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•What in my protein’s sequence give it the structure or 
function it has?

•How do I change the sequence to alter structural or 
functional qualities of my protein?



Wealth of biological sequences: access to 
diversity
• Homology: a shared evolutionary origin 

explains similar sequence, structure and 
function
• Models of evolution: substitution, 

insertions and deletions
• How did we end up with these 

sequences
• infer a history of evolutionary events
• correlating changes in sequence with those 

in function (and structure)



http://grasp.scmb.uq.edu.au 399 sequences
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order 
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Opportunities and hypotheses

Tracking indels offers a new source of sequence variation for protein 
design: “hybrid ancestors”
1. within-family insertions and deletions can be used as building 

blocks to support the engineering of biologically active ancestors 
and novel catalysts

Greater volume of data implies access to more natural diversity (and 
further evolutionary reach)
2. Including more sequences while accounting for indels improves 

robustness of ancestor inference
3. also enables a new approach to survey activity of members “by-

ancestor proxy”



Capture traces of change Inferred substitutions and ambivalent 
amino acid states have been used 
successfully to engineer and explore 
ancestor variants• GRASP accounts for (and tracks)

• substitutions and 
• insertions/deletions = indels

Hypothesis 1:
within-family insertions and deletions can be used 
as building blocks to support the engineering of 
biologically active ancestors and novel catalysts
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XP_022077378.1|cytochrome_P450_2U1like_Pomacentridae_Actinopteri_Acanthochromis_polyacanthus_spiny_chromis

XP_021429054.1|cytochrome_P450_2U1like_Salmonidae_Salmoniformes_Actinopteri_Oncorhynchus_mykiss_rainbow_trout

XP_020559182.2|cytochrome_P450_2U1_Adrianichthyidae_Beloniformes_Actinopteri_Oryzias_latipes_Japanese_medaka

KFV68671.1|Cytochrome_P450_2U1_partial_Picidae_Piciformes_Aves_Picoides_pubescens_Downy_woodpecker

XP_005287999.1|cytochrome_P450_2U1_isoform_X2_Emydidae_Testudines_Chrysemys_picta_bellii_western_painted_turtle

XP_021381195.1|cytochrome_P450_2U1_Estrildidae_Passeriformes_Aves_Lonchura_striata_domestica_Bengalese_finch

AGN04284.1|cytochrome_P450_Adrianichthyidae_Beloniformes_Actinopteri_Oryzias_melastigma_Indian_medaka

KFO79198.1|Cytochrome_P450_2U1_partial_Cuculidae_Cuculiformes_Aves_Cuculus_canorus_common_cuckoo

XP_014694538.1|PREDICTED_cytochrome_P450_2U1_partial_Equidae_Perissodactyla_Mammalia_Equus_asinus_ass

OPJ75701.1|cytochrome_P450_2U1_Columbidae_Columbiformes_Aves_Patagioenas_fasciata_monilis

XP_021251581.1|cytochrome_P450_2U1_Numididae_Galliformes_Aves_Numida_meleagris_helmeted_guineafowl

XP_011611201.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Tetraodontidae_Tetraodontiformes_Actinopteri_Takifugu_rubripes_torafugu

XP_002194737.2|PREDICTED_cytochrome_P450_2U1_Estrildidae_Passeriformes_Aves_Taeniopygia_guttata_zebra_finch

XP_006629927.2|PREDICTED_cytochrome_P450_2U1_Lepisosteidae_Semionotiformes_Actinopteri_Lepisosteus_oculatus_spotted_gar

XP_004703511.1|PREDICTED_cytochrome_P450_2U1_partial_Tenrecidae_Mammalia_Echinops_telfairi_small_Madagascar_hedgehog

KTF87224.1|hypothetical_protein_cypCar_00019558_Cyprinidae_Cypriniformes_Actinopteri_Cyprinus_carpio_common_carp

XP_021014502.1|cytochrome_P450_2U1_isoform_X1_Muridae_Rodentia_Mammalia_Mus_caroli_Ryukyu_mouse

