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RhfmhwaSmad

Mechanisms o> emergence and
early diversiAcation o> structured
proteins present deep and
diCcult problems in evolutionary
biology. Here we excavate the
deepest evolutionary history,
>ound within the translation
machinery, which is an ancient
molecular >ossil and the
birthplace o> all proteins. We
provide evidence supporting
common origins o> some o> the
simplest, oldest, and most
common protein >olds. The data
suggest a mechanism, that we
call creative destruction, that
explains at molecular level how
old >olds spawn new >olds. In this
mechanism, new >olds emerge
>rom old >olds via gene
duplication, protein expression,
exploration o> new >olding
landscapes, and adaptation.
Creative destruction explains the
>acile emergence o> complex
>rom simple architectures in a
>unneled exploration.
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LdbgWmhrlr�ne�dldqfdmbd�Wmc�chudqfdmbd�ne�oqnsdhm�enkcr�onrd�bdmsqWk�ptdrshnmr�hm�
ahnknfhbWk�rbhdmbdr-�HmbqdldmsWk�ltsWshnm�Wmc�rsdovhrd�WcWosWshnm�dwokWhm�qdkWshnm,
rghor�adsvddm�snonknfhbWkkx�rhlhkWq�oqnsdhm�enkcr-�Fnvdudq)�sgd�tmhudqrd�ne�enkcr�hr�
chudqrd�Wmc�qhnsntr)�rtffdrshmf lnqd�onsdms�Wmc bqdWshud enqbdr�Wqd�Ws�okWx-�Odptdmbd�
Wmc�rsqtbstqd�rhlhkWqhsx�Wqd�nardqudc�adsvddm�chrshmbs�enkcr)�hmchbWshmf�sgWs�oqnsdhmr�
vhsg�chrshmbs�enkcr�lWx�rgWqd�bnllnm�Wmbdrsqx-�Sd�entmc�duhcdmbd�ne�bnllnm�Wmbdr,
sqx�adsvddm�sgqdd�chrshmbs�β,aWqqdk�enkcr3�Obq�ihmWrd�eWlhkx�gnlnknfx� OF/()�nkhfn,
mtbkdnshcd.nkhfnrWbbgWqhcd,ahmchmf�  MA()� Wmc� bqWckd� knno� aWqqdk�  BIA(-�zd� cWsW�
rtffdrs�W�ldbgWmhrl�ne�enkc�dunktshnm�sgWs�hmsdqbnmudqsr�OF/)�MA)�Wmc�BIA-�zhr�
ldbgWmhrl)�vghbg�vd�bWkk�bqdWshud�cdrsqtbshnm)�bWm�ad�fdmdqWkhydc�sn�dwokWhm�lWmx�
dwWlokdr�ne�enkc�dunktshnm�hmbktchmf�bhqbtkWq�odqltsWshnm-�Hm�bqdWshud�cdrsqtbshnm)�Wm�
nodm�qdWchmf�eqWld�ctokhbWsdr nq�nsgdqvhrd�ldqfdr�vhsg�Wmnsgdq�sn�oqnctbd�W�etrdc�
onkxodoshcd-�;�ldqfdq�enqbdr�svn�WmbdrsqWk�cnlWhmr�hmsn�W�mdv�rdptdmbd�Wmc�roWshWk�
bnmsdws-�zd�etrdc�onkxodoshcd�bWm�dwoknqd�enkchmf�kWmcrbWodr�sgWs�Wqd�hmWbbdrrhakd�sn�
dhsgdq�ne�sgd�hmcdodmcdms�WmbdrsqWk�cnlWhmr-�Fnvdudq)�sgd�enkchmf�kWmcrbWodr�ne�sgd�
etrdc�onkxodoshcd�Wqd�mns�etkkx�hmcdodmcdms�ne�sgnrd�ne�sgd�WmbdrsqWk�cnlWhmr-�BqdWshud�
cdrsqtbshnm�hr�sgtr�oWqshWkkx�bnmrdquWshud:�W�cWtfgsdq�enkc�hmgdqhsr�rnld�lnsher�eqnl�
WmbdrsqWk�enkcr-�;esdq�ldqfdq�Wmc�qdenkchmf)�WcWoshud�oqnbdrrdr�rtbg�Wr�ltsWshnm�Wmc�
knrr�ne�dwsqWmdntr�rdfldmsr�noshlhyd�sgd�mdv�cWtfgsdq�enkc-�zhr�lncdk�gWr WookhbW,
shnm�hm�chrdWrd�rsWsdr�bgWqWbsdqhydc�ax�fdmdshb�hmrsWahkhsx-�Ctrdc�oqnsdhmr�nardqudc�hm�
bWmbdq�bdkkr�Wqd�khidkx�sn�dwodqhdmbd�qdlncdkdc�enkchmf�kWmcrbWodr�Wmc�qdWkhyd Wksdqdc�
enkcr)�bnmedqqhmf mdv�nq�Wksdqdc�etmbshnmr-

domain | DNA replication | tandem repeat | translation | OB->old

fid�rhlokdrs�Wmc�lnrs�Wmbhdms�oqnsdhm�enkcr�Wqd�athks�eqnl�W�rlWkk�rds�ne�rtodqrdbnmcWqx�
rsqtbstqdr�’0(-�fid�mtladq�ne�oqnsdhm�enkcr�dwoWmcdc�nudq�shld�sn�enql�sgd�uWrs�tmhudqrd�
ne�oqnsdhm�etmbshnm�hm�bnmsdlonqWqx�ahnknfx�’1“3(-�Oqnsdhm�enkcr�chudqrhffidc�hm�W�etmmdkdc�
dwoknqWshnm:�sgdqd�hr�hmrtffbhdms�shld�Wmc�qdrntqbdr�hm�sgd�tmhudqrd�sn�ffimc�mnudk�enkcr�ax�
qWmcnl�rdWqbghmf�ne�rdptdmbd�roWbd�’4(-
?�enkc�hr�W�rodbhffib�WqqWmfdldms�ne�oqnsdhm�rdbnmcWqx�rsqtbstqWk�dkdldmsr�Wmc�aWbjanmd�

snonknfx� ’5(� sgWs� hmbnqonqWsdr� hmenqlWshnm� eqnl�uWqhntr�ghdqWqbghbWk� kdudkr�ne�oqnsdhm�
rsqtbstqd-�?s�sgd�aWrd�ne�sgd�oqnsdhm�rsqtbstqd�ghdqWqbgx)�sgd�onkxodoshcd�aWbjanmd�enqlr�
hmsqWlnkdbtkWq�gxcqnfdm�anmcr�vhsghm�α,gdkhbdr)�β,rgddsr)�Wmc�knnor�’6) 7(-�?s�sgd�mdws�
kdudk�ne�sgd�ghdqWqbgx)�sgdrd�rdbnmcWqx�rsqtbstqWk�dkdldmsr�bnlahmd�sn�enql�rtodqrdbnmcWqx�
rsqtbstqWk�dkdldmsr�rtbg�Wr�β,α,β�nq�gdkhw,stqm,gdkhw�’8“01(-�?s�dudm�ghfgdq�kdudkr�ne�sgd�
ghdqWqbgx)�rdbnmcWqx�Wmc�rtodqrdbnmcWqx�rsqtbstqWk�dkdldmsr�enql�fknatkWq�rdke,Wrrdlakhdr�
’1)�02)�03(-

fid�nqhfhmr�ne�oqnsdhm�enkcr�Wmc�sgd�dunktshnmWqx�ldbgWmhrlr�ne�enkc�chudqrhffibWshnm�
onrd�bdmsqWk�ptdrshnmr�hm�ahnknfhbWk�rbhdmbdr-�Gnv�chc�Wmbhdms�enkcr�Wqhrd�’0(>�VgWs�hr�sgd�
qnkd�ne�sgd�qhanrnlWk�dwhs�stmmdk�Wmc�bgWodqnmdr�hm�sgd�dWqkx�dunktshnm�ne�oqnsdhm enkchmf�
’04(>�VgWs�dunktshnmWqx�ldbgWmhrlr�kdc�sn�sgd�chudqrd�rds�ne�oqnsdhm�enkcr�hm�bnmsdlon,
qWqx�ahnknfhbWk�rxrsdlr>�Vgx�chc�mdWqkx�3�ahkkhnm�xdWqr�ne�enkc�dunktshnm�oqnctbd�kdrr�sgWm�
1)///�chrshmbs�enkcr>�Enkc�dunktshnm�ltrs�nudqbnld�nmd�nq�lnqd�aWqqhdqr�’04)�05(�Wmc�hr�
rdkcnl�cqhudm�ax�onhms�ltsWshnmr�’06(-�Mtldqntr�rlWkk�rsdovhrd�bgWmfdr�qWqdkx�Wbbntms�
enq�bnmudqrhnm�ne�nmd�oqnsdhm�enkc�sn W�etmcWldmsWkkx�ch dqdms�enkc�’07“1/(-�HmbqdldmsWk�
ltsWshnm�bWm�bnmudqs�nmd�sxod�ne�rdbnmcWqx�dkdldms�sn�Wmnsgdq�’10(�nq�bWm�bWtrd�hmrdqshnmr�
sgWs�cdbnqWsd�W�bnqd�rsqtbstqd�’11(-
Gdqd)�vd�cdrbqhad�W�fdmdqWk�ldbgWmhrl�ne�bqdWshnm�ne�cWtfgsdq�enkcr�eqnl�WmbdrsqWk�

enkcr-�Hm�ntq�lncdk)�cWtfgsdq�enkcr�bWm�ad�ch dqdms�eqnl�WmbdrsqWk�enkcr�Wmc�Ws�sgd�rWld�
shld�bWm�hmgdqhs�rnld�dkdldmsr-�Enkc�hmmnuWshnm�hm�sghr�lncdk�rsWqsr�vhsg�bgWmfdr�hm�fdmd�
rsqtbstqd�sgWs�Wqd�jmnvm�sn�ad�eqdptdms-�Enq�dwWlokd)�Wm�nodm�qdWchmf�eqWld�bWm�sqtmbWsd�
’12()�ctokhbWsd�’13()�nq�ldqfd�vhsg�Wmnsgdq�nodm�qdWchmf�eqWld�’14(-�fid�oqnctbs�ne�sgd�
fdmdshb�sqWmrenqlWshnm�bWm�ad�W�onkxodoshcd�’Ehf-�0� �Wmc�A(�vhsg�W�rdptdmbd�sgWs�cndr�
mns�WbbnllncWsd�sgd�WmbdrsqWk�enkc-�fid�WmbdrsqWk�enkc�bWm�ad�cdrsWahkhydc�hm�sgd�mdv�
rdptdmbd�ax�sgd�Wardmbd�ne�rnld�rdbnmcWqx�dkdldmsr�nq�ax�ogxrhbWk�hlohmfdldms�adsvddm�
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WmbdrsqWk� dkdldmsr� ’15(-�fid�lnchffidc�onkxodoshcd� bWm�dwoknqd�
enkchmf�kWmcrbWodr�sgWs�Wqd�hmWbbdrrhakd�sn�sgd�WmbdrsqWk�rdptdmbd’r(-�
Rodbhffib�rsWahkhyhmf�hmsdqWbshnmr�hm�sgd�cWtfgsdq�enkc�lhfgs�ad�kdrr�
oqnaWakd�Wmc�vntkc�nmkx�Wqhrd�enq�rnld�rdptdmbdr-
Ntq� lncdk� ne� oqnsdhm� enkc� hmmnuWshnm� gWr� WmWknfx� vhsg�

Rbgtlodsdq%r� lncdk� ne� dbnmnlhb� hmmnuWshnm)� bWkkdc� bqdWshud�
cdrsqtbshnm� ’16(-� Hm�Rbgtlodsdq%r�lncdk)� bqdWshnm�ne�cWtfgsdq�
oqnctbsr� hmunkudr� cdrsqtbshnm� ne� WmbdrsqWk� oqnctbsr-� CWtfgsdq�
oqnctbsr�bWm�hmgdqhs�edWstqdr�ne�Wmbdrsnqr ats�bWm�hm�drrdmbd�ad�
ch dqdms�eqnl�sgdl-�fid�dunktshnm�ne�rlWqs�ognmdr�hr�Wm�dwWlokd�
ne�bqdWshud�cdrsqtbshnm�’17(-�Dkdldmsr�ne�WmbdrsqWk�vhqdc�ognmdr)�
bnlotsdqr)�bWldqWr)�fknaWk�onrhshnmhmf)�Wmc�nsgdq�sdbgmnknfhdr�
ldqfdc� sn� bqdWsd� W� cWtfgsdq”sgd� rlWqs� ognmd-�fid� cWtfgsdq�
rlWqs�ognmd�hmgdqhsdc�lWmx�edWstqdr�ne�sgd�Wmbdrsnqr-�fidrd�edW,
stqdr�hmsdqWbs�hm�rodbhffib�vWxr�hm�sgd�cWtfgsdq�sgWs�Wqd�mns�onrrhakd�
hm�sgd�Wmbdrsnqr-�RlWqs�ognmdr�bqdWsdc�mdv�etmbshnmWk�mhbgdr�sgWs�
vdqd�mns�Wbbdrrhakd�sn�sgd�Wmbdrsnqr-�Rbgtlodsdq%r�bqdWshud�cdrsqtb,
shnm�gWr�rsqnmf�WmWknfx�sn�sgd�oqnbdrrdr�ne�enkc�dunktshnm)�hkktr,
sqWshmf� W� fdmdqWk� Wmc� Wbbdrrhakd� oWsgvWx� sn� enkc� hmmnuWshnm-�
BqdWshud�cdrsqtbshnm�ne�oqnsdhm�enkcr�lWx�Wbbntms�enq�ltbg�ne�
nardqudc�chudqrhsx�Wmc�W nqcr�dwodqhldmsWk�Wmc�bnlotsWshnmWk�
WooqnWbgdr�sn�dwoknqWshnm�ne�mdv�enkc�roWbd-
Gdqd�vd�vhkk�enbtr�nm�fdmd�etrhnmr�Wr�hmhshWshmf�dudmsr�hm�bqdW,

shud�cdrsqtbshnm�ne�oqnsdhm�enkcr�’Ehf-�0B(-�Fdmd�etrhnm)�onkxodo,
shcd� dwoqdrrhnm)� Wmc� dwoknqWshnm�ne�mdv� enkchmf� kWmcrbWodr� Wqd�
enkknvdc�ax�WcWoshud�oqnbdrrdr�rtbg�Wr�ltsWshnm�Wmc�knrr�ne�dwsqW,
mdntr�rdfldmsr�sn�noshlhyd�sgd�cWtfgsdq�enkc-�Hm�sghr�lncdk)�sgd�
enkchmf� kWmcrbWod� ne� W� etrdc� cWtfgsdq� onkxodoshcd� hr� mns� etkkx�
hmcdodmcdms�ne�sgnrd�ne�sgd�WmbdrsqWk�cnlWhmr-�Rnld�rdbnmcWqx�
Wmc�rtodqrdbnmcWqx�rsqtbstqWk�dkdldmsr�lWx�ad�qdsWhmdc�hm�sgd�
cWtfgsdq�enkc-�BqdWshud�cdrsqtbshnm�ne�enkcr�hr�sgtr�oWqshWkkx�bnm,
rdquWshud�hm�sgWs�W�cWtfgsdq�enkc�hmgdqhsr�rnld�lnsher�eqnl�Wmbdr,
sqWk�enkcr�Wmc�vntkc�Wkrn�bnmsWhm�mdv�dkdldmsr�’Ehf-�0C(-

