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CONSERVATION AND PREVALENCE OF SEQUENCE PAIRED SITES IN HUMANS

ABSTRACT

The cRPSOeWiRQ Rf Whe HXPaQ GeQRPe PURMecW iQ 2003 Pade iW SRVVibOe WR OeYeUage Whe SRZeU Rf

cRPSXWeUV WR TXicNeQ biRORgicaO diVcRYeUieV. The hXPaQ geQRPe cRQWaiQV Uich iQfRUPaWiRQ

UeOeYaQW WR Whe SURSeU fXQcWiRQV Rf ceOOV WhaW iV cRPSXWaWiRQaOO\ aUdXRXV aQd cRVWO\ WR iQYeVWigaWe

iQ a OabRUaWRU\ VeWWiQg. SSecificaOO\, geQe e[SUeVViRQ OeYeOV iQ ceOOV caQ be iPSacWed ZheQ

fXQcWiRQaOO\ UeOeYaQW PRWifV iQ Whe DNA aUe PXWaWed SUeYeQWiQg SURSeU WUaQVcUiSWiRQ facWRU

biQdiQg. TR VWXd\ Whe cRQVeTXeQceV Rf VXch PXWaWiRQV, iW iV QeceVVaU\ WR fiUVW ideQWif\ VXch

fXQcWiRQaOO\ UeOeYaQW UegiRQV Rf Whe geQRPe XViQg cRPSXWaWiRQaO aSSURacheV. A VigQaOiQg

SaWhZa\ WhaW iV Rf SaUWicXOaU iQWeUeVW aQd iPSRUWaQW WR ceOO diffeUeQWiaWiRQ, SUROifeUaWiRQ, aSRSWRViV,

aQd hRPeRVWaViV iV Whe NRWch1 SaWhZa\. MXWaWiRQV iQ Whe NRWch1 SaWhZa\ caQ Oead WR

deYeORSPeQWaO defecWV, eaUO\ ePbU\RQic deaWh, aQd YaUiRXV fRUPV Rf caQceUV VXch aV T-ceOO

O\PShRbOaVWic OeXNePia. The WUaQVcUiSWiRQ PachiQeU\ UeTXiUed fRU Whe e[SUeVViRQ Rf VRPe

NRWch1 WaUgeW geQeV iQcOXde Whe biQdiQg Rf Whe WUaQVcUiSWiRQ facWRU CSL WR NRWch UeVSRQVe

eOePeQWV (NRE) ORcaWed iQ Whe SURPRWeU UegiRQ Rf NRWch1 WaUgeW geQeV aQd Whe fRUPaWiRQ Rf a

WUaQVcUiSWiRQ cRPSOe[. SeTXeQce SaiUed ViWeV (SPSV) aUe a SaiU Rf NREV ZiWh a YaU\iQg VSaceU

UegiRQ WhaW aOORZ fRU Whe WUaQVcUiSWiRQ facWRU CBF1 WR biQd WR Whe cRgQaWe DNA Zhich aidV iQ Whe

fRUPaWiRQ Rf a diPeU UegXOaWiQg acWiYaWiRQ Rf dRZQVWUeaP NRWch1 WaUgeW geQeV. PUiRU UeVeaUch haV

VhRZQ WhaW PXWaWiRQV ZiWhiQ Whe SPS haYe beeQ fRXQd WR VigQificaQWO\ affecW Whe acWiYaWiRQ Rf

HeV1. ThiV SURMecW ZiOO iQWURdXce a QRYeO biRiQfRUPaWicV WRRO XVed WR fiQd SRWeQWiaO SPSV iQ Whe

geQRPe aQd ideQWif\ dRZQVWUeaP geQeV fRU fXUWheU VWXd\.

IQde[ WeUPV - SeTXeQce PaiUed SiWe (SPS), NRWch1, NRWch TUaQVcUiSWiRQ CRPSOe[ (NTC), NRWch

ReVSRQVe EOePeQW (NRE)
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1. INTRODUCTION

1.1 BLRORJLcaO BacNJURXQd

NRWch UeceSWRUV (NRWch1, NRWch2, NRWch3, NRWch4) aUe a gURXS Rf WUaQVPePbUaQe

SURWeiQV iQYROYed iQ Whe UegXOaWiRQ Rf NRWch WaUgeW geQeV Zhich SURPRWe aQd iQhibiW ceOO faWe

deciViRQV [1]. The e[WUaceOOXOaU SaUW Rf NRWch UeceSWRUV cRQViVW Rf ESideUPaO gURZWh facWRU

(EGF)-OiNe UeSeaWV Zhich biQd WR aQ adMaceQW ceOO¶V OigaQdV (DeOWa, Jagged, aQd SeUUaWe) (FigXUe

1).

FigXUe 1. The fRXU NRWch UeceSWRUV fRXQd ZiWhiQ Whe NRWch faPiO\ Rf WUaQVPePbUaQe SURWeiQV.
EGF-OiNe UeSeaWV aUe SaUW Rf Whe e[WUaceOOXOaU cRPSRQeQWV Zhich biQd WR adMaceQW ceOO OigaQdV.
The iQWUaceOOXOaU dRPaiQ WUaQVORcaWeV WR Whe QXcOeXV ZheUe iW iV iQYROYed iQ Whe UegXOaWiRQ Rf

NRWch WaUgeW geQeV. AdaSWed fURP CeOO CRPPXQ. SigQaO. (9), cRS\UighW 2015.

ThiV WUiggeUV a caVcade Rf cOeaYageV b\ ADAM PeWaOORSURWeaVe fROORZed b\ Ȗ-VecUeWaVe

UeOeaViQg Whe NRWch iQWUaceOOXOaU dRPaiQ (NICD) (FigXUe 2). The NICD WheQ WUaQVORcaWeV WR Whe

QXcOeXV ZheUe iW biQdV WR Whe WUaQVcUiSWiRQ facWRU CSL (CBF1, SXSSUeVVRU Rf HaiUOeVV, Lag-1).

CSL acWV aV a WUaQVcUiSWiRQaO UeSUeVVRU bXW XSRQ Whe biQdiQg Rf NICD, iW UecUXiWV cRacWiYaWRUV

VXch aV Whe MaVWeUPiQd-OiNe SURWeiQ (MAM) WR fRUP Whe NRWch WUaQVcUiSWiRQ cRPSOe[ (NTC)

eQabOiQg Whe XSUegXOaWiRQ Rf Whe dRZQVWUeaP WaUgeW geQe [1]. SSecificaOO\, biQdiQg Rf MAM WR

Whe NICD iQdXceV diPeUi]aWiRQ Zhich iV UeTXiUed fRU Whe acWiYaWiRQ Rf VRPe NRWch WaUgeW geQeV

VXch aV HeV1 [2]. The ViWe Zhich CSL biQdV WR iQ Whe cRgQaWe DNA iV UefeUUed WR aV a NRWch

1
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UeVSRQVe eOePeQW (NRE) aQd SUiRU UeVeaUch haV VhRZQ Whe iPSRUWaQce Rf Whe biQdiQg cRQVeQVXV

VeTXeQce RTGRGAR (R = A/G) WR SURPRWeU acWiYaWiRQ Rf NRWch WaUgeW geQeV [3].

FigXUe 2. NRWch VigQaOiQg SaWhZa\.AdaSWed fURP CeOO CRPPXQ. SigQaO. (9), cRS\UighW 2015.

PUeYiRXVO\ SURSRVed PRdeOV fRU NRWch acWiYaWiRQ VXggeVW Whe fRUPaWiRQ Rf diPeUV, RU

cRPbiQaWiRQV Rf bRWh PRQRPeUV aQd diPeUV [2]. SSecificaOO\, WZR NREV VeSaUaWed b\ a VSaceU

UegiRQ beWZeeQ 15-17 baVe SaiUV iQ OeQgWh haYe beeQ WhRXghW WR aid iQ Whe fRUPaWiRQ Rf Whe NTC

diPeU [4]. TheVe WZR NREV aUe UefeUUed WR aV VeTXeQce-SaiUed ViWeV (SPS) aQd e[iVW iQ Whe

SURPRWeU UegiRQ Rf NRWch WaUgeW geQeV (FigXUe 3) aQd XS WR PiOOiRQV Rf baVe SaiUV XSVWUeaP iQ Whe

caVe Rf eQhaQceUV, PaNiQg cRPSXWaWiRQaO e[WUacWiRQV WR VWXd\ VXch ViWeV chaOOeQgiQg [5]. UViQg

Whe ZeOO-VWXdied HeV1 SPS, Whe CSL biQdiQg ViWe 1 fRU diPeUic biQdiQg iV 5¶-GTGGGAA-3¶ aQd

ViWe 2 iV Whe UeYeUVe cRPSOePeQW (5¶-TTCACACG-3¶) [6]. SWXdieV haYe VhRZQ WhaW ViWe 2 caQ

2
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cRQWaiQ ³cU\SWic´ ViWeV WhaW aUe QRW W\SicaOO\ NQRZQ WR biQd WR CSL bXW dR biQd if WheUe iV VWURQg

affiQiW\ fRU Whe ViWe 1 PRWif. AQ e[aPSOe Rf a cU\SWic ViWe iV ViWe 2 Rf Whe HeV5 SPS

(5¶-ACTCCAG-3¶). UViQg bRWh HeV1 aQd HeV5 ViWe 2 PRWifV (5¶-TTCACAC-3¶ aQd

5¶-ACTCCAG-3¶ UeVSecWiYeO\), Whe cRQVeQVXV PRWif fRU ViWe 2 caQ be dedXced WR WYYMCAS

(W=A/T, Y=C/T, M=A/C, S=G/C) XViQg Whe IQWeUQaWiRQaO UQiRQ Rf PXUe aQd ASSOied ChePiVWU\

(IUPAC) cRQYeQWiRQV aOORZiQg fRU VOighW ViWe 2 YaUiabiOiW\.

E[acWO\ hRZ each Rf Whe fRXU NRWch WUaQVPePbUaQe SURWeiQV affecW NRWch VigQaOiQg iV QRW

\eW ZeOO XQdeUVWRRd. The NTC UecUXiWV RWheU WUaQVcUiSWiRQaO cRacWiYaWRUV VXch aV S300, a hiVWRQe

aceW\OWUaQVfeUaVe, aQd MAM UecUXiWV a c\cOiQ deSeQdeQW NiQaVe (CDK) 8 [7]. MXWaWiRQV ZiWhiQ

Whe QXcOeRWide VeTXeQce Rf Whe SPS aQd VXUURXQdiQg WUaQVcUiSWiRQaO eOePeQWV fRU SURSeU NRWch

WaUgeW geQe acWiYaWiRQ haYe beeQ VhRZQ WR VigQificaQWO\ PRdif\ acWiYaWiRQ OeYeOV Rf dRZQVWUeaP

NRWch WaUgeW geQeV VXch aV iQ HeV1 [8]. The RUieQWaWiRQ Rf Whe NREV iV aOVR iPSRUWaQW. The

ZiOd-W\Se Rf Whe SPS fROORZV a head aQd WaiO RUieQWaWiRQ (head = fRUZaUd VWUaQd, WaiO = UeYeUVe

VWUaQd). SRPe NRWch WaUgeW geQeV VXch aV HeV1 aQd HeV5 aOVR UeTXiUe a TATA bR[ XSVWUeaP Rf

Whe geQe WUaQVcUiSWiRQ VWaUW ViWe, aQd Whe VSaciQg beWZeeQ Whe NREV aQd Whe TATA bR[ caQ aOVR

iPSacW acWiYaWiRQ OeYeOV [9].

3
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FigXUe 3. FRXU NREV aQd a TATA bR[ XSVWUeaP Rf HeV1. NREV 2 aQd 4 PaNe XS Whe SPS aQd
haYe a VSaceU OeQgWh Rf 16 baVe SaiUV. SSaceU OeQgWhV caQ YaU\ fURP 15-17bS fRU RWheU NRWch

WaUgeW geQeV. The TATA bR[ iV ORcaWed 24 baVe SaiUV dRZQVWUeaP Rf Whe SPS aQd 30 baVe SaiUV
XSVWUeaP Rf Whe WUaQVcUiSWiRQ VWaUW ViWe (TSS).

ASaUW fURP CSL, RWheU WUaQVcUiSWiRQ facWRUV iQcOXdiQg GaO4 aQd TP53, biQd WR PRWifV ZiWh

VSaceU UegiRQV aidiQg iQ diPeU fRUPaWiRQ. GaO4 iQ SacchaURP\ceV ceUeYLVLae biQdV WR Whe

cRQVeQVXV VeTXeQce CGG[N*11]CCG (N=A/T/C/G) ZiWh a VSaceU OeQgWh Rf 11 QXcOeRWideV aQd iV

iPSRUWaQW WR fXQgaO UegXOaWRU\ SURceVVeV VXch aV gaOacWRVe PeWabROiVP aQd aQWifXQgaO dUXg

UeViVWaQce [10]. The GaO4 RUWhRORg iQ CaQdLda AObLcaQV biQdV WR Whe VaPe PRWif, bXW iV QRW

iQYROYed iQ gaOacWRVe PeWabROiVP highOighWiQg hRZ Whe VaPe PRWifV caQ VeUYe diffeUeQW fXQcWiRQV

iQ UeOaWed VSecieV. TP53 fROORZV Whe PRWif 5¶-RRRCWWGYYY[N*0-21]RRRCWWGYYY-3¶

ZiWh a VSaceU OeQgWh beWZeeQ 0 WR 21 QXcOeRWideV [11]. SWXd\iQg WUaQVcUiSWiRQ facWRU biQdiQg ViWeV

(TFBS) acURVV RUgaQiVPV aQd WheiU effecWV RQ UegXOaWiRQ Rf WaUgeW geQe e[SUeVViRQ caQ heOS

eOXcidaWe Whe PROecXOaU PechaQiVPV UeTXiUed fRU WUaQVcUiSWiRQaO acWiYaWiRQ.