XP_006869388.1|PREDICTED_cytochrome_P450_2U1like_Chrysochloridae_Mammalia_Chrysochloris_asiatica_Cape_golden_mole

XP_007191063.1|PREDICTED_cytochrome_P450_2U1like_isoform_X1_Balaenopteridae_Cetacea_Mammalia_Balaenoptera_acutorostrata_scammoni

NP_001139036.1|cytochrome_P450_2U1_Cyprinidae_Cypriniformes_Actinopteri_Danio_rerio_zebrafish

XP_012374116.2|cytochrome_P450_2U1_partial_Dasypodidae_Cingulata_Mammalia_Dasypus_novemcinctus_ninebanded_armadillo

XP_019491595.1|PREDICTED_cytochrome_P450_2U1_Hipposideridae_Chiroptera_Mammalia_Hipposideros_armiger_great_roundleaf_bat

NP_001069518.1|cytochrome_P450_2U1_Bovidae_Mammalia_Bos_taurus_cattle

XP_015716841.1|PREDICTED_cytochrome_P450_2U1_Phasianidae_Galliformes_Aves_Coturnix_japonica_Japanese_quail

XP_017556900.1|PREDICTED_cytochrome_P450_2U1_Serrasalmidae_Characiformes_Actinopteri_Pygocentrus_nattereri_redbellied_piranha

NP_898898.1|cytochrome_P450_2U1_Hominidae_Primates_Mammalia_Homo_sapiens_human

XP_007560680.1|PREDICTED_cytochrome_P450_2U1_Poeciliidae_Cyprinodontiformes_Actinopteri_Poecilia_formosa_Amazon_molly

XP_005406339.2|PREDICTED_cytochrome_P450_2U1_partial_Chinchillidae_Rodentia_Mammalia_Chinchilla_lanigera_longtailed_chinchilla

EHH26107.1|hypothetical_protein_EGK_15996_partial_Cercopithecidae_Primates_Mammalia_Macaca_mulatta_Rhesus_monkey

XP_004594327.1|PREDICTED_cytochrome_P450_2U1_Ochotonidae_Lagomorpha_Mammalia_Ochotona_princeps_American_pika

XP_020383892.1|cytochrome_P450_2U1like_Rhincodontidae_Orectolobiformes_Chondrichthyes_Rhincodon_typus_whale_shark

XP_022621190.1|cytochrome_P450_2U1_Carangidae_Carangiformes_Actinopteri_Seriola_dumerili_greater_amberjack

XP_005797710.1|cytochrome_P450_2U1_Poeciliidae_Cyprinodontiformes_Actinopteri_Xiphophorus_maculatus_southern_platyfish

XP_005484794.1|PREDICTED_cytochrome_P450_2U1_Passerellidae_Passeriformes_Aves_Zonotrichia_albicollis_whitethroated_sparrow

XP_007624001.1|PREDICTED_cytochrome_P450_2U1_isoform_X2_Cricetidae_Rodentia_Mammalia_Cricetulus_griseus_Chinese_hamster

XP_020857009.1|cytochrome_P450_2U1_isoform_X1_Phascolarctidae_Diprotodontia_Mammalia_Phascolarctos_cinereus_koala

XP_012291909.1|cytochrome_P450_2U1_Aotidae_Primates_Mammalia_Aotus_nancymaae_Mas_night_monkey

XP_003468093.1|cytochrome_P450_2U1_Caviidae_Rodentia_Mammalia_Cavia_porcellus_domestic_guinea_pig

XP_014733783.1|PREDICTED_cytochrome_P450_2U1_Sturnidae_Passeriformes_Aves_Sturnus_vulgaris_common_starling

XP_018409984.1|PREDICTED_cytochrome_P450_2U1_Dicroglossidae_Anura_Amphibia_Nanorana_parkeri

XP_004748170.1|PREDICTED_cytochrome_P450_2U1_Mustelidae_Carnivora_Mammalia_Mustela_putorius_furo_domestic_ferret