BhqbtkWq�odqltsWshnm�hr�W�bnllnm�Wmc�dwokWmWsnqx�dwWlokd�
ne�enkc�dunktshnm�ax�bqdWshud�cdrsqtbshnm�’Ehf-�0� xC(-�Svn�oqn,
sdhmr� qdkWsdc� ax� bhqbtkWq� odqltsWshnm� ch dq� ax� bnmmdbshnmr�
adsvddm�rdbnmcWqx�dkdldmsr)�ats�nsgdqvhrd�WoodWq�bnmrdqudc-�
Ch dqdmbdr�hm�bhqbtkWqkx�odqltsdc�WmbdrsqWk�’Ehf-�0 (�Wmc�cWtfg,
sdq�oqnsdhm�enkcr�’Ehf-�0C(�lhfgs�ad�hmsdqoqdsdc�sn�rtffdrs�sgWs�
bgWmfd� hr� Wbbnlokhrgdc� rhlokx�ax� qdWqqWmfdldmsr�ne� khmjWfdr�
adsvddm�rdbnmcWqx�rsqtbstqWk�dkdldmsr-�fiWs�ldbgWmhrl)�Ws�sgd�
onkxodoshcd� kdudk)� gWr� addm� nardqudc� nmkx� hm� bnmbWmWuWkhm� ?�
’18(-�fid�lWinqhsx�ne�bhqbtkWqkx�odqltsdc�oqnsdhmr�hm�mWstqd�vdqd�
fdmdqWsdc�ax�dunktshnmWqx�oqnbdrrdr�sgWs�hmunkud�fdmd�ctokhbW,
shnm�’10)�2/(�Wmc�dwoqdrrhnm�ne�etrdc�onkxodoshcdr�vhsg�qdlnc,
dkdc� enkchmf� kWmcrbWodr-� ?� etrdc� onkxodoshcd� bWm� oWqshWkkx�
bnmrdqud� rdbnmcWqx� Wmc� rtodqrdbnmcWqx� rsqtbstqWk� dkdldmsr�
ctqhmf�enkchmf�’Ehf-�0B(-�?mbdrsqWk�enkcr�Wqd�oWqshWkkx�cdrsqnxdc�
ctqhmf�bhqbtkWq�odqltsWshnm-
Gdqd�vd�cnbtldms�bqdWshud�cdrsqtbshnm�ne�sgd�WmbdrsqWk�enkc�ne�

sgd�yhmb,ahmchmf�qhanrnlWk�oqnsdhm�tK22)�sn�fhud�W�bhqbtkWqkx�odq,
ltsdc�uWqhWms�’20(-�fid�ldbgWmhrl�dmsWhkr�hmsdqmWk�ctokhbWshnm�
ne�sgd�tK22�fdmd�’Ehf-�1A()�enkc�cdrsqtbshnm�’Ehf-�1B()�enkc�bqdW,
shnm�’hm�W�qdlncdkdc�kWmcrbWod()�Wmc�WcWosWshnm�’Ehf-�1C(-�fid�
rdbnmcWqx�dkdldmsr�ne�sgd�svn�Wmbdrsnqr�Wqd�rdlh,bnmrdqudc�hm�sgd�
cWtfgsdq�enkc�’gWke�ne�sgdl�Wqd�bnmrdqudc�Wmc�sgd�nsgdq�gWke�Wqd�
knrs)�Ehf-�1C(-
Vd�oqnuhcd�rtoonqs)�nm�sgd�kdudk�ne�rdptdmbd�Wmc�sgqdd,chldm,

rhnmWk� ’2C(� rsqtbstqd)� enq� bqdWshud�cdrsqtbshnm�ne�oqnsdhm� enkcr-�
Ntq�enbtr�hr�nm�rnld�ne�sgd�nkcdrs)�rhlokdrs)�Wmc�lnrs�tahpthsntr�
enkcr�hm�ahnknfx-�Udrshfdr�ne�bqdWshud�cdrsqtbshnm�Wqd�nardqudc�ax�
bnloWqhrnmr�ne� sgqdd�Wmbhdms�β,aWqqdk� enkcr� ’Ehf-�2(9�Rbq�jhmWrd�
eWlhkx�gnlnknfx�2�’RG2(:�nkhfnmtbkdnshcd.nkhfnrWbbgWqhcd,ahmc,
hmf�’NA(�’21(:�Wmc�bqWckd�knno�aWqqdk�’BKA(�’22(-�Vd�trd�BKA�
sn�qdedq�sn�sgd�?kWmhmd�PWbdlWrd�B�snonknfx�ne�sgd�BKA�enkc�’23(-�
Oqnsdhmr� vhsg� RG2)�NA)� Wmc� BKA� enkcr� Wqd� entmc� hm� bdmsqWk�
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Fig. 1. Creative destruction. Top: Creative destruction as a mechanism o> circular permutation; genes >use, an ancestral >old is destroyed, and a daughter >old
is created. This Agure shows, in three-dimensions, (A) an ancestral >old (PDB: 5YYA), (B) the notional ancestral >olds o> the >used polypeptide (PDB: 5YYA), (C) the
immature daughter >old o> the >used polypeptide in which parts o> the ancestral >olds and some secondary elements have been destroyed and an immature
daughter >old has been created (PDB: 7D4A, edited), and (D) the mature daughter >old (PDB: 7D4A), which has inherited some but not all supersecondary
elements o> the ancestors.
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ldsWankhb� oqnbdrrdr� Wmc� sgqntfgnts� sgd� sqWmrkWshnm� rxrsdl)�
hmbktchmf�hm�qhanrnlWk�oqnsdhmr)�sqWmrkWshnm�eWbsnqr)�Wmc�WlhmnWbxk�
sqWmredq�PM?�’sPM?(�rxmsgdsWrdr-�Ntq�qdrtksr�rtffdrs�sgWs�bqdWshud�
cdrsqtbshnm� hr� W� ldbgWmhrl� ne� bhqbtkWq� odqltsWshnm� Wmc� Wkrn�
dwokWhmr�bnllnm�Wmbdrsqx�ne�RG2)�NA)�Wmc�BKA�enkcr-

Ndrtisr

2C�rsqtbstqdr�ne�oqnsdhmr�Wqd�fdmdqWkkx�lnqd�bnmrdqudc�nudq�
dunktshnm� sgWm� sgdhq� rdptdmbdr� ’24)� 25(-� Dwbdoshnmr� sn� sghr�
oWssdqm�Wqd�rdptdmbdr�sgWs�Wqd�bnmrdqudc�adsvddm�oqnsdhmr�vhsg�
ch dqdms�2C�rsqtbstqdr�Wmc�Wqd�bWkkdc�bqnrr,enkc�rdptdmbd�rhl,
hkWqhshdr-�Bqnrr,enkc� rdptdmbd� rhlhkWqhshdr� Wqd� bnmrhcdqdc� duh,
cdmbd�ne� enkc�dunktshnm�’0/)�10)�26)�27(-�fid�oqnaWahkhsx�ne�
svn�tmqdkWsdc�oqnsdhmr�gWuhmf�rhfmhffibWmskx�rhlhkWq�rdptdmbdr�
itrs�ax�bgWmbd�hr�dwsqdldkx�knv:�sgtr)�vd�trd�rdptdmbd�rhlhkWqhsx�

sn�hcdmshex�rgWqdc�Wmbdrsqx�adsvddm�oqnsdhmr�ansg�fknaWkkx�Wmc�
knbWkkx�’28“30(-
Sn�lWwhlhyd�sgd�rdmrhshuhsx�ne�ntq�rdptdmbd�bnloWqhrnmr)�vd�

trdc�oqnsdhm�rdptdmbd�oqnffikdr�’26(�hmrsdWc�ne�rhmfkd�rdptdmbdr�’rdd�
Idsencp�Wmc�MG� oodichu)�Ehf-�R0-(�Oqnsdhm�rdptdmbd�oqnffikdr�bWo,
stqd�sgd�chrsqhatshnm�ne�bnmrdqudc�Wmc�mnm,bnmrdqudc�onrhshnmr�
Wbqnrr�W ltkshokd�rdptdmbd�Wkhfmldms ’LR?(�vhsg�ghfg�rdmrhshuhsx)�
Wkknvhmf�hmedqdmbd�ne�gnlnknfx�vhsg�vdWj�rhfmWkr-�fid�GGWkhfm�
rbnqd�hr�Wm�drshlWsdc�oqnaWahkhsx�ne�gnlnknfx�adsvddm�W�ptdqx�
Wmc�W�sdlokWsd�oqnffikd�’31(-�Gdqd)�vd�hmedq�gnlnknfx�he�W�oWhq�ne�
oqnffikdr�rgWqdr�GGWkhfm�rbnqdr�ghfgdq�sgWm�5/ �Wmc�D,uWktdr�ads,
sdq�sgWm�4×0/—4-�fidrd�bts,n �uWktdr�gWud�addm�trdc�oqduhntrkx�
enq�hcdmshffibWshnm�ne�WmbdrsqWk�qdkWshnmrghor�adsvddm�enkcr�’32(-
Vd�gWud�cdsdbsdc� rhfmhffibWms� rdptdmbd� rhlhkWqhsx�vhsghm�Wmc�

adsvddm�RG2)�NA)�Wmc�BKA�oqnsdhmr�’Ehf-�2(-�Hm�rdudqWk�hmrsWmbdr)�
fknaWk�gnlnknfx�adsvddm�svn�rdptdmbd�oqnffikdr�hr�hmedqqdc�ax�vWx�
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Fig. 2. Topological representation o> circular permutation o> ribosomal protein uL33 by creative destruction. (A) An ancestral uL33 >old, (B) the notional ancestral
>olds o> two >used uL33 polypeptides, (C) the immature re>olded daughtero> uL33, and (D) mature circularly permuted daughter >old o> uL33. A duplication o>
β1aβ2aβ3aβ4a gives the >used polypeptide β1aβ2a�3a�4a -- �1a�2aβ3aβ4a, (where -- is a linker). The circles represent zinc ions. Strands are selectively shaded to
>acilitate tracking through the creative destruction process. The >used polypeptide >olds in a new landscape and resolves by adaption. The dashed secondary
elements are lost in themature daughter >old. The ancestral >olds o> the >used polypeptide are included in the schematic to illustrate destruction o> the ancestral
>olds and inherence o> some ancestral secondary moti>s.

� A B

Fig. 3. Structures o> SH3, OB, and CLB >olds. (A) Structure o> an SH3 >old (PDB: 1NZ9, chain A). (B) Structure o> an OB >old (PDB: 2OQK, chain A). (C) Structure
o> a CLB >old (PDB: 4B43, chain A). SH3 and OB are Ave-stranded β-barrels, and CLB is a six-stranded β-barrel. GD: GD-box moti> (described in the Results). The
color scheme suggests common ancestry.D
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ne�gnlnknfx�sn�W�bnllnm�sghqc rdptdmbd�’27(-�fihr�qdkWshnmrgho�
hr�bWkkdc�sqWmrhshuhsx�’28(-�FknaWkkx)�rhlhkWq�rdptdmbd�oqnffikdr�Wkrn�
chrokWx�fknaWk�rsqtbstqd�rhlhkWqhsx)�Wr�qdudWkdc�ax�sdlokWsd�lncd,
khmf�’SL(,rbnqdr�’33(�Wanud�/-4�’MG� oodichu)�SWakdr�R0,R2(-
Hm�rnld�bWrdr)�chrshmbs�enkcr�qdudWk�ltkshokd�qdfhnmr�ne�bqnrr,enkc�

rdptdmbd�rhlhkWqhsx�sgWs�Wqd�odqltsdc�qdkWshud�sn�dWbg�nsgdq-�fid�
oWssdqmr� ne� odqltsdc� bqnrr,enkc� rdptdmbd� rhlhkWqhshdr� adsvddm�
chrshmbs�qdoqdrdmsWshudr�ne�RG2)�NA)�Wmc�BKA�enkcr�Wqd�bnmrhrsdms�
vhsg)� Wmc�oqnuhcd� rsqnmf� rtoonqs� enq)� bqdWshud�cdrsqtbshnm� Wr� W�
ldbgWmhrl�ne�enkc�dunktshnm-
Hm�Wcchshnm�sn�bqnrr,enkc�rdptdmbd�rhlhkWqhsx)�vd�WmWkxyd�rsqtb,