MaQ\ diffeUeQW aSSURacheV caQ be XVed WR ideQWif\ Whe UeTXiUed UegXOaWRU\ eOePeQWV VXch

aV TFBS WR VWXd\ hRZ Whe\ affecW dRZQVWUeaP WaUgeW geQeV. ThiV iQcOXdeV UeSRUWeU geQe aVVa\V,

high-WhURXghSXW PeWhRdV, aQd cRPSXWaWiRQaO aSSURacheV [12]. POaVPidV ZiWh a PRWif Rf iQWeUeVW

aQd a dRZQVWUeaP WaUgeW geQe caQ be XVed WR WeVW hRZ PXWaWiRQV iQ Whe PRWif PighW affecW geQe

e[SUeVViRQ baVed RQ a defiQed PeaVXUePeQW VXch aV fOXRUeVceQce. HRZeYeU, WhiV aSSURach caQ be
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e[SeQViYe, aQd Whe TFBS haV WR be NQRZQ SUiRU WR beiQg SOaced aSSURSUiaWeO\ ZiWhiQ Whe

SOaVPidV. High-WhURXghSXW PeWhRdV VXch aV chURPaWiQ iPPXQRSUeciSiWaWiRQ (ChIP) e[SeUiPeQWV

aUe XVed WR ideQWif\ Whe UegiRQV Rf Whe geQRPe WhaW aUe bRXQd WR a SURWeiQ Rf iQWeUeVW LQ YLYR. AQ

adYaQWage Rf WhiV PeWhRd iV WhaW iW caQ be XVed WR ideQWif\ eQhaQceUV WhaW aUe QRW SUR[iPaO WR Whe

SURPRWeU UegiRQ. OQe diVadYaQWage, hRZeYeU, iV WhaW aQ aQWibRd\ VSecific WR Whe WUaQVcUiSWiRQ

facWRU haV WR be cUeaWed fRU ChIP e[SeUiPeQWV WR RbWaiQ Whe SUeciSiWaWe (bRXQd SURWeiQ aQd

geQRPic VeTXeQce). IQ addiWiRQ, VRPe WUaQVcUiSWiRQ facWRUV PighW UeTXiUe Whe biQdiQg Rf

addiWiRQaO cRfacWRUV WR eQabOe SURSeU geQe e[SUeVViRQ. AQaO\]iQg ChIP e[SeUiPeQW daWa caQ aOVR

SRVe SURbOePV aV VRfWZaUe WRROV aUe UeTXiUed, aQd WhiV caQ OiPiW a UeVeaUcheU ZhR iV QRW

accXVWRPed WR bXiOdiQg RU UXQQiQg biRiQfRUPaWicV SiSeOiQeV. CRPSXWaWiRQaO aSSURacheV WR

ideQWif\ TFBS caQ be XVed WR QaUURZ dRZQ SRWeQWiaO PRWif WaUgeWV fRU fXUWheU VWXd\ iQ a

OabRUaWRU\ VeWWiQg WhURXgh UeSRUWeU geQe aVVa\V RU RWheU PeWhRdV. OQe diVadYaQWage Rf WhiV

aSSURach iV Whe OacN Rf WRROV aYaiOabOe WR ideQWif\ cRPSOe[ TFBS aQd Whe dRZQVWUeaP WaUgeW geQe

fRU PRWifV WhaW cRQWaiQ YaU\iQg VSaceU OeQgWhV.

1.2 CXUUHQW ASSURacKHV IRU MRWLI IdHQWLILcaWLRQ

CXUUeQW cRPSXWaWiRQaO WRROV fRcXV RQ ideQWif\iQg PRWifV iQ Whe geQRPe WhaW cRXOd

SRWeQWiaOO\ be QeceVVaU\ fRU WUaQVcUiSWiRQ facWRU biQdiQg, bXW WRROV fOe[ibOe eQRXgh fRU XVeUV WR

VeaUch fRU WheiU RZQ cRPSOe[ PRWifV Rf iQWeUeVW cRQWaiQiQg YaU\iQg VSaceU OeQgWhV aQd

dRZQVWUeaP geQe iQfRUPaWiRQ dR QRW cXUUeQWO\ e[iVW.

1.2.1 PRVLWLRQ WHLJKW MaWULcHV

OQe Rf Whe PRVW cRPPRQ aSSURacheV XVed WR ideQWif\ PRWifV iQ a giYeQ VeTXeQce iV a

SRViWiRQ ZeighW PaWUi[ (PWM). A PWM iV aQ aUUa\ Rf YaOXeV baVed RQ a PRWif WUaiQiQg VeW Rf

VeTXeQceV Rf Whe VaPe OeQgWh WhaW UeSUeVeQWV Whe fUeTXeQc\ Rf baVeV aW each SRViWiRQ iQ Whe
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VeTXeQce [13]. If a QXcOeRWide dReV QRW e[iVW aW a VSecific SRViWiRQ iQ Whe VeTXeQce, WhaW QXcOeRWide

haV a fUeTXeQc\ Rf ]eUR. HRZeYeU, geQRPic VeTXeQce YaUiaWiRQV caQ e[iVW, VXch aV SRiQW

PXWaWiRQV, aQd WR accRXQW fRU WhiV YaUiabiOiW\, SVeXdR-cRXQWV aUe XVed WR RbWaiQ a fUeTXeQc\

VOighWO\ higheU WhaQ ]eUR. OQce a PWM iV cUeaWed, iW caQ be XVed WR VcaQ a ORQg VeTXeQce, VXch aV

Whe eQWiUe hXPaQ geQRPe, WR ideQWif\ SRWeQWiaO PRWifV WhaW aUe ViPiOaU WR Whe WUaiQiQg VeW. If a

VeTXeQce dXUiQg Whe VcaQ PeeWV a WhUeVhROd YaOXe, WhaW VeTXeQce iV e[WUacWed aV a SRWeQWiaO PRWif.

ThiV ZRUNV ZeOO fRU PRQRPeUic PRWifV Zhich dR QRW cRQWaiQ YaU\iQg VSaceU UegiRQ OeQgWhV.

PWMV, hRZeYeU, caOcXOaWe SURbabiOiWieV Rf each QXcOeRWide iQ a VeTXeQce iQdeSeQdeQWO\.

A PRWif NQRZQ WR aOZa\V haYe WhUee VSecific QXcOeRWideV Qe[W WR each RWheU, fRU e[aPSOe, ZiOO QRW

be WaNeQ iQWR cRQVideUaWiRQ ZheQ a PWM iV cUeaWed.

1.2.1.1 FIMO

A WRRO ZiWhiQ Whe MEME SXiWe caOOed FiQd IQdiYidXaO MRWif OccXUUeQceV (FIMO), Whe

XVeU iV abOe WR XSORad PRWifV aQd Whe daWabaVe Whe XVeU ZRXOd OiNe WR VeaUch RQ a Zeb iQWeUface

(FigXUe 4) [14]. A cRPPaQd OiQe YeUViRQ Rf Whe WRRO iV aOVR aYaiOabOe fRU iQVWaOOaWiRQ. AQ aUUa\ Rf

RSWiRQV fRU daWabaVeV aUe SURYided VXch aV Whe UCSC PaPPaO geQRPeV aQd VSecific geQRPe

YeUViRQV. FIMO acceSWV XVeU PRWifV iQ a PePe-fRUPaWWed fiOe RU W\Sed PRWifV WhaW aUe

aXWRPaWicaOO\ WXUQed iQWR a PWM. IUPAC cRQYeQWiRQV caQ be XVed, bXW Whe PRWifV haYe WR be Rf

Whe VaPe OeQgWh. If PXOWiSOe PRWifV Rf diffeUeQW OeQgWhV aUe giYeQ aV iQSXW, FIMO aXWRPaWicaOO\

cRQYeUWV aOO Rf Whe iQSXW PRWifV iQWR a ViQgOe PWM Zhich chaQgeV Whe RUigiQaO QXcOeRWide

fUeTXeQc\. FRU e[aPSOe, if Whe fROORZiQg WZR PRWifV aUe giYeQ aV iQSXW,

RTGRGAR[N*16]HYYHCAS aQd RTGRGAR[N*17]HYYHCAS, VXch WhaW Whe VecRQd PRWif

cRQWaiQV RQe e[WUa N (N=A/T/C/G) WR accRXQW fRU a YaU\iQg VSaceU OeQgWh, FIMO cRQYeUWV Whe

PRWifV iQWR Whe fROORZiQg PRQRPeUic PRWif RTGRGAR[N*17]HYYYMV. ThiV cRPbiQed PRWif

6



CONSERVATION AND PREVALENCE OF SEQUENCE PAIRED SITES IN HUMANS

haV a VOighWO\ diffeUeQW QXcOeRWide cRPSRViWiRQ WhaQ Whe RUigiQaO iQSXW PRWifV Zhich cRXOd

SRWeQWiaOO\ e[WUacW faOVe SRViWiYe PRWifV. IQ addiWiRQ WR Whe VSaceU OeQgWh diVadYaQWage, FIMO

VeaUch caQ be WiPe cRQVXPiQg aV Whe SURgUaP VeaUcheV Whe eQWiUe geQRPe XQOeVV Whe XVeU XSORadV

WheiU RZQ cXVWRP daWabaVe. ThiV SURceVV haV WR be UeSeaWed PXOWiSOe WiPeV if Whe XVeU ZaQWV WR

VeaUch fRU PXOWiSOe PRWifV cRQWaiQiQg YaU\iQg VSaceU OeQgWhV Zhich OiQeaUO\ iQcUeaVeV WiPe if

cRPSXWiQg UeVRXUceV aUe QRW aYaiOabOe fRU PXOWiSOe PRWif VXbPiVViRQV. ThRXgh VRPe

diVadYaQWageV e[iVW, FIMO caQ VWiOO be XVed WR VeaUch fRU RQe PRWif Rf iQWeUeVW aW a WiPe aQd caQ

SURYide PRWif PaWcheV fRU a fXOO geQRPe.

FigXUe 4. FIMO¶V Zeb iQWeUface.

1.2.2 PURILOH HLddHQ MaUNRY MRdHOV

AQ aSSURach WR ideQWif\ PRWifV WhaW WaNeV iQWR accRXQW QXcOeRWide deSeQdeQcieV XQOiNe

PWMV iV a HiddeQ MaUNRY MRdeO (HMM). IQ Whe cRQWe[W Rf biRORgicaO VeTXeQce PRWifV, aQ
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HMM iV a SURbabiOiVWic PRdeO XVed WR RSWiPi]e ePiVViRQ aQd WUaQViWiRQ SURbabiOiWieV fURP

VeTXeQce WUaiQiQg daWa WR aOORZ fRU PRWif deWecWiRQ agaiQVW a VeTXeQce daWabaVe [15]. AQ HMM

UeTXiUeV a VeW Rf N VWaWeV, WUaQViWiRQ SURbabiOiWieV, a VeW Rf RbVeUYaWiRQV, ePiVViRQ SURbabiOiWieV,

iQiWiaO SURbabiOiW\ diVWUibXWiRQ Rf aOO VWaWeV, aQd aVVXPeV WhaW Whe SURbabiOiW\ Rf a VWaWe RQO\

deSeQdV RQ Whe SUeYiRXV VWaWe [16]. HMMV aUe e[WeQViYeO\ XVed WR cOaVVif\ SURWeiQ VeTXeQceV iQWR

WheiU UeVSecWiYe SURWeiQ faPiOieV [15].

The e[aPSOe VhRZQ iQ FigXUe 5 iOOXVWUaWeV a SURfiOe HMM PRdeO fRU a PXOWiSOe VeTXeQce

aOigQPeQW (MSA) Rf aPiQR acid VeTXeQceV Zhich caQ be XVed WR WUaiQ aQ HMM WR cOaVVif\

ZheWheU a VeTXeQce beORQgV WR a VSecific SURWeiQ faPiO\ RU QRW [17]. MSAV aUe XVed WR aOigQ PRUe

WhaQ WZR VeTXeQceV WhaW aOORZ fRU Whe diVcRYeU\ Rf iPSRUWaQW PRWifV RU dRPaiQV WhaW RWheUZiVe

PighW QRW be SRVVibOe WR RbWaiQ XViQg SaiUZiVe aOigQPeQW, VRPeWiPeV cUeaWiQg gaSV iQ Whe SURceVV

[18]. HRPRORgRXV VeTXeQceV PighW cRQWaiQ cRQVeUYed UegiRQV WhaW aUe iPSRUWaQW fRU WUaQVcUiSWiRQ

facWRU biQdiQg RU caQ be XVed WR SUedicW Whe VWUXcWXUe Rf SURWeiQV. The VWaWeV iQ Whe HMM diagUaP

iQcOXde Whe YaUiRXV PaWcheV, deOeWiRQV, aQd iQVeUWiRQV. TUaQViWiRQ SURbabiOiWieV UeSUeVeQW Whe

SURbabiOiW\ Rf PRYiQg fURP RQe VWaWe WR aQRWheU iQ a VeTXeQce aQd aUe deQRWed ZiWh Whe aUURZV. A

VeW Rf RbVeUYaWiRQV aUe Whe iQdiYidXaO aPiQR acidV WhaW PaNe XS a VeTXeQce. EPiVViRQ

SURbabiOiWieV aUe Whe SURbabiOiW\ Rf a SaUWicXOaU VWaWe geQeUaWiQg aQ RbVeUYaWiRQ. The iQiWiaO

SURbabiOiW\ iV Whe SURbabiOiW\ Rf VWaUWiQg a VeTXeQce ZiWh a SaUWicXOaU aPiQR acid iQ Whe iQiWiaO

VWaWe.

UQOiNe PWMV, HMMV aUe SRViWiRQ deSeQdeQW. HMMV caQ WhXV be PRUe XVefXO WR deWecW

VeTXeQceV WhaW cRQWaiQ VWURQgO\ cRQVeUYed PRWifV RccXUUiQg cRQVecXWiYeO\ cRPSaUed WR PWMV.
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FigXUe 5. HMM WR cOaVVif\ SURWeiQ VeTXeQceV. GaSV aQd iQVeUWiRQV aUe PRdeOed XViQg Whe
deOeWiRQV (D1-D5) aQd iQVeUWiRQV (I0-I5) VWaWeV. AdaSWed fURP [17].

