSVEYEQAASETVAKRPKWQPKNWAQH
LENIRQMRSRRDAPVDOMGAEKCYDQONAAPEVMRYQILLSLMLSSQTKDQVTSAAMCRLRQHGLTVSRILETDDGTLGKL
IYPVGFWKNKVKYIKQTTEILQEKYGGDIPDNVTDLVKLPGVGPKMAHLVMDIAWNNVSGIGVDTHVHRI SNRLKWVRKE
TKTPEETRVAMEDWMPRELWSEINWLLVGFGQQVCLPVSPRCSECLNKDICPGAKKKKPR
>gi[118403607|ref|NP_001072831.1] mutY homolog [Xenopus (Silurana) tropicalis]
MPPPRTKTSLGRSAAASGKRKSPKQAFPKREEHVLOSSIYHSFTSQETEITIRDKLLAWYDKSKRDLPWRTMACTEPDLDR
KAYAVWVSEVMLOQTQVATVIDYYNKWMKVWPTMEDLARSSLEEVNEMWSGLGYYSRGRRLQEGAKKVVLELGGSMPRSA
DELQOKLLPGVGRYTAGAIASISYGQVTGVVDGNVIRVLSRLRCIGADSSTLAVSDKLWNLANALVDPDRPGDENQGMMEL
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GATVCTPKKPLCTACPLOGQCKAYLKVIAEKESAVKTLIKKQASPIAKDVGDIEDCDLGPGLCALCVPTSDPWDSSLGVA
NFPRKSAKKPSRMEQTAICVWEKCGDHGELEYLIVQRPSSGLLAGLWEFPSILLDEKFTEQNRQHSLLGLLODLSGHAVP
LOKLQYKGEVVHIFSHIHQTYVVYFLSLNTTENCSVKTEETERPLTRWVTKKEFLNSAVPTAMKKIMKLCESHGSSCTAV
NTSKKRKGDLAKVQLPSGRIKTEKGKQOSIQSFFKLATEK

>gi[410917257 | ref|XP_003972103.1| PREDICTED: endonuclease III-like protein 1-like [Takifugu
rubripes]
MTSHYFAQSRSVVTRRGAQNAAHKPATSLKSKLTIQPEKDDLVSSSAGVKLEEEEAKISGNALKPETDAPTLSSHSRRRR
QLKVEYDKDGSMPQLKTEPWEPPRWKTQLENIRAMRSGRDAPVDNMGADKCHDADAPAHVKRFQVLVSLMLSSQTKDQVT
SAAMQOKLRAHGCTVENILATNDETLGQLIYPVGEFWRNKVKYLKLTSAMLOQKEFGGDIPDSVEGLVRLPGVGPKMAHLAMD
IAWDQVSGIGVDTHVHRISNRLGWLKKPTKTPEETRKSLEEWLPRELWSEINWLLVGFGQQVCLPVSPLCSVCLNQHDCP
SAHKNSPVRRPKFLERSPWIKSPRLEFITPGANTFLIR

>gi[410921366|ref|XP _003974154.1| PREDICTED: A/G-specific adenine DNA glycosylase-like
[Takifugu rubripes]
MSTQGEPVQVGKVLSFLREWDRGDRSARGRMLSSFLGRSAGRTQGELEYLGEFVGHGGVVTLLEVLTQPQOSNEETKAEAL
CLLLAISDAGRKYKELICQSCGAMAAAECLTHSGTGETQESAWMLLESLSHGNPKYEGEIYKGLIGHLTCTSAKAQQFVL
HTLHTLOSKMEIAHHSIVEPLLGVLTSLHPDVQSEVARLIFELRRYDVRPMLLRALCGLGLNVARAPTYPEEESSHASSP
SAYHFFHDAADVALLRSRLLAWYDQEKRELPWRTLALTEPDVNIRTYAVWVSEIMLOQTQVATVIDYYNKWMKRWPTVQD
LATATLEDVNOMWAGLGYYSRGKRLHEGAQKVVSQLOGEMPRTVDALLKQLPGVGRYTAGAIGSIALGQVTGAVDGNVIR
VLCRLRAIGADCTGPTVTEALWSLANTLVDPDRPGDENQALMELGARVCTPKGPLCTRCPIQSHCHSYHKAHFKQEKNSM
KLMGKLDRKSSALPDIEDCLSSGTCTLCLSEPWDDELGVONEFPRKPAKKPPRAERCLTCVVIRQGEGGEHEFLLTQRPSK
GLLAGLWEFPCINHEEKNAVEEKKVLCAEINRILGTSLTHGLLQYVGEVVHIFSHIHQTYVVHTLRLKDAVSQSENMQWL
TPSALQEAAVSTGVKKIMKLCNSALGQQGAPDGEEKRPKKDRKGQITKRPRLSGANSRSRQLSLSSFFQTVKQDC
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APPENDIX 4:
12 vertebrate homologs, modified headers