stqWk�rhlhkWqhsx-�RgWqdc�rsqtbstqWk�lnsher�adsvddm�RG2)�NA�Wmc�
BKA�enkcr� hmbktcd�β,rgddsr)�β,gWhqohmr)� Wmc�FC,anw� ’34)�35(-�
fid�FC,anw�lnshe�bnmsWhmr�W�β,rsqWmc�bnmmdbsdc�sn�W�knno�ax�W�
β,stqm�Wmc�onqshnmr�ne�W�rdbnmc�mnm,bnmshftntr�β,rsqWmc�’34(-�?�
FC,anw�hr�rsWahkhydc�ax�W�mdsvnqj�ne�gxcqnfdm�anmcr�Wmc�hr�bgWq,
Wbsdqhydc� hm�oWqs�ax�sgd�Wlhmn�Wbhc�rdptdmbd�ΨwΨwwFρwΨwΨ)�
vgdqd�F�hr�fkxbhmd)�Ψ�hr�WkhogWshb)�ρ�hr�onkWq)�Wmc�w�hr�Wmxsghmf-
Sn�tmcdqrsWmc�Wmc�dwokWhm�rhlhkWqhshdr)�vd�dloknx�W�qdctbdc�qdo,

qdrdmsWshnm�ne�2C�rsqtbstqd-�Hm�sghr�qdoqdrdmsWshnm)�0(�α�qdedqr�sn�Wm�
α,gdkhw)�β�qdedqr�sn�W�β,rsqWmc)�Wmc�K�qdedqr�sn�W�knno:�1(�sgd�mtladq�
enkknvhmf�Wm�α�nq�β�hmchbWsdr�sgd�qdkWshud�onrhshnm�hm�sgd�rdptdmbd)�
M�sn�B:�2(�enkc�hr�hmchbWsdc�enq�dWbg�α,gdkhw)�β,rsqWmc)�nq�knno�ax�N)�
R)�nq�B�Wr�αN�nq�βN�nq�KN�’hmchbWsdr�NA�enkc()�αR�nq�βR�nq�KR�’hmchbWsdr�
RG2()�nq�αB�nq�βB�nq�KB�’hmchbWsdr�BKA(:�3(�K�hr�nmkx�rodbhffidc�enq�
knnor�sgWs�chrokWx�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�sn�Wm�α,gdkhw�nq�W�
β,rsqWmc:�4(�βFC�hmchbWsdr�W�FC,anw:�5(�~,,–�qdedqr�sn�W�khmjdq�adsvddm�
svn�cnlWhmr:� Wmc�5(� ~z–� hmchbWsdr� bqnrr,enkc� rdptdmbd� rhlhkWqhsx�
adsvddm�rdbnmcWqx�dkdldmsr-�Enq�dwWlokd)�β0Nzβ2R�hmchbWsdr�sgWs�
sgd�ffiqrs�β,rsqWmc�ne�Wm�NA�enkc�oqnsdhm�gWr�rdptdmbd�rhlhkWqhsx�vhsg�
sgd�sghqc�β,rsqWmc�ne�Wm�RG2�enkc�oqnsdhm-

SH3 and OB Folds.� RG2� Wmc� NA� enkcr� Wqd� ansg� ffiud,rsqWmcdc�
β,aWqqdkr�vhsg�svn�WmshoWqWkkdk�β,rgddsr�’21(-�?ksgntfg�sgd�snonknfhr�
ne�RG2�Wmc�NA�enkcr�ch dq)�sgd�β,rsqWmcr�Wmc�rnld�ne�sgd�bnmmdbshud�
dkdldmsr�nudqkWx�hm�sgqdd�chldmrhnmr�’35“37(-�RG2�Wmc�NA�enkcr�
rgWqd� svn� qdfhnmr� ne� bqnrr,enkc� rhlhkWqhsx-� Nmd� qdfhnm� ne� bqnrr,
enkc� rdptdmbd� rhlhkWqhsx� bnqqdronmcr� sn� β1Rβ2Rβ3Rzβ0Nβ1Nβ2N�
’Ehf- 3D()�Wmc�sgd�rdbnmc�qdfhnm�ne�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�
bnqqdronmcr�sn�β0FC

R�β1Rzβ3FC
N β4N�’Ehf- 3E(-

Cross-fold similarities between ribosomal proteins aS4 and uL2.�
Bqnrr,enkc�rdptdmbd�rhlhkWqhsx�hr�rddm�adsvddm�qhanrnlWk�oqnsdhm�
WR3� ’Wm� RG2� enkc(� Wmc� qhanrnlWk� oqnsdhm� tK1� ’Wm�NA� enkc(-�
fidrd� svn� qhanrnlWk� oqnsdhmr� rgWqd� nmd� qdfhnm� ne� rdptdmbd�
’GGWkhfm�rbnqd�53 )�D,uWktd�5-4×0/—4(�Wmc�rsqtbstqd�rhlhkWqhsx�
hm�sgd�WmshoWqWkkdk�β,rgdds�β1Rβ2Rβ3Rzβ0Nβ1Nβ2N�’Ehf- 3D�Wmc�
MG� oodichu)�SWakd�R3(-
Cross-fold similarities between proteins RUVBL2 and MscS.�Bqnrr,
enkc�rdptdmbd�rhlhkWqhsx�hr�rddm�hm�sgd�LrbR�’RG2(�Wmc�PTUAK1�
’NA(�’Ehf- 3E�Wmc�MG� oodichu)�SWakd�R3(-�fid�qdfhnm�ne�rhlhkWqhsx�
hr�β0FC

Rβ1Rzβ3FC
Nβ4N�’GGWkhfm�rbnqd�74 )�D,uWktd�4-7×0/—5(-

Creative destruction of SH3 generates OB.�Gnlnknfx�qdkWshnmrghor�
adsvddm�RG2�enkcr�Wmc�NA�enkcr�bWm ad�fdmdqWkhydc-�tK1�Wmc�
WR3� ’β1Rβ2Rβ3Rzβ0Nβ1Nβ2N(� Wr� vdkk� Wr� PTUAK1� Wmc� LrbR�
’β0FC

Rβ1Rzβ3FC
Nβ4N(� rgWqd� bqnrr,enkc� rdptdmbd� rhlhkWqhshdr-�

?cchshnmWkkx)� vd� hcdmshffidc� sqWmrhshud� gnlnknfx� qdkWshnmrghor9�
0(� adsvddm� sgd� RG2� enkc� ne� WR3� Wmc� sgd� RG2� enkc� ne�LrbR��
’MG� oodichu)�SWakd�R0(�Wmc�1(�adsvddm�sgd�NA�enkc�ne�tK1�Wmc�sgd�
NA�enkc�ne�PTUAK1�’MG� oodichu)�SWakd�R1(-�fitr)�Wbbntmshmf�
enq�ansg�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�Wmc�sqWmrhshud�gnlnknfx)�
sgd�fdmdqWk�qdkWshnmrgho�adsvddm�RG2�Wmc�NA�enkcr�hr�Wr�enkknvr9�
0(� β0Nβ1Nβ2N� hr� gnlnknfntr� sn� β1Rβ2Rβ3R:� 1(� β3FC

Nβ4N� hr�
gnlnknfntr�sn�β0FC

Rβ1R:�Wmc�2(�sgd�FC,anw�lnsher�hm�β3FC
N�

Wmc�hm�β0FC
R�Wqd�gnlnknfntr-

fid�oWssdqmr�ne�bqnrr,enkc�rdptdmbd�rhlhkWqhsx)�snonknfx)�lnshe�
bnmrdquWshnm)�Wmc�2C�rsqtbstqd�rhlhkWqhsx�adsvddm�RG2�Wmc�NA�
rtoonqs� sgd� bqdWshud� cdrsqtbshnm�ldbgWmhrl� ne� enkc� dunktshnm�
’Ehf-�3�  xC)� MG�  oodichu)� Ehf-� R1(-� ?� ctokhbWshnm� ne�
β0FC

0β1Rβ2Rβ3Rβ4R� xhdkcr� sgd� etrdc� onkxodoshcd� β0FC
R�1R�

�2R�3Lβ4R�,,��’FC
R�1Rβ2Rβ3Rβ4R-�Hm�ntq�enqlWkhrl)�sgd�fdmdr�

etrd)�sgd�etrdc�onkxodoshcd�bnkkWordr)�hmhshWkkx�sn�sgd�WmbdrsqWk�enkcr�
’Ehf-�3A()�sgdm�Wbpthqdr�Wm�hllWstqd�cWtfgsdq�enkc�’Ehf-�3B(�Wmc�
WcWosr�sn�drsWakhrg�sgd�lWstqd�cWtfgsdq�enkc�’Ehf-�3C(-�fid�bnk,
kWord�ne�sgd�etrdc�onkxodoshcdr�sn�sgd�WmbdrsqWk�enkcr�hr�W�enqlWkhrl�
Wmc�hr�rgnvm�enq�hkktrsqWshud�otqonrdr�nmkx:�sgd�etrdc�onkxodoshcd�
lWx� bnkkWord� chqdbskx� sn� sgd� hllWstqd� cWtfgsdq� enkc-�BqdWshud�
cdrsqtbshnm� hr� rtoonqsdc� ax� bqnrr,enkc� rdptdmbd� rhlhkWqhshdr�
β0Nzβ1R)�β1Nzβ2R)�β2Nzβ3R)�β3FC

Nzβ0FC
R)�β4Nzβ1R�’Ehf-�3�D�

Wmc� E(-�fid� lncdk� hr� rtoonqsdc� ax� rsqtbstqWk� oqdchbshnm� ax�
?kogWEnkc� ’38(-�fid� etrdc� onkxodoshcd� rdptdmbd� bnmsWhmhmf�
β1Rβ2Rβ3R,,β0FC

Rβ1R�hr�enkcdc�ax�?kogWEnkc�sn�W�ffiud,rsqWmcdc�
β,aWqqdk� enkc� vhsg�NA� snonknfx9� β0β1β2β3FCβ4� ’Ehf-�4D� Wmc��
MG� oodichu)�Ehf-�R2(-

fid�rhlokdq�snonknfx�ne�RG2�bnloWqdc�sn�NA�Wmc�sgd�oWssdqm�ne�
bqnrr,enkc�rdptdmbd�rhlhkWqhsx�rtffdrsr�sgWs�RG2�hr�sgd�Wmbdrsnq�ne�
NA-�Gnvdudq)�sgd�noonrhsd�onkWqhsx)�vgdqd�hmsdqmWk�ctokhbWshnm�ne�Wm�
NA�qdrtksr�hm�sgd�dldqfdmbd�ne�sgd�RG2�enkc)�bWmmns�ad�qtkdc�nts-
Ctqhmf�bqdWshud�cdrsqtbshnm)�RG2�hr�bnmudqsdc�sn�NA�uhW�W�qdlnc,

dkdc�enkchmf�kWmcrbWod-�β0FC
Rβ1R�hm�sgd�RG2�cnlWhm�Wmc�β3FC

Nβ4N�
hm�sgd�NA�cnlWhm�gWud�bnllnm�Wmbdrsqx�ats�Wqd�bnmsWhmdc�vhsghm�
ch dqdms�WmshoWqWkkdk�β,rgddsr-�β4N�hr�nm�sgd�dcfd�ne�βNβNβN)�vghkd�
β1R�’rhlhkWq�hm�rdptdmbd�sn�β4N(�hr�nm�sgd�hmsdqhnq�ne�βRβRβR-�fid�
qdkWshud�onrhshnm�ne�β4N�hr�sgd�rWld�Wr�β4R�vhsghm�sgd�khmdWq�rdptdmbd)�
ats�mns�vhsghm�sgd�2C�rsqtbstqd-�Vd�oqduhntrkx�nardqudc�sgWs�RG2�
Wmc�NA�enkcr�rgWqd�svn�bnmrdqudc�rtodqrdbnmcWqx�rsqtbstqWk�lnsher9�
β0Nβ1Nβ2Nzβ1Rβ2Rβ3R� Wmc�β3FC

Nzβ0FC
R� ’35(-�fidrd� bnmrdqudc�

rsqtbstqWk�lnsher�Wqd�bhqbtkWqkx�odqltsdc�hm�RG2�vhsg�qdrodbs�sn�NA-�
Gnvdudq)�β4N�Wmc�β4R�Wqd�rsqtbstqWkkx�ch dqdms:�β4N�gWr�mn�rsqtbstqWk�
dpthuWkdms�hm�RG2)�Wmc�β4R�gWr�mn�rsqtbstqWk�dpthuWkdms�hm�NA-�Gdqd)�
vd� hcdmshex� bqnrr,enkc� rdptdmbd� rhlhkWqhsx� adsvddm� β4N� Wmc� β1R)�
vghbg�Wqd�mns�rsqtbstqWkkx�bnmrdqudc-�RsqtbstqWk�uWqhWahkhsx�ne�β4N�Wr�
vdkk�Wr�ch dqdmbdr�hm�rsqtbstqd�adsvddm�β4N�Wmc�β1R�bWm�ad�Wssqhatsdc�
sn�bnmenqlWshnmWk�WcWosWshnm)�Wr�oWqs�ne�sgd�bqdWshud�cdrsqtbshnm�oqn,
bdrr�’rdd�ChpStpphni(-

OB and CLB Folds.�fid�BKA� enkc)�vhsg� rhw�β,rsqWmcr)� hr� kWqfdq�
Wmc�lnqd�bnlokdw�sgWm�sgd�NA�enkc:�sgd�mtladq�ne�β,rsqWmcr�
Wmc�khmjWfdr�adsvddm�sgdl�ch dqr�adsvddm�sgdrd�enkcr-�Gnvdudq)�
bnllnmWkhshdr�adsvddm�NA�Wmc�BKA�enkcr�rtffdrs�Wmbdrsqx�uhW�
bqdWshud�cdrsqtbshnm-�RdudqWk�chrshmbs�qdfhnmr�ne�rnld�NA�Wmc�BKA�
enkc�oqnsdhmr�rgnv�bqnrr,enkc�rdptdmbd�rhlhkWqhshdr�Wmc�oWqshWkkx�
rtodqhlonrd� hm�sgqdd�chldmrhnmr�’Ehf- 4�D�Wmc�E(-�fidrd�enkcr�
rgWqd�nmd�qdfhnm�ne�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�bnqqdronmchmf�
sn�β0Nβ1Nβ3FC

