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ABSTRACT

The phosphodiester backbonreesiinstrawmad | etioc daecg
Al t hough high stability i1s essenti al for

funcgt isool€tme circumstances necessitate the cl

exampl e, breaking the DNA backbone is crit
integrity, whil e RNA cleavage i s necessary
Nel eases are enzymes that facilitate the

accelerating the uncasteasd ywteidl irzeea cmhd toanl. s Mam
Despite sever al experi ment al studies on e
nattuhe, mechani sm for bond cleavage used by
number of met al i ons i nvhooldved d,n gi si ss tai |plo wen
i nvestig-antakgmzegmher eacti on mechanisms and
amino acids invoTlkiesl tmesihse useasctcomput at |
guantum mechanicosl ecal @awl adtyinobamsi,cs msi mul at
mec hdmolcescul ar mechanics cédlevell auindmres sttamdg
phosphodi ester bond cleavage reaction cat a
A P E IR ploal, and EndoV. These enzymes are part
invoke a single metal i on f or-mectaatlal mesdisgt
mechani sm generally propos-ddptodemoseti suah
The mechanidet ai ltdhisvsnddbhesi ad why I open the d
applications of these enzymes in the field

therapeutics.



PREFACE

This thesis consisthsebfwhi ole aes upetvh |eonselde d
j ouracmad Bleaaxw ce,phddeimaihrsegn submitted for pi
contributions of al | aut hors wil/ be expl e

Taxonomy) rol es.

Chapter 2 has been published [ Kaur, R.;
S. D. , The i mpact of DFT functional, cl usi
structur al d emetmacdpti iad e do fDNAI phhlosphodi ester
case study. oPhpPEIOQI2ES50)B,.-10683P2. I n this c
aut hor s contributed t o t he revi ewi ng an
conceptualization of the project and perfo

phsophodi ester bond( QM ecalvuasgtee r p aa pfipMamsse a tainan

si nmdient calcul ations in both gas id0d $aol ve
addition, I performed the overall dat a/ r e
manuscript, andirgendmat etdhealpubfiiigati on.

optimizaphasns) (@gmd -psooilnvte nd alsciunlgatei ons (gas

using models 2, 3, and 7, investinggatneodd etlh e
0, and contributed to the formal dat a ane
conceptualizati on, project administration,
involved in project conceptual i zrad iroens awnrdc e
acquisition, data visualization and inter|

manuscript.



Chapter 3 has been published [ Kaur, R.;
S. D. , The met al-melteplencedicat od phogplrodi es
QM/ MM study of a mul PhyaceChkdmh2uoGRB2d Men Pl me
29139140] . I n this chapter, all/l authors <co
manuscriopt. I aided conceptualization of
characterization of the phosphodd®tsiNer bo
(sgpdramar and 9dictamfédCal )adddn i on, I per f
data/results analysis, wrote the first dr a

for the publication. D. J. hMiakeéhvpewvd ogmdi

contributed to t he f or mal dat a anal ysi s.
conceptualization and project administrati:
conceptualization and administrati aodm¢dtasupe
visualization and interpretation, and writ

Chapter 4 has been submitted for a pu.
Wet more El ®ci Bati on of t he catmeltyatli cdemenida
homi ng endonucl ease usingTQM amdPgdRh MM ya |
Che@hehmhyx02Mccegtmad us c €CPAPRT 2 DD 6 2 B]1L. I n
this chapter, I aided conceptualization of

characterization of the phosphodiester bon

and QM/ MM model T3 al cowmgddnaéecbobnMgidd QM ¢
and QM/ MM model i i@3d vd om@r dinrddtriecrt. Mgn addi
overall data/results anal ysi s, wrote the
reviewing and editing, and gener aetreidc kasloln f



perfor med cal cul ations T8siimgrolQWMi nig @i eec:

coordination, whil e S. D. Wet more was I n
administration, supervision, funding and
interpweittitngnt he original draft of the ma