XP_015665994.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Viperidae_Squamata_Protobothrops_mucrosquamatus

XP_010371512.1|PREDICTED_cytochrome_P450_2U1_isoform_X2_Cercopithecidae_Primates_Mammalia_Rhinopithecus_roxellana_golden_snubnosed_monkey

XP_023361506.1|cytochrome_P450_2U1_Dasyuridae_Dasyuromorphia_Mammalia_Sarcophilus_harrisii_Tasmanian_devil

XP_017708554.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Cercopithecidae_Primates_Mammalia_Rhinopithecus_bieti_black_snubnosed_monkey

XP_008054185.1|cytochrome_P450_2U1_Tarsiidae_Primates_Mammalia_Carlito_syrichta_Philippine_tarsier

XP_021540185.1|cytochrome_P450_2U1_Phocidae_Carnivora_Mammalia_Neomonachus_schauinslandi_Hawaiian_monk_seal

XP_006212134.1|PREDICTED_cytochrome_P450_2U1_partial_Camelidae_Mammalia_Vicugna_pacos_alpaca

XP_020786184.1|cytochrome_P450_2U1_Gobiidae_Gobiiformes_Actinopteri_Boleophthalmus_pectinirostris_great_bluespotted_mudskipper

XP_004671492.1|PREDICTED_cytochrome_P450_2U1_Dipodidae_Rodentia_Mammalia_Jaculus_jaculus_lesser_Egyptian_jerboa

XP_018611667.1|PREDICTED_cytochrome_P450_2U1_Osteoglossidae_Osteoglossiformes_Actinopteri_Scleropages_formosus_Asian_bonytongue

NP_082092.2|cytochrome_P450_2U1_Muridae_Rodentia_Mammalia_Mus_musculus_house_mouse

XP_007421378.1|cytochrome_P450_2U1_Pythonidae_Squamata_Python_bivittatus_Burmese_python

XP_009900551.1|PREDICTED_cytochrome_P450_2U1_partial_Picidae_Piciformes_Aves_Picoides_pubescens_Downy_woodpecker

XP_012879182.1|PREDICTED_cytochrome_P450_2U1_Heteromyidae_Rodentia_Mammalia_Dipodomys_ordii_Ords_kangaroo_rat

XP_008148480.1|PREDICTED_cytochrome_P450_2U1_Vespertilionidae_Chiroptera_Mammalia_Eptesicus_fuscus_big_brown_bat

XP_002717221.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Leporidae_Lagomorpha_Mammalia_Oryctolagus_cuniculus_rabbit

XP_017904722.1|PREDICTED_cytochrome_P450_2U1_Bovidae_Mammalia_Capra_hircus_goat

EFB16740.1|hypothetical_protein_PANDA_005136_partial_Ursidae_Carnivora_Mammalia_Ailuropoda_melanoleuca_giant_panda

XP_003899118.1|cytochrome_P450_2U1_isoform_X1_Cercopithecidae_Primates_Mammalia_Papio_anubis_olive_baboon

XP_005044990.1|PREDICTED_cytochrome_P450_2U1_partial_Muscicapidae_Passeriformes_Aves_Ficedula_albicollis_collared_flycatcher

XP_010708185.2|PREDICTED_cytochrome_P450_2U1_Phasianidae_Galliformes_Aves_Meleagris_gallopavo_turkey

XP_021488968.1|cytochrome_P450_2U1_isoform_X1_Muridae_Rodentia_Mammalia_Meriones_unguiculatus_Mongolian_gerbil

NP_001019950.1|cytochrome_P450_2U1_Muridae_Rodentia_Mammalia_Rattus_norvegicus_Norway_rat

XP_017318806.1|PREDICTED_cytochrome_P450_2U1_Ictaluridae_Siluriformes_Actinopteri_Ictalurus_punctatus_channel_catfish

XP_005148751.1|PREDICTED_cytochrome_P450_2U1_partial_Psittaculidae_Psittaciformes_Aves_Melopsittacus_undulatus_budgerigar