ThRXgh HMMV aUe XVefXO WR ideQWif\ PRQRPeUic PRWifV if WUaiQed RQ a URbXVW VeW Rf

WUaiQiQg daWa, iW iV QRW VXiWed fRU PRWifV cRQWaiQiQg ORQg VSaceU UegiRQV WhaW aUe QRW cRQVeUYed. FRU

e[aPSOe, cRPSOe[ biQdiQg ViWeV UeTXiUed fRU Whe fRUPaWiRQ Rf a diPeU ZiOO QegaWiYeO\ affecW Whe

ePiVViRQ aQd WUaQViWiRQ SURbabiOiWieV aV Whe VSaceU UegiRQ acWV aV QRiVe. The VSaceUV ZiOO aOVR

UeTXiUe bXiOdiQg PXOWiSOe HMMV, RQe fRU each OeQgWh YaUiaWiRQ. HMMV aOVR Qeed WR be RSWiPi]ed

XViQg WUaiQiQg daWa, aQd WhiV cRXOd be difficXOW WR SURdXce if a SaUWicXOaU WUaQVcUiSWiRQ facWRU iV QRW

ZeOO-VWXdied.

1.2.2.1 HMMER

The HMM-baVed WRRO, hPPeU, iV XVed WR ideQWif\ VWaWiVWicaOO\ VigQificaQW PRWifV giYeQ a

VeTXeQce daWabaVe [19]-[20]. IW ZaV RUigiQaOO\ XVed WR cOaVVif\ VeTXeQceV WR WheiU UeVSecWiYe

SURWeiQ faPiOieV. The cRPPaQd hPPbXLOd iV XVed WR WUaiQ aQ HMM XViQg a WUaiQiQg daWaVeW giYeQ

iQ FASTA fRUPaW. HRZeYeU, Whe WUaiQiQg VeW VeTXeQceV haYe WR be Rf Whe VaPe OeQgWh. OQce Whe

HMM iV bXiOW, Whe QhPPeU cRPPaQd iV XVed WR ideQWif\ SRWeQWiaO PRWif PaWcheV iQ a OaUge DNA
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VeTXeQce fiOe VXch aV a chURPRVRPe FASTA fiOe. The UeVXOWV ZiOO VhRZ Whe WRS hiWV Zhich SaVV

YaUiRXV hPPeU fiOWeUV.

1.2.3 PURWHLQ-BLQdLQJ MLcURaUUa\

BeVideV cRPSXWaWiRQaO aSSURacheV WR VWXd\ WUaQVcUiSWiRQ facWRU biQdiQg, high WhURXghSXW

PeWhRdV VXch aV SURWeiQ biQdiQg PicURaUUa\V (PBM) caQ be XVed. MicURaUUa\V aUe XVed WR

ideQWif\ Whe biQdiQg ViWeV Rf a WUaQVcUiSWiRQ facWRU Rf iQWeUeVW. CXVWRP deVigQed PicURaUUa\V e[iVW

WR WeVW Zhich Rf aOO SRVVibOe N-PeU VeTXeQce YaUiaQWV caQ biQd a VSecific WUaQVcUiSWiRQ facWRU [21].

BiaQcR eW. aO. SeUfRUPed a PBM e[SeUiPeQW WaUgeWiQg Whe NTC cRQWaiQiQg NICD, CSL,

aQd MAM SURWeiQV [22]. The PBM e[SeUiPeQW ZaV XVed WR ideQWif\ SRWeQWiaO PRQRPeUic biQdiQg

ViWeV Rf Whe NTC, aQd WheVe VeTXeQceV ZeUe UaQNed fURP -0.5 WR +0.5 UefeUUed WR aV aQ eQUichPeQW

VcRUe (E-VcRUe) XViQg Whe UQiYeUVaO PBM AQaO\ViV SXiWe, Whe Seed-aQd-WRbbOe aOgRUiWhP, aQd a

PRdified fRUP Rf Whe WiOcR[RQ-MaQQ-WhiWQe\ VWaWiVWic. The cORVeU WR +0.5 Whe VcRUe, Whe higheU

Whe biQdiQg SUefeUeQce Rf Whe NTC WR Whe VeTXeQce.

UViQg Whe PRQRPeUic daWa, aUWificiaO SPSV caQ be cUeaWed. The SURdXcW Rf Whe E-VcRUeV

fURP Whe PBM daWa aQd fOXRUeVceQce UeVRQaQce eQeUg\ WUaQVfeU (FRET)-baVed aVVa\ VigQaOV ZeUe

fRXQd WR cRUUeOaWe (R2 = 0.80) [23], VXggeVWiQg a QeZ PeWhRd WR e[WUacW SPSV fURP a VeTXeQce

daWabaVe. The FRET-baVed aVVa\ ZaV XVed WR ideQWif\ Whe DNA VeTXeQceV Zhich aOORZ fRU NTC

diPeUi]aWiRQ. The E-VcRUe fRU ViWe 1 Rf a PRQRPeUic VeTXeQce iQ Whe PBM daWa caQ be PXOWiSOied

ZiWh aQRWheU PRQRPeUic VeTXeQce XVed aV ViWe 2 WR cUeaWe aQ aUWificiaO SPS. ThiV SURdXcW VcRUe

caQ be XVed WR diVcUiPiQaWe beWZeeQ SRWeQWiaO SPSV aQd WhRVe VeTXeQceV OeVV OiNeO\ WR be SPSV.

HRZeYeU, Whe daWa cRQWaiQV aSSUR[iPaWeO\ 50,000 VeTXeQceV aQd WhXV 2,500,000,000

cRPbiQaWiRQV Rf aUWificiaO diPeUic VeTXeQceV Qeed WR be cUeaWed. IQ addiWiRQ, fRU each aUWificiaO

diPeUic VeTXeQce, PRUe VeTXeQceV caQ be cUeaWed WR accRXQW fRU YaU\iQg VSaceU OeQgWhV. FRU
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e[aPSOe, a diPeUic VeTXeQce WhaW caQ haYe 15, 16, aQd 17 baVe SaiU VSaceU OeQgWhV, ZRXOd

iQcUeaVe Whe QXPbeU Rf VeTXeQceV fURP 2,500,000,000 WR 2,500,000,000*3 (RU 7,500,000,000

aUWificiaO diPeUic VeTXeQceV). CXUUeQWO\ e[iVWiQg cRPSXWaWiRQaO WRROV, VXch aV FIMO, aUe QRW

efficieQW eQRXgh WR SaUVe WhURXgh WhRXVaQdV Rf XQiTXe PRWifV iQ a WiPe efficieQW PaQQeU.

1.2.4 DRZQVWUHaP AQaO\VHV RI SHTXHQcH DaWa

DRZQVWUeaP aQaO\VeV Rf VeTXeQce daWa caQ be XVed WR PaNe iQfRUPaWiYe iQfeUeQceV Rf Whe

UeVXOWV RbWaiQed fURP cRPSXWaWiRQaO WRROV. FRU PRWifV, VRPe Rf WheVe dRZQVWUeaP aQaO\VeV caQ

iQcOXde MSA WR cOXVWeU VeTXeQceV WR ideQWif\ cRQVeUYed UegiRQV QRW UeadiO\ RbVeUYabOe b\

VeTXeQce ga]iQg aQd Whe cUeaWiRQ Rf Zeb ORgRV XVed WR ideQWif\ Whe cRQVeQVXV VeTXeQce Rf

YaUiRXV PRWifV. IQ Whe cRQWe[W Rf DNA VeTXeQceV, cOXVWeUiQg iV baVed RQ bXiOdiQg Sh\ORgeQeWic

WUeeV Pade Rf QRdeV aQd bUaQcheV. The QRdeV aUe XVed WR VeSaUaWe Whe VeTXeQceV (bUaQcheV) baVed

RQ QXcOeRWide diffeUeQceV beWZeeQ WheP [24]. The\ caQ be XVed WR ideQWif\ diVWiQcW feaWXUeV WhaW

VeSaUaWe Whe YaUiRXV QRdeV fURP RQe aQRWheU iQcOXdiQg bXW QRW OiPiWed WR TFBS PRWifV. TR WeVW Whe

cRQViVWeQc\ Rf a Sh\ORgeQeWic WUee, Whe bRRWVWUaS PeWhRd caQ be XVed [25]. The bRRWVWUaS PeWhRd

UeVaPSOeV VeTXeQceV iQ a daWaVeW WR geQeUaWe a Sh\ORgeQeWic WUee PaQ\ WiPeV, aQd Whe fiQaO

cRQVeQVXV Sh\ORgeQeWic WUee bXiOW ZiOO cRQWaiQ bRRWVWUaS YaOXeV WhaW iQdicaWe Whe SURSRUWiRQ Rf

WUeeV cRQWaiQiQg each cRQVeQVXV cOade iQ Whe WUee. COXVWeUiQg caQ be XVed WR cOXVWeU VeTXeQceV WhaW

aUe highO\ ViPiOaU WR each RWheU baVed RQ VSecific fXQcWiRQaO feaWXUeV VXch aV TFBS. A PeWhRd WR

YiVXaOi]e Whe cRQVeQVXV VeTXeQce daWa PRWif iV a Zeb ORgR [26]. Web ORgRV aUe a YiVXaO

UeSUeVeQWaWiRQ Rf Whe fUeTXeQc\ Rf QXcOeRWideV aW each SRViWiRQ iQ VeTXeQce daWa aQd heOS WR

TXicNO\ ideQWif\ SRWeQWiaOO\ cRQVeUYed UegiRQV.

E[WUacWiRQ Rf SRWeQWiaO SPSV fURP Whe hXPaQ geQRPe iV Qeeded WR ideQWif\ RWheU geQeV

beVideV ZeOO-VWXdied geQeV OiNe HeV1 aQd HeV5 WhaW cRXOd be affecWed b\ PXWaWiRQV ZiWhiQ Whe
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SPS. NR cXUUeQW biRiQfRUPaWicV WRROV UeSRUW iPSRUWaQW iQfRUPaWiRQ UegaUdiQg Whe e[WUacWed PRWifV

Rf iQWeUeVW iQcOXdiQg Whe dRZQVWUeaP geQe aQd TATA bR[. MaQXaOO\ ideQWif\iQg SPSV XSVWUeaP

Rf aOO hXPaQ geQeV iV WiPe cRQVXPiQg aQd caQ iQWURdXce hXPaQ eUURUV. TR e[WUacW SPSV,

cXUUeQWO\ e[iVWiQg VRfWZaUe WRROV, FIMO aQd hPPeU, ZiOO be WeVWed. A QRYeO WRRO, XWUacWXacW, ZaV

deYeORSed fRU WhiV SURMecW WR SURYide a QeZ Za\ WR e[WUacW XVeU PRWifV aQd SURYideV addiWiRQaO

geQe aQd TATA bR[ iQfRUPaWiRQ QRW SURYided b\ FIMO RU hPPeU.

UViQg cRPSXWaWiRQaO WRROV caQ TXicNeQ PRWif fiQdiQg, bXW aQ\ UeVXOWV RbWaiQed b\

cRPSXWaWiRQaO PeWhRdV Qeed WR be fXUWheU e[aPiQed iQ Whe OabRUaWRU\. TR YaOidaWe cRPSXWaWiRQaO

UeVXOWV Rf SRWeQWiaO SPSV, VcieQWiVWV VhRXOd SeUfRUP PROecXOaU e[SeUiPeQWV VXch aV ChIP-VeT RU

geQe aVVa\V WR WeVW ZheWheU NTC biQdiQg aQd diPeUi]aWiRQ RccXUV aW WhRVe ViWeV. OWheUZiVe,

UeVXOWV ZRXOd QRW be YRid Rf faOVe SRViWiYeV.

2. METHODS

TR WeVW ZheWheU Whe YaUiRXV e[iVWiQg cRPSXWaWiRQaO aSSURacheV XVed WR ideQWif\ PRWifV caQ

be XVed WR e[WUacW SRWeQWiaO SPSV fURP Whe hXPaQ geQRPe, FIMO aQd hPPeU WRROV ZeUe WeVWed.

DXe WR VRPe diVadYaQWageV Rf XViQg FIMO aQd hPPeU fRU WhiV SURMecW, Whe XWUacWXacW WRRO ZaV

cUeaWed WR VSecificaOO\ e[WUacW e[acW SPS PRWifV. OQce SRWeQWiaO SPSV aUe e[WUacWed, a

biRiQfRUPaWicV SiSeOiQe caQ be bXiOW WR e[WUacW dRZQVWUeaP geQe iQfRUPaWiRQ WR aOORZ fRU fXUWheU

daWa e[SORUaWiRQ.

2.1 CXUUHQW CRPSXWaWLRQaO TRROV

TR e[WUacW SRWeQWiaO SPSV fURP Whe hXPaQ geQRPe, Whe ViWe 1 PRWif RTGRGAR cRQVeQVXV

iV XVed aV iW iV highO\ cRQVeUYed cRPSaUed WR ViWe 2 Zhich iV PRUe YaUiabOe (TabOe 1). The ViWe 2

PRWifV XVed aUe HYYHCAS, WYYMCAS, aQd YTCHCAY.  HXPaQ HeV1 aQd HeV5 SPS ViWe 2

PRWifV ZeUe XVed WR RbWaiQ Whe cRQVeQVXV WYYMCAS PRWif WhRXgh WhiV PRWif PighW YaU\ iQ
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RWheU VSecieV (TabOe 1). The YTCHCAY PRWif iV RbWaiQed fURP WaNiQg Whe UeYeUVe cRPSOePeQW Rf

Whe RTGRGAR PRWif aQd iQcOXdeV Whe SPS ViWe 2 PRWif Rf Whe XeQRSXV VSecieV Zhich chaQgeV

Whe PiddOe R iQ RTGRGAR fURP Y (Y=C/T) WR aQ H (H=A/C/T). The HYYHCAS PRWif iV XVed

WR bURadeQ Whe VeaUch WR iQcOXde QXcOeRWide YaUiabiOiW\. The fROORZiQg PRWifV ZiOO be e[WUacWed

fURP Whe hXPaQ aQd PRXVe geQRPeV.