>Homo_ sapiens NP 002519
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGAE
PLKVPVWEPQDWQQQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLT
VDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILQQHYGGDIPASVAELVALPGVGPKMAHLAMAVAWGTVSGIAVDT
HVHRIANRLRWTKKATKSPEETRAALEEWLPRELWHEINGLLVGFGQQTCLPVHPRCHACLNQALCPAAQGL

>Homo_ sapiens NP 036354
MTPLVSRLSRLWAIMRKPRAAVGSGHRKQAASQEGRQKHAKNNSQAKPSACDGMIAECPGAPAGLARQPEEVVLQASVSS
YHLFRDVAEVTAFRGSLLSWYDQEKRDLPWRRRAEDEMDLDRRAYAVWVSEVMLOQTQVATVINYYTGWMQKWPTLQDLA
SASLEEVNQLWAGLGYYSRGRRLOQEGARKVVEELGGHMPRTAETLQQLLPGVGRYTAGAIASIAFGQATGVVDGNVARVL
CRVRAIGADPSSTLVSQQLWGLAQQLVDPARPGDEFNQAAMELGATVCTPQRPLCSQCPVESLCRARQRVEQEQLLASGSL
SGSPDVEECAPNTGQCHLCLPPSEPWDQTLGVVNEFPRKASRKPPREESSATCVLEQPGALGAQILLVQRPNSGLLAGLWE
FPSVIWEPSEQLQRKALLQELQRWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTTVPPGARWLTQEEFHT
AAVSTAMKKVFRVYQGQQPGTCMGSKRSQVSSPCSRKKPRMGQQVLDNFFRSHISTDAHSLNSAAQ

>Mus musculus NP 032769
MNSGVRMVTRSRSRATRIASEGCREELAPREAAAEGRKSHRPVRHPRRTQKTHVAYEAANGEEGEDAEPLKVPVWEPQNW
QOQLANIRIMRSKKDAPVDQLGAEHCYDASASPKVRRYQVLLSLMLSSQTKDQVTAGAMOQRLRARGLTVESILQTDDDTL
GRLIYPVGFWRNKVKYIKQTTAILQQRYEGDIPASVAELVALPGVGPKMAHLAMAVAWGTISGIAVDTHVHRIANRLRWT
KKMTKTPEETRKNLEEWLPRVLWSEVNGLLVGFGQQICLPVHPRCQACLNKALCPAAQDL

>Mus musculus NP 573513
MKKLQASVRSHKKQPANHKRRRTRALSSSQAKPSSLDGLAKQKREELLQASVSPYHLFSDVADVTAFRSNLLSWYDQEKR
DLPWRNLAKEEANSDRRAYAVWVSEVMLQQTQVATVIDYYTRWMOKWPKLODLASASLEEVNQLWSGLGYYSRGRRLQEG
ARKVVEELGGHMPRTAETLQQLLPGVGRYTAGAIASIAFDQVTGVVDGNVLRVLCRVRAIGADPTSTLVSHHLWNLAQQL
VDPARPGDFNQAAMELGATVCTPQRPLCSHCPVQSLCRAYQRVQRGQLSALPGRPDIEECALNTRQCQLCLTSSSPWDPS
MGVANFPRKASRRPPREEYSATCVVEQPGAIGGPLVLLVQRPDSGLLAGLWEFPSVTLEPSEQHQHKALLQELQRWCGPL
PAIRLQHLGEVIHIFSHIKLTYQVYSLALDQAPASTAPPGARWLTWEEFCNAAVSTAMKKVEFRMYEDHRQGTRKGSKRSQ
VCPPSSRKKPSLGQQVLDTFFQRHIPTDKPNSTTQ

>Bos_taurus NP 001039862
MNAAGVRMVVTRARSRGTGASLRRRGEKAAPLRSGEAAAEERKSYSPVKRRRKAQRLSVAYEASEGEGGEGAEHLQAPSW
QPODWRQQLDNIRTMRSGKDAPVDQLGAEHCFDPSASPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLTVDSILQT
DDSTLGALIYPVGFWRSKVKYIKQTSAILQQRYDGDIPASVAELVALPGVGPKMAHLAMAVAWGTVSGIAVDTHVHRIAN
RLRWTKKATKSPEETRRALEEWLPRELWSEINGLLVGFGQQTCLPIRPRCQACLNRALCPAARGL
>Bos_taurus NP 001039600
MKKSRAAVGNRSGRRKQASSQEGKEKCAFGSSQAKPSAPSAGPARQQKALLOASVSPYHLFRDVAEVTALQESLLDWYDR
KKRDLPWRRLVEDEVDLDRRAYAVWVAEVMLQQTQVATVINYYTRWMOKWPTLODLASASLEEVNQLWAGLGYYSRGRWL
QEGARKVVEELGGHMPRTAETLQQFLPGVGRYTAGAIASIAFGQAAGVVDGNVIRVLCRVRAIGADSSSTLVSQHLWSLA
QQLVDPARPGDFNQAAMELGAIVCTPKRPLCSHCPVQNLCRARQRVEREQLSASQSLPGNCDVEECAPNTGQCPLCAPPT
EPWDQTLGVTNFPRKASRKPPREECSAICVLEQPKALGGAHILLVQRPNSGLLAGLWEFPSVSVNAEASGQHQRAALLQE
LOSWVGPLPDTRLQHLGQVVHTFSHIKMTYQVYSLALEEHTPVTIVPPGARWLTREDFHTAAVSTAMKKVEFRMYEGQQPG
TCKGSKRSQVATLSKRKKPSPGQQVLESFFWPHVPTDAPSLNTAAQ