XP_023283957.1|cytochrome_P450_2U1_Carangidae_Carangiformes_Actinopteri_Seriola_lalandi_dorsalis

XP_014796211.1|PREDICTED_cytochrome_P450_2U1_Scolopacidae_Charadriiformes_Aves_Calidris_pugnax_ruff

XP_003796393.1|cytochrome_P450_2U1_isoform_X1_Galagidae_Primates_Mammalia_Otolemur_garnettii_smalleared_galago

XP_019597472.1|PREDICTED_cytochrome_P450_2U1_Rhinolophidae_Chiroptera_Mammalia_Rhinolophus_sinicus_Chinese_rufous_horseshoe_bat

XP_017824361.1|PREDICTED_cytochrome_P450_2U1_Cebidae_Primates_Mammalia_Callithrix_jacchus_whitetuftedear_marmoset

XP_008285532.1|PREDICTED_cytochrome_P450_2U1_Pomacentridae_Actinopteri_Stegastes_partitus_bicolor_damselfish

XP_004269644.1|PREDICTED_cytochrome_P450_2U1_Delphinidae_Cetacea_Mammalia_Orcinus_orca_killer_whale

XP_006778968.2|PREDICTED_cytochrome_P450_2U1_Vespertilionidae_Chiroptera_Mammalia_Myotis_davidii

XP_007100655.1|cytochrome_P450_2U1_Physeteridae_Cetacea_Mammalia_Physeter_catodon_sperm_whale

XP_019272345.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Felidae_Carnivora_Mammalia_Panthera_pardus_leopard

XP_001366063.1|PREDICTED_cytochrome_P450_2U1_Didelphidae_Didelphimorphia_Mammalia_Monodelphis_domestica_gray_shorttailed_opossum

XP_003226556.2|PREDICTED_cytochrome_P450_2U1_Dactyloidae_Squamata_Anolis_carolinensis_green_anole

XP_011572877.1|PREDICTED_cytochrome_P450_2U1_Accipitridae_Falconiformes_Aves_Aquila_chrysaetos_canadensis

XP_005896309.1|PREDICTED_cytochrome_P450_2U1_Bovidae_Mammalia_Bos_mutus_wild_yak

XP_011994146.1|PREDICTED_cytochrome_P450_2U1_isoform_X2_Bovidae_Mammalia_Ovis_aries_musimon_mouflon

XP_019783337.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Delphinidae_Cetacea_Mammalia_Tursiops_truncatus_bottlenose_dolphin

XP_011884345.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Cercopithecidae_Primates_Mammalia_Cercocebus_atys_sooty_mangabey

XP_004040295.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Hominidae_Primates_Mammalia_Gorilla_gorilla_gorilla_western_lowland_gorilla

XP_018539665.1|PREDICTED_LOW_QUALITY_PROTEIN_cytochrome_P450_2U1_Centropomidae_Actinopteri_Lates_calcarifer_barramundi_perch

XP_019717376.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Syngnathidae_Syngnathiformes_Actinopteri_Hippocampus_comes_tiger_tail_seahorse

XP_018919738.1|PREDICTED_cytochrome_P450_2U1like_Cyprinidae_Cypriniformes_Actinopteri_Cyprinus_carpio_common_carp

XP_012621711.1|cytochrome_P450_2U1_Cheirogaleidae_Primates_Mammalia_Microcebus_murinus_gray_mouse_lemur

XP_020757615.1|cytochrome_P450_2U1_Cervidae_Mammalia_Odocoileus_virginianus_texanus

XP_021052700.1|cytochrome_P450_2U1_isoform_X1_Muridae_Rodentia_Mammalia_Mus_pahari_shrew_mouse

XP_010739611.2|PREDICTED_cytochrome_P450_2U1_Sciaenidae_Actinopteri_Larimichthys_crocea_large_yellow_croaker

XP_013220884.1|cytochrome_P450_2U1_Sciuridae_Rodentia_Mammalia_Ictidomys_tridecemlineatus_thirteenlined_ground_squirrel