1. RTGRGAR[N*15-17bS]HYYHCAS

2. RTGRGAR[N*15-17bS]WYYMCAS

3. RTGRGAR[N*15-17bS]YTCHCAY

TabOe 1. SiWe 2 PRWifV acURVV YaUiRXV VSecieV aQd Whe cRQVeQVXV.

2.1.1. FIMO

TR XVe FIMO fRU PRWif ideQWificaWiRQ, a UaQdRP diPeUic PRWif,

DCYWSYS[N*16]MNKSGDA, ZaV geQeUaWed aQd ZaV XVed aV a WeVW WR VhRZ Whe diVadYaQWageV

Rf XViQg PWMV fRU e[acW PRWif e[WUacWiRQ. The SaUaPeWeUV OiVWed iQ TabOe 2 ZeUe XVed WR UXQ

FIMO. FIMO caOcXOaWeV Whe S-YaOXe aQd T-YaOXe fRU each PRWif RccXUUeQce Zhich iV baVed RQ a

ORg-OiNeOihRRd UaWiR [14]. CaOcXOaWiRQ Rf Whe T-YaOXe caQ iQcUeaVe PRWif fiQdiQg WiPe, VR Whe

--QR-TYaOXe SaUaPeWeU ZaV XVed. FIMO cUeaWeV PXOWiSOe RXWSXW fiOeV fURP a Wab-VeSaUaWed YaOXe

(TSV) fiOe WR aQ hWPO fiOe WR YieZ RQ a Zeb bURZVeU. The --We[W SaUaPeWeU iV XVed WR RQO\ aOORZ
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fRU a TSV fiOe UeVXOW WR iQcUeaVe VSeed Rf FIMO. The --SaUVe-geQRPic-cRRUd aOORZV Whe XVeU WR

XVe UCSC VW\Oe geQRPic cRRUdiQaWeV fRU VeTXeQceV iQ FASTA fRUPaW. ThiV ZiOO giYe UeVXOWV

Zhich QRW RQO\ iQcOXde Whe PRWif PaWch, bXW aOVR iWV cRUUeVSRQdiQg UCSC geQRPic cRRUdiQaWeV.

The daWabaVe XVed WR WeVW FIMO iQcOXde YaUiRXV SURPRWeU UegiRQV (2500, 1500, 500 baVe SaiUV

XSVWUeaP) Rf aOO geQeV iQ Whe hXPaQ geQRPe YeUViRQ 19 (hg19). IQ addiWiRQ WR Whe SURPRWeU

UegiRQ, Whe iQWUageQic UegiRQ Rf aOO hXPaQ geQeV ZaV aOVR XVed.

TabOe 2. PaUaPeWeUV XVed WR UXQ FIMO.

2.1.2 HMMER

TR XVe hPPeU, Whe SPS PRWif RTGRGAR[N*16]HYYHCAS ZaV WeVWed RQ chURPRVRPe

1. The hXPaQ HeV5 SPS ViWe 1 PRWif iV ORcaWed RQ chURPRVRPe 1, VR hPPeU ZaV e[SecWed WR

UeWXUQ hiWV PaWchiQg WhiV PRWif. HRZeYeU, WhiV UeWXUQed QR VigQificaQW hiWV Zhich cRXOd haYe beeQ

dXe WR hPPeU QRW beiQg VXiWabOe fRU PRWifV ZiWh ORQg XQcRQVeUYed VSaceU UegiRQ [27]. Ne[W, Whe

RTGRGAR ViWe 1 PRWif ZaV XVed aQd WhiV aOVR did QRW UeWXUQ aQ\ hiWV RQ chURPRVRPe 1. FiQaOO\,

YaUiaWiRQV Rf Whe RTGRGAR PRWif ZeUe XVed WR cUeaWe a WUaiQiQg VeW Rf VeTXeQceV iQ FASTA

fRUPaW WR bXiOd aQ HMM aV VhRZQ iQ FigXUe 6.  The fROORZiQg cRPPaQd ZaV XVed WR bXiOd Whe

HMM: hPPbXiOd --dQa fiUVW_ViWe.hPP PRWif1.W[W. The HMM bXiOW XViQg Whe FASTA fiOe

VeTXeQceV iV VWRUed iQ Whe fiUVW_ViWe.hPP fiOe. TR e[WUacW SRWeQWiaO ViWe 1 PaWcheV fURP Whe

chURPRVRPe 1 daWabaVe, Whe QhPPeU cRPPaQd ZaV XVed. HRZeYeU, Whe iQiWiaO UXQ Rf Whe

QhPPeU cRPPaQd ZiWh aOO defaXOW YaOXeV UeVXOWed iQ ]eUR hiWV RQce agaiQ, VR SaUaPeWeUV ZeUe

PRdified. The fROORZiQg QhPPeU cRPPaQd ZaV XVed WR e[WUacW SRWeQWiaO PaWcheV iQ
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chURPRVRPe 1: QhPPeU --Pa[ --dQa --Z_OeQgWh 7 -E 10 fiUVW_ViWe.hPP chU1.fa > WeVW_PRWif1.W[W.

The --Pa[ SaUaPeWeU ZaV XVed WR WXUQ Rff aOO fiOWeUiQg aOgRUiWhPV WR eQVXUe Whe Pa[iPXP QXPbeU

Rf hiWV UeWXUQed iQ Whe RXWSXW fiOe. The --Z_OeQgWh SaUaPeWeU iV Whe e[SecWed OeQgWh Rf Whe hiW. The

YaOXe 7 ZaV giYeQ ViQce Whe OeQgWh Rf Whe ViWe 1 PRWif iV 7 QXcOeRWideV iQ OeQgWh ZiWhRXW aQ\ gaSV.

The -E SaUaPeWeU iV Whe WhUeVhROd YaOXe Qeeded fRU VeTXeQceV WR be UeSRUWed iQ Whe UeVXOWV. The -E

YaOXe Rf 10 ZaV chRVeQ VR WhaW a high QXPbeU Rf hiWV ZRXOd be UeSRUWed.

The YaUiRXV fiOWeUV hPPeU XVeV iQcOXde Whe SSV, biaV, YiWeUbi, aQd fRUZaUd fiOWeUV. The

QXOO PRdeO cUeaWeV a ORg-RddV biW VcRUe fRU VeTXeQceV WhaW h\SRWheVi]eV QRQ-hRPRORg\. The SSV

fiOWeU cRPSaUeV Whe TXeU\ aQd Whe WaUgeW b\ VcaQQiQg fRU XQgaSSed VegPeQWV Zhich haYe high

ORg-RddV VcRUeV. The biaV fiOWeU iV XVed WR PiQiPi]e aQ\ biaVeV iQ Whe QXcOeRWide cRPSRViWiRQ Rf

VeTXeQceV WhaW dR QRW PaWch Whe QXOO PRdeO. The ViWeUbi fiOWeU XVeV Whe ViWeUbi aOgRUiWhP WR aOigQ

Whe WaUgeW VeTXeQceV iQ Whe daWabaVe ZiWh Whe HMM SURfiOe WR fiQd Whe RSWiPaO aOigQPeQW. If Whe

WaUgeW PeeWV a ceUWaiQ WhUeVhROd YaOXe, iW SaVVeV WR Whe Qe[W fiOWeU. The fRUZaUd fiOWeU caOcXOaWeV Whe

OiNeOihRRd Rf Whe WaUgeW VeTXeQce agaiQVW Whe HMM SURfiOe, aQd if Whe WaUgeW VeTXeQce SaVVeV a

ceUWaiQ WhUeVhROd YaOXe, iW iV cRQVideUed WR be a OiNeO\ VigQificaQW hiW.

FigXUe 6. ShRUW WUaiQiQg VeTXeQceV WR bXiOd HMM.
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2.2 XWUacWXacW

XWUacWXacW ZaV deYeORSed fRU WhiV SURMecW WR aOORZ XVeUV WR VeaUch fRU cRPSOe[ PRWifV Rf

iQWeUeVW ZiWhiQ SURPRWeU aQd iQWUageQic UegiRQV Rf geQeV Rf a giYeQ geQRPe TXicNO\ WR UeWUieYe

e[acW PRWif PaWcheV fRU PRWifV ZiWh YaU\iQg VSaceU OeQgWhV. ThiV WRRO aOVR addUeVVeV VRPe Rf Whe

VhRUWcRPiQgV Rf PWMV aQd HMMV. The XQdeUO\iQg PeWhRd XWUacWXacW XVeV iV WR VeaUch fRU ViWe

1 iQ Whe SURPRWeU UegiRQ Rf aOO geQeV RU iQWUageQic UegiRQV, aQd if ViWe 1 PaWcheV e[iVW, XWUacWXacW

PRYeV RYeU a VSaceU OeQgWh aQd VeaUcheV fRU Whe ViWe 2 PRWif. If bRWh ViWe 1 aQd ViWe 2 PRWifV e[iVW,

Whe PaWch geWV UeSRUWed iQ a UeVXOWV fiOe. XWUacWXacW aOVR UeSRUWV Whe geQe WhaW iV ORcaWed

dRZQVWUeaP Rf Whe SRWeQWiaO PaWched PRWifV aQd a SRWeQWiaO TATA bR[. The TATA bR[ iV defiQed

aV Whe TATA[A/T]^1`A UegXOaU e[SUeVViRQ ZheUe TATA iV fROORZed b\ RQe RccXUUeQce Rf eiWheU

aQ A RU T QXcOeRWide fROORZed b\ A. The UeVXOWV fiOe iQcOXdeV Whe PRWif PaWcheV iQ Whe geQRPe,

chURPRVRPaO ORcaWiRQV Rf Whe PRWifV, ZheWheU Whe PRWif iV RQ Whe SRViWiYe RU QegaWiYe VWUaQd Rf

Whe DNA, Whe geQe ORcaWed diUecWO\ dRZQVWUeaP Rf Whe PRWifV, Whe diVWaQce beWZeeQ Whe PRWifV

aQd a SRWeQWiaO TATA bR[, Whe diVWaQce beWZeeQ a SRWeQWiaO TATA bR[ aQd Whe WUaQVcUiSWiRQ VWaUW

ViWe Rf Whe geQe, Whe diVWaQce beWZeeQ Whe PRWif aQd Whe WUaQVcUiSWiRQ VWaUW ViWe Rf Whe geQe, aQd

RWheU UeOeYaQW iQfRUPaWiRQ UegaUdiQg Whe VeaUch cUiWeUia XVed.

SiQce XWUacWXacW iV cXUUeQWO\ XVed WR VeaUch SURPRWeU aQd iQWUageQic UegiRQV RQO\, Whe

SURPRWeU aQd iQWUageQic UegiRQV aORQg ZiWh geQe ORcaWiRQV Qeed WR be SURYided aV iQSXW fRU

UXQQiQg Whe WRRO. The UCSC GeQRPe BURZVeU cRQWaiQV VeTXeQce aQd aQQRWaWiRQ daWa fRU YaUiRXV

geQRPeV WhaW caQ be XVed WR cUeaWe WheVe UeTXiUed iQSXW fiOeV fRU XWUacWXacW. The daWa UeTXiUed

iQcOXde chURPRVRPe FASTA fiOeV

(hWWSV://hgdRZQORad.VRe.XcVc.edX/gROdeQPaWh/hg19/chURPRVRPeV/) aQd Whe NCBI RefSeT geQeV

gWf fiOe (hWWSV://hgdRZQORad.VRe.XcVc.edX/gROdeQPaWh/hg19/bigZiSV/geQeV/). The chURPRVRPe
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fiOeV cRQWaiQ Whe eQWiUe DNA fRU a giYeQ VSecieV aQd geQRPe YeUViRQ. The NCBI RefSeT geQeV

gWf fiOe iQcOXdeV iQfRUPaWiRQ abRXW Whe YaUiRXV geQeV aQd WheiU ORcaWiRQV iQ Whe chURPRVRPeV.

NCBI RefSeT iV a cXUaWed daWabaVe WhaW iV fUeTXeQWO\ XSdaWed WR UefOecW cXUUeQW VeTXeQciQg daWa.

WiWh Whe iQSXW fiOeV, Whe UXQ_gWf2geQe.Vh VcUiSW iV XVed WR cUeaWe TSV fiOeV UeTXiUed fRU

XWUacWXacW (TabOe 3-4). ThiV VWeS iV RQO\ UXQ RQce. The cRQfigXUaWiRQ fiOe Qeeded fRU Whe

UXQ_gWf2geQe.Vh VcUiSW iQcOXdeV Whe URL fRU Whe hXPaQ RU PRXVe geQRPe Rf iQWeUeVW fRXQd RQ

Whe UCSC GeQRPe BURZVeU dRZQORad VecWiRQ, Whe SURPRWeU OeQgWh, aQd ZheWheU Whe

UXQ_gWf2geQe.Vh VhRXOd e[WUacW Whe SURPRWeU RU Whe iQWUageQic UegiRQV Rf aOO geQeV. The UeTXiUed

XWUacWXacW fiOeV iQcOXde PXOWiSOe WUaQVcUiSWV fRU each geQe aQd heQce XWUacWXacW UeSRUWV Whe VaPe

SPS bXW fRU diffeUeQW WUaQVcUiSWV. TR eOiPiQaWe WhiV UedXQdaQc\, Whe iQiWiaO XWUacWXacW fiOeV ZeUe

fXUWheU PRdified WR RQO\ cRQWaiQ Whe eaUOieVW aQd faUWheVW geQRPic SRViWiRQ Rf each geQe. The

eQWiUe geQRPic VeTXeQce (iQcOXdiQg iQWURQV aQd e[RQV) aUe iQcOXded iQ Whe iQiWiaO XWUacWXacW fiOeV.
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FigXUe 7. The UXQ_gWf2geQe.Vh VcUiSW XVed WR cUeaWe Whe QeceVVaU\ iQSXW fiOeV fRU
XWUacWXacW.
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FigXUe 8. CRQfig fiOe UeTXiUed WR UXQ Whe UXQ_gWf2geQe.Vh VcUiSW. VaUiabOeV caQ be chaQged aV
Qeeded. The N_BP YaUiabOe caQ be chaQged WR Whe UeTXeVWed XSVWUeaP UegiRQ Rf geQeV aQd ZiOO

QRW affecW Whe UXQ_gWf2geQe.Vh VcUiSW ZheQ e[WUacWiQg iQWUageQic UegiRQV.

