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AbVWUacW
InWUinVicall\ diVoUdeUed SUoWeinV and SUoWein UegionV make XS a VXbVWanWial fUacWion of man\
SUoWeomeV ZheUe Whe\ Sla\ a Zide YaUieW\ of eVVenWial UoleV. A cUiWical fiUVW VWeS in XndeUVWanding
Whe Uole of diVoUdeUed SUoWein UegionV in biological fXncWion iV Wo idenWif\ WhoVe diVoUdeUed UegionV
coUUecWl\. ComSXWaWional meWhodV foU diVoUdeU SUedicWion haYe emeUged aV a coUe VeW of WoolV Wo
gXide e[SeUimenWV, inWeUSUeW UeVXlWV, and deYeloS h\SoWheVeV. GiYen Whe mXlWiSle diffeUenW
SUedicWoUV aYailable, conVenVXV VcoUeV haYe emeUged aV a SoSXlaU aSSUoach Wo miWigaWe biaVeV
oU limiWaWionV of an\ Vingle meWhod. ConVenVXV VcoUeV inWegUaWe Whe oXWcome of mXlWiSle
indeSendenW diVoUdeU SUedicWoUV and SUoYide a SeU-UeVidXe YalXe WhaW UeflecWV Whe nXmbeU of
WoolV WhaW SUedicW a UeVidXe Wo be diVoUdeUed. AlWhoXgh conVenVXV VcoUeV helS miWigaWe Whe
inheUenW SUoblemV of XVing an\ Vingle diVoUdeU SUedicWoU, Whe\ aUe comSXWaWionall\ e[SenViYe Wo
geneUaWe. The\ alVo neceVViWaWe Whe inVWallaWion of mXlWiSle diffeUenW VofWZaUe WoolV, Zhich can be
SUohibiWiYel\ difficXlW. To addUeVV WhiV challenge, Ze deYeloSed a deeS-leaUning-baVed SUedicWoU
of conVenVXV diVoUdeU VcoUeV. OXU SUedicWoU, meWaSUedicW, XWili]eV a bidiUecWional UecXUUenW neXUal
neWZoUk WUained on Whe conVenVXV diVoUdeU VcoUeV fUom 12 SUoWeomeV. B\ benchmaUking
meWaSUedicW XVing WZo oUWhogonal aSSUoacheV, Ze foXnd WhaW meWaSUedicW iV among Whe moVW
accXUaWe diVoUdeU SUedicWoUV cXUUenWl\ aYailable. MeWaSUedicW iV alVo UemaUkabl\ faVW, enabling
SUoWeome-Vcale diVoUdeU SUedicWion in minXWeV. ImSoUWanWl\, meWaSUedicW iV fXll\ oSen VoXUce and
iV diVWUibXWed aV a P\Whon Sackage, a collecWion of command-line WoolV, and a Zeb VeUYeU,
ma[imi]ing Whe SoWenWial SUacWical XWiliW\ of Whe SUedicWoU. We belieYe meWaSUedicW offeUV a
conYenienW, acceVVible, accXUaWe, and high-SeUfoUmance SUedicWoU foU Vingle-SUoWeinV and
SUoWeomeV alike.

SWaWHPHQW RI SLJQLILcaQcH
InWUinVicall\ diVoUdeUed UegionV aUe foXnd acUoVV all kingdomV of life ZheUe Whe\ Sla\ a YaUieW\ of
eVVenWial UoleV. Being able Wo accXUaWel\ and TXickl\ idenWif\ diVoUdeUed UegionV in SUoWeinV XVing
jXVW Whe amino acid VeTXence iV cUiWical foU Whe aSSUoSUiaWe deVign and inWeUSUeWaWion of
e[SeUimenWV. DeVSiWe WhiV, SeUfoUming laUge-Vcale diVoUdeU SUedicWion on WhoXVandV of
VeTXenceV iV challenging XVing e[WanW diVoUdeU SUedicWoUV dXe Wo YaUioXV difficXlWieV inclXding
geneUal inVWallaWion and comSXWaWional UeTXiUemenWV. We haYe deYeloSed an accXUaWe,
high-SeUfoUmance and eaV\-Wo-XVe SUedicWoU of SUoWein diVoUdeU and VWUXcWXUe. OXU SUedicWoU,
meWaSUedicW, ZaV deVigned foU boWh SUoWeome-Vcale anal\ViV and indiYidXal VeTXence
SUedicWionV alike. MeWaSUedicW iV imSlemenWed aV a collecWion of local WoolV and an online Zeb
VeUYeU, and iV aSSUoSUiaWe foU boWh VeaVoned comSXWaWional biologiVWV and noYiceV alike.
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IQWURdXcWLRQ
While iW iV ofWen conYenienW Wo conVideU SUoWeinV aV nanoVcoSic molecXlaU machineV, VXch a
deVcUiSWion beWUa\V man\ of WheiU fXncWionall\ cUiWical feaWXUeV (1±3). AV an e[WUeme e[amSle,
inWUinVicall\ diVoUdeUed SUoWeinV and SUoWein UegionV (collecWiYel\ UefeUUed Wo aV IDRV) do noW
adoSW a fi[ed WhUee-dimenVional confoUmaWion (4±8). RaWheU, IDRV e[iVW in an enVemble of
diffeUenW confoUmaWionV WhaW aUe in e[change ZiWh one anoWheU (9±11). DeVSiWe Whe abVence of a
Zell-defined VWUXcWXUed VWaWe, IDRV aUe inWegUal Wo man\ imSoUWanW biological SUoceVVeV (12, 13).
AV a UeVXlW, WheUe iV a gUoZing aSSUeciaWion foU Whe imSoUWance of diVoUdeUed UegionV acUoVV Whe
WhUee kingdomV of life (6, 12, 14, 15).