XP_017688993.1|PREDICTED_cytochrome_P450_2U1_Pipridae_Passeriformes_Aves_Lepidothrix_coronata_bluecrowned_manakin

XP_019956775.1|PREDICTED_cytochrome_P450_2U1_Paralichthyidae_Pleuronectiformes_Actinopteri_Paralichthys_olivaceus_Japanese_flounder

XP_021429049.1|cytochrome_P450_2U1like_isoform_X1_Salmonidae_Salmoniformes_Actinopteri_Oncorhynchus_mykiss_rainbow_trout

XP_013863208.1|PREDICTED_cytochrome_P450_2U1_Cyprinodontiformes_Actinopteri_Austrofundulus_limnaeus

XP_019377492.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Gavialidae_Crocodylia_Gavialis_gangeticus_Gharial

XP_016395320.1|PREDICTED_cytochrome_P450_2U1like_Cyprinidae_Cypriniformes_Actinopteri_Sinocyclocheilus_rhinocerous

ARO89866.1|cytochrome_P450_Cyp2u1_Cryptobranchidae_Caudata_Amphibia_Andrias_davidianus_Chinese_giant_salamander

XP_022370877.1|cytochrome_P450_2U1_Mustelidae_Carnivora_Mammalia_Enhydra_lutris_kenyoni

XP_018106696.1|PREDICTED_cytochrome_P450_2U1like_Pipidae_Anura_Amphibia_Xenopus_laevis_African_clawed_frog

XP_015480586.1|PREDICTED_cytochrome_P450_2U1_Paridae_Passeriformes_Aves_Parus_major_Great_Tit

BAF82691.1|unnamed_protein_product_Hominidae_Primates_Mammalia_Homo_sapiens_human

XP_010951941.1|PREDICTED_LOW_QUALITY_PROTEIN_cytochrome_P450_2U1_Camelidae_Mammalia_Camelus_bactrianus_Bactrian_camel

XP_005555686.1|PREDICTED_cytochrome_P450_2U1_Cercopithecidae_Primates_Mammalia_Macaca_fascicularis_crabeating_macaque

CAG11477.1|unnamed_protein_product_partial_Tetraodontidae_Tetraodontiformes_Actinopteri_Tetraodon_nigroviridis_spotted_green_pufferfish

XP_526649.2|cytochrome_P450_2U1_isoform_X2_Hominidae_Primates_Mammalia_Pan_troglodytes_chimpanzee

XP_017364494.1|PREDICTED_cytochrome_P450_2U1_Cebidae_Primates_Mammalia_Cebus_capucinus_imitator

XP_008420764.1|PREDICTED_cytochrome_P450_2U1_Poeciliidae_Cyprinodontiformes_Actinopteri_Poecilia_reticulata_guppy

XP_020016209.1|cytochrome_P450_2U1_Castoridae_Rodentia_Mammalia_Castor_canadensis_American_beaver

XP_006272957.2|PREDICTED_cytochrome_P450_2U1_isoform_X1_Alligatoridae_Crocodylia_Alligator_mississippiensis_American_alligator

XP_015799181.1|PREDICTED_cytochrome_P450_2U1_Nothobranchiidae_Cyprinodontiformes_Actinopteri_Nothobranchius_furzeri_turquoise_killifish

XP_005082857.1|cytochrome_P450_2U1_Cricetidae_Rodentia_Mammalia_Mesocricetus_auratus_golden_hamster

XP_006787161.1|PREDICTED_cytochrome_P450_2U1like_Cichlidae_Cichliformes_Actinopteri_Neolamprologus_brichardi

XP_023051615.1|cytochrome_P450_2U1_isoform_X1_Cercopithecidae_Primates_Mammalia_Piliocolobus_tephrosceles_Ugandan_red_Colobus

XP_006061937.1|cytochrome_P450_2U1_isoform_X1_Bovidae_Mammalia_Bubalus_bubalis_water_buffalo