>Gallus_gallus_NP_001073043
MCAAAPRGGGRAARRLGAATAGSRVPSAAPRYSRRTRRVPIAYEAEPKPESPGPKWEPENWQQQLERIREMRRHRDAPVD
EMGVDKCYDTSAPPQVMRYQVLLSLMLSSQTKDQVTSAAMLRLRQRGLTVDSILOMDDATLGQIIYPVGFWRNKVKYIKQ
TTAILKQKYGGDIPGTVEELVKLPGVGPKMAHLAMNIAWNSVSGIAVDTHVHRITNRLKWVKKETRYPEETRVALEDWLP
RDLWREINWLLVGFGQQTCLPVNPRCKECLNQDICPAAKREF

>Gallus_gallus_XP_422433
MGGAAVRARRSVKVRAGGEHVGPGLGSPAIALRTHRRCCDPTPVPVSRQGLPLDHMHCISSVTPSRSMPYVAACSPGMTK
AGGTFPGGRWLQLSWMLTGGRMQLLGLLVASERQVWARERSCGDEDGEEGCWVGFCCSSWNQQHGDRGACCEKWHWHLCT
DPSVLLAVWVSEIMLOQTQVATVIDYYNRWMOKWPTLOALAAASLEEVNELWAGLGYYSRGKRLQEAARKVVSELAGRMP
RTAEDLOQRLLPGVGRYTAGAIASISFGQATGVVDGNVIRVLCRLRCIGADTSSLAVIDCLWDMANTLVDRSRPGDENQAL
MELGATVCTPKSPLCRECPVKEHCHAWRRVEKELASASQKLFGKTTLVPDVEDCGPGGCPLCLPAAEPWDSSLGVTNEPR
KAAKKQPRVEWTATCVLERRGRLGAPEYLIVQRPSSGLLAGLWEFPSLPLAPGLOQEEQQKEVLADHLRAWTRQPVQTQSL
CFIGEVVHIFSHIHQTYVVYSLCLDGDVALDAASSPSRWVTEEEFRASAVSTAMKKVLKARETQRGVQSGRAKGSKRKRE
SKLGAAGSTPTGMQLSLRAFLRAQPPP

>Xenopus (Silurana) tropicalis NP 001037884
MSGSLRPLGRRGRRGVLKAVGGKDQQDGTSKGQVIDDSEDEKPSSPKERSKRRVSVEYEQAASETVAKRPKWQPKNWAQH
LENIRQMRSRRDAPVDOMGAEKCYDONAAPEVMRYQILLSLMLSSQTKDQVTSAAMCRLRQHGLTVSRILETDDGTLGKL
IYPVGFWKNKVKYIKQTTEILQEKYGGDIPDNVTDLVKLPGVGPKMAHLVMDIAWNNVSGIGVDTHVHRISNRLKWVRKE
TKTPEETRVAMEDWMPRELWSEINWLLVGFGQQVCLPVSPRCSECLNKDICPGAKKKKPR

>Xenopus_ (Silurana)_tropicalis NP 001072831
MPPPRTKTSLGRSAAASGKRKSPKQAFPKREEHVLOSSIYHSFTSQETEIIRDKLLAWYDKSKRDLPWRTMACTEPDLDR
KAYAVWVSEVMLOQTQVATVIDYYNKWMKVWPTMEDLARSSLEEVNEMWSGLGYYSRGRRLOEGAKKVVLELGGSMPRSA
DELQKLLPGVGRYTAGAIASISYGQVTGVVDGNVIRVLSRLRCIGADSSTLAVSDKLWNLANALVDPDRPGDENQGMMEL
GATVCTPKKPLCTACPLQGQCKAYLKVIAEKESAVKTLIKKQASPIAKDVGDIEDCDLGPGLCALCVPTSDPWDSSLGVA
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NFPRKSAKKPSRMEQTAICVWEKCGDHGELEYLIVQRPSSGLLAGLWEFPSILLDEKFTEQNRQHSLLGLLQDLSGHAVP
LOKLQYKGEVVHIFSHIHQTYVVYFLSLNTTENCSVKTEETERPLTRWVTKKEFLNSAVPTAMKKIMKLCESHGSSCTAV
NTSKKRKGDLAKVQLPSGRIKTEKGKQQSIQSFFKLATEK