A ke\ fiUVW VWeS in e[SloUing Whe Uole of diVoUdeU in biological fXncWion iV Whe idenWificaWion of
diVoUdeUed UegionV. While IDRV can be foUmall\ idenWified b\ YaUioXV bioSh\Vical meWhodV
(inclXding nXcleaU magneWic UeVonance VSecWUoVcoS\, ciUcXlaU dichUoiVm, oU Vingle-molecXle
VSecWUoVcoS\), WheVe WechniTXeV can be challenging and aUe geneUall\ loZ WhUoXghSXW (16±18).
AV imSlied b\ Whe name, Whe ³inWUinVicall\´ diVoUdeUed naWXUe of IDRV UeflecWV Whe facW WhaW WheVe
SUoWein UegionV aUe Xnable Wo fold inWo a Zell-defined WeUWiaU\ VWUXcWXUe in iVolaWion. ThiV iV in
conWUaVW Wo folded UegionV, Zhich XndeU aSSUoSUiaWe VolXWion condiWionV adoSW macUoVcoSicall\
VimilaU WhUee-dimenVional VWUXcWXUeV (19±21). The comSle[iWieV of meWaVWabiliW\ in SUoWein folding
noWZiWhVWanding, WhiV definiWion imSlieV WhaW WhiV inWUinVic abiliW\ Wo fold (oU noW fold) iV encoded b\
Whe SUimaU\ amino acid VeTXence (22±24). AV VXch, iW VhoXld be SoVVible Wo delineaWe beWZeen
folded and diVoUdeUed UegionV baVed Volel\ on amino acid VeTXence.

The SUedicWion of SUoWein diVoUdeU fUom amino acid VeTXence haV UeceiYed conVideUable
aWWenWion foU oYeU WZenW\ \eaUV, dUiYen b\ SioneeUing eaUl\ ZoUk b\ DXnkeU eW al. (6±8, 25, 26).
Since WhoVe oUiginal bioinfoUmaWicV WoolV, a Zide Uange of diVoUdeU SUedicWoUV haYe emeUged
(27±30). AccXUaWe diVoUdeU SUedicWoUV offeU an aSSUoach Wo gXide e[SeUimenWal deVign, inWeUSUeW
daWa, and bXild WeVWable h\SoWheVeV. AV VXch, Whe aSSlicaWion of diVoUdeU SUedicWoUV Wo aVVeVV
SUedicWed SUoWein VWUXcWXUe haV become a UelaWiYel\ VWandaUd W\Se of anal\ViV, alWhoXgh Whe
VSecific SUedicWoU XVed YaUieV deSending on aYailabiliW\, VimSliciW\, and VcoSe of Whe TXeVWion.

TheUe aUe cXUUenWl\ man\ diVoUdeU SUedicWoUV WhaW aSSl\ diffeUenW aSSUoacheV Wo SUedicW SUoWein
diVoUdeU. TheVe Uange fUom VWaWiVWical aSSUoacheV baVed on VWUXcWXUal daWa fUom Whe SUoWein daWa
bank, Wo bioSh\Vical meWhodV WhaW conVideU local µfoldabiliW\¶, Wo machine leaUning-baVed
algoUiWhmV WUained on e[SeUimenWall\ deWeUmined diVoUdeUed VeTXenceV (31±38). HoZeYeU,
XVing an\ indiYidXal SUedicWoU can be SUoblemaWic; each SUedicWoU haV VSecific biaVeV and
ZeakneVVeV in iWV caSaciW\ Wo accXUaWel\ SUedicW SUoWein diVoUdeU, Zhich can inWUodXce V\VWemaWic
biaVeV inWo laUge-Vcale diVoUdeU aVVeVVmenW (39). AV VXch, an alWeUnaWiYe VWUaWeg\ in Zhich
man\ diffeUenW SUedicWoUV aUe combined Wo offeU a conVenVXV diVoUdeU VcoUe haV emeUged aV a
SoSXlaU alWeUnaWiYe Wo Uel\ing on an\ VSecific SUedicWoU (40±44). ConVenVXV VcoUeV UeSoUW Whe
fUacWion of indeSendenW diVoUdeU SUedicWoUV WhaW ZoXld SUedicW a giYen UeVidXe aV diVoUdeUed - foU
e[amSle, a VcoUe of 0.5 UeSoUWV WhaW 50% of SUedicWoUV SUedicW WhaW UeVidXe Wo be diVoUdeUed.

While XVing conVenVXV VcoUeV miWigaWeV Whe limiWaWionV of an\ Vingle SUedicWoU, calcXlaWing
conVenVXV VcoUeV iV comSXWaWionall\ e[SenViYe and neceVViWaWeV inVWallaWion of mXlWiSle diVWincW
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VofWZaUe SackageV. To alleYiaWe WhiV challenge, conVenVXV diVoUdeU VcoUeV can be SUecomSXWed
and held in online-acceVVible daWabaVeV (42, 45±47). While SUecomSXWed VcoUeV aUe an
inYalXable UeVoXUce Wo Whe VcienWific commXniW\ WheiU aSSlicaWion iV limiWed Wo a Vmall VXbVeW of
SoVVible VeTXenceV. FXUWheUmoUe, obWaining, managing, and anal\]ing laUge daWaVeWV of
SUecomSXWed conVenVXV SUedicWionV can be a daXnWing WaVk, eVSeciall\ if onl\ a VXbVeW of
VeTXenceV aUe of inWeUeVW.