TabOe 3. AQ e[aPSOe Rf Whe Wab-VeSaUaWed SURPRWeU fiOe cUeaWed b\ Whe UXQ_gWf2geQe.Vh VcUiSW.
FiOe iQcOXdeV chURPRVRPaO ORcaWiRQV Rf geQeV, e[WUacWed XSVWUeaP VeTXeQce (100bS), aQd Whe

WUaQVcUiSW acceVViRQ ID. The UXQ_gWf2geQe.Vh VcUiSW caQ be UXQ PXOWiSOe WiPeV WR acTXiUe
addiWiRQaO XSVWUeaP fiOeV RWheU WhaQ 100bS VXch aV 500bS, 1500bS, eWc.
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TabOe 4. AQ e[aPSOe Rf Whe Wab-VeSaUaWed iQWUageQic fiOe cUeaWed b\ Whe UXQ_gWf2geQe.Vh VcUiSW.
FiOe iQcOXdeV chURPRVRPaO ORcaWiRQV Rf geQeV, eQWiUe geQe VeTXeQce, aQd Whe WUaQVcUiSW acceVViRQ.

OQce Whe SURPRWeU aQd iQWUageQic fiOeV aUe cUeaWed, XWUacWXacW caQ be XVed. XWUacWXacW

UeTXiUeV iQSXW PRWifV Zhich aUe giYeQ iQ Whe fRUP Rf We[W fiOeV. CXUUeQWO\, PRWifV aUe fRUPaWWed

VXch WhaW each PRWif haV iWV RZQ URZ iQ Whe fiOe (FigXUe 9). MRWifV caQ fROORZ IUPAC cRQYeQWiRQV

aOORZiQg Whe XVeU fOe[ibiOiW\ iQ WheiU VeaUch.

FigXUe 9. AQ e[aPSOe Rf Whe PRWif fiOeV Qeeded fRU XWUacWXacW. Each PRWif iQ fiOe 1 aUe SaiUed
ZiWh each Rf Whe PRWifV iQ fiOe 2 VeSaUaWed b\ Whe YaUiRXV VSaceU OeQgWhV UeTXeVWed.

IQ addiWiRQ WR PRWif fiOeV, YaUiRXV RWheU cUiWeUia caQ be UeTXeVWed (TabOe 5). The PaiQ

P\WhRQ VcUiSW (XWUacWXacW.S\) XVed WR UXQ Whe XWUacWXacW WRRO UeTXiUeV PXOWiSOe SaUaPeWeUV.

TheVe iQcOXde Whe VSecieV QaPe (³hXPaQ´ RU ³PRXVe´), geQRPe YeUViRQ (³hg19´ RU ³PP10´),

DNA VWUaQd (³-´ RU ³+´ RU ³bRWh´), chURPRVRPe QXPbeU (VSecific QXPbeU Rf chURPRVRPeV RU aOO

chURPRVRPeV caQ be VeOecWed), RQe fiOe ZiWh fiUVW PRWif ViWeV, VecRQd fiOe ZiWh VecRQd PRWif ViWeV,

VSaceU OeQgWh (OiVW Rf aOO VSaceUV Qeeded), aQd Whe SURPRWeU RU iQWUageQic UegiRQ caQ be UeTXeVWed

fRU Whe VeaUch. OWheU geQRPe YeUViRQV (³hg38´, ³PP39´, eWc.) caQ aOVR be XVed if Whe

chURPRVRPe FASTA fiOeV ORcaWiRQ iV added WR Whe XWUacWXacW.S\ VcUiSW¶V ³geW_geQRPe_SaWh´

fXQcWiRQ, aQd Whe YaUiabOeV ZiWhiQ Whe cRQfig fiOe (GTF_LOCATION, GTF_FILENAME,

SPECIES, OUTPUT_GENE_FILENAME, aQd CHR_DIR) aUe PRdified. The XWUacWXacW.S\
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VcUiSW WaNeV WheVe SaUaPeWeUV aQd ideQWifieV aOO PRWif PaWcheV VeSaUaWed b\ Whe YaUiRXV VSaceU

OeQgWhV iQ Whe chURPRVRPe fiOeV cRUUeVSRQdiQg WR Whe SURPRWeU RU iQWUageQic UegiRQV, SRWeQWiaO

TATA bR[eV, aQd RWheU XVefXO iQfRUPaWiRQ. The UeVXOWV Rf Whe PRWifV VeaUch aUe ZUiWWeQ WR a TSV

fiOe iQ aOShabeWicaO RUdeU b\ geQe QaPe.

TabOe 5. VaUiRXV SaUaPeWeU RSWiRQV iQ XWUacWXacW. SWUaQd RSWiRQ iQcOXdeV PiQXV, SOXV, aQd bRWh
VWUaQdV. GeQe RSWiRQ iV XVed WR VeaUch eiWheU Whe SURPRWeU RU iQWUageQic UegiRQ.

XWUacWXacW ZaV XVed WR RbWaiQ SRWeQWiaO SPSV fRU Whe hXPaQ (hg19) aQd PRXVe (PP10)

geQRPeV XViQg Whe SaUaPeWeUV VhRZQ iQ TabOe 6.

TabOe 6. AOO SaUaPeWeUV XVed iQ XWUacWXacW WR VeaUch SPS PRWifV iQ Whe hXPaQ aQd PRXVe
geQRPe. The iQSXW1.W[W fiOe cRQWaiQV Whe ViQgOe PRWif RTGRGAR. The iQSXW2.W[W fiOe cRQWaiQV Whe

PRWifV HYYHCAS, WYYMCAS, aQd YTCHCAY.
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FigXUe 10. CRPSOeWe XWUacWXacW SiSeOiQe. A. IQSXW PRWif fiOeV. B. MRWifV WUaQVOaWed WR UegXOaU
e[SUeVViRQV fURP IUPAC cRde. C. The hXPaQ RU PRXVe geQRPe iV VeaUched fRU Whe PRWifV. D.

MRWifV aQd ORcaWiRQV aUe e[WUacWed fURP Whe geQRPe. E. A VeaUch fRU SRWeQWiaO TATA bR[eV
XSVWUeaP Rf Whe SURPRWeU UegiRQ RU ZiWhiQ Whe geQeV. F. Tab-VeSaUaWed UeVXOWV fiOe fRU PRWif

PaWcheV iV cUeaWed fRU Whe XVeU WR e[SORUe.

TR checN ZheWheU Whe XWUacWXacW UeVXOWV caQ be WUXVWed, Whe NQRZQ SPS ViWeV fRU HeV1 aQd

HeV5 iQ hg19 aUe VeaUched iQ Whe XWUacWXacW UeVXOWV (TabOe 7). The HeV1 SPS RccXUV iQ Whe

SRViWiYe VWUaQd aQd Whe HeV5 SPS RccXUV iQ Whe QegaWiYe VWUaQd Rf Whe DNA, aQd WhiV caQ WeVW

ZheWheU XWUacWXacW SURceVVeV bRWh DNA VWUaQdV cRUUecWO\.

TabOe 7. KQRZQ SPS PRWifV XVed fRU XWUacWXacW YaOidaWiRQ. The VSaceU UegiRQ iV Whe QXPbeU Rf
QXcOeRWideV beWZeeQ Whe fiUVW CSL biQdiQg ViWe aQd Whe VecRQd CSL biQdiQg ViWe. The bROded fRQW

UeSUeVeQWV ViWe 1 aQd ViWe 2 PRWifV Rf Whe SPS.

XWUacWXacW ZaV XVed WR e[WUacW Whe WhUee SPS PRWifV (RTGRGAR[N*15-17]HYYHCAS,

RTGRGAR[N*15-17]WYYMCAS, RTGRGAR[N*15-17]YTCHCAY). OQce PRWifV VeaUch

UeVXOWV aUe RbWaiQed, Whe fROORZiQg VWeSV aUe SeUfRUPed fRU dRZQVWUeaP aQaO\VeV iQcOXdiQg

cOXVWeUiQg aQd Zeb ORgRV.

1. VSOiW_UeVXOWV.Vh - VSOiWV TSV UeVXOWV b\ VSaceU OeQgWh

2. geW_faVWa.S\ - cUeaWeV FASTA fRUPaWWed fiOeV fRU aOO VSOiW TSV UeVXOWV
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3. COXVWeU PRWif PaWcheV XViQg MROecXOaU EYROXWiRQaU\ GeQeWicV AQaO\ViV (MEGA) X ZiWh

Whe XQZeighWed SaiU gURXS PeWhRd ZiWh aUiWhPeWic PeaQ (UPGMA) aOgRUiWhP fRU Whe

HYYHCAS PRWif fRU hXPaQ SURPRWeU UeVXOWV ZiWh VSaceU OeQgWh 16 (FigXUe 11). The WeVW

Sh\ORgeQ\ PeWhRd iQcOXded ³NRQe´ RU ³BRRWVWUaS PeWhRd´. The bRRWVWUaS PeWhRd ZaV

QRW XVed dXe WR Whe VeTXeQceV cRQWaiQiQg a OaUge VSaceU UegiRQ. ThiV OaUge VSaceU UegiRQ

caQ UeVXOW iQ diffeUeQW cOadeV dXUiQg Whe UeVaPSOiQg SURceVV aV RQO\ Whe ViWe 1 aQd ViWe 2

PRWifV aUe cRQVeUYed. AOO RWheU SaUaPeWeUV aUe VeW WR defaXOW [28]. WiWhiQ Whe VXbVWiWXWiRQ

PRdeO, Whe Pa[iPXP cRPSRViWe OiNeOihRRd SaUaPeWeU iV eVWiPaWed b\ Pa[iPi]iQg Whe

VXP Rf ORg-OiNeOihRRdV fRU aOO SaiUZiVe diVWaQceV. The WUaQViWiRQV aQd WUaQVYeUViRQV

SaUaPeWeU PaNeV VXbVWiWXWiRQV Rf SXUiQe b\ a SXUiQe, a S\UiPidiQe b\ a S\UiPidiQe, a

SXUiQe b\ a S\UiPidiQe, RU a S\UiPidiQe b\ a SXUiQe eTXaOO\ SURbabOe. The UaWeV aPRQg

ViWeV SaUaPeWeU VeWV XQifRUP UaWeV b\ defaXOW. UQifRUP UaWe aVVXPeV YaUiaWiRQ aPRQg ViWeV

iQ Whe VeTXeQceV fROORZV a XQifRUP diVWUibXWiRQ. The SaWWeUQ aPRQg OiQeageV SaUaPeWeU iV

VeW b\ defaXOW WR hRPRgeQRXV aVVXPiQg hRPRgeQeRXV VXbVWiWXWiRQ SaWWeUQV aPRQg

OiQeageV. The daWa VXbVeW SaUaPeWeUV aUe VeW WR SaUWiaO deOeWiRQ aQd 95% Zhich deOeWeV

gaSV ZiWhiQ VeTXeQceV if WheUe aUe OeVV WhaQ 95% aPbigXRXV ViWeV.
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FigXUe 11. MEGA X GUI iQWeUface. FiUVW, Whe ³DaWa´ Wab iV VeOecWed WR XSORad Whe FASTA fiOe fRU
Whe HYYHCAS PRWif fRU hXPaQ UeVXOWV ZiWh VSaceU OeQgWh 16. Ne[W, Whe ³Ph\ORgeQ\´ Wab iV

VeOecWed WR cRQVWUXcW a UPGMA WUee XViQg VeOecW SaUaPeWeUV. AdaSWed fURP [28].

FigXUe 12. MEGA X SaUaPeWeUV XVed WR bXiOd Whe UPGMA WUee. AdaSWed fURP [28].

4. SXbWUeeV aUe e[WUacWed fURP Whe fXOO Sh\ORgeQeWic WUee fURP SWeS 3 cRQWaiQiQg Whe HeV1

aQd HeV5 SPS VeTXeQceV WR checN fRU VeTXeQce cRQVeUYaWiRQ ZiWhiQ Whe cOXVWeUV.
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5. BXiOd Zeb ORgRV Rf VXbWUeeV XViQg Whe WebLRgR 3 Zeb-baVed aSSOicaWiRQ:

hWWS://ZebORgR.WhUeeSOXVRQe.cRP/cUeaWe.cgi.

MSA Rf PRWifV VeaUch TSV UeVXOWV ZaV QRW SeUfRUPed aV Whe ViWe 1 aQd ViWe 2 Rf Whe SPS

iV cRQVeUYed. PeUfRUPiQg MSA caQ diVRUieQW Whe SRWeQWiaO SPS VeTXeQceV VXch WhaW gaSV aUe

iQVeUWed SUeYeQWiQg SURSeU aOigQPeQW Rf ViWe 1 aQd ViWe 2. TR aQaO\]e Whe HeV1 aQd HeV5 SPS

VeTXeQceV, a Sh\ORgeQeWic WUee XViQg Whe MEGA X UPGMA aOgRUiWhP ZaV XVed. The UPGMA

aOgRUiWhP iV a diVWaQce-baVed PeWhRd Zhich aVVXPeV Whe UaWe Rf eYROXWiRQ Rf Whe VeTXeQceV iQ Whe

daWa iV Whe VaPe [29]. UPGMA aOgRUiWhP caQ be XVed fRU daWa cRQWaiQiQg cRQVeUYed UegiRQV VXch

aV aQ SPS. Ne[W, Whe HeV1 aQd HeV5 SPS VeTXeQceV ZeUe ORcaWed ZiWhiQ Whe Sh\ORgeQeWic WUee,

aQd Whe VXbWUee cRQWaiQiQg WheVe aQd QeighbRUiQg VeTXeQceV ZeUe e[WUacWed aQd ZUiWWeQ iQWR a

FASTA fiOe WR bXiOd Zeb ORgRV.