>Takifugu rubripes XP 003972103
MTSHYFAQSRSVVTRRGAQNAAHKPATSLKSKLTIQPEKDDLVSSSAGVKLEEEEAKISGNALKPETDAPTLSSHSRRRR
QLKVEYDKDGSMPQLKTEPWEPPRWKTQLENIRAMRSGRDAPVDNMGADKCHDADAPAHVKRFQVLVSLMLSSQTKDQVT
SAAMQKLRAHGCTVENILATNDETLGQLIYPVGFWRNKVKYLKLTSAMLOKEFGGDIPDSVEGLVRLPGVGPKMAHLAMD
IAWDQVSGIGVDTHVHRISNRLGWLKKPTKTPEETRKSLEEWLPRELWSEINWLLVGFGQQVCLPVSPLCSVCLNQHDCP
SAHKNSPVRRPKFLERSPWIKSPRLEFITPGANTFLIR

>Takifugu rubripes XP 003974154
MSTQGEPVQVGKVLSFLREWDRGDRSARGRMLSSFLGRSAGRTQGELEYLGEFVGHGGVVTLLEVLTQPQSNEETKAEAL
CLLLAISDAGRKYKELICQSCGAMAAAECLTHSGTGETQESAWMLLESLSHGNPKYEGEIYKGLIGHLTCTSAKAQQEVL
HTLHTLQSKMEIAHHSIVEPLLGVLTSLHPDVQSEVARLIFELRRYDVRPMLLRALCGLGLNVARAPTYPEEESSHASSP
SAYHFFHDAADVALLRSRLLAWYDQEKRELPWRTLALTEPDVNIRTYAVWVSEIMLQQTQVATVIDYYNKWMKRWPTVQD
LATATLEDVNQOMWAGLGYYSRGKRLHEGAQKVVSQLQGEMPRTVDALLKQLPGVGRYTAGAIGSIALGQVTGAVDGNVIR
VLCRLRAIGADCTGPTVTEALWSLANTLVDPDRPGDFNQALMELGARVCTPKGPLCTRCPIQSHCHSYHKAHFKQEKNSM
KLMGKLDRKSSALPDIEDCLSSGTCTLCLSEPWDDELGVONFPRKPAKKPPRAERCLTCVVIRQGEGGEHEFLLTQRPSK
GLLAGLWEFPCINHEEKNAVEEKKVLCAEINRILGTSLTHGLLQYVGEVVHIFSHIHQTYVVHTLRLKDAVSQSENMQWL
TPSALQEAAVSTGVKKIMKLCNSALGQQGAPDGEEKRPKKDRKGQITKRPRLSGANSRSRQLSLSSFFQTVKQDC
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APPENDIX 5:
12 vertebrate homologs, final headers

>Homo_sapiens_Nth
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEGSDSEKGEGAE
PLKVPVWEPQDWQQQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLT
VDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILQQHYGGDIPASVAELVALPGVGPKMAHLAMAVAWGTVSGIAVDT
HVHRIANRLRWTKKATKSPEETRAALEEWLPRELWHEINGLLVGFGQQTCLPVHPRCHACLNQALCPAAQGL
>Homo_sapiens_MutY
MTPLVSRLSRLWAIMRKPRAAVGSGHRKQAASQEGRQKHAKNNSQAKPSACDGMIAECPGAPAGLARQPEEVVLQASVSS
YHLFRDVAEVTAFRGSLLSWYDQEKRDLPWRRRAEDEMDLDRRAYAVWVSEVMLOQTQVATVINYYTGWMQKWPTLQDLA
SASLEEVNQLWAGLGYYSRGRRLQEGARKVVEELGGHMPRTAETLOQLLPGVGRYTAGATASTIAFGQATGVVDGNVARVL
CRVRAIGADPSSTLVSQQLWGLAQQLVDPARPGDFNQAAMELGATVCTPQRPLCSQCPVESLCRARQRVEQEQLLASGSL
SGSPDVEECAPNTGQCHLCLPPSEPWDQTLGVVNFPRKASRKPPREESSATCVLEQPGALGAQILLVQRPNSGLLAGLWE
FPSVIWEPSEQLQRKALLQELQRWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTTVPPGARWLTQEEFHT
AAVSTAMKKVFRVYQGQQPGTCMGSKRSQVSSPCSRKKPRMGOQVLDNFFRSHISTDAHSLNSAAQ
>Mus_musculus_Nth
MNSGVRMVTRSRSRATRIASEGCREELAPREAAAEGRKSHRPVRHPRRTQKTHVAYEAANGEEGEDAEPLKVPVWEPQNW
QOQLANIRIMRSKKDAPVDQLGAEHCYDASASPKVRRYQVLLSLMLSSQTKDQVTAGAMOQRLRARGLTVESILQTDDDTL
GRLIYPVGFWRNKVKYIKQTTAILQQRYEGDIPASVAELVALPGVGPKMAHLAMAVAWGTISGIAVDTHVHRIANRLRWT
KKMTKTPEETRKNLEEWLPRVLWSEVNGLLVGFGQQICLPVHPRCQACLNKALCPAAQDL