To addUeVV WheVe challengeV Ze haYe deYeloSed a faVW, accXUaWe, and VimSle-Wo-XVe deeS
leaUning-baVed diVoUdeU SUedicWoU WUained on SUe-comSXWed conVenVXV VcoUeV fUom a Uange of
oUganiVmV. OXU UeVXlWing SUedicWoU, meWaSUedicW, iV SlaWfoUm agnoVWic, VimSle Wo inVWall, and
XVable aV a P\Whon modXle, a VWand-alone command-line Wool, oU aV a VWand-alone Zeb VeUYeU.
MeWaSUedicW accXUaWel\ UeSUodXceV conVenVXV diVoUdeU VcoUeV and iV VXfficienWl\ faVW VXch WhaW
foU moVW bioinfoUmaWicV SiSelineV, SUecomSXWaWion of diVoUdeU iV no longeU neceVVaU\, and
diVoUdeU can be comSXWed in Ueal-Wime aV anal\ViV iV SeUfoUmed. In addiWion Wo conVenVXV
diVoUdeU SUedicWion, meWaSUedicW alVo SUoYideV VWUXcWXUe confidence VcoUeV baVed on
AlShaFold2-deUiYed SUedicWionV of folding SUoSenViW\, a UelaWed bXW comSlemenWaU\ mode of
VeTXence annoWaWion. MeWaSUedicW can be inVWalled in VecondV, iV incUedibl\ lighWZeighW, and haV
no VSecific haUdZaUe UeTXiUemenWV. Taken WogeWheU, meWaSUedicW iV a high-SeUfoUmance and
eaV\-Wo-XVe diVoUdeU SUedicWoU aSSUoSUiaWe foU comSXWaWional noYiceV Wo VeaVoned
bioinfoUmaWicianV alike.

MaWHULaOV aQd MHWKRdV

TUaLQLQJ PHWaSUHdLcW XVLQJ PARROT
To cUeaWe meWaSUedicW, Ze XVed PARROT, a geneUal-SXUSoVe deeS leaUning WoolkiW deYeloSed foU
maSSing beWZeen VeTXence annoWaWionV and VeTXence (48). PARROT ZaV XVed Wo WUain a
bidiUecWional UecXUUenW neXUal neWZoUk ZiWh long VhoUW-WeUm memoU\ (BRNN-LSTM) on Whe
diVoUdeU conVenVXV VcoUeV fUom Whe MobiDB daWabaVe foU each UeVidXe foU all of Whe SUoWeinV in
WZelYe SUoWeomeV (Vee VXSSoUWing maWeUialV and meWhodV foU deWailV) (FLJXUH 1) (48±50). The
eighW diVoUdeU SUedicWoUV XVed Wo geneUaWe Whe conVenVXV VcoUeV in Whe MobiDB daWabaVe ZeUe
IUPUed VhoUW (34), IUPUed long (34), ESSiUiW] (DiVPUoW, NMR, and X-Ua\) (31), DiVEMBL 465 (28),
DiVEMBL hoW looSV (28), and GlobPloW (51). In WoWal meWaSUedicW ZaV WUained XVing almoVW
300,000 indiYidXal SUoWein VeTXenceV. FoU AlShaFold2-baVed SUedicWionV, Whe SeU-UeVidXe
SLDDT VcoUe fUom nine diffeUenW SUoWeomeV ZeUe XVed aV inSXW (Vee VXSSoUWing maWeUialV and
meWhodV foU deWailV) (52, 53). The SlDDT VcoUe UeflecWV Whe confidence AlShaFold2 haV in Whe
local VWUXcWXUe SUedicWion.
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FLJXUH 1. OYHUYLHZ RI PHWaSUHdLcW. ConVenVXV VcoUeV aUe Waken fUom 420,660 SUoWeinV diVWUibXWed
acUoVV 12 SUoWeomeV. MeWaSUedicW ZaV deYeloSed b\ WUaining a BRNN on WhiV daWa, leading Wo a VeW of
neWZoUk ZeighWV WhaW alloZ Whe SUedicWion of an\ SoVVible conVenVXV VeTXence VcoUe.

RecXUUenW neXUal neWZoUkV aUe Zell-VXiWed foU SUoWein VeTXence machine leaUning WaVkV dXe Wo
WheiU abiliW\ Wo diUecWl\ SaUVe VeTXenceV of YaUiable lengWh ZiWhoXW modificaWion (54).
Bi-diUecWionaliW\ iV a common modificaWion of RNNV and iV SaUWicXlaUl\ UeleYanW in Whe conWe[W of
VeTXence-baVed SUedicWion aV iW enVXUeV WhaW Whe enWiUe local VeTXence (boWh N- and C-WeUminal)
iV accoXnWed foU Zhen making Whe diVoUdeU SUedicWion of a SaUWicXlaU UeVidXe. Finall\, LSTM
neWZoUkV aUe anoWheU common modificaWion of RNNV WhaW haYe Veen ZideVSUead adoSWion in
machine leaUning WaVkV becaXVe of WheiU imSUoYed abiliW\ Wo UeWain long-Uange infoUmaWion oYeU
Whe coXUVe of WUaining (50). ConVeTXenWl\ bidiUecWional LSTMV haYe emeUged aV a SoZeUfXl
claVV of deeS leaUning model foU VeTXence-baVed SUedicWionV (48, 55±57).

