Evolution of substrate specificity in the Nucleobase-Ascorbate Transporter

(NAT) protein family

Anezia Kourkoulou, Alexandros A. Pittis & George Diallinas

Supplementary Material

Microbial
143 canonical NAT

0,96

0,15

05

099

XP_664334.1_UAPC_Aspergillus_nidulans
XP_748919.1_AlUapC_Aspergilus_fumigatus
XP_715538.1_Xutlp_Candida_albicans
ANZT6B47.1_BAT5_04072T0_Pichia_pastoris
XP_664536.1_UAPA_Aspergillus_nidulans.

NP_593513.1_Schizasaccharomyces_pombe Uric acid

& xanthine (VIFAsIa

KII83727.1_Plicaturapsis_crispa
XP_011390165.1_Ustilago_maydis
ORE20215.1_Rhizopus_microsporus
EPBY1777.1_Mucor_circinelloides

ORX94857.1_Basidiobolus_meristosporus.

KXS512959.1_Gonapodya_prolifera
09 XP_001702660.1_Chlamydomonas_reinhardti

Algae XP_005826418.1_Guilardia_theta

1 GAQBT449.1_Klebsormidium_nitens ?

TF(AS)Q

XP_005782572.1_Emiliana_huxleyi

CEM39816.1_Vitrella_brassicaformis.

P67444.2_XanQ_Escherichia_coll

Xanthine  (TCIF(AG)Q

PDAGMA.1_XanP_Escherichia_coli
‘WP_012945027.1_Halotermgena_turkmenica

WP_004052051.1_Halococeus_morthuae
?  (STHFY)SQ

WP_014555821.1_Haloquadratum_walsbyi

CCQITTH1.1_Natronomonas_moolapensis.
Q46821.2_UacT_Escherichia_coli
032139.1_Puc)_Bacillus_subtilis

Uric acid

(ATS)F(SA)
or xanthine TS)FEAA

Bacteria

P42086.1_PbuX_Bacillus_sublilis

032140.1_PucK_Bacillus_subiilis

POAGM?7.1_UraA_Escherichia_coli

AIC39964.1_PyrP_Bacillus_sublis Pyrimidines

(uracil) TYAGIE

AACT4091.2_RnG_Escherichia_coli
XP_642632.1_Dictyostelium_discoideum
POAFS2.1_YjeD/GhxP_Escherichia_coli
P31466,2_AdeP/PurP_Escherichia_coli
Purines

XP_G81803.1_AzgA_Aspergillus_nidulans

XP_753664.1_Azgh_Aspergillus_fumigatus



Supplementary Figure S1. Phylogeny of microbial NATSs. The tree shown includes
all functionally characterized NATs from bacteria and fungi and their closest
homologues from other prokaryotic and eukaryotic microorganisms, obtained by
blastP (https://blast.ncbi.nlm.nih.gov). The AzgA sequences at the bottom of the tree
are functionally characterized purine transporters of the so-called AzgA-like family,
which includes proteins structurally similar with NATS, but show very little primary
sequence similarity and lack NAT-specific functional motif (closest out-group).
Multiple sequence alignments was built from the selected NAT sequences (accession
number shown in the figure) using MUSCLE v7.0.26

(http://www.megasoftware.net/). MEGA was also used for testing the aligned

sequences for optimal amino acid substitution model. According to the AIC, the
LG+G+F model (Le SQ, Gascuel O. Mol Biol Evol. 2008 Jul;25(7):1307-20) was
selected and a tree was created using a maximum likelihood (ML), and visualized by
FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). Bootstrap values are shown
in bold at the nodes of the clades. Evolutionary distances are also shown on the
branches of the tree. The variable, four-amino acid, part of the NAT signature motif is
shown at the right side of the tree (in bold the residues critical for specificity, see
main text). Note that the microbial NAT sequences shown in this tree are collapsed

and referred as “UapA-like sequences” in Figure 1 of the main text.
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702 AT5G25420.1 {Arabidopsis thaliana}
- Do 50689.475654 {Arabidopsis lyrata)
=t 59659 894454 {Arabidopsis lyrata)
702 AT1G65550.1 {Arabidopsis thaliana}
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m[ 39947.0S08T0420600-01 {Oryza sativa Japonica Groupy
[[4555 $b07g020510.1 {Sorghum bicolor)
4577.GRMZM2G115635_P01 {Zea mays}
9947.0S02T0741800-01 {Oryza sativa Japonica Group}
15368, BRADI3G59600.1 {Brachypodium distachyon)
Esw GRMZM5G812555_P01 {Zea mays)
. 558.5b04g028300.1 {Sorghum bicolor}
100 39947.0S03T0823800-01 {Oryza sativa Japonica Group}
[1 5368.BRADI1G03480.1 {Brachypodium distachyon}