>Mus_musculus_MutY
MKKLQASVRSHKKQPANHKRRRTRALSSSQAKPSSLDGLAKQKREELLQASVSPYHLFSDVADVTAFRSNLLSWYDQEKR
DLPWRNLAKEEANSDRRAYAVWVSEVMLQQTQVATVIDYYTRWMOKWPKLODLASASLEEVNQLWSGLGYYSRGRRLQEG
ARKVVEELGGHMPRTAETLQQLLPGVGRYTAGAIASIAFDQVTGVVDGNVLRVLCRVRAIGADPTSTLVSHHLWNLAQQL
VDPARPGDEFNQAAMELGATVCTPQRPLCSHCPVQSLCRAYQRVQORGQLSALPGRPDIEECALNTRQCQLCLTSSSPWDPS
MGVANFPRKASRRPPREEYSATCVVEQPGAIGGPLVLLVQRPDSGLLAGLWEFPSVTLEPSEQHQHKALLQELQRWCGPL
PAIRLQHLGEVIHIFSHIKLTYQVYSLALDQAPASTAPPGARWLTWEEFCNAAVSTAMKKVEFRMYEDHRQGTRKGSKRSQ
VCPPSSRKKPSLGQQVLDTFFQRHIPTDKPNSTTQ

>Bos_taurus_Nth
MNAAGVRMVVTRARSRGTGASLRRRGEKAAPLRSGEAAAEERKSYSPVKRRRKAQRLSVAYEASEGEGGEGAEHLOAPSW
QPODWRQQLDNIRTMRSGKDAPVDQLGAEHCFDPSASPKVRRYQVLLSLMLSSQTKDQVTAGAMQRLRARGLTVDSILQT
DDSTLGALIYPVGFWRSKVKYIKQTSAILQQRYDGDIPASVAELVALPGVGPKMAHLAMAVAWGTVSGIAVDTHVHRIAN
RLRWTKKATKSPEETRRALEEWLPRELWSEINGLLVGFGQQTCLPIRPRCQACLNRALCPAARGL
>Bos_taurus_MutY
MKKSRAAVGNRSGRRKQASSQEGKEKCAFGSSQAKPSAPSAGPARQQKALLOASVSPYHLFRDVAEVTALQESLLDWYDR
KKRDLPWRRLVEDEVDLDRRAYAVWVAEVMLQQTQVATVINYYTRWMOKWPTLODLASASLEEVNQLWAGLGYYSRGRWL
QEGARKVVEELGGHMPRTAETLOQFLPGVGRYTAGATIASTIAFGQAAGVVDGNVIRVLCRVRAIGADSSSTLVSQHLWSLA
QQOLVDPARPGDFNQAAMELGAIVCTPKRPLCSHCPVONLCRARQRVEREQLSASQSLPGNCDVEECAPNTGQCPLCAPPT
EPWDQTLGVTNFPRKASRKPPREECSAICVLEQPKALGGAHILLVQRPNSGLLAGLWEFPSVSVNAEASGQHQRAALLQE
LOSWVGPLPDTRLQHLGQVVHTFSHIKMTYQVYSLALEEHTPVTIVPPGARWLTREDFHTAAVSTAMKKVFRMYEGQQPG
TCKGSKRSQVATLSKRKKPSPGOQQVLESFFWPHVPTDAPSLNTAAQ

>Gallus_gallus_Nth
MCAAAPRGGGRAARRLGAATAGSRVPSAAPRYSRRTRRVPIAYEAEPKPESPGPKWEPENWQQQLERIREMRRHRDAPVD
EMGVDKCYDTSAPPQVMRYQVLLSLMLSSQTKDQVTSAAMLRLRQRGLTVDSILOMDDATLGQIIYPVGFWRNKVKYIKQ
TTAILKQKYGGDIPGTVEELVKLPGVGPKMAHLAMNIAWNSVSGIAVDTHVHRITNRLKWVKKETRYPEETRVALEDWLP
RDLWREINWLLVGFGQQTCLPVNPRCKECLNQDICPAAKREF