To deWeUmine Whe oSWimal WhUeVhold Wo delineaWe diVoUdeUed and oUdeUed UegionV, Ze
V\VWemaWicall\ YaUied Whe cXWoff VcoUe XVed Wo claVVif\ IDRV (SXSSOHPHQWaO FLJXUHV 1-4). ThiV
anal\ViV UeYealed WhaW a bUoad Uange of cXWoffV (beWZeen 0.2 and 0.4) gaYe aSSUo[imaWel\
eTXiYalenW SeUfoUmance, VXch WhaW a cXWoff of 0.3 offeUed a good balance beWZeen WUXe SoViWiYeV
and falVe negaWiYeV. AV VXch, IDRV idenWified b\ meWaSUedicW ZiWh Whe defaXlW VeWWing can be
WUeaWed aV UelaWiYel\ high-confidence, aW Whe e[SenVe of miVVing Vome cU\SWic diVoUdeUed
UegionV.

UVaJH aQd IHaWXUHV
meWaSUedicW iV offeUed in WhUee diVWincW foUmaWV. AV a doZnloadable Sackage, iW can be XVed
eiWheU Yia a VeW of command-line WoolV oU aV a P\Whon modXle. Command-line SUedicWionV inclXde
fXncWionaliW\ Wo diUecWl\ SUedicW diVoUdeU fUom a UniPUoW acceVVion, VaYe diVoUdeU VcoUeV aV a We[W
file, and SUedicW diVoUdeU foU mXlWiSle VeTXenceV ZiWhin a FASTA file. The P\Whon modXle
inclXdeV Whe abiliW\ Wo SUedicW SeU-UeVidXe conVenVXV diVoUdeU VcoUeV oU delineaWe conWinXoXV
IDRV. ComSleWe docXmenWaWion iV aYailable aW hWWS://meWaSUedicW.UeadWhedocV.io/. In addiWion, Ze
offeU a Zeb VeUYeU aSSUoSUiaWe foU indiYidXal SUoWein VeTXenceV, Zhich iV aYailable aW
hWWS://meWaSUedicW.neW.

PHUIRUPaQcH
On all haUdZaUe WeVWed (Zhich inclXded a laSWoS fUom 2012), meWaSUedicW obWained SUedicWion
UaWeV of a7,000 Wo 12,000 UeVidXeV SeU Vecond (Vee VXSSoUWing maWeUial foU fXUWheU deWailV). A

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2021. ; https://doi.org/10.1101/2021.05.30.446349doi: bioRxiv preprint 

https://paperpile.com/c/oEUAA8/oPjK
https://paperpile.com/c/oEUAA8/MkpX
https://paperpile.com/c/oEUAA8/CJzU+DVZx+EQHL+Kp43
http://metapredict.readthedocs.io/
http://metapredict.net
https://doi.org/10.1101/2021.05.30.446349
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vingle 300-UeVidXe SUoWein WakeV a25 mV and Whe hXman SUoWeome (20,396 VeTXenceV) WakeV
aSSUo[imaWel\ 21 minXWeV. ImSoUWanWl\ and Xnlike Vome oWheU SUedicWoUV, Whe comSXWaWional coVW
VcaleV lineaUl\ ZiWh VeTXence lengWh (SXSSOHPHQWaO ILJXUH 6) (58).

RHVXOWV

EYaOXaWLQJ PHWaSUHdLcW accXUac\ LQ cRPSaULVRQ WR H[LVWLQJ SUHdLcWRUV
GiYen Whe laUge nXmbeU of SUoWein diVoUdeU SUedicWoUV aYailable, mXlWiSle gUoXSV haYe
inYeVWigaWed diffeUenW aSSUoacheV Wo meaVXUe WheiU accXUac\ (27, 59±61). HeUe, Ze XVed meWUicV
fUom WZo UecenW VWXdieV, alloZing XV Wo comSaUe diUecWl\ ZiWh man\ SUeYioXVl\ eYalXaWed
SUedicWoUV.

We fiUVW eYalXaWed meWaSUedicW XVing Whe SUoWocol deYeloSed foU Whe CUiWical AVVeVVmenW of
SUoWein InWUinVic DiVoUdeU e[SeUimenW (CAID, 652 VeTXenceV). CAID iV a biennial eYenW in Zhich
a laUge VeW of SUoWein diVoUdeU SUedicWoUV aUe aVVeVVed XVing a VWandaUdi]ed daWaVeW and
VWandaUdi]ed meWUicV (27). CAID XVeV a cXUaWed daWaVeW of 646 SUoWeinV fUom DiVPUoW, a
daWabaVe of e[SeUimenWall\ YalidaWed diVoUdeUed UegionV (62). AV VXch, eYalXaWion XVing CAID¶V
VWandaUdV offeUV a conYenienW UoXWe Wo benchmaUk meWaSUedicW againVW Whe VWaWe of Whe aUW.

In keeSing ZiWh Whe aVVeVVmenWV deYeloSed b\ CAID, Ze eYalXaWed meWaSUedicW in iWV caSaciW\
Wo SUedicW diVoUdeU acUoVV WZo diVWincW daWaVeWV (DiVPUoW, DiVPUoW-PDB) aV Zell aV iWV abiliW\ Wo
idenWif\ fXll\ diVoUdeUed SUoWeinV (27). While DiVPUoW conWainV onl\ WUXe SoViWiYe diVoUdeUed
UegionV, DiVPUoW-PDB conWainV WUXe SoViWiYe and WUXe negaWiYe UegionV, making iW moUe
aSSUoSUiaWe foU UobXVW YalidaWion of diVcUiminaWoU\ SUedicWoUV (27). To mainWain conViVWenc\ ZiWh
CAID, Ze XVed Whe F1-VcoUe (defined aV Whe ma[imXm haUmonic mean beWZeen SUeciVion and
Uecall acUoVV all WhUeVhold YalXeV, ET. 3) Wo comSaUe meWaSUedicW againVW oWheU SUedicWoUV (27).
The F1-VcoUe of meWaSUedicW in Whe anal\ViV of Whe DiVPUoW daWaVeW Uanked 12Wh higheVW oXW of
Whe 38 SUedicWoUV oUiginall\ aVVeVVed (FLJXUH 2A).