Chapter dPubbgXKaedn R.; Wet mor e, S. D. ,
the | eaving group required or can |l ysine f

acids? A computatd.on@hem.t LAdDyX644 BV d=EnEPBA.M | n

this chapter, both authors contributed to t
conceptualization ofcaheupnbjeas.ahd aedddud
overall data/results analysis, wrote the fi
for the publication. S. D. Wet more was

administrationi,ngsupredviresonycéumdqui sitior

interpretation, and writing the original d

Chapter 6 includes a currently unpublis
[Mechani sm of Nucleic Acid Phosphodiester B
MD and QM/ MM Cal cul ations Rev2@PRAMGS MVeats.at i
Submimdarus rcipatDA ®HPOH this chapter, bot h a

the reviewing and editicogcept uadalei znaatniuosnc r a |

performed MD simulati ons, and characteri z
pat hways. Il n addition, I performed the ove
t he manuscriopt, and DgenW\ertantoe e anals fiing/wrl evs
conceptualization and administration, supe
vi suali zation and interpretation, and writ
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SI NGLE AND TRIPLE LETTER CODES FOR THE AMI |

A Al a Al ani ne

C Cys Cysteine

D Asp Aspartate
E Gl u Gl ut amat e
G Gl y Gyhcine

H Hi s Hi stidine
I 1 e |l sol eucine
K Lys L yisne

N Asn Asparagine
P Pro Proline

Q Gl n Gl ut ami ne
R Ar g Arginine

S Ser Sdame

Y Ty r Ty rnmse

XX Vi



Chapter 1: I ntroducti on

1. 1.

exec

gen

nec

and

t hi

unc

General Overview

The backbone od o nt lpdhlpessipdhodice siser bonds
eedingl ydege i’ sMthaidtre ttohi s stability is ¢
ome integrity and regulating gene expr
essitate the cleavage of the nucleic ac
processing RMMAei mMi oélolgs csaobrer yoma $whs tcsht €
s challenging backbone cl elab/taigme sbyo vienrc rt

at al yz®Manrye aecrt 2 yome s utili ze imeawdl ysoinss.

However, despriitreensteavle rsatlu dexepse on enzymes t

bon
r ol

pho

hig
mo d

c ha

ds itmheameickeani sm for bond ¢ilrealviadgien g stel
e and/or number,i 8f stmet Bl unoheannvdohved
sphodi ester bond hydrolysis pathpays of
EAdoavidament al understanding about the
open the door for applications in bioc
gnostics,imgeneand tehmgi ceergn of small n
t of diseases ranging f¥om neurological
Al t hough experiment al studies provide
ction, it i s-leivfefli delttaitl ¢ @di n hat onaicdh an
h energy reaction i ntermedi at es usi ng
eling i s a powerfulcatteadlyzed rewmestibga
racterize high ener gy itrteetrane/ds ad recds , a minn

ol ved i nThtihse trheeascitsi omses computer mod el



accurately medelattlle pmetsphodi ester bond cl

provide answers for the remaining questior

mechani sms usemdenhhyy ohkd aehayees. The foll
i nbduction wil|l di s ¢ hperso cneuscsl ien gc oafc i mdu cslteriucc
t hhneet al dependence of nucl eases, and comput

a brief summary of how a multipriosigehle siomp
provide a detailedadesctiapedomhotpleodiyeamet

nucl eic aci ds.

1.2. Nucleic Acid Structure
Nucl eic acids are biopolymers consistin
subunit contai ns -dee oxwali edbobsaes @,n sDuNgAa ra n(d2 or i |

phosphate gr oWMwpcl(eatgiudees larlem)l.i nked togeth

bonds to form polymers that can fold into
doublteanded helix (dsDNA) t hat aceomttiap aarsa Itlwe
orientation (Figure 1.2a). Eachastmsanadaameh :

adenine (A), thymine ( JPi,gucryet ols.ilnbe) ,( Gyh,i cahn ¢
Wat sCaon ck hydrogen bonds with the nucl eoba
Specifically, A pairs with T through two h
hydrogen bonds (Figure flwdadc@yrobues heomer be
and wide major groove in which the sugar p
and the other being the narr cecw saimgdrs hpalolsqpv

backbones are close together (6 | apart, F



Like RNA,is also composed of four cano
Ssubstituted by wuracil.l (U, Figure 1.1b). A
presenc@H ogfr caup2gon the sugar i n RNA. Li ke D
can form azroyppeaimesnt ( A:iWlhaen ds eGc.oCn)d atroy st r uc
whi ch can f-cbil denisnitoon atl hrseter uct ures consi sti
coaxially stacked helices, hairpin | oops, |
12b) .