>Gallus_gallus_MutY
MGGAAVRARRSVKVRAGGEHVGPGLGSPATALRTHRRCCDPTPVPVSRQGLPLDHMHCISSVTPSRSMPYVAACSPGMTK
AGGTFPGGRWLQLSWMLTGGRMQLLGLLVASERQVWARERSCGDEDGEEGCWVGFCCSSWNQOHGDRGACCEKWHWHLCT
DPSVLLAVWVSEIMLQQTQVATVIDYYNRWMOKWPTLOALAAASLEEVNELWAGLGYYSRGKRLQEAARKVVSELAGRMP
RTAEDLQRLLPGVGRYTAGAIASISFGQATGVVDGNVIRVLCRLRCIGADTSSLAVIDCLWDMANTLVDRSRPGDEFNQAL
MELGATVCTPKSPLCRECPVKEHCHAWRRVEKELASASQKLFGKTTLVPDVEDCGPGGCPLCLPAAEPWDSSLGVTNEFPR
KAAKKQPRVEWTATCVLERRGRLGAPEYLIVQRPSSGLLAGLWEFPSLPLAPGLOQEEQQKEVLADHLRAWTRQPVQTQSL
CFIGEVVHIFSHIHQTYVVYSLCLDGDVALDAASSPSRWVTEEEFRASAVSTAMKKVLKARETQRGVQSGRAKGSKRKRE
SKLGAAGSTPTGMQLSLRAFLRAQPPP

>Xenopus_ (Silurana) tropicalis Nth
MSGSLRPLGRRGRRGVLKAVGGKDQQODGTSKGQVIDDSEDEKPSSPKERSKRRVSVEYEQAASETVAKRPKWQPKNWAQH
LENIRQMRSRRDAPVDOMGAEKCYDONAAPEVMRYQILLSLMLSSQTKDQVTSAAMCRLRQHGLTVSRILETDDGTLGKL
IYPVGFWKNKVKYIKQTTEILQEKYGGDIPDNVTDLVKLPGVGPKMAHLVMDIAWNNVSGIGVDTHVHRISNRLKWVRKE
TKTPEETRVAMEDWMPRELWSEINWLLVGFGQQVCLPVSPRCSECLNKDICPGAKKKKPR

>Xenopus (Silurana) tropicalis MutY
MPPPRTKTSLGRSAAASGKRKSPKQAFPKREEHVLOSSIYHSFTSQETEIIRDKLLAWYDKSKRDLPWRTMACTEPDLDR
KAYAVWVSEVMLOQTQVATVIDYYNKWMKVWPTMEDLARSSLEEVNEMWSGLGYYSRGRRLOEGAKKVVLELGGSMPRSA
DELQKLLPGVGRYTAGATIASISYGQVTGVVDGNVIRVLSRLRCIGADSSTLAVSDKLWNLANALVDPDRPGDFNQGMMEL
GATVCTPKKPLCTACPLQGQCKAYLKVIAEKESAVKTLIKKQASPTAKDVGDIEDCDLGPGLCALCVPTSDPWDSSLGVA
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NFPRKSAKKPSRMEQTAICVWEKCGDHGELEYLIVQRPSSGLLAGLWEFPSILLDEKFTEQNRQHSLLGLLODLSGHAVP
LOKLQYKGEVVHIFSHIHQTYVVYFLSLNTTENCSVKTEETERPLTRWVTKKEFLNSAVPTAMKKIMKLCESHGSSCTAV
NTSKKRKGDLAKVQLPSGRIKTEKGKQQSIQSFFKLATEK

>Takifugu_rubripes Nth
MTSHYFAQSRSVVTRRGAQNAAHKPATSLKSKLTIQPEKDDLVSSSAGVKLEEEEAKISGNALKPETDAPTLSSHSRRRR
QLKVEYDKDGSMPQLKTEPWEPPRWKTQLENIRAMRSGRDAPVDNMGADKCHDADAPAHVKRFQVLVSLMLSSQTKDQVT
SAAMQKLRAHGCTVENILATNDETLGQLIYPVGFWRNKVKYLKLTSAMLOQKEFGGDIPDSVEGLVRLPGVGPKMAHLAMD
TAWDQVSGIGVDTHVHRISNRLGWLKKPTKTPEETRKSLEEWLPRELWSEINWLLVGFGQQVCLPVSPLCSVCLNQHDCP
SAHKNSPVRRPKFLERSPWIKSPRLEFITPGANTFLIR