DiVPUoW conWainV SUoWein VXbUegionV WhaW haYe been e[SeUimenWall\ YalidaWed aV diVoUdeUed.
HoZeYeU, aV noWed in Whe oUiginal VWXd\, iW iV SoVVible, if noW likel\, WhaW WheUe aUe oWheU VXbUegionV
fUom WhoVe Vame SUoWeinV Zhich, Zhile noW \eW annoWaWed aV VXch, aUe in facW diVoUdeUed (27).
The DiVPUoW-PUoWein DaWabaVe (PDB) daWaVeW addUeVVeV WhiV limiWaWion and inclXdeV onl\ SUoWein
UegionV WhaW aUe XnambigXoXVl\ annoWaWed aV eiWheU diVoUdeUed oU oUdeUed, baVed on e[WanW
e[SeUimenWal daWa (27). In e[amining Whe SeUfoUmance of meWaSUedicW in SUedicWing diVoUdeU on
Whe DiVPUoW-PDB daWaVeW, Ze foXnd WhaW meWaSUedicW Uanked 11Wh among all of Whe diVoUdeU
SUedicWoUV aVVeVVed (FLJXUH 2B).

The laVW anal\ViV WhaW Ze caUUied oXW fUom Whe CAID e[SeUimenW ZaV Whe caSaciW\ of meWaSUedicW
Wo idenWif\ fXll\ diVoUdeUed SUoWeinV. In WhiV conWe[W, Whe CAID e[SeUimenW conVideUV VomeWhing Wo
be a fXll\ diVoUdeUed SUoWein if Whe diVoUdeU SUedicWoU SUedicWV 95% oU moUe UeVidXeV Wo be
diVoUdeUed (27). MeWaSUedicW Uanked 3Ud oXW of Whe diVoUdeU SUedicWoUV e[amined in iWV caSaciW\
Wo idenWif\ fXll\ diVoUdeUed SUoWeinV (FLJXUH 2C).
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FLJXUH 2. EYaOXaWLRQ RI PHWaSUHdLcW XVLQJ CAID H[SHULPHQWV. (A) F1-VcoUe foU YaUioXV SUedicWoUV in
e[amining WheiU accXUac\ in SUedicWing SUoWein diVoUdeU fUom Whe DiVPUoW daWaVeW. (B) F1-VcoUeV foU YaUioXV
SUedicWoUV in e[amining WheiU accXUac\ in SUedicWing SUoWein diVoUdeU fUom Whe DiVPUoW-PDB daWaVeW. (C)
F1-VcoUeV foU YaUioXV SUedicWoUV in SUedicWing fXll\ diVoUdeUed SUoWeinV in Whe DiVPUoW daWaVeW. ValXeV foU all
SUedicWoUV in (A), (B), and (C) ZiWh Whe e[ceSWion of WhoVe foU meWaSUedicW (oUange baU) ZeUe obWained fUom
(27).

In addiWion Wo aVVeVVing meWaSUedicW Yia Whe CAID daWaVeW, Ze alVo eYalXaWed meWaSUedicW XVing
Whe Chemical VhifW Z-VcoUe foU aVVeVVing OUdeU/DiVoUdeU (CheZOD), an alWeUnaWiYe meWUic WhaW
SUoYideV a SeU-UeVidXe conWinXoXV YalXe WhaW e[SeUimenWall\ TXanWifieV diVoUdeU (Vee VXSSoUWing
infoUmaWion foU moUe deWail) (61). SimilaU Wo Whe CAID-baVed aVVeVVmenW, meWaSUedicW Uanked on
aYeUage 8Wh oXW of 23 SUedicWoUV (SXSSOHPHQWaU\ FLJXUH 1).

While oXU aVVeVVmenW WhXV faU iV conViVWenW ZiWh SUioU meWUicV, Ze ZoUUied WhaW iW lacked cleaU
inWeUSUeWabiliW\ ZiWh UeVSecW Wo ZhaW WheVe meaVXUeV of accXUac\ mean foU Ueal SUoWein
VeTXenceV. To addUeVV WhiV, Ze Ue-eYalXaWed Whe CAID-deUiYed SUedicWionV Wo comSXWe an
accXUac\ VcoUe WhaW UeflecWV Whe nXmbeU of UeVidXeV coUUecWl\ SUedicWed aV folded oU diVoUdeUed
SeU 100, XVing a DiVSUoW-PDB-like daWaVeW ZiWh an\ ambigXoXV UeVidXeV e[clXded. FLJ. 3A
VhoZV Whe UeVXlWing aVVeVVmenW and UeYealV WhaW Zhile Whe geneUal oUdeU obWained fUom oWheU
meWhodV iV SUeVeUYed (aV e[SecWed), Whe diffeUence beWZeen Whe beVW SUedicWoU and meWaSUedicW
iV on aYeUage WZo UeVidXeV SeU 100.