N�Wmc�β0Bβ1Bβ2FC
B�Wmc�W�rdbnmc�qdfhnm�ne�bqnrr,

enkc�rdptdmbd�rhlhkWqhsx�bnqqdronmchmf�sn�β0Nβ1Nβ2Nβ3FC
NKN�

Wmc�β3BKBβ4Bβ5FC
Bα6B-

Cross-fold similarities between uL2 and bIF2.�Bqnrr,enkc�rhlhkWqhshdr�
Wqd� nardqudc� adsvddm� sgd�NA� enkc� ne� tK1� Wmc� sgd� BKA� enkc�
ne� aWbsdqhWk� sqWmrkWshnm� hmhshWshnm� eWbsnq� 1� ’aHE1(-� ?� qdfhnm� ne�
rhlhkWqhsx� ’GGWkhfm�rbnqd�73 )�D,uWktd�2-8×0/—5(�bnqqdronmcr�
sn�β0Nβ1Nβ3FC

Nzβ0Bβ1Bβ2FC
B-�β3FC

Nzβ2FC
B�gWud�W�FC,anw�

lnshe-� Hm� sgqdd,chldmrhnmr)� W� β,gWhqohm� enqldc� ax� β0Nβ1N� hr�
rhlhkWq� sn� sgd�β,gWhqohm� enqldc�ax�β0Rβ1R-� RsqWmc�β2R� gWr� mn�
dpthuWkdms�hm�BKA-
Cross-fold similarities between initiation factors aeIF-1A and aeIF-
5B.�Bqnrr,enkc� rdptdmbd� rhlhkWqhsx� hr� cdsdbsdc� adsvddm� sgd� dmshqd�
NA� enkc�ne� WqbgWdWk� sqWmrkWshnm� hmhshWshnm� eWbsnq� WdHE,0?�Wmc� sgd�
BKA�enkc� hm�WqbgWdWk� sqWmrkWshnm� hmhshWshnm�eWbsnq�WdHE,4A-�Bqnrr,D
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enkc�rdptdmbd�rhlhkWqhshdr�’GGWkhfm�rbnqd�66 )�D,uWktd�1-/×0/—4(�
adsvddm� NA� Wmc� BKA� Wqd� lWoodc� sn� sgd� enkknvhmf� rdbnmcWqx�
rsqtbstqWk� dkdldmsr9�β0Nzβ3B)�β1NzKB:�β2Nzβ4B:�β3FC

Nzβ5FC
B:�

β2Nzβ4B:�β3FC
Nzβ5FC

B:�Wmc�KNzα6B-�?�FC,anw�rdptdmbd�lnshe�
hr�knbWsdc�hm�sgd�knnor�ne�β3FC

Nzβ5FC
B-

Creative destruction of OB generates CLB.� fid� BKA� enkc�
bnloqhrdr� W� kWqfd� fqnto� ne� enkcr� sgWs� hmbktcd� rhw,rsqWmcdc�
β,aWqqdkr� vhsg� W� uWqhdsx� ne� snonknfhdr� ’4/)� 40(-� Gdqd� vd�
WmWkxydc�BKA�enkcr�ne�sgd�?kWmhmd�PWbdlWrd�B�snonknfx)�vghbg�
chrokWx�mn�cdsdbsWakd�rdptdmbd�rhlhkWqhsx�sn�nsgdq�BKA�enkcr�
’40(-�fid� bqnrr,enkc� rdptdmbd� rhlhkWqhsx� ne� sgd�NA� enkc� bWm�
ad�lWoodc� sn� svn�chrshmbs� qdfhnmr� ne� sghr�BKA� enkc� ’Ehf- 4�
D� Wmc�E(-� Bnlodkkhmf� bqnrr,enkc� rdptdmbd� rhlhkWqhsx� vhsghm�
NA�enkcr�’GGrbnqd�lnqd�sgWm�5/ )�D,uWktd�kdrr�sgWm�4×0/—4)�
MG�  oodichu)�SWakd� R0(� Wmc� vhsghm� BKA� enkcr� ’GGrbnqd� ne�
73 )�D,uWktd�5-2×0/—5�MG� oodichu)�SWakd�R2(� rtffdrsr� sgWs�
gnlnknfx� qdkWshnmrghor� adsvddm�NA� Wmc�BKA� enkcr� bWm� ad�
fdmdqWkhydc� Wr� enkknvr9� 0(� β0Bβ1Bβ2FC

Bzβ0Nβ1Nβ3FC
N:�

1(� β3BKBβ4Bβ5FC
Bα6Bzβ0Nβ1Nβ2Nβ3FC

NKN:� Wmc� 2(� W�
ctokhbWsdc� entq,rsqWmcdc� NA� �’Nβ1N�2N�3FC

Nβ4N,,

�’N��1N��2N��3FC
N�GN�β4N%�’vgdqd�sgd�oqhld�hmchbWsdr�bnox�

1(�qdsWhmr�sgd�ankc�rdbnmcWqx�dkdldmsr)�vghbg�Wqd�qdmtladqdc�
β0Bβ1Bβ2FC

Bβ3BKBβ4Bβ5FC
Nα6B�hm�sgd�ffimWk�oqnctbs-

RgWqdc�edWstqdr�adsvddm�NA�Wmc�BKA�enkcr�Wqd�bnmrhrsdms�vhsg�
bqdWshud� cdrsqtbshnm-�fihr� lncdk� rtoonqsr� bqnrr,enkc� rdptdmbd�
rhlhkWqhshdr� ne� β0Bzβ0N)� β1Bzβ1N)� β2FC

Bzβ3FC
N)� β3Bzβ0N)�

KBzβ1N)�β4Bzβ2N)�β5FC
Bzβ3FC

N)�Wmc�α6BzKN-�Hm�sgd�cWtfgsdq�
enkc)�β4N�Wmc�β4N%�Wqd�dwsqtcdc)�β2N�hr�knrs)�Wmc�β1N%�bnqqdronmcr�
sn�W�knno-�β3N%�enqlr�sgd�sdqlhmtr�ne�sgd�β,rgdds)�mdws�sn�β0N-�
?kogWEnkc� ’38(� oqdchbsr� sgWs� W� rdptdmbd� bnmrsqtbs� bnmsWhmhmf�
β0Nβ1Nβ3FC

N,,β0Nβ1Nβ2Nβ3FC
N�bntkc�qdrtks�hm�W�rhw,rsqWmcdc�

β,aWqqdk�enkc�vhsg�BKA�snonknfx9�β0β1β2FCβ3Kβ4β5FC�’Ehf-�4�F��
Wmc�MG� oodichu)�Ehf-�R3(-

Chratrrhnm

Oqnsdhm�rsqtbstqd�hr�fdmdqWkkx�lnqd�bnmrdqudc�nudq�dunktshnm�sgWm�
rdptdmbd�’24)�25(-�fid�bnmudqrd)�rdptdmbd�bnmrdquWshnm�adsvddm�
chudqfdms�enkcr�’bqnrr,enkc�rdptdmbd�rhlhkWqhsx(�rtffdrsr�sgWs�dun,
ktshnm� ne� enkcr� ’10(� bWm� hm� rnld� hmrsWmbdr� ntsoWbd� bgWmfdr� hm�

E

�

A

C

B

FD

Fig. 4. Conversion >rom SH3 >old to OB >old by creative destruction. This Agure shows topology diagrams o> (A) the ancestral SH3 >old, (B) the notional ancestral
>olds o> the >used polypeptide, (C) the immature re->olded >used polypeptide, and (D) mature daughter >old. A duplication o> SH3 gives the >used polypeptide
SH3-SH3. The >used polypeptide >olds in a remodeled landscape and resolves by adaption, yielding an OB >old. GD indicates the GD-box moti>. β1GD

Sβ2S are
shaded in dark gray to allow tracking the β-strand positions during the transition >rom ancestral >old to daughter >old. (E) Cross->old sequence similarity (HHalign
score 64%; E-value 6.5×10−5; 32 aligned columns) between aS4 (PDB: 4V6U, chain AE) and uL2 (PDB: 1VY4, chain BA) corresponds to antiparallel β-strands
β2Sβ3Sβ4S and β1Oβ2Oβ3O. (F) Cross->old sequence similarity (HHalign score 85%; E-value 5.8×10−6; 25 aligned columns) between mechanosensitive channel o>
small conductance (MscS) (PDB: 2OAU) and RuvB-like AAA ATPase 2 (RUVBL2) (PDB: 2CQA) corresponds to β1GD

Sβ2S and β4GD
Oβ5O. Regions without sequence

similarity are white. Secondary structural elements that share sequence similarity are indicated by the same color in both members o> the pair. Curved arrows
>ollow secondary structural elements that display diferences in con>ormation between >olds. (G) Predicted >old o> the >used polypeptide β2Sβ3Sβ4S--β1GD

Sβ2S.
The predicted structure has a characteristic Ave-stranded β-barrel structure with OB topology. pLDDT: 72.2 (predicted local diference distance test is a measure
o> local model quality, see Methods). pTM-score: 0.607 (pTM-score assesses the predicted >ull-length model, see Methods).
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rdptdmbd-� Gdqd)� vd� hcdmshffidc� bqnrr,enkc� rdptdmbd� rhlhkWqhshdr�
adsvddm�sgqdd�Wmbhdms�β,aWqqdk�enkcr9�RG2)�NA)�Wmc�BKA-
Vd�cdrbqhad�W�fdmdqWk�ldbgWmhrl�ne�bnmudqrhnm�adsvddm�oqn,

sdhm� enkcr sgWs� WoodWqr� sn� ad� vhcdkx� WookhbWakd� Wmc� nmfnhmf-�
OWssdqmr�ne�bqnrr,enkc�rdptdmbd�rhlhkWqhshdr�adsvddm�RG2�Wmc�NA�
oqnsdhmr�Wqd�bnmrhrsdms�vhsg�sghr�ldbgWmhrl-�Hs�WoodWqr�sgWs�sgd�
NA� enkc� Wqnrd� uhW� ctokhbWshnm� ne� Wm� WmbdrsqWk� RG2� fdmd)� sgdm�
dwoqdrrhnm�ne�W�etrdc�onkxodoshcd�vhsg�W�qdlncdkdc�enkchmf�kWmc,
rbWod)�enkknvdc�ax�WcWosWshnm�’35(-�DwsWms�NA�enkc�oqnsdhmr�qdsWhm�
rdptdmbd�Wmc�rsqtbstqd�hloqhmsr�eqnl�WmbdrsqWk�RG2�enkc�oqnsdhmr-�
fid�onkWqhsx�’RG2�,;�NA�udqrtr�NA ,;�RG2(�hr�mns�etkkx�qdrnkudc�
gdqd�Wmc�cndr�mns�W dbs�sgd�bnmbktrhnm-�Gnvdudq)�hs�rddlr�lnrs�
oqnaWakd�sgWs�RG2�hr�sgd�Wmbdrsnq�ne�NA-
OWssdqmr�ne�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�rtffdrs�Wm�WmWknfntr�

nqhfhm�ne�sgd�BKA�enkc-�fid�cWsW�rtffdrs�sgWs�sgd�BKA�enkc�Wqnrd�
eqnl�NA�fdmd�ctokhbWshnm)�oqnsdhm�dwoqdrrhnm)�enkchmf�ne�sgd�etrdc�
onkxodoshcd�hm�W�mdv�kWmcrbWod)�Wmc�WcWoshnm-�EhmWk lWstqWshnm�
ne� sgd�BKA� enkc� qdpthqdc� knrr�ne� hmsdqmWk� dkdldmsr� Wmc� stmhmf�
ltsWshnmr-�DwsWms�BKA�enkc�oqnsdhmr�qdsWhm�ansg�rdptdmbd�Wmc�
rsqtbstqWk�hloqhmsr�ne�NA�enkc�oqnsdhmr-

Creative Destruction.�fid�bnlahmdc�cWsW�rtoonqs�W�fdmdqWk�lncdk�
ne� enkc� dunktshnm� sgWs�vd� bWkk� bqdWshud�cdrsqtbshnm-�fihr�lncdk�
dwokWhmr�gnv�WmbdrsqWk�enkcr�adfds�cWtfgsdq�enkcr-�Rsdor�ne�bqdWshud�
cdrsqtbshnm�Wqd�fdmd�etrhnm�nq�sqtmbWshnm)�oqnctbshnm�ne�Wm�Wksdqdc�
onkxodoshcd�vhsg�W�qdlncdkdc�enkchmf�kWmcrbWod)�Wmc�WcWosWshnm�
sn�oqnctbd�W�lWstqd�cWtfgsdq�enkc-�DWbg�ne�sgdrd�rsdor�hr�jmnvm�
sn�ad�hmcdodmcdmskx�Wbbdrrhakd�Wmc�qdkWshudkx�eqdptdms-�?m�hmhshWk�
fdmd�etrhnm�rsdo�bWm�bWtrd�hmrdqshnm�ne�nmd�bnchmf�rdptdmbd�hm�
sWmcdl�vhsg�nq�vhsghm�Wmnsgdq�’14)�41(-�fid�svn�WmbdrsqWk�fdmdr)�
adenqd�etrhnm)�lWx�nq�lWx�mns�dwoqdrr�rsWakd�oqnsdhm�cnlWhmr-�?�
rdbnmc�rsdo�hr�dwoqdrrhnm�ne�W�etrdc�onkxodoshcd-�fid�etrhnm�ne�sgd�
onkxodoshcd�Wksdqr�sgd�rdptdmbd�Wmc�roWshWk�bnmsdws�ne�sgd�WmbdrsqWk�
onkxodoshcdr)�cdrsWahkhydr�sgd�WmbdrsqWk�enkcr)�Wmc�nodmr�WksdqmWshud�
enkchmf�kWmcrbWodr-�fid�etrdc�onkxodoshcd�bnkkWordr�sn�W�cWtfgsdq�
enkc�sgWs�ch dqr�eqnl�dhsgdq�ne�sgd�WmbdrsqWk�enkcr-
BqdWshud� cdrsqtbshnm� hr� WookhbWakd� adxnmc� sgd� dwWlokdr� chr,

btrrdc�gdqd-�Hs�bWm�dwokWhm�qdkWshnmrghor�adsvddm�bnlokdw�enkcr-�
Enq�dwWlokd)�svn�chrshmbs�bqnrr,enkc�qdfhnmr�ne�rdptdmbd�rhlhkWqhsx�
gWud� addm� hcdmshffidc� adsvddm� EkWuncnwhm,khjd� enkcr� Wmc� sqhnrd�
ognrogWsd�hrnldqWrd�’SHL(,aWqqdk�enkcr�’27)�42()�hmchbWshmf�sgWs�

D E

�

A

C

B

F

Fig. 5. Conversion o> OB >old to CLB >old by creative destruction. This Agure shows topology diagrams o> (A) the ancestral OB >old, (B) the notional ancestral
>olds o> the >used polypeptide, (C) the immature daughter >old o> the >used polypeptide, and (D) the mature daughter >old. A duplication o> SH3 gives the >used
polypeptide OB-OB. The >used polypeptide >olds in a remodeled landscape and resolves by adaption, yielding a CLB >old. β4O~β3C, and β4O~β6C are shaded dark
gray to allow tracking o> their positions during conversion >rom ancestral >old to daughter >old. (E) Cross->old sequence similarity (HHalign score 77%; E-value
3.9×10−6; 36 aligned columns) between uL2 (PDB: 1VY4, chain BA) and bIF2 (PDB: 1ZO1, chain B) corresponds to β1Oβ2Oβ4GD

O and β1Cβ2Cβ3GD
C. (F) Cross->old

sequence similarity (HHalign probability 77%; E-value 2.0×10−5; 75 aligned columns) between eIF-1A (PDB: 2OQK) and aIF-5B (PDB: 4V8Z, chain CV) corresponds
to β1Oβ2Oβ3Oβ4GD

OLO and β4CLCβ5Cβ6GD
Cα7C. Mapping o> sequence similarity between OB and CLB: Regions that yield no sequence similarity are white. Secondary

structural elements that share sequence similarity are indicated by the same color in both members o> the pair. Curved arrows >ollow secondary structural
elements that display diferences in con>ormation between >olds. (G) Predicted >old o> the >used polypeptide β1Oβ2Oβ4GD

O--β1Oβ2Oβ3Oβ4GD
OL. The predicted

structure has a characteristic six-stranded β-barrel structure. pLDDT: 73.4 (predicted local diference distance test is a measure o> local model quality, see
Methods). pTM-score: 0.625 (predicted template modeling score assesses the predicted >ull-length model, see Methods).
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sgdrd�enkcr�rgWqd�Wmbdrsqx-�EkWuncnwhm,khjd�cnlWhm�rdptdmbdr�oWq,
shWkkx�Wkhfm�sn�rdptdmbdr�hm�sgd�svn�gWkudr ne�W�SHL,aWqqdk�cnlWhm�
’42(-�?r�oqdchbsdc�ax�bqdWshud�cdrsqtbshnm)�sgd�SHL,aWqqdk�enkc�hr�
mns�W�qdokhbW�ne�sgd�EkWuncnwhm,khjd�enkc�ats�hr�W�chrshmbs�enkc:�rnld�
rdbnmcWqx�Wmc�rtodqrdbnmcWqx�rsqtbstqWk�dkdldmsr�ne�sgd�WmbdrsqWk�
enkc�Wqd�bnmrdqudc)�nsgdqr�gWud�addm�cdrsqnxdc)�Wmc�rnld�Wqd�bqd,
Wsdc�hm�sgd�cWtfgsdq-
Enq�rhlokhbhsx)�sgd�dwWlokdr�gdqd�enbtr�nm�fdmd�ctokhbWshnm-�

Gnvdudq)�bqdWshud�cdrsqtbshnm�lhfgs�ad�hmhshWsdc�tonm sqtmbWshnm)�
cdkdshnm)�nq� hmbnqonqWshnm�ne� dwnfdmntr� bnchmf�nq�mnm,bnchmf�
rdptdmbdr�nq�ax�rsno�bncnm�qdWc,sgqntfg�’43(-�?mx�fdmdshb�oqnbdrr�
sgWs�Wksdqr�W�enkchmf�kWmcrbWod�gWr�sgd�onsdmshWk�sn�roWvm�dunktshnm�
ne�mdv�enkcr-

Circular Permutation.�BhqbtkWq�odqltsWshnm�gWr�addm�cnbtldmsdc�
oqduhntrkx�hm�gtmcqdcr�ne�oqnsdhmr�’44(�hmbktchmf�bnmbWmWuWkhm�?�
’18(�Wmc�nsgdq�kdbshmr�’41()�rWonrhmr�’45()�CM?�ldsgxksqWmredqWrdr�
’2/)�46()�Wmc�yhmb�qhaanmr�’20)�47)�48(-�BhqbtkWq�odqltsWshnm�bWm�
Wqhrd� ax� svn� chrshmbs� ldbgWmhrlr-� Nmd� ldbgWmhrl)� rddm� nmkx�
enq�bnmbWmWuWkhm�?)�nbbtqr�Ws�sgd�onkxodoshcd�kdudk�’18(�Wmc�hr�W�
onrssqWmrkWshnmWk�qd,vhqhmf�ne�sgd�bnmmdbshnmr�adsvddm�rdbnmcWqx�
rsqtbstqWk�dkdldmsr9�0(�sgd�M�Wmc�B�sdqlhmh�Wqd�inhmdc:�Wmc�1(�W�knno�
hr�bkdWudc)�fdmdqWshmf�mdv�M�Wmc�B�sdqlhmh-�fid�rdbnmc�ldbgWmhrl)�
Wr�oqnonrdc gdqd)�hmunkudr�bqdWshud�cdrsqtbshnm�Wmc�nbbtqr�nm�sgd�
fdmd�kdudk�’2/)�41(-�?ksgntfg sgd�qdrtksr�WoodWq�hmchrshmfthrgWakd)�
sgd�svn�ldbgWmhrlr�Wqd�etmcWldmsWkkx�ch dqdms-
BhqbtkWq�odqltsWshnm�ax�bqdWshud�cdrsqtbshnm�qdrtksr�eqnl�fdmd�

ctokhbWshnm)�oqnsdhm�dwoqdrrhnm)�dwoknqWshnm�ne�mdv�enkchmf�kWmc,
rbWodr)�Wmc�WcWosWshnm�’Ehf-�0(-�fid� etrdc�onkxodoshcd�oqnctbs�
bnkkWordr�sn�W�mdv�enkc�Wmc�WcWosr�ax�knrr�ne�sdqlhmWk�dkdldmsr-�
Hm�bhqbtkWq�odqltsWshnm)�sgd�mdv�enkchmf�kWmcrbWod�oqnctbdr�rdb,
nmcWqx�dkdldmsr�hmgdqhsdc�eqnl�sgd�WmbdrsqWk�cnlWhmr�Wkadhs�vhsg�
ch dqdms� khmjWfdr-�Dudm� sgntfg� sgd� WmbdrsqWk� cnlWhmr� Wmc� sgd�
cWtfgsdq�cnlWhm�ne�bhqbtkWqkx�odqltsdc�oqnsdhmr�gWud�bnllnm�
rdbnmcWqx�rsqtbstqWk�dkdldmsr)�rdbnmcWqx�dkdldmsr�ne�dWbg�Wmbdr,
sqWk�cnlWhm�Wqd�cdrsqnxdc�ctqhmf�sgd�oqnbdrr-�fid�WmbdrsqWk�enkc�
hr�mns�Wbbdrrhakd�sn�sgd�cWtfgsdq�rdptdmbd-�fid�cWtfgsdq�rdptdmbd�
lhfgs� ctokhbWsd� WfWhm)� oqnloshmf� Wmnsgdq� qntmc� ne� bqdWshud�
cdrsqtbshnm� qdrtkshmf� hm� enqlWshnm� ne� Wmnsgdq� enkc-� ?ksgntfg�
hloqnaWakd)�sghr�oqnbdrr�bntkc�qdudqs�sn�sgd�nqhfhmWk�WmbdrsqWk�enkc-
Vd� oqduhntrkx� mnsdc� sgWs� WqbgWdWk� Wmc� aWbsdqhWk� udqrhnmr ne�

tmhudqrWk�qhanrnlWk�oqnsdhm�tK22�Wqd�qdkWsdc�ax�bhqbtkWq�odqlt,
sWshnm�’Ehf-�1� “C(�’20)�48)�5/(-�tK22�hr�W�yhmb�qhaanm)�vhsg�svn�
WloghoWsghb�β,gWhqohmr�’WmshoWqWkkdk�ββ(�khmjdc�ax�W�yhmb�hnm-�fid�
nqcdqhmf�ne�sgd�ββ�dkdldmsr�hr�rvhsbgdc�hm�WqbgWdWk�tK22�bnloWqdc�
sn�aWbsdqhWk�tK22�’β0Wβ1Wzβ2aβ3a�Wmc�β2Wβ3Wzβ0aβ1a(-�BqdWshud�
cdrsqtbshnm�oqnuhcdr�W�rhlokd�ldbgWmhrl�ne�bnmudqrhnm�ne�WqbgWdWk�
sn�aWbsdqhWk�tK22�’Wmc�uhbd�udqrW(-�CtokhbWshnm�ne�β0Wβ1Wβ2Wβ3W�
fhudr�etrdc�onkxodoshcd�β0Wβ1W�2S�3S�,,��’S�1Sβ2Wβ3W-�fid�etrdc�
oqnsdhm�bnkkWordr�sn�W�mdv�enkc)�vghbg nlhsr�WmbdrsqWk�dkdldmsr�
β0Wβ1W�Wmcβ2Wβ3W)�qdsWhmhmf�sgd�ankc�rdbnmcWqx�dkdldmsr�sn�fhud�
cWtfgsdq�β0aβ1aβ2aβ3a)�vgdqd�β0W���β2a)�β1W���β3a)�β2W���β0a�
Wmc� β3W��� β1a-�fid� cWtfgsdq� enkc� WcWosr� ax� knrr� ne� WmbdrsqWk�
rdptdmbdr�enq�β0Wβ1W�Wmc�β2Wβ3W-

Motif Inheritance.�Enkc�dunktshnm�ax�bqdWshud�cdrsqtbshnm�hr�adrs�
cdrbqhadc� Wr� W� enkc,roWbd� etmmdk)� qWsgdq� sgWm� W� qWmcnl� vWkj-�
CWtfgsdq�enkcr�Wqd�cdqhudc�ax�oWqshWkkx�bnmrdquWshud�Wmc�qdWchkx�
Wbbdrrhakd� oqnbdrrdr� eqnl� WmbdrsqWk� enkcr-� CWtfgsdq� enkcr� Wqd�
bnmshmfdms�nm�WmbdrsqWk�enkcr�Wmc�hmgdqhs�rdptdmbd�Wmc�rsqtbstqWk�
dkdldmsr�eqnl�sgdl-

fid�bqdWshud�cdrsqtbshnm�lncdk�ne�enkc�dunktshnm�oqnuhcdr�W�ldbg,
Wmhrl�ne�bnmudqrhnm�ne�nmd�oqnsdhm�enkc�sn�Wmnsgdq�Wmc�n dqr�W�aWrhr�
enq�drsWakhrghmf�dunktshnmWqx�qdkWshnmrghor�Wlnmf�chudqrd�enkcr-�fid�

lncdk�bWm�onsdmshWkkx�dwokWhm�sgd�tahpthsntr�chrsqhatshnm�ne�bdqsWhm�
lnsher)�rtbg�Wr�sgd�FC,anw�’34(�Wmc�sgd�PnrrlWmm,khjd�lnshe�’50(-�
fidrd�lnsher�Wqd�rddm�hm�enkcr�sgWs�WoodWq�sn�ad�nsgdqvhrd�tmqdkWsdc-�
fid�FC,anw�cdlnmrsqWsdr�odqrhrsdmbd�adsvddm�RG2)�NA)�BKA)�
Wmc�nsgdq�enkcr-�fihr�odqrhrsdms�lnshe�WoodWqr�sn�oqnuhcd�rsWahkhyWshnm�
ne�β,aWqqdkr�ax�aqhmfhmf�snfdsgdq�W�β,stqm�Wmc�W�mnm,bnmshftntr�
β,rsqWmc�’34(-�RG2�Wmc�NA�gWud�nmd�FC,anw�lnshe)�Wmc�BKA�gWr�
svn�’Ehf-�2(-�fid�bqdWshud�cdrsqtbshnm�lncdk�dwokWhmr�sgd�knbWshnmr�
ne�sgdrd�lnsher�hm�sgd�rdptdmbd-