>Takifugu_rubripes MutY

MSTQGEPVQVGKVLSFLREWDRGDRSARGRMLS SFLGRSAGRTQGELEYLGEFVGHGGVVTLLEVLTQPQSNEETKAEAL
CLLLAISDAGRKYKELICQSCGAMAAAECLTHSGTGETQESAWMLLESLSHGNPKYEGEIYKGLIGHLTCTSAKAQQFVL
HTLHTLQSKMEIAHHSIVEPLLGVLTSLHPDVQSEVARLIFELRRYDVRPMLLRALCGLGLNVARAPTYPEEESSHASSP
SAYHFFHDAADVALLRSRLLAWYDQEKRELPWRTLALTEPDVNIRTYAVWVSEIMLQQTQVATVIDYYNKWMKRWPTVQD
LATATLEDVNQMWAGLGYYSRGKRLHEGAQKVVSQLQGEMPRTVDALLKQLPGVGRY TAGAIGSIALGQVTGAVDGNVIR
VLCRLRAIGADCTGPTVTEALWSLANTLVDPDRPGDFNQALMELGARVCTPKGPLCTRCPIQSHCHSYHKAHFKQEKNSM
KLMGKLDRKSSALPDIEDCLSSGTCTLCLSEPWDDELGVONFPRKPAKKPPRAERCLTCVVIRQGEGGEHEFLLTQRPSK
GLLAGLWEFPCINHEEKNAVEEKKVLCAEINRILGTSLTHGLLQYVGEVVHIFSHIHQTYVVHTLRLKDAVSQSENMQWL
TPSALQEAAVSTGVKKIMKLCNSALGQQGAPDGEEKRPKKDRKGQITKRPRLSGANSRSRQLSLSSFFQTVKQDC
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APPENDIX 6:
4 human homologs, original headers

>gi[4505471 |ref|NP_002519.1| endonuclease III-like protein 1 [Homo sapiens]
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEG
SDSEKGEGAEPLKVPVWEPQODWQQOQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSS
QTKDQVTAGAMQRLRARGLTVDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSATLQOHYGGDIPASVAE
LVALPGVGPKMAHLAMAVAWGTVSGIAVDTHVHRIANRLRWTKKATKSPEETRAALEEWLPRELWHE ING
LLVGFGQQTCLPVHPRCHACLNQALCPAAQGL

>gi| 6912520 |ref|NP_036354.1| A/G-specific adenine DNA glycosylase isoform 1 [Homo sapiens]
MTPLVSRLSRLWAIMRKPRAAVGSGHRKQAASQEGROKHAKNNSQAKPSACDGMIAECPGAPAGLARQPE
EVVLQASVSSYHLFRDVAEVTAFRGSLLSWYDQEKRDLPWRRRAEDEMDLDRRAYAVWVSEVMLQOQTQVA
TVINYYTGWMOKWPTLODLASASLEEVNQLWAGLGYYSRGRRLOEGARKVVEELGGHMPRTAETLQQLLP
GVGRYTAGAIASIAFGQATGVVDGNVARVLCRVRAIGADPSSTLVSQQLWGLAQQLVDPARPGDENQAAM
ELGATVCTPQRPLCSQCPVESLCRARQRVEQEQLLASGSLSGSPDVEECAPNTGQCHLCLPPSEPWDQTL
GVVNFPRKASRKPPREESSATCVLEQPGALGAQILLVQRPNSGLLAGLWEFPSVTITWEPSEQLQOQRKALLQE
LORWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTTVPPGARWLTQEEFHTAAVSTAMKKV
FRVYQGOQPGTCMGSKRSQVSSPCSRKKPRMGOQVLDNFFRSHISTDAHSLNSAAQ
>gi|4505495|ref|NP_002533.1| N-glycosylase/DNA lyase isoform la [Homo sapiens]
MPARALLPRRMGHRTLASTPALWASIPCPRSELRLDLVLPSGQSFRWREQSPAHWSGVLADQVWTLTQTE
EQLHCTVYRGDKSQASRPTPDELEAVRKYFQLDVTLAQLYHHWGSVDSHFQEVAQKFQGVRLLRODPIEC
LEFSFICSSNNNIARITGMVERLCQAFGPRLIQLDDVTYHGFPSLOALAGPEVEAHLRKLGLGYRARYVSA
SARATILEEQGGLAWLOQLRESSYEEAHKALCILPGVGTKVADCICLMALDKPQAVPVDVHMWHIAQRDYS
WHPTTSQAKGPSPQTNKELGNFFRSLWGPYAGWAQAVLEFSADLRQSRHAQEPPAKRRKGSKGPEG
>gi[4505121 |ref|NP_003916.1| methyl-CpG-binding domain protein 4 [Homo sapiens]
MGTTGLESLSLGDRGAAPTVTSSERLVPDPPNDLRKEDVAMELERVGEDEEQMMIKRSSECNPLLOQEPTIA
SAQFGATAGTECRKSVPCGWERVVKQRLFGKTAGREFDVYFISPQGLKFRSKSSLANYLHKNGETSLKPED
FDFTVLSKRGIKSRYKDCSMAALTSHLONQSNNSNWNLRTRSKCKKDVEFMPPSSSSELQESRGLSNETST
HLLLKEDEGVDDVNFRKVRKPKGKVTILKGIPIKKTKKGCRKSCSGEFVQSDSKRESVCNKADAESEPVAQ
KSQLDRTVCISDAGACGETLSVTSEENSLVKKKERSLSSGSNFCSEQKTSGIINKFCSAKDSEHNEKYED
TFLESEEIGTKVEVVERKEHLHTDILKRGSEMDNNCSPTRKDFTGEKIFQEDTIPRTQIERRKTSLYFSS
KYNKEALSPPRRKAFKKWTPPRSPEFNLVQETLFHDPWKLLIATIFLNRTSGKMAIPVLWKFLEKYPSAEV
ARTADWRDVSELLKPLGLYDLRAKTIVKEFSDEYLTKOQWKYPIELHGIGKYGNDSYRIFCVNEWKQVHPED
HKLNKYHDWLWENHEKLSLS
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APPENDIX 7:
4 human homologs, modified headers