XP_020652021.1|cytochrome_P450_2U1_partial_Agamidae_Squamata_Pogona_vitticeps_central_bearded_dragon

XP_016016320.1|PREDICTED_cytochrome_P450_2U1_Pteropodidae_Chiroptera_Mammalia_Rousettus_aegyptiacus_Egyptian_rousette

XP_010886716.1|PREDICTED_cytochrome_P450_2U1_Esocidae_Esociformes_Actinopteri_Esox_lucius_northern_pike

XP_007997667.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Cercopithecidae_Primates_Mammalia_Chlorocebus_sabaeus_green_monkey

XP_017268014.1|cytochrome_P450_2U1_Cyprinodontiformes_Actinopteri_Kryptolebias_marmoratus_mangrove_rivulus

XP_015281737.1|PREDICTED_cytochrome_P450_2U1_Gekkonidae_Squamata_Gekko_japonicus

XP_011801112.1|PREDICTED_cytochrome_P450_2U1_Cercopithecidae_Primates_Mammalia_Colobus_angolensis_palliatus

XP_007452210.1|PREDICTED_cytochrome_P450_2U1like_Lipotidae_Cetacea_Mammalia_Lipotes_vexillifer_Yangtze_River_dolphin

XP_005518034.1|PREDICTED_cytochrome_P450_2U1_Paridae_Passeriformes_Aves_Pseudopodoces_humilis_Tibetan_groundtit

XP_004866353.1|cytochrome_P450_2U1_Bathyergidae_Rodentia_Mammalia_Heterocephalus_glaber_naked_molerat

XP_005457042.1|cytochrome_P450_2U1_isoform_X1_Cichlidae_Cichliformes_Actinopteri_Oreochromis_niloticus_Nile_tilapia

XP_420491.4|cytochrome_P450_2U1_Phasianidae_Galliformes_Aves_Gallus_gallus_chicken

XP_014065111.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Salmonidae_Salmoniformes_Actinopteri_Salmo_salar_Atlantic_salmon

XP_010997363.1|PREDICTED_cytochrome_P450_2U1_Camelidae_Mammalia_Camelus_dromedarius_Arabian_camel

XP_006727242.1|PREDICTED_cytochrome_P450_2U1like_Phocidae_Carnivora_Mammalia_Leptonychotes_weddellii_Weddell_seal

XP_005357351.1|PREDICTED_cytochrome_P450_2U1_Cricetidae_Rodentia_Mammalia_Microtus_ochrogaster_prairie_vole

XP_012687241.1|PREDICTED_cytochrome_P450_2U1_Clupeidae_Clupeiformes_Actinopteri_Clupea_harengus_Atlantic_herring

XP_016069983.1|PREDICTED_cytochrome_P450_2U1_partial_Vespertilionidae_Chiroptera_Mammalia_Miniopterus_natalensis

XP_003129312.1|cytochrome_P450_2U1_isoform_X1_Suidae_Mammalia_Sus_scrofa_pig

XP_018919739.1|PREDICTED_cytochrome_P450_2U1like_Cyprinidae_Cypriniformes_Actinopteri_Cyprinus_carpio_common_carp

XP_008315700.1|cytochrome_P450_2U1_isoform_X1_Cynoglossidae_Pleuronectiformes_Actinopteri_Cynoglossus_semilaevis_tongue_sole

XP_007229530.1|cytochrome_P450_2U1_Characidae_Characiformes_Actinopteri_Astyanax_mexicanus_Mexican_tetra

XP_010584537.1|PREDICTED_cytochrome_P450_2U1_partial_Accipitridae_Falconiformes_Aves_Haliaeetus_leucocephalus_bald_eagle

XP_010077161.1|PREDICTED_LOW_QUALITY_PROTEIN_cytochrome_P450_2U1_partial_Pteroclidae_Ciconiiformes_Aves_Pterocles_gutturalis_yellowthroated_sandgrouse

XP_010778816.1|PREDICTED_cytochrome_P450_2U1_Nototheniidae_Perciformes_Actinopteri_Notothenia_coriiceps_black_rockcod