Al t hough maintaining nucleic acid struc:

functions, di srupti onandandrhiec aclh esrtircuad t ucroen
occurrences. These structoubatcmdeasing@es adare
genetic information and | ead toll&wich@®omat
di scusses strategies cells use to deal wit
2 NH; b) L NH o .9 NH2 o
> 6 4 6 4
o (L,'l T \)N1 3 i‘; o0 j‘\? 5|\i2 5 E
A N0 =2 6 = 6 6
ogo o 9H4|\13 N1 0 9H4|§ NH, Ni o N170
B HO R Adenine (A) Thymine (T) Guanine (G) Cytosine (C) Uracil (U)
H
C) H\N’H _______ O\ N ?7_7____H5N‘
(ﬁN H—N)T‘\é N— & N=H-----N"c\
N N H  \= /=N
H o] H N-H----0

Figuraelfhetscture of the subunits of a nucl
and phosphate, where R = H for DNA or OH
numbering of t he canoni cal DNA and RNA n
compl ement-@r ycal¥et pa@an rs i n canoni cal DNA.



a) b)

Major Groove

|
Ny
Minor Groove

dsDNA Messenger RNA (mRNA) Transfer RNA (tRNA)

Figur.dghé. 8tructures ,sfhoaw) ng thBNMmaheligro
groove, and b) RNA with a helical stem cor
helical st eniss hfaopled i(ntgRNAMA,t ori ght ) .
1.3. Processing of Nucleic Acids

DNA can be damaged from various endogen
andadsenosyl methionine) and exogenous®?2(such
which can result ifTomutambanst aeddeet i medei
damage, cells possess multiple repair path
remov-buhé&ygy ?aensdi onrusc,| eoti de excision repair
or cr os8bselfiencktss. in DNA damage repair pathwa
di seasesndwrcddiedgenrger ati ve disor dearmsgierchr di
Il n contrast, al though modifications to RNH#
di ved’'wheéeény, the nmowdlfdarcad i os tipped such th;
modi fi ed, codon changes <can arise that I
har mful consequences s andsciadddeco.led @ir@al
becomes i mportant to remove damaged/ modi f i

breaking the phosphodiester backbone.



Al t hough phosphodiester bonds must be

i ntain modi ficati on bal ance i n RNA, t he

rolysis, taking up to 110 years ¥or RNA
refore, specialized enzymes that drast.
maki® bberdPdi ssoci ation feasible. This 1t
avage mechani sms employed by edziymeshea

| swichg on.

Nucl eases
Nucl eases form a broad family of enzy
sphodiester bond cleavage ~18f mluc | @V er aftc
atalyzZ’etdctaasiesncan be classified into
ir function, sUydNAagpoamirlgdendocheakeasase
hange), tyrosi ne( DDNA sreerci onfett i ompeoti dsmooni)enraasse
ructur al al t ebgtrioounp olf onrucl ki ¢ Pt oWs ) [
onucleases (RNA med°abolosBoarRAi ekenfiet
cet%mnadmgpPNases (pr odtNaummeda seesl |hadea tbhe)e.n
i pul ated and reprogrammed for applicatd.i
technoéddAadyi ti onal | y, fduenfcetcitoinv eh ansuacd eeears e
iety of diseasesneaudgqgiog*d®@irhsenteafudcraen c ear sd
erstanding of the function of nucl eases

rapy, and design therapeutic solutions

understanding the mechheasmsms of hattt aoa DbDhHhv

rep’d@fRINA met dB8hidsmenet $%T eexceh amwel.eases ar
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use met al I on s ;htoowenveldeir aet ea t deleeitgacdpyss tiisir e r eg a |
number of metaliOi boedrebaeavadefowhPch is d

Ssubsequent section.