EYaOXaWLQJ PHWaSUHdLcW H[HcXWLRQ WLPH LQ cRPSaULVRQ WR H[LVWLQJ SUHdLcWRUV
Ne[W, Ze conVideUed hoZ long meWaSUedicW WakeV Wo SUedicW diVoUdeU comSaUed Wo oWheU
SUedicWoUV. AUCSUeD ZaV one of Whe WoS SeUfoUming diVoUdeU SUedicWoUV, and comSaUed Wo
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VeYeUal oWheU WoS SUedicWoUV ZaV UelaWiYel\ eaV\ Wo inVWall. We eYalXaWed Whe comSXWaWional coVW
SeU-UeVidXe XVing Whe command-line YeUVion of meWaSUedicW. The Wime foU AUCSUeD-baVed
diVoUdeU SUedicWion Vcaled lineaUl\ ZiWh VeTXence lengWh ZiWh aSSUo[imaWel\ 0.3 VecondV SeU
UeVidXe (e.g. a 2151-UeVidXe SUoWein WakeV a14 minXWeV) (SXSSOHPHQWaO FLJ. 2). In conWUaVW, no
meWaSUedicW VeTXence Wook moUe Whan 0.9 VecondV. In facW foU Vingle-VeTXence SUedicWionV, Whe
main deWeUminanW of meWaSUedicW Wime ZaV Whe Wime Wo load Whe WUained neWZoUk file (a0.6
VecondV), Zhich Zhen SUedicWing a FASTA file ZiWh mXlWiSle VeTXenceV iV a fi[ed and negligible
comSXWaWional coVW.

The CAID comSeWiWion TXanWified e[ecXWion WimeV foU 32 SUedicWoUV XVing VWandaUdi]ed haUdZaUe,
SUoYiding a UigoUoXV and comSleWe aVVeVVmenW of UelaWiYe SeUfoUmance. B\ Vcaling oXU haUdZaUe
baVed on Whe CAID e[ecXWion Wime VcoUeV foU AUCPUeD, Ze ZeUe able Wo comSaUe accXUac\ and
TXaliWaWiYe e[ecXWion Wime of meWaSUedicW againVW all 32 SUedicWoUV foU Whe fXll CAID. While
meWaSUedicW ZaV a2 UeVidXeV SeU 100 leVV accXUaWe Whan Whe WoS SeUfoUming SUedicWoU, iW Wook a40
VecondV Wo SUedicW diVoUdeU foU Whe fXll CAID daWaVeW, comSaUed Wo a1 monWh. We WenWaWiYel\
VXggeVW WhiV diffeUence in e[ecXWion Wime comSenVaWeV foU Whe Vmall dUoS in accXUac\.

FLJXUH 3. AccXUac\ aQd SHUIRUPaQcH RI PHWaSUHdLcW (A) Rank oUdeU of SUedicWoUV in WeUmV of nXmbeU
of coUUecW UeVidXeV SeU 100, aVVeVVed XVing WUXe SoViWiYe and WUXe negaWiYe onl\ (DiVSUoW-PDB daWaVeW).
(B) RelaWiYe e[ecXWion Wime foU all SUedicWoUV aV eYalXaWed in CAID oYeU 652 indeSendenW VeTXenceV.
MeWaSUedicW emeUgeV aV Whe WhiUd faVWeVW SUedicWoU ZiWh a UelaWiYe aYeUage loVV in accXUac\ of 2 UeVidXeV
SeU 100 comSaUed Wo Whe VWaWe-of-Whe-aUW (Vee all SXSSOHPHQWaO FLJXUH S11.)

PUHdLcWLRQ RI AOSKaFROd2 SLDDT SUHdLcWLRQ
In addiWion Wo diUecW diVoUdeU SUedicWion and in UeVSonVe Wo Whe UeleaVe of AlShaFold2-deUiYed
VWUXcWXUe SUedicWionV foU mXlWiSle SUoWeomeV, Ze deYeloSed a SUedicWoU foU Whe SeU-UeVidXe
confidence VcoUeV deUiYed fUom Whe AlShaFold2 daWaVeW (Vee VXSSoUWing infoUmaWion foU moUe
deWail) (52, 53). FoUmall\, WheVe VcoUeV UeflecW a SUedicWed local diffeUence WeVW (SLDDT), VXch
WhaW meWaSUedicW offeUV a SUedicWed SUedicWion (i.e. a SUedicWed SLDDT VcoUe) (FLJ. 4A). GiYen Whe
acTXiViWion of VWUXcWXUe can be conVideUed Whe inYeUVe of diVoUdeU, Ze e[SecW (and obVeUYe) an
anWi-coUUelaWion beWZeen SUedicWed VWUXcWXUe confidence and diVoUdeU (FLJ. 4B, SXSSOHPHQWaO
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FLJ. S3). We SUoYide WhiV feaWXUe aV a comSlemenWaU\ Wool Wo aid in Whe inWeUSUeWaWion of diVoUdeU
VcoUeV, a feaWXUe WhaW Ze anWiciSaWe Zill be XVefXl Zhen aVVeVVing ambigXoXV UegionV.