4577.GRMZM2G045781_P02 {Zea mays)
577.GRMZM2G420823_PO2 {Zea mays}
577.GRMZM2G085460_PO1 {Zea mays}
019002960.1 {Sorghum bicolor}

59689.910785 {Arabidopsis lyrata)
:r-amz.m G10540.1 {Arabidopsis thaliana)

59689.925053 {Arabidopsis lyrata)
3702.AT1G60030.1 {Arabidopsis thaliana)
29760.VIT_0150026900740.101 {Vitis vinifera)
quBQA.F'OFTFLOOOasMSBDJ {Populus trichocarpa}
-3694.POPTR_0010s10550.1 {Populus trichocarpa)
3847.GLYMA18G18060.2 {Glycine max}
847.GLYMAOBGA40100.2 {Glycine max)
L 521 o547 GLYMA02G03550.5 (Glycine max}
700! 3847.GLYMAO1G04160.2 {Glycine max}
o[ 3547 GLYMAD4G35080.3 (Glycine max)

13847.GLYMAOBG19660.4 {Glycine max}
847.GLYMA17G10000.1 {Glycine max}
847.GLYMA05G01900.1 {Glycine max}

297so VIT_1750000g07850.101 {Vitis vinifera)

.POPTR_0015508380.1 {Populus trichocarpa)

694.POPTR_0012507890.1 {Populus trichocarpa)
50680.496474 {Arabidopsis lyrata)

3702 AT5G62890.1 {Arabidopsis thaliana)
3702 AT5G49990.1 {Arabidopsis thaliana)
59689.495055 {Arabidopsis lyrata)
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Supplementary Figure S2. Phylogenetic tree of the SVCT clade and the NAT
signature motif

The same ML phylogenetic tree as in Figure 1a is shown, here extended and with the
sequence - followed by the species - names shown. The protein names correspond to
the sequence ids as of Ensembl genomes, or the Uniprot name, for those cases that
mapping was successful. Red “spheres” indicate duplication nodes (according to the
species overlap algorithm), and the numbers next to the nodes correspond to aLRT
support values. On the right, the NAT signature motif is shown for each protein
sequence. The ETE toolkit was used for tree visualization [66].



Supplementary Table S1. List of strain used in this study

Strain Genotype
wit pabaAl
uapA’ uapAA uapCA::AfpyrG azgAA pabaAl
UapA uapA-GFP-argB uapAA uapCA::AfpyrG azgAA pabaAl
UapA-Q408P uapA-GFP'Q4O8P-aI’gB uapAA uapCA: :AfpyrG azgAA argB2
P pabaAl
UapA-A407S/Q408P uapA-G FP'A4073/Q408P-aI’gB uapAA uapCA: : AfpyrG azgAA argB2
pabaAl
UapA- uapA-G FP'F4063/A407S/Q408P-argB uapAA uapCA::AfpyrG azgAA
F406S/A407S/Q408P argB2 pabaAl
UapA- uapA-G FP'T4053/F4065/A4075-argB uapAA uapCA: :AfpyrG azgAA

A405S/FA06S/A407S  argB2 pabaAl

FurA

gpdAp-FurA-GFP-panB uapAA uapCA: :pyrG azgAA
feyBA::argB furDA: :viboB FurAA::vriboBA cntAA::riboB pabaAl

All strains shown possess the veAl mutation which promotes conidiation. pabaAl and argB2 are
loss of function mutations leading to auxotrophic requirement of para-aminobenzoic acid and
arginine respectively. AfpyrG is the Aspergillus fumigatus wild type pyrG gene(pyrimidine
biosynthesis) used as a standard selection marker in A. nidulans transformation. panB and riboB
are genes involved in pantothenic acid and riboflavin biosynthesis, used as selection markers for

targeted gene knock out. All other genes, encoding transporters, are explained in the text.

Supplementary Table S2. Oligonucleotides used for the construction of uapA mutants.

Name

Sequence

UapA A407S/Q408P F

5’-CCCCCATGACGACCTTTTCGCCGAACAACGGCGTG-3’

UapA A4075/Q408P R

5’-CACGCCGTTGTTCGGCGAAAAGGTCGTCATGGGG-3’

UapA F406S/A4075/Q408P F

5’-GACCCCCATGACGACCTCTTCGCCGAACAACGGCGTG-3’

UapA F406S/A407S/Q408P R

5’-CACGCCGTTGTTCGGCGAAGAGGTCGTCATGGGGGTC-3’

UapA T405S/F406S/A407S F

5’-CAATGACCCCCATGACGTCGTCGTCGCAGAACAACGGCGTG-3’

AN WN -

UapA T405S/F406S/A407S R

5’-CACGCCGTTGTTCTGCGACGACGACGTCATGGGGGTCATTG-3’