>NTHL1 Homo_sapiens
MCSPQESGMTALSARMLTRSRSLGPGAGPRGCREEPGPLRRREAAAEARKSHSPVKRPRKAQRLRVAYEG
SDSEKGEGAEPLKVPVWEPQDWQOQLVNIRAMRNKKDAPVDHLGTEHCYDSSAPPKVRRYQVLLSLMLSS
QTKDQVTAGAMQRLRARGLTVDSILQTDDATLGKLIYPVGFWRSKVKYIKQTSAILQQHYGGDIPASVAE
LVALPGVGPKMAHLAMAVAWGTVSGIAVDTHVHRIANRLRWTKKATKSPEETRAALEEWLPRELWHEING
LLVGFGQQTCLPVHPRCHACLNQALCPAAQGL

>MUTYH_ Homo_sapiens
MTPLVSRLSRLWAIMRKPRAAVGSGHRKQAASQEGRQKHAKNNSQAKPSACDGMIAECPGAPAGLARQPE
EVVLQASVSSYHLFRDVAEVTAFRGSLLSWYDQEKRDLPWRRRAEDEMDLDRRAYAVWVSEVMLQQTQVA
TVINYYTGWMOKWPTLODLASASLEEVNQLWAGLGYYSRGRRLQEGARKVVEELGGHMPRTAETLQQLLP
GVGRYTAGAIASIAFGQATGVVDGNVARVLCRVRAIGADPSSTLVSQQLWGLAQQLVDPARPGDENQAAM
ELGATVCTPQRPLCSQCPVESLCRARQRVEQEQLLASGSLSGSPDVEECAPNTGQCHLCLPPSEPWDQTL
GVVNFPRKASRKPPREESSATCVLEQPGALGAQILLVQRPNSGLLAGLWEFPSVIWEPSEQLQRKALLQE
LORWAGPLPATHLRHLGEVVHTFSHIKLTYQVYGLALEGQTPVTTVPPGARWLTQEEFHTAAVSTAMKKV
FRVYQGQQPGTCMGSKRSQVSSPCSRKKPRMGQQVLDNFFRSHISTDAHSLNSAAQ

>0GG1l_Homo sapiens
MPARALLPRRMGHRTLASTPALWASIPCPRSELRLDLVLPSGQSFRWREQSPAHWSGVLADQVWTLTQTE
EQLHCTVYRGDKSQASRPTPDELEAVRKYFQLDVTLAQLYHHWGSVDSHFQEVAQKFQGVRLLRQDPIEC
LEFSFICSSNNNIARITGMVERLCQAFGPRLIQLDDVTYHGFPSLOQALAGPEVEAHLRKLGLGYRARYVSA
SARAILEEQGGLAWLOQLRESSYEEAHKALCILPGVGTKVADCICLMALDKPQAVPVDVHMWHIAQRDYS
WHPTTSQAKGPSPQTNKELGNFFRSLWGPYAGWAQAVLEFSADLRQSRHAQEPPAKRRKGSKGPEG
>MBD4_Homo_sapiens
MGTTGLESLSLGDRGAAPTVTSSERLVPDPPNDLRKEDVAMELERVGEDEEQMMIKRSSECNPLLQEPIA
SAQFGATAGTECRKSVPCGWERVVKQRLFGKTAGREFDVYFISPQGLKFRSKSSLANYLHKNGETSLKPED
FDFTVLSKRGIKSRYKDCSMAALTSHLONQSNNSNWNLRTRSKCKKDVFMPPSSSSELQESRGLSNFTST
HLLLKEDEGVDDVNFRKVRKPKGKVTILKGIPIKKTKKGCRKSCSGEFVQSDSKRESVCNKADAESEPVAQ
KSQLDRTVCISDAGACGETLSVTSEENSLVKKKERSLSSGSNFCSEQKTSGIINKFCSAKDSEHNEKYED
TFLESEEIGTKVEVVERKEHLHTDILKRGSEMDNNCSPTRKDFTGEKIFQEDTIPRTQIERRKTSLYFSS
KYNKEALSPPRRKAFKKWTPPRSPEFNLVQETLFHDPWKLLIATIFLNRTSGKMAIPVLWKFLEKYPSAEV
ARTADWRDVSELLKPLGLYDLRAKTIVKEFSDEYLTKQWKYPIELHGIGKYGNDSYRIFCVNEWKQVHPED
HKLNKYHDWLWENHEKLSLS
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