2.2.1 XWUacWXacW FLOWHUHd

The HeV1 aQd HeV5 SPS VeTXeQceV aUe aSSUR[iPaWeO\ 25-35 baVe SaiUV XSVWUeaP Rf a

TATA bR[ aQd ViQce a TATA bR[ iV VRPeWiPeV UeTXiUed fRU SURSeU acWiYaWiRQ Rf NRWch WaUgeW

geQeV, iW ZRXOd be XVefXO WR fiOWeU Whe PRWif VeaUch UeVXOWV RbWaiQed fURP Whe

RTGRGAR[N*15-17]HYYHCAS, RTGRGAR[N*15-17]WMMYCAS, aQd

RTGRGAR[N*15-17]YTCHCAY PRWifV fRU Whe hXPaQ SURPRWeU UegiRQV WR QaUURZ dRZQ

SRWeQWiaO SPSV ZiWh a TATA bR[ dRZQVWUeaP.

2.3 XWUacWXacW aQd FIMO PHUIRUPaQcH MHWULcV

UVeUV Rf XWUacWXacW PighW fiQd SeUfRUPaQce PeWUicV XVefXO WR eVWiPaWe Whe WiPe iW WaNeV

XWUacWXacW WR UXQ RQ WheiU RZQ PRWifV. SiPSOe SeUfRUPaQce PeWUic WeVWV ZeUe dRQe fRU
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XWUacWXacW aQd WR cRPSaUe SeUfRUPaQce ZiWh FIMO Zhich RXWSXWV ViPiOaU fRUPaWWed UeVXOWV.

HPPeU ZaV QRW iQcOXded fRU SeUfRUPaQce PeWUic cRPSaUiVRQV aV Whe UeVXOWV ZeUe QRW XVabOe.

XWUacWXacW SeUfRUPaQce PeWUicV iQcOXded YaU\iQg QXPbeU Rf VSaceU OeQgWhV (15, 15/16,

15/16/17) RQ iQWUageQic aQd SURPRWeU UegiRQV Rf aOO hXPaQ geQeV. The SURPRWeU UegiRQV XVed

iQcOXded 500, 1500, aQd 2500 baVe SaiUV XSVWUeaP Rf aOO hXPaQ geQeV. The PRWif XVed fRU WhiV

WeVW ZaV Whe RTGRGAR[N*15-17]HYYHCAS SPS PRWif RQO\.

TR cRPSaUe XWUacWXacW aQd FIMO, YaUiRXV PeWUicV aUe aVVeVVed aV VhRZQ iQ TabOe 8.

ThiV iQcOXdeV Whe WiPe iW WaNeV fRU XWUacWXacW aQd FIMO WR UXQ a YaU\iQg QXPbeU Rf PRWifV (1, 5,

10, 15) ZiWh YaU\iQg cRPSOe[iW\ aQd a VSaceU OeQgWh Rf 16 fRU bRWh iQWUageQic aQd SURPRWeU

UegiRQV (500, 1500, 2500 baVe SaiUV XSVWUeaP Rf aOO hXPaQ geQeV). ThUee VeSaUaWe FASTA fiOeV

cRQWaiQiQg e[WUacWed SURPRWeU VeTXeQceV fRU aOO hg19 geQeV ZeUe cUeaWed aV iQSXW fRU FIMO, RQe

fRU each SURPRWeU OeQgWh. ThiV PRWif VeaUch VSace iQcOXdeV aOO chURPRVRPeV aQd bRWh VWUaQdV Rf

Whe DNA. The YaU\iQg cRPSOe[iW\ diPeUic PRWifV ZeUe UaQdRPO\ cUeaWed XViQg Whe ³chRiceV´

fXQcWiRQ ZiWhiQ P\WhRQ¶V UaQdRP PRdXOe. The chRiceV fXQcWiRQ UeWXUQV a OiVW Rf eOePeQWV ZiWh

UeSOacePeQWV aOORZiQg IUPAC chaUacWeUV WR aSSeaU PRUe WhaQ RQce UaQdRPO\. AQ e[aPSOe Rf Whe

cRde iV VhRZQ iQ FigXUe 13. OQe PRWif ZaV XVed aV Whe PRWif fRU ViWe 1 Rf Whe SPS aQd VXbVeTXeQW

PRWifV ZeUe XVed fRU ViWe 2 Rf Whe SPS. TabOe 9 VhRZV Whe YaUiRXV PRWifV XVed fRU Whe WeVW. The

ggSORW2 OibUaU\ iQ R SWXdiR iV XVed WR cUeaWe baU gUaShV WR YiVXaOi]e WeVW PeWUic cRPSaUiVRQV.

TabOe 8. TeVW PeWUicV WR cRPSaUe XWUacWXacW YV. FIMO. VaU\iQg QXPbeU Rf PRWifV ZeUe WeVWed (1,
5, 10, aQd 15). DiffeUeQW SURPRWeU OeQgWhV ZeUe WeVWed (2500, 1500, aQd 500 baVe SaiUV XSVWUeaP

Rf geQeV).
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TabOe 9. MRWif daWaVeW XVed WR WeVW XWUacWXacW aQd FIMO. 1, 5, 10, aQd 15 PRWifV ZeUe XVed WR
WeVW YaUiRXV SeUfRUPaQce PeWUicV.
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iPSRUW UaQdRP
OiVW_iXSac = ["A","C","G","T","R","Y","S","W","K","M","B","D","H","V","N"]
SUiQW(UaQdRP.chRiceV(OiVW_iXSac,7))
['D', 'C', 'Y', 'W', 'S', 'Y', 'S']

FigXUe 13. SaPSOe P\WhRQ cRde XVed WR RbWaiQ UaQdRP PRWifV XVed WR WeVW XWUacWXacW YV. FIMO.

TR VXPPaUi]e, Whe fROORZiQg PeWhRdV aQd SeUfRUPaQce PeWUicV WeVWV ZeUe XVed.

1. FIMO XViQg Whe DCYWSYS[N*16]MNKSGDA PRWif 2500 baVe SaiUV XSVWUeaP Rf aOO

hXPaQ geQeV.

2. HPPeU XViQg YaUiaWiRQV Rf Whe RTGRGAR PRWif RQ chURPRVRPe 1.

3. XWUacWXacW WR e[WUacW aOO WhUee SPS PRWifV fURP bRWh iQWUageQic aQd SURPRWeU (2500 baVe

SaiUV) UegiRQV Rf aOO hXPaQ aQd PRXVe geQeV.

4. XWUacWXacW SeUfRUPaQce PeWUic UeVXOWV.

5. XWUacWXacW YV. FIMO SeUfRUPaQce PeWUic UeVXOWV.

3. RESULTS

3.1 FIMO RHVXOWV

FIMO UeVXOWV iQcOXde Whe PRWif_id, VeTXeQce_QaPe, VWaUW, VWRS, VWUaQd, VcRUe, S-YaOXe, aQd

PaWched_VeTXeQce cROXPQV (TabOe 10). The PRWif_id iV Whe QaPe Rf Whe fiOe cRQWaiQiQg Whe PRWif

VeaUched. The VeTXeQce_QaPe cROXPQ YaOXeV aUe Whe headeUV fRU Whe UeTXiUed FASTA fiOe WhaW

FIMO VeaUcheV fRU Whe PRWif. AV VhRZQ iQ TabOe 10, Whe SaUWiaO UeVXOWV VhRZ chURPRVRPe Y

PaWched PRWifV. A WRWaO Rf 96,759 PRWif PaWcheV ZeUe UeSRUWed. The VWaUW aQd VWRS ORcaWiRQV

iQdicaWe Whe VWaUW aQd VWRS SRViWiRQV Rf Whe PaWched PRWif iQ Whe chURPRVRPe. SWUaQd ideQWifieV

Whe DNA VWUaQd iQ Zhich Whe PRWif PaWch ZaV fRXQd. The VcRUe cROXPQ VhRZV Whe PWM VcRUiQg

PaWUi[ VXPPed VcRUeV fRU each SRViWiRQ Rf Whe VeTXeQceV. The S-YaOXe iV Whe SURbabiOiW\ Rf a

UaQdRP VeTXeQce Rf Whe VaPe OeQgWh aV Whe TXeUied PRWif VeTXeQce PaWchiQg Whe SRViWiRQ iQ Whe

geQRPe ZiWh aQ eTXaO RU beWWeU VcRUe caOcXOaWed b\ FIMO¶V ORg-RddV PaWUi[.
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IQ cRPSaUiVRQ, XWUacWXacW had fRXQd RQO\ 939 PaWcheV fRU Whe VaPe

DCYWSYS[N*16]MNKSGDA PRWif ZiWhiQ Whe 2500 baVe SaiU SURPRWeU UegiRQ Rf aOO hXPaQ

geQeV.

TabOe 10. PaUWiaO FIMO UeVXOWV fRU Whe DCYWSYS[N*16]MNKSGDA PRWif.
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3.2 HMMER RHVXOWV

ReVXOWV aUe VhRZQ iQ FigXUe 14 afWeU UXQQiQg Whe QhPPeU cRPPaQd. ReVXOWV dR QRW

cRQWaiQ aQ\ SRWeQWiaO PRWif hiWV agaiQVW chURPRVRPe 1 XViQg Whe ViWe 1 RTGRGAR PRWif

YaUiaWiRQV,  WhRXgh PaQ\ UeVidXeV had SaVVed Whe YaUiRXV fiOWeUV. The RTGRGAR PRWif e[iVWV iQ

chURPRVRPe 1, bXW hPPeU did QRW UeSRUW aQ\ Rf Whe PaWcheV. ThiV iQdicaWeV a SRWeQWiaO SURbOeP

ZiWhiQ Whe XQdeUO\iQg hPPeU aOgRUiWhP fRU WhiV VSecific SURMecW gRaO Rf e[WUacWiQg SPS PRWifV

fURP Whe hXPaQ geQRPe.

FigXUe 14. ReVXOWV agaiQVW chURPRVRPe 1. NR hiWV deWecWed.
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3.3 XWUacWXacW RHVXOWV

XWUacWXacW UeVXOWV fiOeV aUe OiVWed XQdeU Whe ³XWUacWXacW MRWif ReVXOWV FiOeQaPeV´ cROXPQ

iQ TabOe 11. Each Rf WheVe fiOeV cRQWaiQ PXOWiSOe cROXPQV aQd SaUWiaO UeVXOWV Rf Whe hXPaQ

SURPRWeU fRU Whe RTGRGAR[N*15-17]HYYHCAS PRWif iV VhRZQ iQ TabOe 12. The MRWif2TATA

cROXPQ SURdXced b\ XWUacWXacW iQdicaWeV Whe QXcOeRWide OeQgWh fURP Whe eQd Rf Whe e[WUacWed

SPS PRWif WR a SRWeQWiaO TATA bR[ dRZQVWUeaP. If a TATA bR[ dReV QRW e[iVW dRZQVWUeaP, Whe

giYeQ YaOXe iV FaOVe. The TATA2GeQe cROXPQ iQdicaWeV Whe QXcOeRWide OeQgWh fURP Whe begiQQiQg

Rf Whe TATA bR[ WR Whe VWaUW ViWe Rf Whe dRZQVWUeaP geQe. If a TATA bR[ dReV QRW e[iVW, WhiV

cROXPQ YaOXe iV aOVR FaOVe. The MRWif2GeQe cROXPQ iQdicaWeV Whe QXcOeRWide OeQgWh beWZeeQ Whe

eQd Rf Whe SRWeQWiaO SPS PRWif WR Whe WUaQVcUiSWiRQ VWaUW ViWe Rf Whe geQe.

BRWh iQWUageQic aQd SURPRWeU UeVXOWV fRU each WeVWed PRWif fRU hXPaQ aQd PRXVe ZeUe

VSOiW iQWR YaUiRXV fiOeV VeSaUaWed b\ VSaceU OeQgWh (TabOe 11). The e[acW HeV1 aQd HeV5 SPS

VeTXeQceV ZiWh e[acW VWaUW aQd VWRS ORcaWiRQV ZeUe fRXQd iQ Whe XWUacWXacW UeVXOWV aV VhRZQ iQ

TabOe 13. The UCSC geQRPe cRRUdiQaWeV fRU Whe SPS aQd Whe diVWaQceV beWZeeQ Whe PRWif aQd

TATA bR[ ZeUe WhXV YaOidaWed aV VhRZQ iQ FigXUe 15 aQd 16.
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TabOe 11. AOO fiOeV cUeaWed fRU each ViWe 2 PRWif aQd VSaceU OeQgWhV.
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TabOe 12. PaUWiaO UeVXOWV fURP XWUacWXacW fRU RTGRGAR[N*15,16,17]HYYHCAS PRWif fRU
hXPaQ SURPRWeU.
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TabOe 13. HeV1 aQd HeV5 fRXQd iQ XWUacWXacW UeVXOWV ZiWh Whe cRUUecW UCSC geQRPe
cRRUdiQaWeV.

A.

B.

FigXUe 15. A. GeQRPic cRRUdiQaWeV fRU HeV1 iQcOXdiQg 50 baVe SaiUV dRZQVWUeaP WR YeUif\
cRUUecW XWUacWXacW UeVXOWV. B. GeQRPic VeTXeQce UeWXUQed XViQg HeV1 cRRUdiQaWeV. The TATA

bR[ ORcaWiRQ iV 24 baVe SaiUV fURP Whe SPS PRWif VWRS ORcaWiRQ.
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A.

B.

FigXUe 16. A. GeQRPic cRRUdiQaWeV fRU HeV5 iQcOXdiQg 50 baVe SaiUV dRZQVWUeaP WR YeUif\
cRUUecW XWUacWXacW UeVXOWV. ReYeUVe cRPSOePeQW iV checNed WR geW Whe QegaWiYe VWUaQd. B.

GeQRPic VeTXeQce UeWXUQed XViQg HeV5 cRRUdiQaWeV. The TATA bR[ ORcaWiRQ iV 23 baVe SaiUV
fURP Whe SPS PRWif VWRS ORcaWiRQ.