XP_006881166.1|PREDICTED_cytochrome_P450_2U1like_Macroscelididae_Macroscelidea_Mammalia_Elephantulus_edwardii_Cape_elephant_shrew

XP_007938960.1|PREDICTED_cytochrome_P450_2U1_Orycteropodidae_Tubulidentata_Mammalia_Orycteropus_afer_afer

XP_008842003.1|PREDICTED_cytochrome_P450_2U1_Spalacidae_Rodentia_Mammalia_Nannospalax_galili_Upper_Galilee_mountains_blind_mole_rat

XP_014905426.1|PREDICTED_cytochrome_P450_2U1_Poeciliidae_Cyprinodontiformes_Actinopteri_Poecilia_latipinna_sailfin_molly

XP_019110856.1|PREDICTED_cytochrome_P450_2U1like_Sciaenidae_Actinopteri_Larimichthys_crocea_large_yellow_croaker

KFW75712.1|Cytochrome_P450_2U1_partial_Pipridae_Passeriformes_Aves_Manacus_vitellinus_goldencollared_manakin

XP_022422796.1|cytochrome_P450_2U1_isoform_X1_Monodontidae_Cetacea_Mammalia_Delphinapterus_leucas_beluga_whale

XP_004549474.1|cytochrome_P450_2U1_Cichlidae_Cichliformes_Actinopteri_Maylandia_zebra_zebra_mbuna

XP_006162319.2|PREDICTED_cytochrome_P450_2U1_Tupaiidae_Scandentia_Mammalia_Tupaia_chinensis_Chinese_tree_shrew

XP_004411289.1|PREDICTED_cytochrome_P450_2U1_Odobenidae_Carnivora_Mammalia_Odobenus_rosmarus_divergens_Pacific_walrus

NP_001106471.1|cytochrome_P450_family_2_subfamily_U_member_1_Pipidae_Anura_Amphibia_Xenopus_tropicalis_tropical_clawed_frog

XP_003410436.1|cytochrome_P450_2U1_isoform_X1_Elephantidae_Proboscidea_Mammalia_Loxodonta_africana_African_savanna_elephant

XP_006096650.1|cytochrome_P450_2U1_Vespertilionidae_Chiroptera_Mammalia_Myotis_lucifugus_little_brown_bat

XP_002815089.3|cytochrome_P450_2U1_Hominidae_Primates_Mammalia_Pongo_abelii_Sumatran_orangutan

XP_019684690.2|cytochrome_P450_2U1_isoform_X1_Felidae_Carnivora_Mammalia_Felis_catus_domestic_cat

XP_016124791.1|PREDICTED_cytochrome_P450_2U1_Cyprinidae_Cypriniformes_Actinopteri_Sinocyclocheilus_grahami

XP_009099794.1|PREDICTED_cytochrome_P450_2U1_isoform_X1_Fringillidae_Passeriformes_Aves_Serinus_canaria_common_canary

XP_023129780.1|cytochrome_P450_2U1_Pomacentridae_Actinopteri_Amphiprion_ocellaris_clown_anemonefish

XP_020447513.1|cytochrome_P450_2U1_isoform_X1_Synbranchidae_Synbranchiformes_Actinopteri_Monopterus_albus_swamp_eel

XP_003929520.1|PREDICTED_cytochrome_P450_2U1_Cebidae_Primates_Mammalia_Saimiri_boliviensis_boliviensis_Bolivian_squirrel_monkey

DAA28880.1|TPA_cytochrome_P450_2U1_Bovidae_Mammalia_Bos_taurus_cattle

XP_010410415.1|cytochrome_P450_2U1_partial_Corvidae_Passeriformes_Aves_Corvus_cornix_cornix

XP_014050304.1|PREDICTED_cytochrome_P450_2U1like_Salmonidae_Salmoniformes_Actinopteri_Salmo_salar_Atlantic_salmon