FLJXUH 4. MHWaSUHdLcW aOVR RIIHUV SUHdLcWHd VWUXcWXUH cRQILdHQcH baVHd RQ AOSKaFROd2. (A)
ComSaUiVon of SUedicWed SLDDT (blXe) YV. acWXal SLDDT foU Whe WUanVlaWional WeUminaWion facWoU SXS35
fUom Schi]RVacchaURP\ceV SRPbe. ThiV VeTXence ZaV noW XVed in Whe WUaining daWa, and iV SUoYided aV a
VimSle illXVWUaWiYe e[amSle of Whe agUeemenW beWZeen Whe meWaSUedicW-deUiYed SUedicWion and acWXal
AlShaFold2 SLDDT YalXeV (B). ComSaUiVon of diVoUdeU (Ued), SUedicWed SLDDT (SSLDDT, diYided b\ 100
Wo Slace iW on Whe Vame Vcale) and knoZn folded domainV (gUe\ and blXe) ZiWh aVVociaWed PDB IDV VhoZn
foU Whe hXman RNA binding SUoWein TDP-43. The C-WeUminal diVoUdeUed Uegion iV an e[SeUimenWall\
YeUified IDR (63). DiVoUdeU and SSLDDT VcoUeV aUe anWi-coUUelaWed, and coUUecWl\ idenWif\ domain
boXndaUieV.

DLVcXVVLRQ
IDRV Sla\ man\ imSoUWanW UoleV in YaUioXV biological SUoceVVeV (12, 13). An eVVenWial fiUVW VWeS
in Whe inYeVWigaWion of IDR fXncWion UeflecWV Whe abiliW\ Wo idenWif\ IDRV ZiWhin a SUoWein VeTXence.
ConVenVXV diVoUdeU VcoUeV UeSUeVenW an aWWUacWiYe meanV b\ Zhich Wo obWain high confidence
diVoUdeU SUedicWionV WhaW do noW VXffeU fUom inaccXUacieV dXe Wo Whe limiWaWionV of an\ Vingle
diVoUdeU SUedicWoU. HoZeYeU, calcXlaWing diVoUdeU SUobabiliWieV fUom man\ diffeUenW SUedicWoUV Wo
geneUaWe a conVenVXV VcoUe iV cXmbeUVome, Wechnicall\ challenging, and comSXWaWionall\
e[SenViYe. To addUeVV WhiV, Ze deYeloSed meWaSUedicW, a VimSle Wo XVe SUoWein diVoUdeU
SUedicWoU WhaW accXUaWel\ UeSUodXceV conVenVXV diVoUdeU VcoUeV. While oWheU conVenVXV
meWa-SUedicWoUV do e[iVW, Zeb-baVed acceVV Wo WheVe can be on Whe oUdeU of minXWeV-Wo-hoXUV
SeU VeTXence and ZheUe aYailable, local acceVV haV oSeUaWing-V\VWem deSendencieV making
Whem SooUl\ VXiWed Wo cUoVV-SlaWfoUm SUoWeome-Vcale anal\ViV (41, 64, 65). AV VXch, Ze belieYe
meWaSUedicW fillV a niche WhaW iV cXUUenWl\ XnoccXSied.

MeWaSUedicW makeV XVe of a geneUal aSSUoach in machine leaUning knoZn aV knoZledge
diVWillaWion. In knoZledge diVWillaWion, a comSXWaWionall\ cheaS model iV WUained on daWa
geneUaWed b\ one (oU moUe) comSXWaWionall\ e[SenViYe modelV, ZiWh a limiWed loVV of accXUac\
(66, 67). ThiV aSSUoach enWiUel\ deWacheV meWaSUedicW fUom eiWheU Whe comSXWaWional coVW oU Whe
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comSXWaWional comSle[iW\ of oWheU modelV, minimi]ing e[ecXWion Wime, inVWallaWion challengeV,
and limiWaWionV ZiWh UeVSecW Wo VofWZaUe oU oSeUaWing V\VWem deSendencieV.

In comSaUiVon Wo Whe oWheU diVoUdeU SUedicWoUV, meWaSUedicW Wended Wo eUU on Whe Vide of
falVe-negaWiYe SUedicWionV (ZheUe meWaSUedicW SUedicWed VomeWhing Wo be oUdeUed Zhen iW ZaV in
facW diVoUdeUed). AV VXch, meWaSUedicW aSSeaUV Wo SoVVeVV a VlighW biaV WoZaUdV XndeUeVWimaWing
diVoUdeU, VXch WhaW IDRV idenWified b\ meWaSUedicW can be conVideUed UeaVonabl\ high
confidence. While meWaSUedicW iV noW Whe moVW accXUaWe diVoUdeU SUedicWoU, Ze WenWaWiYel\
VXggeVW Whe aYeUage eUUoU of 2 UeVidXeV in 100 iV UelaWiYel\ Vmall. To aid in delineaWion beWZeen
UegionV WhaW ma\ be ambigXoXV, Whe AlShaFold2 SUedicWed VWUXcWXUe confidence offeUV an
oUWhogonal aSSUoach WhaW SUoYideV addiWional diVcUiminaWoU\ SoZeU.