SiPiOaUO\, XWUacWXacW ZaV abOe WR ideQWif\ WhRXVaQdV Rf SRWeQWiaO SPS PRWif PaWcheV fRU

Whe SURPRWeU aQd iQWUageQic UegiRQV (TabOe 14) iQ Whe PRXVe geQRPe Rf Zhich SaUWiaO UeVXOWV aUe

VhRZQ iQ TabOe 15. TabOe 15 UeVXOWV iQcOXde ideQWicaO SPSV fRU Whe VaPe geQe. ThiV iV dXe WR VRPe

geQeV haYiQg PXOWiSOe WUaQVcUiSWV WhaW YaU\ iQ geQRPic ORcaWiRQ. The iQiWiaO XWUacWXacW fiOeV ZeUe

PRdified WR iQcOXde RQO\ RQe VWaUW aQd VWRS SRViWiRQ SeU geQe fRU Zhich QXPbeU Rf PaWcheV aUe

VhRZQ iQ TabOe 14. The eQWiUe geQRPic VeTXeQce (iQcOXdiQg iQWURQV aQd e[RQV) aUe iQcOXded iQ

Whe PRWif VeaUch.
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TabOe 14. NXPbeU Rf SPS PRWif PaWcheV fRXQd ZiWhiQ Whe SURPRWeU aQd iQWUageQic UegiRQV fRU
each ViWe 2 PRWifV fRU VSaceU OeQgWhV 15, 16, aQd 17 cRPbiQed. ReVXOWV fiOWeUed WR iQcOXde RQO\

XQiTXe SPSV SeU geQe.

Web ORgRV ZeUe cUeaWed fRU each Rf Whe VSOiW VSaceU OeQgWh fiOeV. The VSaceU UegiRQ fRU

SPSV aUe QRW NQRZQ WR be cRQVeUYed aQd Zeb ORgRV caQ be XVed WR fXUWheU YaOidaWe WhiV cOaiP. AV

e[SecWed, WheUe ZeUe QR cRQVeUYed QXcOeRWideV ZiWhiQ Whe VSaceU UegiRQ fRU aOO WhUee SPS PRWif

UeVXOWV aV VhRZQ iQ TabOe 16 aQd 17 fRU Whe hXPaQ aQd PRXVe SURPRWeU aQd iQWUageQic UegiRQV.

AOO PRWif PaWcheV fURP Whe RTGRGAR[N*16]HYYHCAS SPS PRWif RQO\ ZeUe cOXVWeUed.

FigXUeV 17 aQd 18 VhRZ Whe VXbWUee cOXVWeUV Rf Whe RTGRGAR[N*16]HYYHCAS PRWif

cRQWaiQiQg HeV1 aQd HeV5 SPS PRWifV.. COXVWeUiQg VeTXeQceV VhaUiQg highO\ ViPiOaU QXcOeRWideV

caQ be XVed WR ideQWif\ aQ\ iPSRUWaQW fXQcWiRQaO feaWXUeV RU PRWifV QRW eaViO\ VeeQ b\ VeTXeQce

ga]iQg aORQe. ThiV caQ UeYeaO Zhich e[acW PRWifV aUe cOXVWeUed WRgeWheU WhaW caQQRW be dRQe XViQg

a Zeb ORgR. SPS PRWifV fRU RWheU hXPaQ geQeV cOXVWeUed ZiWh HeV1 aQd HeV5 caQ be fXUWheU

SURceVVed dRZQVWUeaP WR ideQWif\ aQ\ diVWiQgXiVhabOe feaWXUeV VXch aV cRPPRQ geQe SaWhZa\V

Whe\ aUe iQYROYed iQ.
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TabOe 15. PaUWiaO UeVXOWV fURP XWUacWXacW fRU RTGRGAR[N*15,16,17]HYYHCAS PRWif fRU
PRXVe SURPRWeU.
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TabOe 16. LRgRV acURVV YaUiRXV PRWifV, VSaceU OeQgWhV, SURPRWeU, aQd iQWUageQic UegiRQV fRU
hXPaQ. IQdiYidXaO ORgRV cUeaWed XViQg Web LRgR 3.
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TabOe 17. LRgRV acURVV YaUiRXV PRWifV, VSaceU OeQgWhV, SURPRWeU, aQd iQWUageQic UegiRQV fRU
PRXVe. IQdiYidXaO ORgRV cUeaWed XViQg Web LRgR 3.
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FigXUe 17. OQe VXbWUee cOXVWeU Rf Whe fXOO RTGRGAR[N*16]HYYHCAS cRQWaiQiQg Whe HeV1
SPS PRWif. The QXPbeUV RQ each bUaQch iQdicaWe bUaQch OeQgWh.
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FigXUe 18. OQe VXbWUee cOXVWeU Rf Whe fXOO RTGRGAR[N*16]HYYHCAS cRQWaiQiQg Whe HeV5
SPS PRWif. The QXPbeUV RQ each bUaQch iQdicaWe bUaQch OeQgWh.

FigXUe 19. LRgR fRU Whe VXbWUee cOXVWeU (FigXUe 17) cRQWaiQiQg Whe HeV1 SPS PRWif
(GTGGGAA[N*16]TTCACAC. LRgR cUeaWed XViQg Web LRgR 3.

41



CONSERVATION AND PREVALENCE OF SEQUENCE PAIRED SITES IN HUMANS

FigXUe 20. LRgR fRU Whe VXbWUee cOXVWeU (FigXUe 18) cRQWaiQiQg Whe HeV5 SPS PRWif
(GTGGGAA[N*16]ACTCCAG). LRgR cUeaWed XViQg Web LRgR 3.

FigXUeV 19 aQd 20 VhRZ Whe VXbWUee cOXVWeU Zeb ORgRV cRQWaiQiQg Whe HeV1 aQd HeV5 SPS.

The HeV1 VXbWUee Zeb ORgR VhRZV cRQVeUYed QXcOeRWideV GTGGGA fRU ViWe 1 aQd CACA fRU ViWe

2. FRU Whe HeV5 VXbWUee Zeb ORgR, Whe cRQVeUYed QXcOeRWideV ZeUe GTGGGAG fRU ViWe 1 aQd

CAG fRU ViWe 2. SiWe 1 fRU bRWh Zeb ORgRV VhRZ VWURQg cRQVeUYaWiRQ Rf ViWe 1 cRPSaUed WR ViWe 2

aV e[SecWed.

3.3.1 XWUacWXacW FLOWHUHd RHVXOWV

The fiOWeUed_hXPaQ_HYYHCAS.WVY fiOe cRQWaiQed 48 SRWeQWiaO SPS PRWif PaWcheV.

TheVe aUe UeVXOWV cRQWaiQiQg 25-35 baVe SaiU diVWaQce beWZeeQ Whe SPS PRWif PaWch aQd a TATA

bR[. The fiOWeUed_hXPaQ_WYYMCAS.WVY cRQWaiQed 27 PaWcheV aQd Whe

fiOWeUed_hXPaQ_YTCHCAY.WVY fiOe cRQWaiQed 7 PaWcheV (TabOe 18-20).
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TabOe 18. FiOWeUed UeVXOWV fRU 25-35bS diVWaQce beWZeeQ SRWeQWiaO SPS PRWif aQd a
SRWeQWiaO TATA bR[ fRU Whe HYYHCAS ViWe 2 PRWif fRU Whe hXPaQ SURPRWeU.
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TabOe 19. FiOWeUed UeVXOWV fRU 25-35bS diVWaQce beWZeeQ SRWeQWiaO SPS PRWif aQd a
SRWeQWiaO TATA bR[ fRU Whe WYYMCAS ViWe 2 PRWif fRU Whe hXPaQ SURPRWeU.

TabOe 20. FiOWeUed UeVXOWV fRU 25-35bS diVWaQce beWZeeQ SRWeQWiaO SPS PRWif aQd a
SRWeQWiaO TATA bR[ fRU Whe YTCHCAY ViWe 2 PRWif fRU Whe hXPaQ SURPRWeU.

AOO XQiTXe geQeV fRXQd iQ each fiOWeUed fiOe aUe VhRZQ iQ TabOe 21. TheUe ZeUe fRUW\-WZR

geQeV fRXQd iQ Whe fiOWeUed_hXPaQ_HYYHCAS.WVY fiOe. TZeQW\-WhUee geQeV ZeUe fRXQd iQ Whe

fiOWeUed_hXPaQ_WYYMCAS.WVY fiOe aQd VeYeQ geQeV fRXQd iQ Whe

fiOWeUed_hXPaQ_YTCHCAY.WVY fiOe.
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TabOe 21. UQiTXe geQeV fRU each PRWif 2 fRU hXPaQ SURPRWeU ZiWh a 25-35bS diVWaQce
beWZeeQ SRWeQWiaO SPS PRWif aQd a SRWeQWiaO TATA bR[.
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3.4 XWUacWXacW aQd FIMO PHUIRUPaQcH MHWULcV RHVXOWV

FigXUeV 21 aQd 22 VhRZ Whe YaUiRXV SeUfRUPaQce PeWUic UeVXOWV Rf XWUacWXacW RQO\.

FigXUeV 23 aQd 24 VhRZ SeUfRUPaQce PeWUic UeVXOWV cRPSaUiQg XWUacWXacW aQd FIMO.

XWUacWXacW WRRN aSSUR[iPaWeO\ 4 PiQXWeV WR UXQ fRU Whe RTGRGAR[N*16]HYYHCAS

PRWif fRU Whe iQWUageQic UegiRQ. IW WRRN aSSUR[iPaWeO\ 40-60 VecRQdV WR UXQ fRU Whe

RTGRGAR[N*16]HYYHCAS PRWif RQ Whe YaUiRXV SURPRWeU UegiRQV (500, 1500, 2500bS). The

iQWUageQic UegiRQ WRRN ORQgeU dXe WR Whe UegiRQ beiQg a OaUgeU VeaUch VSace WhaQ MXVW Whe SURPRWeU

UegiRQV Rf aOO hXPaQ geQeV. IQ addiWiRQ, aV Whe VeaUch VSace geWV OaUgeU fRU Whe SURPRWeU UegiRQ

(2500bS), Whe WiPe iW WaNeV XWUacWXacW WR UXQ PXOWiSOe VSaceU OeQgWhV aOVR iQcUeaVeV.

FigXUe 21. TiPe WR UXQ XWUacWXacW ZiWh diffeUeQW VSaceU OeQgWhV fRU Whe
RTGRGAR[N*16]HYYHCAS SPS PRWif ZiWhiQ Whe iQWUageQic UegiRQV.
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FigXUe 22. TiPe cRQVXPed WR UXQ XWUacWXacW ZiWh Whe RTGRGAR[N*16]HYYHCAS SPS PRWif
fRU diffeUeQW VSaceU OeQgWhV ZiWh Whe 500, 1500, aQd 2500 baVe SaiU SURPRWeU UegiRQV.

XWUacWXacW UaQ aSSUR[iPaWeO\ WZice aV faVW aV FIMO ZheQ XViQg Whe VaPe SURPRWeU aQd

iQWUageQic UegiRQV aQd QXPbeU Rf PRWifV aV VhRZQ iQ FigXUe 23 aQd 24. The OaUgeU Whe VeaUch

VSace (2500bS SURPRWeU RU iQWUageQic UegiRQV), Whe ORQgeU iW WaNeV FIMO WR UeSRUW PaWcheV.

FigXUe 23. TiPe cRPSaUiVRQ beWZeeQ XWUacWXacW aQd FIMO acURVV YaUiRXV QXPbeU Rf PRWifV (1,
5, 10, 15) aQd SURPRWeU OeQgWhV (500, 1500, 2500).
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FigXUe 24. TiPe cRPSaUiVRQ beWZeeQ XWUacWXacW aQd FIMO acURVV YaUiRXV PRWifV fRU iQWUageQic
UegiRQV.

4. DISCUSSION

4.1 FIMO

FIMO caQ be XVed WR e[WUacW SRWeQWiaO VeTXeQceV XViQg a PWM. ThiV PWM caQ be

PaQiSXOaWed, bXW iW UeTXiUeV Whe XVeU WR XQdeUVWaQd Whe XQdeUO\iQg aOgRUiWhPV aQd caOcXOaWiRQV

XVed WR cRPSXWe Whe S-YaOXe aQd VcRUeV b\ Zhich Whe PaWcheV aUe UeSRUWed. The UeVXOWV UeWXUQed

b\ FIMO iQcOXde PaWcheV WhaW dR QRW aOigQ ZiWh Whe XVeU¶V PRWif PRVW OiNeO\ dXe WR Whe

XQdeUO\iQg PWM caOcXOaWiRQV. ThiV UeVXOWV iQ VeTXeQce PaWcheV WhaW iQcOXde RWheU QXcOeRWideV

QRW SURYided b\ Whe XVeU¶V PRWif aW ceUWaiQ SRViWiRQV UeVXOWiQg iQ QRQ-e[acW PaWcheV. The C

QXcOeRWideV aSSeaU iQ Whe PRWif PaWch UeVXOWV Zhich dR QRW cRUUeVSRQd WR Whe IUPAC cRde ³D´

fRU Whe DCYWSYS[N*16]MNKSGDA PRWif. UViQg diffeUeQW SaUaPeWeUV WR OiPiW Whe QXPbeU Rf

SRWeQWiaO PiVPaWcheV fRU Whe XVeU¶V PRWif iV difficXOW WR RYeUcRPe. The UCSC geQRPic
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cRRUdiQaWeV giYeQ fRU Whe PaWched VeTXeQce UeVXOWV aOVR dR QRW PaWch Whe WUXe UCSC geQRPic

cRRUdiQaWeV fRXQd RQ Whe UCSC GeQRPe BURZVeU. TheVe cRRUdiQaWeV caQ be XVed WR RbWaiQ geQe

iQfRUPaWiRQ dRZQVWUeaP Rf Whe PRWif PaWch Zhich caQQRW be dRQe if Whe cRRUdiQaWeV aUe

iQcRUUecW.