Fold Plasticity.� Hm� bqdWshud� cdrsqtbshnm)� W� fdmd� sgWs� dmbncdr� W�
oqnsdhm�vhsg�rdbnmcWqx�dkdldmsr�?ABC�bWm�etrd�vhsg�W�fdmd�sgWs�
dmbncdr�W�oqnsdhm�vhsg�rdbnmcWqx�dkdldmsr�DEFG-�fid�qdrtks�bWm�
ad�W�etrdc�onkxodoshcd�vhsg�WmbdrsqWk�rdbnmcWqx�rsqtbstqd�?4BC“
DCFG-�fid�etrdc�onkxodoshcd�bnkkWordr�hm�W�mdv�enkchmf�kWmcrbWod�
Wmc�qdrnkudr�ax�WcWosWshnm�sn�cWtfgsdq�enkc�ABIF-�fid�snonknfx�
gWr�addm�qdvhqdc)�Wmc�E�gWr�bgWmfdc�bnmenqlWshnm�sn�I-�?mbdrsqWk�
dkdldmsr�?)�C)�D)�Wmc�G�Wqd�knrs-�Rnld�rdbnmcWqx�dkdldmsr�ne�
Wmbdrsnqr�Wqd�qdsWhmdc)�vghkd�nsgdqr�Wqd�lnchffidc�nq�knrs-�fid�lnrs�
eqdptdms�bnmenqlWshnmWk�bgWmfdr�Wqd�dwodbsdc�sn�ad�bnmudqrhnm�
ne� α,gdkhbdr� sn� β,rsqWmcr� Wmc� uhbd� udqrW� ’10(-� BnmenqlWshnmWk�
okWrshbhsx�dmWakdr�sgd�hmsdfqWshnm�ne�enkchmf,bnlodsdms�rdptdmbdr�
hmsn�mdv�rtodqrdbnmcWqx�dkdldmsr-
BqdWshud� cdrsqtbshnm� dwokWhmr� oWssdqmr� ne� bnmrdqudc� Wmc�

mnm,bnmrdqudc� rdptdmbd�Wmc�rsqtbstqd�adsvddm�RG2)�NA)�Wmc�
BKA�enkcr-�fid�cWsW�rtffdrs�bnmenqlWshnmWk�bgWmfdr�sWjd�okWbd�
ctqhmf�enkc�dunktshnm9�β1�hm�Wm�NA�enkc�bnmudqsr�sn�W�knno�hm�BKA�
’bnmrhrsdms�vhsg�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�adsvddm�tK1�Wmc�
aHE1)�Ehf-�4D(-�?�knno�ne�NA�bnmudqsr�sn�Wm�α,gdkhw�hm�BKA�’bnm,
rhrsdms�vhsg�bqnrr,enkc�rdptdmbd�rhlhkWqhsx�adsvddm�WdHE,0?�Wmc�
WdHE,4A)�Ehf-�4E(-�β4�hm�sgd�WmbdrsqWk�NA�enkc� hr�Wardms� hm�sgd�
cWtfgsdq�BKA� enkc-� RhlhkWqkx)�β4� hm� sgd� WmbdrsqWk� RG2� enkc� hr�
Wardms�hm�sgd�cWtfgsdq�NA�enkc-�Hs�hr�onrrhakd�sgWs�sgd�WmbdrsqWk�
enkcr�vdqd� entq,rsqWmcdc-�?ksdqmWshudkx)� sgd�Wmbdrsnqr�lWx�gWud�
addm�ffiud,rsqWmcdc)�ats�β4�vWr�cdrsqnxdc�ctqhmf�bqdWshud�cdrsqtb,
shnm)�dhsgdq�ctqhmf�sgd�etrhnm�dudms�nq�kWsdq)�ctqhmf�WcWosWshnm-

Mechanisms of Fold Evolution.�?�oqduhntrkx�oqnonrdc�ldbgWmhrshb�
lncdk�ne�enkc�dunktshnm�’26)�32)�51(�Wssqhatsdr�bqnrr,enkc�rdptdmbd�
rhlhkWqhshdr�sn�lnahkhsx�ne�WmbdrsqWk�odoshcdr�sgWs�Wqd�rlWkkdq�sgWm�
cnlWhmr�Wmc�Wqd�WmbdrsqWk�sn�sgdl-�Tmcdq�sghr�lncdk)�mdv�enkcr�
dldqfd� ax� qdodshshnm� ne� ’52(� Wmc� cdbnqWshnm� ax� rlWkk� odoshcd�
dkdldmsr�’0/)�53(-�Nsgdq�lncdkr�rtffdrs�sgWs�enkc�dunktshnm�nbbtqr�
ax� oqdWcWosWshnm)� bnlahmWsnqhWk� rgt×hmf� ne� rtodqrdbnmcWqx�
rsqtbstqdr� Wmc� sqWmredq� ne� hrnkWsdc� enkchmf,hmbnlodsdms� lnsher�
adsvddm�oqnsdhmr�’51)�54)�55(-
BqdWshud�cdrsqtbshnm� hr� Wm�WksdqmWshud�lncdk�ne� enkc�dunktshnm�

sgWs)�ax�bnmsqWrs)�Wbsr�Ws�sgd�kdudk�ne�cnlWhmr-�Hm�bqdWshud�cdrsqtbshnm)�
vdkk,bgWqWbsdqhydc�Wmc�eqdptdms�fdmdshb�oqnbdrrdr)�’14(�rtbg�Wr�etkk,
kdmfsg�nq�oWqshWk�fdmd�ctokhbWshnm�Wmc�fdmd�etrhnm)�oqnuhcd�Wbbdrr�
sn�oWqshWkkx�bnmrdquWshud�mdv�enkchmf�kWmcrbWodr-�BqdWshud�cdrsqtb,
shnm�cdodmcr�nm�enkc�okWrshbhsx)�vghbg�hr�sgd�eWbhkd�dwoknqWshnm�ne�
mdv�enkchmf�kWmcrbWodr)�Wr�nardqudc�hm�oqnsdhm�rvhsbgdr�’56()�Wmc�
ax�W�sdmcdmbx�ne�lWmx�onkxodoshcd�rdptdmbdr�sn�rdke,WrrnbhWsd)�Wr�
nardqudc�hm�Wlxknhc�enqlWshnm�’57(-�Hm�sghr�lncdk)�dldqfdmbd�ne�
W�mdv�cWtfgsdq�enkc�hr�oqnlosdc�ax�sgd�mdv�bnlahmWshnm�ne�Wlhmn�
Wbhcr�hm�sgd�etrdc�onkxodoshcd�Wmc�hmunkudr�aqdWjhmf�ne�gxcqnfdm�
anmcr�hm�sgd�bWmnmhbWk�WmbdrsqWk�enkcr�Wmc�enqlWshnm�ne�mdv�gxcqn,
fdm�anmcr-�AdbWtrd� sgdrd�bgWmfdr�Wqd� rdptdmbd,cdodmcdms)�nmkx�
rnld�fdmd�etrhnm�dudmsr�lWx�qdrtks�hm�sgd�dldqfdmbd�ne�W�mdv�enkc-

fid�qdkWshnmrghor�cdrbqhadc�gdqd�hmbktcd�sgd�NA�cnlWhm�ne�tK1�
Wmc�sgd�BKA�cnlWhm�ne�aHE1)�vghbg�chrokWx�qnatrs�enkchmf�’58()�
Wmc�RG2�cnlWhmr)�vghbg�adWq�bnmenqlWshnmWk�chudqrhsx�’6/“61(-�
BqdWshud� cdrsqtbshnm� qdrnkudr� bqnrr,enkc� rhlhkWqhshdr� ax� W�D
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ahnknfhbWkkx�okWtrhakd�ldbgWmhrl�Wmc� hr� hm�Wfqddldms�vhsg� sgd�
nardquWshnm�sgWs�sgd�tmhudqrd�ne�oqnsdhm�enkcr�hr�adssdq�cdrbqhadc�
Wr�W�mdsvnqj�sgWm�Wr�W�sqdd�’42)�62(-

Creative Destruction in Real Time.� BqdWshud� cdrsqtbshnm� hr� mns�
khlhsdc�sn�sgd�fdmdrhr�ne�mdv�enkcr�Ws�sgd�cWvm�ne�khed�ats�WoodWqr�
sn�ad�nmfnhmf�sncWx-�Hm�lWmx�bWmbdqr�enq�dwWlokd)�bgqnlnrnlWk�
sqWmrknbWshnmr� bnllnmkx�bWtrd�fdmd� etrhnm� ’63“65(-�AqdWjonhms�
bktrsdq� qdfhnm,?adkrnm� ltqhmd� kdtjdlhW� ’ABP,?AK(� ’66)� 67(�
Wmc�Dbghmncdql�lhbqnstatkd�WrrnbhWsdc�oqnsdhm�khjd�3,?mWokWrshb�
kxlognlW�jhmWrd�’DLK3,?KI(�’68(�Wqd�sqWmrenqlhmf�fdmdr�sgWs�
oqnctbd� etrdc� oqnsdhmr-� Hs� rddlr� khjdkx� sgWs� etrdc� oqnsdhmr� rtbg�
Wr� ABP,?AK0� Wmc� DLK3,?KI� dwodqhdmbd� qdlncdkdc� enkchmf�
kWmcrbWodr� Wmc� Wksdqdc� enkcr� bnloWqdc� sn� sgd� mnm,etrdc� fdmd�
oqnctbsr-�fid�fWhm�Wmc�Wksdqdc�etmbshnmr�ne�sgdrd�etrdc�onkxodoshcdr�
lhfgs�Wqhrd�hm�oWqs�eqnl�Wksdqdc�enkchmf)�Wr�cdrbqhadc�ax�sgd�bqdWshud�
cdrsqtbshnm�lncdk�oqnonrdc�gdqd-

Ddsgncr

Representative SH3, OB, and CLB Domains of Proteins from the
Translation System. Vd rstchdc sgd dunktshnm_qx qdk_shnmrgho adsvddm sgd 
lnrs oqdu_kdms _mc rhlokdrs β,a_qqdk enkcr vhsghm sgd sq_mrk_shnm l_bghmdqx9 
RG2) NA) _mc BKA- Sgd hmenql_shnm enq rodbh“b qdoqdrdms_shud oqnsdhmr ’tK1) 
_R3) _mc _R17) aHE1) _dHE,4A( sg_s bnms_hm sgdrd enkcr hr rtll_qhydc hm S_akd 0- 
LR?r ne sgdrd qdoqdrdms_shud oqnsdhmr bnms_hmhmf nqsgnknfntr oqnsdhmr eqnl 
Ro_qrd _mc De“bhdms Qdoqdrdms_shnm ne Dws_ms ahnknfx ’25( vdqd nas_hmdc eqnl 
OqnsdnUhrhnm ’7/(- Sgd LR?r ne qhanrnl_k oqnsdhmr vdqd sqhlldc sn sgd cnl_hm 
antmc_qhdr _r cd“mdc ax sgd Dunktshnm_qx Bk_rrh“b_shnm ne Cnl_hmr ’DBNC( 
’23() _mc ax Og_rd ne Qhanrnl_k dunktshnm ’0(- Sgd LR?r enq qhanrnl_k oqnsdhm 
cnl_hmr ’cdonrhsdc hm EhfRg_qd) CNH 0/-5/73.l8-“frg_qd-0830107/) _r Ehkdr 
1fl5 ’70(( vdqd sq_mrenqldc sn oqn“kd ghccdm L_qjnu lncdkr trhmf sgd GGrthsd 
udqrhnm 2-2-/ ’71(-

Finding Transitive Relationships and Cross-Fold Sequence Similarity. Sn 
tmcdqrs_mc sgd qdk_shnmrghor ne RG2) NA) _mc BKA vhsghm _mc _bqnrr enkcr) vd 
rd_qbgdc sgd DBNC c_s_a_rd ’23(- Oqn“kd “kdr vdqd qdsqhdudc eqnl DBNC u172 
’_u_hk_akd _s gsso9..oqnc_s_-rvldc-dct.dbnc.bnlokdsd.chrsqhatshnm(- ?m hmhsh_k 
rdptdmbd rhlhk_qhsx rd_qbg sn hcdmshex rdptdmbd rhlhk_qhsx v_r odqenqldc trhmf 
GGrd_qbg vhsg ntq RG2) NA) _mc BKA oqn“kdr _r ptdqhdr- Sn chrshmfthrg sq_mrhshud 
gnlnknfx qdk_shnmrghor eqnl bqnrr,enkc rdptdmbd rhlhk_qhshdr _bbnqchmf sn sgd 
ghdq_qbghb_k bk_rrh“b_shnm ne DBNC) sgd enkknvhmf bqhsdqh_ vdqd _ookhdc9 0( GG_khfm 
rbnqdr fqd_sdq sg_m 5/� _mc D,u_ktdr adssdq sg_m 4×0/ 4 vhsghm sgd r_ld W,) G,) 
_mc S,kdudk fqntor hm DBNC vdqd bnmrhcdqdc sq_mrhshud gnlnknfntr qdk_shnmrghor: 
1( oqnsdhm cnl_hmr xhdkchmf GG_khfm rbnqdr fqd_sdq sg_m 5/� _mc D,u_ktdr adssdq 
sg_m 4×0/ 4 vhsghm cheedqdms W,) G,) nq S,kdudk fqntor hm DBNC vdqd bnmrhcdqdc 
bqnrr,enkc rdptdmbd rhlhk_qhshdr-
Oqn“kdr ne cnl_hmr chrok_xhmf dhsgdq sq_mrhshud gnlnknfntr qdk_shnmr  

’RHy :oodmchv) S_akdr R0flR2( nq bqnrr,enkc rhlhk_qhshdr ’RHy :oodmchv) S_akdr R3 
_mc R4( vdqd qdsqhdudc _mc vdqd bnlo_qdc hm _m _kk,udqrtr,_kk e_rghnm trhmf 

GG_khfm vhsg cde_tks o_q_ldsdqr ’71(- GG_khfm rbnqdr ne o_hqvhrd bnlo_qhrnmr 
vdqd cdonrhsdc hm _ 1×1 l_sqhw ’RHy:oodmchv) Ehf- R1(-

Structural Analysis. Snonknfx ch_fq_lr enq sgdrd bnnqchm_sd “kdr vdqd fdmdq,
_sdc hm OqnsdnUhrhnm trhmf OCArtl ’72(- 2C qdoqdrdms_shnmr ne rodbh“b enkcr hm 
sgd rdkdbsdc Oqnsdhm C_s_ A_mj ’OCA( “kdr ’S_akd 0( vdqd qdmcdqdc hm OxLnk ’73(- 
O_hqr ne enkcr chrok_xhmf fkna_k rdptdmbd rhlhk_qhsx vdqd rtodqhlonrdc trhmf 
SL,_khfm ’33(- O_hqr ne enkcr chrok_xhmf bqnrr,enkc rdptdmbd rhlhk_qhsx vdqd rtodq,
hlonrdc trhmf Bkhbj ’43( _mc l_mt_kkx _citrsdc trhmf sgd o_hq “sshmf noshnm hm 
OxLnk- Qdrhctdr hmunkudc hm bqnrr,enkc rdptdmbd rhlhk_qhshdr vdqd ghfgkhfgsdc 
ax u_qhntr bnknqr hm sgd snonknfx ch_fq_lr _mc 2C rsqtbstqd qdoqdrdms_shnmr-