XP_004380279.1|cytochrome_P450_2U1_Trichechidae_Sirenia_Mammalia_Trichechus_manatus_latirostris_Florida_manatee
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On smaller datasets, GRASP is consistent with 
FastML and PAML
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Thermal stability of cytochrome P450 CYP2U1 ancestor

On a reconstruction with 359 sequences:
• Above 95% sequence identity
• Same/similar expression
• Same/similar thermal stability
• GRASP faster



Distance between members and superset ancestorDistance between members across methods

Methods’ consensus standard:
Generate ancestors that are similar to those of other methods

Data consensus standard:
Generate ancestors close to that of the superset



Capture quantity of data, tap into diversity 
(part 1)
• Large volumes of data

• mean more insertion and deletions, and
• require attention to the computational expense of 

phylogenetic inference
• Inference engine in GRASP is efficient

• uses any standard evolutionary rate matrix
• implements an algorithm that decomposes the 

problem into the smallest number of operations, in 
the order with the least computational complexity

Capacity of popular tools is typically 
limited to less than a thousand 
sequences. What are the limits?



Run times (64 GB RAM, 5 threads on 2x 2.6 GHz 14C Xeon VM)
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Hypothesis 2:
More sequences, accounting for indels improves robustness of ancestor inference;
also enables a new approach to survey activity of members “by-ancestor proxy”

Capture quantity of data, tap into diversity 
(part 2)
• Greater volume of data implies access to more natural 

diversity
• Ancestor POGs track indels over time and across clades

• to predict substitutions between homologous sections only
• to present ambivalent indels to user 

(visual exploration offered in web service)

Columns in a classical 
alignment increases with 
sequence numbers, 
indicating complex indel 
histories



Increasing data volume constrains ancestral 
predictions



Surveying function across clades?

• Two reconstructions at the 
extremes (585 v 9112 sequences)
• Characterised three ancestors in 

each, “middle” ancestor had 72.6% 
sequence identity

• Of 9112 sequences only
• ~5% have high quality annotations 

(SwissProt)
• 22 organisms are experimentally 

characterised (BRENDA database)



N1442 DHAD incubation

Hydrogenophaga pseudoflava DSM 1084 DHAD incubation 
(with D-Gluconate in HEPES buffer pH 7.0)

Pyrobaculum islandicum DSM 4184 DHAD incubation



Conclusion
• Ancestral sequence reconstruction is a valuable resource to understand, 

explore and use evolution; GRASP is new tool which compares well with 
existing methods
• We report on experimentally resurrected ancestors with variants for three 

enzyme families but GRASP has been used on several more
• Ability to infer indels onto a phylogenetic tree…

• predicts events that define whole clades
• POGs allow ambiguous calls to be tracked and disentangled across time
• hybrid ancestors are a novel class of variant, identified by partitioning of sequence by 

indel events, with re-purposing at alternate branch-points
• Ability to process in excess of 10,000 sequences…

• extends evolutionary reach, 
• taps into natural diversity, and 
• supports annotation of function in extants “by-ancestor proxy”
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Foley et al. Identifying and engineering ancient variants of enzymes using Graphical Representation of 
Ancestral Sequence Predictions (GRASP) to be posted on bioRxiv by the end of 2019

http://grasp.scmb.uq.edu.au/


GRASP infers ancestors consistent with 
existing methods



Cytochrome P450 2U1 subfamily

CYP2R1

CYP2U1

CYP2U1 is interesting because –
• No exact established function and substrate specificity
• Previous cytochrome P450 ancestors showed increased 

stability and promiscuity

Cytochrome P450 enzymes are members of a superfamily of 
monooxygenases that play a critical role in metabolism

CYP2U1 – cytochrome P450 
subfamily found across, 
amphibians, reptiles, 
mammals, birds, and fish. 



Dihydroxy-acid dehydratase (DHADs)

• Enzyme family found across bacteria, 
archaea, fungi, algae, and some plants

• Attractive target for protein engineering 
because it is used in dehydration reactions 
that are important for biofuel production