B\ defaXOW, FIMO¶V Zeb iQWeUface aOORZV Whe XVeU WR XSORad RU W\Se a VeTXeQce daWabaVe

Rf iQWeUeVW iQ FASTA fRUPaW. ThiV RSWiRQ, hRZeYeU, iV OiPiWed WR 80MB Zhich iV aSSUR[iPaWeO\

haOf Whe Vi]e Rf Whe 2500bS SURPRWeU UegiRQ Rf aOO hXPaQ geQeV (137MB). IQ addiWiRQ, Whe UeVXOWV

fRU a ViQgOe PRWif Rf iQWeUeVW iQ Whe eQWiUe hXPaQ geQRPe iV cRPSOeWed iQ aSSUR[iPaWeO\ 30

PiQXWeV. HRZeYeU, ZheQ FIMO iV UXQ XViQg a cXVWRP FASTA fiOe ZiWh Whe iQWUageQic UegiRQV

RQO\, Whe WiPe iQcUeaVeV dUaPaWicaOO\ aV VeeQ iQ FigXUe 24.

4.2 HMMER

HMMV aUe aQRWheU XVefXO VWaWiVWicaO WRRO WR WUaiQ aQd bXiOd PRdeOV WR e[WUacW PRWifV fURP

VeTXeQce daWabaVeV. HRZeYeU, Whe\ aUe QRW ideaO WR XVe fRU YeU\ VhRUW PRWif VeTXeQceV RU PRWifV

ZiWh ORQg gaSSed UegiRQV aV VeeQ ZheQ XViQg Whe RTGRGAR[N*16]HYYHCAS SPS PRWif RU

MXVW Whe ViWe1 RU ViWe 2 PRWifV OiNe HYYHCAS. ShRUW PRWifV fUeTXeQWO\ RccXU WhURXghRXW Whe

geQRPe, VR Whe SURbabiOiW\ caOcXOaWiRQV hPPeU XVeV ZiOO QRW cRQVideU VXch VhRUW PRWifV aV

VigQificaQW hiWV. ThRXgh SURfiOe HMMV aOORZ fRU iQVeUWiRQV aQd deOeWiRQV, PRWifV cRQWaiQiQg ORQg

gaSSed UegiRQV aUe QRW ideaO VeTXeQceV WR WUaiQ aQ HMM.

4.3 XWUacWXacW

XWUacWXacW VeaUcheV fRU e[acW PRWifV aOORZiQg Whe XVeU fOe[ibiOiW\ WhURXgh Whe YaUiRXV

SaUaPeWeUV aYaiOabOe. IQ addiWiRQ WR fiQdiQg PRWifV, XWUacWXacW aOVR SURYideV Whe dRZQVWUeaP

geQe aQd SRWeQWiaO TATA bR[ ORcaWiRQV. ThiV iQfRUPaWiRQ ZiOO be XVefXO WR XVeUV ZhR aUe VeeNiQg

WR ideQWif\ fXQcWiRQaOO\ UeOeYaQW PRWifV WR VWXd\ Whe effecWV Rf PXWaWiRQV RQ geQe acWiYaWiRQ. IQ
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addiWiRQ WR diPeUic PRWif VeaUcheV, XWUacWXacW caQ SRWeQWiaOO\ SURYide iQVighW iQWR WUiPeUic RU

RWheU PRUe cRPSOe[ biQdiQg PRWifV if Whe ViWeV aUe VSOiW SUiRU WR UXQQiQg Whe WRRO. The UeVXOWV fURP

XWUacWXacW caQ WheQ be XVed WR ORcaWe Whe PaWched PRWifV Zhich aUe cORVe iQ SUR[iPiW\ WR RQe

aQRWheU, SRWeQWiaOO\ ideQWif\iQg PRUe cRPSOe[ biQdiQg ViWeV.

TheUe cXUUeQWO\ e[iVWV QR WRRO WhaW iV abOe WR ORcaWe hXQdUedV Rf PRWifV OeW aORQe PiOOiRQV

RU biOOiRQV iQ a WiPe efficieQW PaQQeU. B\ XViQg MRb aUUa\V, XWUacWXacW caQ SURceVV OaUge daWaVeWV

iQ a WiPe efficieQW PaQQeU.

4.4 XWUacWXacW YV. FIMO

XWUacWXacW aQd FIMO WRROV haYe WheiU RZQ adYaQWageV aQd diVadYaQWageV. FIMO UXQV

VORZeU WhaQ XWUacWXacW dXe WR Whe PWM caOcXOaWiRQV aQd Whe ideQWificaWiRQ Rf PRUe PRWifV Zhich

dR QRW e[acWO\ PaWch Whe XVeU UeTXeVWed PRWif. The biggeVW SeUfRUPaQce diffeUeQce beWZeeQ

XWUacWXacW aQd FIMO RccXUV ZheQ VeaUchiQg Whe iQWUageQic UegiRQV. FIMO WaNeV cRQVideUabO\

ORQgeU WhaQ XWUacWXacW SRVVibO\ dXe WR Whe OaUge VeaUch VSace Rf Whe iQWUageQic UegiRQ cRPSaUed

WR Whe SURPRWeU UegiRQV eYeQ ZheQ VeaUchiQg fRU a VPaOO QXPbeU Rf PRWifV. SiPiOaUO\, FIMO

WaNeV ORQgeU fRU ORQgeU XSVWUeaP SURPRWeU OeQgWhV WhaQ XWUacWXacW bXW SeUfRUPV beWWeU fRU OeVV

QXPbeU Rf PRWifV VeaUched (1 PRWif fRU Whe 500 baVe SaiU XSVWUeaP UegiRQ). FIMO iV QRW ideaO fRU

high-WhURXghSXW daWa cRQWaiQiQg hXQdUedV WR PiOOiRQV Rf PRWif VeaUcheV. ThRXgh FIMO WaNeV

ORQgeU fRU Whe WeVWed daWabaVeV, FIMO SURYideV Whe adYaQWage Rf VeaUchiQg Whe eQWiUe hXPaQ

geQRPe. HRZeYeU, fXUWheU SURceVViQg Rf Whe daWa QeedV WR be SeUfRUPed WR SURYide dRZQVWUeaP

geQeV aQd ORcaWiRQV, TATA bR[ ORcaWiRQV, aQd RWheU UeOeYaQW iQfRUPaWiRQ WhaW PighW be XVefXO fRU

VcieQWiVWV.
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4.5 DRZQVWUHaP AQaO\VHV

The iQWUageQic UegiRQ had PRUe SRWeQWiaO SPS UeVXOWV WhaQ Whe SURPRWeU UegiRQ. The

HYYHCAS PRWif iQ SaUWicXOaU had Whe OaUgeVW QXPbeU Rf UeVXOWV aW 2,078 PaWcheV fRU Whe

SURPRWeU UegiRQ aQd 20,416 PaWcheV fRU Whe iQWUageQic UegiRQ. ThiV iV dXe WR Whe addiWiRQaO

QXcOeRWideV XViQg Whe IUPAC cRde H cRPSaUed WR Whe IUPAC cRde M aQd Y iQ Whe PRWifV

WYYMCAS aQd YTCHCAY. YTCHCAY UeVXOWed iQ Whe OeaVW QXPbeU Rf PaWcheV (251 fRU

hXPaQ SURPRWeU aQd 3,696 fRU hXPaQ iQWUageQic).

The Zeb ORgR UeVXOWV iQ TabOeV 16 aQd 17 acURVV Whe YaUiRXV PRWifV, VSaceU OeQgWhV,

SURPRWeU, aQd iQWUageQic UegiRQV VhRZ cRQVeUYed QXcOeRWideV Zhich PaWch Whe ViWe1 aQd ViWe 2

SPS PRWifV. FigXUeV 19 aQd 20 VhRZiQg Whe HeV1 aQd HeV5 VXbWUee Zeb ORgRV VhRZ ViPiOaU ViWe 1

aQd ViWe 2 SPS cRQVeUYed PRWifV. TheVe VXbWUeeV cRQWaiQ VOighWO\ PRUe cRQVeUYed QXcOeRWideV aW

YaU\iQg UegiRQV Rf Whe fXOO OeQgWh VeTXeQce dXe WR XViQg a VPaOOeU VXbVeW Rf Whe OaUgeU daWa.

COXVWeUiQg XViQg MEGAX XVed WR cUeaWe Whe Zeb ORgRV YaOidaWed SUeYiRXV fiQdiQgV iQ Whe

OiWeUaWXUe Rf SRWeQWiaO cU\SWic ViWeV fRU SPSV. The VXbWUee fRU HeV5 VhRZed PRUe cRQVeUYed

QXcOeRWideV iQ ViWe 1 WhaQ Whe VXbWUee fRU HeV1 ViWe 1, VSecificaOO\ Whe GGG QXcOeRWideV iQ ViWe 1 Rf

Whe HeV5 VXbWUee ZebORgR. ThiV VhRZV WhaW cU\SWic ViWeV VXch aV Whe ViWe 2 fRU HeV5 PighW UeTXiUe

VWURQgO\ cRQVeUYed ViWe 1 QXcOeRWideV WhaW biQd WR CSL cRQWaiQiQg Whe GGG QXcOeRWideV. The fXOO

daWaVeW Zeb ORgRV VhRZ QR cRQVeUYed QXcOeRWideV ZiWhiQ Whe VSaceU UegiRQ, bXW Whe HeV1 aQd

HeV5 VXbWUeeV VhRZ VRPe cRQVeUYaWiRQ aW WheVe SRViWiRQV. If Whe HeV1 aQd HeV5 VXbWUeeV iQcOXde

WUXe SPSV, WheVe cRQVeUYed QXcOeRWideV VhRXOd be fXUWheU iQYeVWigaWed fRU iPSRUWaQce WR RWheU

WUaQVcUiSWiRQaO eOePeQWaO cRQWacWV.
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4.6 FXWXUH DLUHcWLRQV

ThRXgh XWUacWXacW SURYideV e[acW PRWif PaWcheV aQd geQe iQfRUPaWiRQ, fXUWheU

iPSURYePeQWV caQ be Pade. IQ addiWiRQ WR PRWif VeaUchiQg aQd geQe fiQdiQg, XWUacWXacW caQ be

e[SaQded WR iQcOXde VeaUcheV fRU RWheU WUaQVcUiSWiRQ facWRU biQdiQg ViWeV QeaU Whe PaWched PRWif

ViWeV XViQg Whe JASPAR PWM daWabaVe. ThiV caQ SURYide aQRWheU addiWiRQaO WRRO WR ideQWif\

UegXOaWRU\ eOePeQWV VXUURXQdiQg PRWifV Rf iQWeUeVW. CXUUeQWO\, XWUacWXacW aXWRPaWicaOO\ iWeUaWeV

WhURXgh iQSXW ViWe 1 aQd ViWe 2 PRWif fiOeV VXch WhaW each ViWe 1 iV SaiUed ZiWh eYeU\ ViWe 2 PRWif.

XWUacWXacW caQ be PRdified WR aOORZ SaiUiQg Rf URZ 1 iQ Whe ViWe 1 PRWif fiOe ZiWh SaiU 1 iQ Whe ViWe

2 PRWif fiOe. ThiV caQ SUeYeQW XQZaQWed ViWe 1 aQd ViWe 2 cRPbiQaWiRQV.

XWUacWXacW aOORZV fRU SURPRWeU aQd iQWUageQic VeaUcheV RQO\. ThiV iV dXe WR Whe WiPe iW

WaNeV Whe WRRO WR fiQd e[acW PRWif PaWcheV fRU aQ eQWiUe hXPaQ geQRPe. TR aOORZ fRU eQWiUe

geQRPe VeaUcheV, P\WhRQ PXOWiWhUeadiQg caQ be iQcRUSRUaWed WR TXicNeQ WRRO SeUfRUPaQce. If Whe

UeVXOWV fURP FIMO caQ be XVed WR RbWaiQ iQiWiaO UeVXOWV fRU ZhROe geQRPe VeaUch, iW caQ be

SRWeQWiaOO\ e[WeQded WR iQcOXde UeOeYaQW geQe aQd PRWif iQfRUPaWiRQ WhaW XWUacWXacW SURYideV if

Whe UCSC geQRPic cRRUdiQaWeV aUe cRUUecW. CRPbiQiQg bRWh WRROV WR WaNe adYaQWage Rf ZhaW each

haV WR RffeU caQ iPSURYe SeUfRUPaQce fRU PRWif VeaUcheV iQ geQRPeV.

A difficXOW\ WhaW aUiVeV ZheQ cRPSaUiQg XWUacWXacW UeVXOWV fURP Whe hXPaQ geQRPe WR Whe

PRXVe geQRPe iV Whe cRQViVWeQc\ Rf Whe geQe QaPeV. UCSC GeQRPe BURZVeU fROORZV Whe

RefSeT geQe QaPiQg VchePe aQd PighW QRW eaViO\ cRQYeUW WR geQe QaPeV XVed iQ RWheU daWabaVeV.

IQVWead Rf XViQg RefSeT, fXWXUe ZRUN ZiOO XVe EQVePbO geQe IDV aV WheVe IDV caQ be fRXQd acURVV

YaUiRXV daWabaVeV. If WhiV caQ be RYeUcRPe, Whe UeVXOWV acURVV VSecieV caQ be fXUWheU aQaO\]ed WR

fiQd SRWeQWiaO RYeUOaSSiQg geQeV aQd SPSV Zhich caQ be XVed WR SeUfRUP geQe aQaO\VeV.
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The ZebViWe YeUViRQ Rf XWUacWXacW iV cXUUeQWO\ iQ deYeORSPeQW. ThiV ZiOO aOORZ XVeUV WR

UeadiO\ XVe Whe WRRO ZiWhRXW OeaUQiQg hRZ WR UXQ WRROV Yia Whe cRPPaQd OiQe PaNiQg iW PRUe

acceVVibOe. The ZebViWe YeUViRQ UeTXiUeV Whe VaPe SaUaPeWeUV aV Whe cRPPaQd OiQe YeUViRQ, aQd

fXWXUe deYeORSPeQWV ZiOO aOORZ fRU Whe e[SORUaWiRQ Rf Whe UeVXOWV fRU Sh\ORgeQeWic WUee bXiOdiQg

aQd Zeb ORgRV.
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