Structure Predictions. ?mbdrsq_k rdptdmbd qdbnmrsqtbshnmr vdqd b_kbtk_sdc 
enq _R3) LrbR) tK1) _mc _dHE,0? ’RHy:oodmchv) Ehfr- R1 _mc R2(- Rdptdmbd bnm,
rsqtbsr vdqd cdrhfmdc trhmf GG_khfm _khfmldmsr _r qdedqdmbd ’RHy :oodmchv) 
Rtookdldms_qx Ldsgncr(- Sgd 2C rsqtbstqdr ne sgdrd bnmrsqtbsr ’cdonrhsdc hm 
EhfRg_qd) CNH 0/-5/73.l8-“frg_qd-0830107/ _r Ehkdr 6 _mc 7 ’70(( vdqd oqd,
chbsdc vhsg ?kog_Enkc ’38( hm Bnk_aEnkc ’74( trhmf sgd rhmfkd,rdptdmbd noshnm- 
?m GGoqdc rd_qbg ’75( v_r odqenqldc sn cdsdqlhmd sgd adrs OCA lncdk sn ad 
trdc _r sdlok_sd- Vd qdonqs oqdchbsdc sdlok_sd lncdkhmf rbnqd ’oSL,rbnqd( 
_mc odq,qdrhctd bnm“cdmbd rbnqd ’oKCCS( enq sgd adrs,rbnqhmf oqdchbshnmr- Sgd 
oSL,rbnqd g_r _ u_ktd adsvddm ’/)0Z) vgdqd 0 hmchb_sdr mn oqdchbsdc dqqnq ne sgd 
etkk,kdmfsg lncdk ’76(- Sgd oKCCS g_r _ u_ktd adsvddm / _mc 0//- Ghfgdq u_ktdr 
hmchb_sd ghfgdq knb_k rsqtbstqd bnm“cdmbd-

Data, Materials, and Software Availability. Rdptdmbd _khfmldmsr _mc 
rsqtbstqd oqdchbshnmr _rrnbh_sdc vhsg sghr l_mtrbqhos g_ud addm cdonrhsdc hm 
sgd EhfRg_qd qdonrhsnqx gssor9..cnh-nqf.0/-5/73.l8-“frg_qd-0830107/-
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0- M- ?- Jnu_br) ?- R- Odsqnu) J- ?- K_mhdq) K- C- Vhkkh_lr) Eqnydm hm shld9 Sgd ghrsnqx ne oqnsdhmr- Lni-yAhni-y
Duni- 23) 0141fl015/ ’1/06(-

1- B- Bgnsgh_) L- Fdqrsdhm) Oqnsdhm dunktshnm- Gnv e_q b_m rdptdmbdr chudqfd; MUstqd 274) 468fl470 
’0886(-

2- L- Kduhss) M_stqd ne sgd oqnsdhm tmhudqrd- Oqna-yMUsi-y:aUc-yRah-yT-R-:- 0�5) 00/68fl00/73 ’1//8(-
3- ?- U- D“lnu) Rsqtbstq_k sqddr enq oqnsdhm rtodqe_lhkhdr- Oqnsdhmr 17) 130fl15/ ’0886(-
4- D- U- Jnnmhm) L- X- F_kodqhm) Rdptdmad,Dunitshnm,Etmashnm.yBnlotsUshnmUiy:ooqnUafdryhmy

BnloUqUshudyFdmnlhar ’Jktvdq ?b_cdlhb) Anrsnm) 1//2() bg_o- 7-
5- B- Bgnsgh_) S- Gtaa_qc) R- Aqdmmdq) G- A_qmr) ?- Ltqyhm) Oqnsdhm enkcr hm sgd _kk,ads_ _mc _kk,_kog_ 

bk_rrdr- :mmt-yPdu-yAhnofxr-yAhnlni-yRsqtas- 15) 486fl516 ’0886(-
6- K- O_tkhmf) Q- A- Bnqdx) G- Q- Aq_mrnm) Sgd rsqtbstqd ne oqnsdhmr9 Svn gxcqnfdm,anmcdc gdkhb_k 

bnm“ftq_shnmr ne sgd onkxodoshcd bg_hm- Oqna-yMUsi-y:aUc-yRah-yT-R-:- 26) 1/4fl100 ’0840(-
7- V- K- Aq_ff) I- B- Jdmcqdv) L- E- Odqtsy) Onkxodoshcd bg_hm bnm“ftq_shnmr hm bqxrs_kkhmd oqnsdhmr- Oqna-y

P-yRna-yJnmc-y:yLUsf-yOfxr-yRah- 1�2) 210fl246 ’084/(-
8- R- S- Q_n) L- F- Qnrrl_mm) Bnlo_qhrnm ne rtodq,rdbnmc_qx rsqtbstqdr hm oqnsdhmr- I-yLni-yAhni- 65) 

130fl145 ’0862(-
0/- I- Rñchmf) ?- M- Kto_r) Lnqd sg_m sgd rtl ne sgdhq o_qsr9 Nm sgd dunktshnm ne oqnsdhmr eqnl odoshcdr- 

AhndrrUxr 14) 726fl735 ’1//2(-

00- V- Q- S_xknq) I- L- Sgnqmsnm) Qdbnfmhshnm ne rtodq,rdbnmc_qx rsqtbstqd hm oqnsdhmr- I-yLni-yAhni- 062) 
376fl401 ’0873(-

01- L- Kduhss) B- Bgnsgh_) Rsqtbstq_k o_ssdqmr hm fknatk_q oqnsdhmr- MUstqd 150) 441fl447 ’0865(-
02- B- Bgnsgh_) ?- U- Ehmjdkrsdhm) Sgd bk_rrh“b_shnm _mc nqhfhmr ne oqnsdhm enkchmf o_ssdqmr- :mmt-yPdu-y

Ahnafdl- 48) 0//6fl0/28 ’088/(-
03- F- C- Qnrd) O- I- Ekdlhmf) I- Q- A_m_u_q) ?- L_qhs_m) ? a_bjanmd,a_rdc sgdnqx ne oqnsdhm enkchmf- Oqna-y

MUsi-y:aUc-yRah-yT-R-:- 0�2) 05512fl05522 ’1//5(-
04- I- B- Anvl_m) ?- R- Odsqnu) L- Eqdmjdk,Ohmsdq) O- H- Odmdu) K- C- Vhkkh_lr) Qnns ne sgd sqdd9 Sgd 

rhfmh“b_mbd) dunktshnm) _mc nqhfhmr ne sgd qhanrnld- Bfdl-yPdu- 01�) 3737fl3767 ’1/1/(-
05- R- C- Eqhdc) J- Etihrghl_) L- L_j_qnu) H- Bgdqdo_rgtj) J- Gkntbgnu_) Odoshcdr adenqd _mc ctqhmf sgd 

mtbkdnshcd vnqkc9 ?m nqhfhmr rsnqx dlog_rhyhmf bnnodq_shnm adsvddm oqnsdhmr _mc mtbkdhb _bhcr- I-y
P-yRna-yHmsdqeUad 08) 1/10/530 ’1/11(-

06- D- Anqmadqf,A_tdq) E- Ad_trr_qs) R- J- Jtlldqedkc) R- ?- Sdhbgl_mm) I-  Vdhmdq 2qc) Sgd dunktshnm ne 
cnl_hm _qq_mfdldmsr hm oqnsdhmr _mc hmsdq_bshnm mdsvnqjr- BdiiyLni-yJhedyRah- 51) 324fl334 ’1//4(-

07- B- Unfdk) U- Lnqd_) Ctokhb_shnm) chudqfdmbd _mc enql_shnm ne mnudk oqnsdhm snonknfhdr- AhndrrUxr 17) 
862fl867 ’1//5(-

08- I- Vdhmdq 2qc) D- Anqmadqf,A_tdq) Dunktshnm ne bhqbtk_q odqlts_shnmr hm ltkshcnl_hm oqnsdhmr- Lni-y
Ahni-yDuni- 12) 623fl632 ’1//5(-

Table 1. Representative SH3, OB, and CLB folds

Protein name Fold name
PDB code and

chain PDB >old range
uL2 OB 1VY4, chain BA 74–119

aS4 SH3 4V6U, chain AE 180–243

aS28 OB 4V6U, chain M 2–71

bIF2 CLB 1ZO1, chain B 190–267

aIF-5B CLB 4V8Z, chain CV 477–559
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1/- ?- Oq_j_rg) ?- A_sdl_m) Cnl_hm _sqnogx bqd_sdr q_qd b_rdr ne etmbshnm_k o_qsh_k oqnsdhm cnl_hmr- 
FdmnldyAhni- 05) 77 ’1/04(-

10- M- U- Fqhrghm) Enkc bg_mfd hm dunktshnm ne oqnsdhm rsqtbstqdr- I-yRsqtas-yAhni- 023) 056fl074 ’1//0(-
11- A- G- Cdrr_hkkx) N- B- Qdcedqm) ?- K- Btee) B- ?- Nqdmfn) Cds_hkdc _m_kxrhr ne etmbshnm chudqfdmbd hm _ 

k_qfd _mc chudqrd cnl_hm rtodqe_lhkx9 Snv_qc _ qd“mdc oqnsnbnk ne etmbshnm bk_rrh“b_shnm- Rsqtastqd 
07) 0411fl0424 ’1/0/(-

12- J- V- Jhmykdq) A- Unfdkrsdhm) Kdrrnmr eqnl gdqdchs_qx bnknqdbs_k b_mbdq- Bdii 76) 048fl06/ ’0885(-
13- ?- J- Aiñqjktmc) C- Djl_m) ?- Dknerrnm) Dwo_mrhnm ne oqnsdhm cnl_hm qdod_sr- OJnRyBnlots-yAhni- 1) 

d003 ’1//5(-
14- R- K_tdq) C- Fqdrg_l) ?m dunkuhmf uhdv ne bnox mtladq u_qh_msr- Btqq-yFdmds- 54) 0176fl0184 

’1/08(-
15- ?- K_“s_) O- Sh_m) Q- A- Adrs) ?- A_sdl_m) S?CNRR9 Bnlots_shnm_k drshl_shnm ne s_mcdl cnl_hm rv_o 

rs_ahkhsx- AhnhmenqlUshar 24) 14/6fl14/7 ’1/08(-
16- I- ?- Rbgtlodsdq) zSgd oqnbdrr ne bqd_shud cdrsqtbshnm– hm BUohsUihrl�yRnahUihrlyUmcyCdlnaqUax 

’G_qodq Snqbgannjr) Mdv Xnqj) 084/() oo- 70fl75-
17- I- K- Whmf) M- Rg_qhe) Eqnl bqd_shud cdrsqtbshnm sn bqd_shud _ooqnoqh_shnm9 ? bnloqdgdmrhud 

eq_ldvnqj- Pdr-yOnihax 38) 0/3/5/ ’1/1/(-
18- A- ?- Btmmhmfg_l) I- I- Gdlodqkx) S- O- Gnoo) F- L- Dcdkl_m) E_uhm udqrtr bnmb_m_u_khm _9 Bhqbtk_qkx 

odqltsdc _lhmn _bhc rdptdmbdr- Oqna-yMUsi-y:aUc-yRah-yT-R-:- 65) 2107fl2111 ’0868(-
2/- ?- Idksrbg) Bhqbtk_q odqlts_shnmr hm sgd lnkdbtk_q dunktshnm ne CM? ldsgxksq_mredq_rdr- I-yLni-yDuni- 

38) 050fl053 ’0888(-
20- M- ?- Jnu_br) O- H- Odmdu) ?- Udm_o_kkx) ?- R- Odsqnu) K- C- Vhkkh_lr) Bhqbtk_q odqlts_shnm narbtqdr 

tmhudqr_khsx ne _ qhanrnl_k oqnsdhm- I-yLni-yDuni- 75) 470fl481 ’1/07(-
21- ?- F- Ltqyhm) NA’nkhfnmtbkdnshcd.nkhfnr_bbg_qhcd ahmchmf(,enkc9 Bnllnm rsqtbstq_k _mc etmbshnm_k 

rnktshnm enq mnm,gnlnknfntr rdptdmbdr- DLANyI- 01) 750fl756 ’0882(-
22- L- Bnkdr dsyUi-) ?aqA,khjd sq_mrbqhoshnm e_bsnqr _rrtld _ rv_oodc g_hqohm enkc sg_s hr dunktshnm_qhkx 

qdk_sdc sn cntakd,orh ads_ a_qqdkr- Rsqtastqd 02) 808fl817 ’1//4(-
23- G- Bgdmf dsyUi-) DBNC9 ?m dunktshnm_qx bk_rrh“b_shnm ne oqnsdhm cnl_hmr- OJnRyBnlots-yAhni- 0�) 

d0//2815 ’1/03(-
24- J- Hkkdqfáqc) C- G- ?qcdkk) ?- Dknerrnm) Rsqtbstqd hr sgqdd sn sdm shldr lnqd bnmrdqudc sg_m rdptdmbd”_ 

rstcx ne rsqtbstq_k qdronmrd hm oqnsdhm bnqdr- Oqnsdhmr.yRsqtas-yEtmas-yAhnhmenql- 66) 388fl4/7 ’1//8(-
25- B- Q- Adqmhdq) ?- R- Odsqnu) M- ?- Jnu_br) O- H- Odmdu) K- C- Vhkkh_lr) Sq_mrk_shnm9 Sgd tmhudqr_k rsqtbstq_k 

bnqd ne khed- Lni-yAhni-yDuni- 24) 1/54fl1/65 ’1/07(-
26- R- Mdonlmx_bghx) M- Adm,S_k) Q- Jnkncmx) Bnlokdw dunktshnm_qx ennsoqhmsr qdud_kdc hm _m _m_kxrhr ne 

qdtrdc oqnsdhm rdfldmsr ne chudqrd kdmfsgr- Oqna-yMUsi-y:aUc-yRah-yT-R-:- 003) 006/2fl006/7 ’1/06(-
27- I- ?- E_qå_r,Qhbn) R- Rbglhcs) A- Gñbjdq) Dunktshnm_qx qdk_shnmrgho ne svn _mbhdms oqnsdhm rtodqenkcr- 

MUs-yBfdl-yAhni- 0�) 60/fl604 ’1/03(-
28- V- Q- Od_qrnm) ?m hmsqnctbshnm sn rdptdmbd rhlhk_qhsx ’zgnlnknfx–( rd_qbghmf- Btqq-yOqnsna-y

AhnhmenqlUshar- 31) 200,207 ’1/02(-
3/- V- Q- Od_qrnm) AK?RS _mc E?RS? rhlhk_qhsx rd_qbghmf enq ltkshokd rdptdmbd _khfmldms- LdsfncryLni-y