FHaWXUHV RI PHWaSUHdLcW
To fXUWheU aid in Whe idenWificaWion of bRQa fide conWigXoXV diVoUdeUed UegionV, meWaSUedicW
conWainV a VWand-alone fXncWion foU e[WUacWing conWigXoXV IDRV baVed on a WhUeVhold YalXe
aSSlied Wo a VmooWhed diVoUdeU VcoUe and VeYeUal addiWional SaUameWeUV (SXSSOHPHQWaO
FLJXUHV 4 - 7). FoU WhiV aSSUoach, Ze again foXnd a WhUeVhold beWZeen 0.3 and 0.4 ZaV oSWimal,
and WhiV meWhod geneUall\ oXWSeUfoUmed oXU SUioU moUe VimSle anal\VeV. HoZeYeU, becaXVe
oWheU SUedicWoUV did noW XVe WhiV aSSUoach foU Whe claVVificaWion of oUdeUed oU diVoUdeUed UegionV,
Ze choVe Wo noW XVe WhiV fXncWion foU oXU SUimaU\ anal\VeV in e[amining Whe accXUac\ of
meWaSUedicW. NoneWheleVV, WhiV VXggeVWV WhaW meWaSUedicW can achieYe eYen maUginall\ higheU
accXUac\ in idenWif\ing IDRV and aXWomaWeV WhiV SUocedXUe foU Whe XVeUV, alloZing boXndaUieV
beWZeen IDRV and folded domainV Wo be aXWomaWicall\ idenWified,gUeaWl\ faciliWaWing IDR-ome
VW\le anal\VeV of daWaVeWV.
In addiWion Wo diVoUdeU SUedicWion and in UeVSonVe Wo Whe UecenW UeleaVe of AlShaFold2,
meWaSUedicW offeUV an addiWional SUedicWoU of VWUXcWXUe WUained on AlShaFold2 daWa. The
imSlicaWionV and aSSlicaWion of AlShaFold2-deUiYed SUedicWed VWUXcWXUe iV an ongoing WoSic of
inYeVWigaWion foU man\ gUoXSV (68±71). While Whe abVence of SUedicWed VWUXcWXUe cannoW
QeceVVaUil\ be Waken Wo mean a Uegion iV diVoUdeUed, WheUe iV a VWUong coUUelaWion and good
UeaVon Wo belieYe WhaW foU SUoWeinV in iVolaWion, UegionV lacking high-confidence SUedicWed
VWUXcWXUe ma\ be diVoUdeUed (SXSSOHPHQWaO FLJ. 3) (52, 53). AV a final WhoXghW, SUedicWing
VWUXcWXUe confidence XVing meWaSUedicW WakeV milliVecondV, making WhiV a SoWenWial VcUeening
Wool foU idenWif\ing high-confidence VeTXenceV of inWeUeVW Zhich coXld be inYeVWigaWe XVing Whe
fXll AlShaFold2 meWhodolog\.

AV a final noWe, an imSoUWanW feaWXUe in Whe diVWUibXWion of VofWZaUe iV eaVe of inVWallaWion.
MeWaSUedicW can be inVWalled WhUoXgh a Vingle WeUminal command (³SiS inVWall meWaSUedicW´), all
deSendencieV aUe aXWomaWicall\ inclXded, and Whe meWaSUedicW Sackage iV jXVW 3.8 MBV. ThiV iV
in conWUaVW Wo man\ oWheU VWaWe-of-Whe-aUW SUedicWoUV, Zhich UeTXiUe laUge VeWV of addiWional WoolV
(each of Zhich mXVW be VeSaUaWel\ inVWalled) and hXndUedV of gigab\WeV of daWabaVe fileV, and
SUoYide e[ecXWion WimeV on Whe oUdeU of minXWeV Wo hoXUV SeU VeTXence. We belieYe meWaSUedicW
offeUV an accXUaWe, conYenienW and comSXWaWionall\ efficienW aSSUoach Wo de QRYR diVoUdeU
SUedicWion.
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CRdH aQd daWa aYaLOabLOLW\
The code foU meWaSUedicW can be foXnd aW: hWWSV://giWhXb.com/idSWoolV/meWaSUedicW.
DocXmenWaWion iV aYailable aW hWWSV://meWaSUedicW.UeadWhedocV.io/. FXll\ SUoceVVed VeTXenceV
XVed foU aVVeVVmenW (inclXding VeTXenceV and VcoUeV) and code XVed foU WhiV manXVcUiSW aUe
SUoYided aW hWWSV://giWhXb.com/holehoXVe-lab/VXSSoUWingdaWa/. MeWaSUedicW can be inVWalled
diUecWl\ fUom Whe P\Whon Packaging Inde[ XVing SiS (i.e., ³SiS inVWall meWaSUedicW´).

AXWKRU CRQWULbXWLRQV
R. J. E. deVigned UeVeaUch, deYeloSed code, SeUfoUmed anal\ViV, made figXUeV, and ZUoWe iniW
manXVcUiSW. D.G. deYeloSed code, SeUfoUmed anal\ViV, made figXUeV, and ZUoWe Whe manXVcUiSW.
A.S.H. deVigned UeVeaUch, deYeloSed code, made figXUeV, and ZUoWe Whe manXVcUiSW.

AcNQRZOHdJPHQWV
FXnding foU WhiV SUojecW ZaV SUoYided b\ Whe LongeU Life FoXndaWion (an RGA/WaVhingWon
UniYeUViW\ CollaboUaWion) Wo A.S.H. and Whe William H. DanfoUWh PlanW Science FelloZVhiS Wo
R.J.E. We Whank IVhan Taneja and Jeff LoWWhammeU foU helSfXl commenWV on Whe manXVcUiSW. We
Whank SWeYen Boe\naemV foU Whe ³moWiYaWion´ Wo deYeloS oXU Zeb VeUYeU. We Whank DeeSMind
and EBI foU SUoYiding all Whe AlShaFold2 daWa in VXch an acceVVible, UobXVW, and Wimel\ manneU.
We alVo Whank Whe enWiUe ToVaWWo gUoXS, Whe ELIXIR InWUinVicall\ DiVoUdeUed PUoWeinV CommXniW\,
and HUPO-PSI InWUinVicall\ DiVoUdeUed PUoWeinV CommXniW\ (noWabl\ SilYio ToVaWWo, ZVX]Vanna
DoV]Wan\i, Damiano PioYeVan, Wim VUanken and NoUman DaYe\) foU all Whe EXUoSean-fXnded
bioinfoUmaWicV ZoUk WhaW laUgel\ fXelV Whe inWeUnaWional IDP infoUmaWicV VSace.
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