Ahni- 0�68) 64fl0/0 ’1/03(-
30- ?- F- Ltqyhm) Gnv e_q chudqfdms dunktshnm fndr hm oqnsdhmr- Btqq-yNohm-yRsqtas-yAhni- 7) 27/fl276 ’0887(-
31- I- Rñchmf) Oqnsdhm gnlnknfx cdsdbshnm ax GLL,GLL bnlo_qhrnm- AhnhmenqlUshar 10) 840fl85/ ’1//4(-
32- U- ?ku_) I- Rñchmf) ?- M- Kto_r) ? unb_atk_qx ne _mbhdms odoshcdr _s sgd nqhfhm ne enkcdc oqnsdhmr- dJhed 

3) d/830/ ’1/04(-
33- X- Yg_mf) I- Rjnkmhbj) SL,_khfm9 ? oqnsdhm rsqtbstqd _khfmldms _kfnqhsgl a_rdc nm sgd SL,rbnqd- 

Mtaidhay:ahcryPdr- 22) 12/1fl12/8 ’1//4(-
34- U- ?ku_) R- Ctmhm,Gnqj_vhby) L- G_adbj) L- Bnkdr) ?- M- Kto_r) Sgd FC anw9 ? vhcdroqd_c 

mnmbnmshftntr rtodqrdbnmc_qx rsqtbstq_k dkdldms- OqnsdhmyRah- 07) 0850fl0855 ’1//8(-
35- B- ?ku_qdy,B_qqdín) O- H- Odmdu) ?- R- Odsqnu) K- C- Vhkkh_lr) Enkc dunktshnm adenqd KTB?9 Bnllnm 

_mbdrsqx ne RG2 cnl_hmr _mc NA cnl_hmr- Lni-yAhni-yDuni- 27) 4023fl4032 ’1/10(-
36- U- ?fq_v_k) Q- J- Jhrg_m) Etmbshnm_k dunktshnm ne svn rtaskx cheedqdms ’rhlhk_q( enkcr- ALByRsqtas-yAhni- 

0) 4 ’1//0(-
37- O- Xntjg_qha_bgd dsyUi-) Sgd rl_kk β,a_qqdk cnl_hm9 ? rtqudx,a_rdc rsqtbstq_k _m_kxrhr- Rsqtastqd 16) 

5fl15 ’1/08(-
38- I- Itlodq dsyUi-) Ghfgkx _bbtq_sd oqnsdhm rsqtbstqd oqdchbshnm vhsg ?kog_Enkc- MUstqd 485) 472fl478 

’1/10(-
4/- L- ?lldkatqf dsyUi-) ? BSO,cdodmcdms _qbg_d_k qhanfi_uhm jhm_rd enqlr _ aqhcfd hm sgd dunktshnm ne 

bq_ckd,knno a_qqdkr- Rsqtastqd 04) 0466fl048/ ’1//6(-
40- U- ?ku_) J- J- Jnqdsjd) L- Bnkdr) ?- M- Kto_r) Bq_ckd,knno a_qqdkr _mc sgd bnmbdos ne lds_enkcr hm 

oqnsdhm bk_rrh“b_shnm ax m_stq_k cdrbdms- Btqq-yNohm-yRsqtas-yAhni- 07) 247fl254 ’1//7(-
41- I- I- Gdlodqkx) A- ?- Btmmhmfg_l) Bhqbtk_q odqlts_shnm ne _lhmn _bhc rdptdmbdr _lnmf kdftld 

kdbshmr- SqdmcryAhnafdl-yRah- 7) 0//fl0/1 ’0872(-
42- M- Edqqty dsyUi-) Hcdmsh“b_shnm _mc _m_kxrhr ne m_stq_k athkchmf aknbjr enq dunktshnm,fthcdc eq_fldms,

a_rdc oqnsdhm cdrhfm- I-yLni-yAhni- 321) 2787fl2803 ’1/1/(-
43- L- M- Mftxdm) L- R- L_cgtrtcg_m) Ahnknfhb_k hmrhfgsr eqnl snonknfx hmcdodmcdms bnlo_qhrnm ne 

oqnsdhm 2C rsqtbstqdr- Mtaidha-y:ahcryPdr- 28) d83 ’1/00(-

44- V- B- Kn) B- B- Kdd) B- X- Kdd) O- B- Kxt) BOCA9 ? c_s_a_rd ne bhqbtk_q odqlts_shnm hm oqnsdhmr- Mtaidhay
:ahcryPdr- 26) C217flC221 ’1//8(-

45- B- O- Onmshmf) Q- A- Qtrrdkk) Rv_onrhmr9 Bhqbtk_q odqlts_shnmr vhsghm fdmdr dmbnchmf r_onrhm 
gnlnknftdr- SqdmcryAhnafdl-yRah- 1�) 145fl145 ’0884(-

46- R- F- Odhr_inuhbg) K- Qnbj_g) C- R- S_v“j) Dunktshnm ne mdv oqnsdhm snonknfhdr sgqntfg ltkshrsdo fdmd 
qd_qq_mfdldmsr- MUs-yFdmds- 27) 057fl063 ’1//5(-

47- R- R- Jqhrgm_) H- L_itlc_q) M- U- Fqhrghm) Rsqtbstq_k bk_rrh“b_shnm ne yhmb “mfdqr9 Rtqudx _mc 
rtll_qx- Mtaidhay:ahcryPdr- 20) 421fl44/ ’1//2(-

48- C- I- Jkdhm) O- A- Lnnqd) S- ?- Rsdhsy) Sgd qnkdr ne qhanrnl_k oqnsdhmr hm sgd rsqtbstqd _rrdlakx) _mc 
dunktshnm ne sgd k_qfd qhanrnl_k rtatmhs- I-yLni-yAhni- 23�) 030fl066 ’1//3(-

5/- M- A_m) O- Mhrrdm) I- G_mrdm) O- A- Lnnqd) S- ?- Rsdhsy) Sgd bnlokdsd _snlhb rsqtbstqd ne sgd k_qfd 
qhanrnl_k rtatmhs _s 1-3 _ qdrnktshnm- Rahdmad 178) 8/4fl81/ ’1///(-

50- J- D- Ldcudcdu) K- M- Jhmbg) Q- Ctrshm Rbg_deedq) I- Odh) M- U- Fqhrghm) ? “esg ne sgd oqnsdhm vnqkc9 
Qnrrl_mm,khjd oqnsdhmr _r _m dunktshnm_qhkx rtbbdrretk rsqtbstq_k tmhs- I-yLni-yAhni- 322) 055677 
’1/10(-

51- Q- Jnkncmx) R- Mdonlmx_bghx) C- R- S_v“j) M- Adm,S_k) Aqhcfhmf sgdldr9 Rgnqs oqnsdhm rdfldmsr 
entmc hm cheedqdms _qbghsdbstqdr- Lni-yAhni-yDuni- 27) 1080fl11/7 ’1/10(-

52- G- Ygt dsyUi-) Nqhfhm ne _ enkcdc qdod_s oqnsdhm eqnl _m hmsqhmrhb_kkx chrnqcdqdc _mbdrsnq- dJhed 4) 
d05650 ’1/05(-

53- ?- M- Kto_r) B- O- Onmshmf) Q- A- Qtrrdkk) Nm sgd dunktshnm ne oqnsdhm enkcr9 ?qd rhlhk_q lnsher hm 
cheedqdms oqnsdhm enkcr sgd qdrtks ne bnmudqfdmbd) hmrdqshnm) nq qdkhbr ne _m _mbhdms odoshcd vnqkc; 
I- Rsqtas-yAhni- 023) 080fl1/2 ’1//0(-

54- K- L- Knmfn) Q- Jnkncmx) R- D- LbFkxmm) Duhcdmbd enq sgd dldqfdmbd ne β,sqdenhkr ax zodoshcd 
atcchmf– eqnl _m HfF,khjd β,r_mcvhbg- OJnRyBnlots-yAhni- 07) d0//8722 ’1/11(-

55- J- Pht) M- Adm,S_k) Q- Jnkncmx) Rhlhk_q oqnsdhm rdfldmsr rg_qdc adsvddm cnl_hmr ne cheedqdms 
dunktshnm_qx khmd_fdr- OqnsdhmyRah- 20) d33/6 ’1/11(-

56- K- K- Onqsdq) K- K- Knnfdq) Dws_ms enkc,rvhsbghmf oqnsdhmr _qd vhcdroqd_c- Oqna-yMUsi-y:aUc-yRah-yT-R-:- 
004) 4857fl4862 ’1/07(-

57- X- N- Bgdqmnee) ?lxknhcnfdmhb cnl_hmr) oqhnmr _mc rsqtbstq_k hmgdqhs_mbd9 Qtchldmsr ne d_qkx khed nq 
qdbdms _bpthrhshnm; Btqq-yNohm-yBfdl-yAhni- 7) 554fl560 ’1//3(-

58- O- Sn) A- Vghsdgd_c) G- D- S_qanw) R- C- Eqhdc) Mnmqdenkc_ahkhsx hr odqu_rhud _bqnrr sgd D- bnkh oqnsdnld- 
I-y:l-yBfdl-yRna- 032) 00324fl00337 ’1/10(-

6/- K- B- I_ldr) C- R- S_v“j) Bnmenql_shnm_k chudqrhsx _mc oqnsdhm dunktshnmfl_ 5/,xd_q,nkc gxonsgdrhr 
qduhrhsdc- SqdmcryAhnafdl-yRah- 17) 250fl257 ’1//2(-

60- O- F_k_y,C_uhrnm dsyUi-) Cheedqdmsh_k knb_k rs_ahkhsx fnudqmr sgd lds_lnqoghb enkc rvhsbg ne a_bsdqh_k 
uhqtkdmbd e_bsnq Qe_G- AhnofxryI- 007) 85fl0/3 ’1/1/(-

61- X- Gt_mf) I- E_mf) L- S- Adcenqc) X- Yg_mf) Q- L- Wt) Qdbnfmhshnm ne ghrsnmd G2 kxrhmd,3 ldsgxk_shnm 
ax sgd cntakd stcnq cnl_hm ne ILIC1?- Rahdmad 201) 637fl640 ’1//5(-

62- R- Mdonlmx_bghx) M- Adm,S_k) Q- Jnkncmx) Fkna_k uhdv ne sgd oqnsdhm tmhudqrd- Oqna-yMUsi-y:aUc-yRah-y
T-R-:- 000) 00580fl00585 ’1/03(-

63- O- ?- Etsqd_k dsyUi-) ? bdmrtr ne gtl_m b_mbdq fdmdr- MUs-yPdu-yBUmadq 3) 066fl072 ’1//3(-
64- G- Q_gh dsyUi-) Fdmd etrhnmr hm f_rsqnhmsdrshm_k sq_bs b_mbdqr- FdmdryBfqnlnrnldryBUmadq 50) 

174fl186 ’1/11(-
65- X- Ygnt) L- Dk,A_gq_vx) Fdmd etrhnmr hm stlntqhfdmdrhr vhsg o_qshbtk_q qdedqdmbd sn nu_qh_m b_mbdq- 

I-yLdc-yFdmds- 47) 678fl684 ’1/10(-
66- S- O- Aq_tm) B- ?- Dhcd) A- I- Cqtjdq) Qdronmrd _mc qdrhrs_mbd sn ABQ,?AK0,s_qfdsdc sgdq_ohdr- BUmadqy

Bdii 26) 42/fl431 ’1/1/(-
67- I- Fqneedm) M- Gdhrsdqj_lo) Sgd bghldqhb ABQ,?AK fdmd- AUhiihdqdr Bihm- GUdlUsni- 0�) 076fl1/0

’0886(-
68- L- Rnc_ dsyUi-) Hcdmsh“b_shnm ne sgd sq_mrenqlhmf DLK3fl?KJ etrhnm fdmd hm mnm,rl_kk,bdkk ktmf 

b_mbdq- MUstqd 337) 450fl455 ’1//6(-
7/- O- H- Odmdu dsyUi-) OqnsdnUhrhnm9 Vda rdqudq enq _cu_mbdc uhrt_khy_shnm ne qhanrnl_k oqnsdhmr- Mtaidhay

:ahcryPdr- 38) V467flV477 ’1/10(-
70- B- ?ku_qdy,B_qqdín) Q- I- Ftos_) ?- R- Odsqnu) K- C- Vhkkh_lr) Bqd_shudCdrsqtbshnm]Rtookdldms_qx]

Ehkdr]1,7- “frg_qd- C_s_rds- gssor9..cnh-nqf.0/-5/73.l8-“frg_qd-0830107/-u2- Cdonrhsdc 2/ 
Mnudladq 1/11-

71- L- Rsdhmdffdq dsyUi-) GG,rthsd2 enq e_rs qdlnsd gnlnknfx cdsdbshnm _mc cddo oqnsdhm _mmns_shnm- 
ALByAhnhme- 1�) 362 ’1/08(-

72- Q- ?- K_rjnvrjh) I- I_a—nńrj_) K- Oq_uc_) Q- R- U_ödjnuá) I- L- Sgnqmsnm) OCArtl9 Rsqtbstq_k 
rtll_qhdr ne OCA dmsqhdr- OqnsdhmyRah- 16) 018fl023 ’1/07(-

73- Rbgqñchmfdq KKB) Sgd OxLNK lnkdbtk_q fq_oghbr rxrsdl) ’1-3-/) Rbgqnchmfdq) KKB) 1/10(-
74- L- Lhqchs_ dsyUi-) Bnk_aEnkc9 L_jhmf oqnsdhm enkchmf _bbdrrhakd sn _kk- MUs-yLdsfncr 08) 568fl571 

’1/11(-
75- E- F_akdq dsyUi-) Oqnsdhm rdptdmbd _m_kxrhr trhmf sgd LOH ahnhmenql_shbr snnkjhs- Btqq-yOqnsna-yAhnhme- 

61) d0/7 ’1/1/(-
76- X- Yg_mf) I- Rjnkmhbj) Rbnqhmf etmbshnm enq _tsnl_sdc _rrdrrldms ne oqnsdhm rsqtbstqd sdlok_sd 

pt_khsx- Oqnsdhmr 46) 6/1fl60/ ’1//3(-
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