1. 5. Ddepteanld e Muccel eoafs e s
Al t hough there is a plethora of met al
met al | oMgFZiysmecsonsi der ecdo mne made vtelres arho dte met

amongcl a&especifi ¢imay nflyr aMg ses due to pro

natural abundiamceetolfes thiigh cahadarojme density d
its redox inertness,, sdmdv storlivetnt c exrcchiamat
ligand réfhimeembacwoansl y i sibsénaée recogn

bindi bgt can be direct]| y>3AlIntvhooluvgend ainn otvheer w
majority of nucleases are kRAdWwe tol asanteh
of met al iohberefgemresd| fesetnepa topic of cCo
controversy P hehmevoalt emadiuatted pat hway i s
mechani 80n bfoonrd R eavage for t°®&henafbrstyme:t
(M) activates the nucleophidjcpwameres whet
group departure either throagthi daredtwaber ¢
substrate charge sbabihl meaail ¢’ Heswewrea v, il dt ek
uni ver sal imeyt adf ntehde attwvwad mechani sm has been
studies investigating the metal c&8h€®ntrat
For examptlwo ndeetsaplist ebei ng pr esagntcriym ttale sac
of sever 8P rpelremeasalclke medde rsdtueld esbt ai n

of met al i ohi ncdoincceetnet r & tfieod B 0 w-mestinmebglsi et e d
6



at a%®fwhisgch unttkespotesntial for inconsiste

(@]

struct drmhalseda&txp.eri ment at hatbsartvihdugpgmsesdgmy

have t wboi netnagl sites, some enzymes require
bond <c. elawv atglehsee rcoalseesoof t he firstmundetd al I n
taken by a basic amino acid in the actiwve

corroborated by the emergence of aucl sang
containing a singl3& "fietvaelr tthrelonisfd ,i accttiinwge esvi
from ax crystallography and solution st u
comprehensive insight into the role and nu
bond hydrolysis mediated by nucl eases.

An abundance of experimental work- on nu

ray cryst%il1%kdernasthtyed,nd mut at i®8%haals ptrwdii edse

valuable information regardiimsgbstheatsda robch
affinity, cat adenikeayy arbebssi,d uaensd itnhveol ved i n
t hese met hods cannot gi ve a full pi ctur e
phosphodi ester bond hydrolysis. Computer |
at o-seive | det ai | s of reactin@gey ssthaaacenaraynd

particul arl ywhiramsante omarsd atesconcl usively
This thesis performs detailed investigatio
their mechanism of action tubBathgamredé Mputders cm

in the following section.
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hosphodi ester bond cleavage (R = H for DN
6. CovopgetleMug | @efases

There are a variety of comprat aimee e & | t
nderstanding of nucleases. One such tool
n which a |Iimited number of atoms t-hat re
ay crystal structure of teef iexned nteg twhea |eex
trucdarcamatteise model i s placedtiheen zay de el e
urrouwflAlinngsatoms in the ¢!l usnteaccnordaetle adree
unctional theory (DFT) method. Mol ecul ar
ool that wuse classical mol ecul ar mechani c:
i me sanmdy t he structur al dynamst & msof urmcda
hysiologi @BlInabhdijtgoadnblmcméahamiecalani cs

echni gonesherteesfieput ati onal appr oeacah atloy zcehda |



reaction mechanisms in which the atevek si

QM met hods, while Hhhel eest aofdtbemephay mes

effective °M met hods.

QM <cl uster model i ng, MD simul ations, a
successfully applied in the literatu+te to
met al dependent nucl eases °3RiNcahs eE@lgm&d t er i a
CRI SPRIP etrovirdHl ¥ ntegyenmnse ndnisitive Pt as e,
These studies have provided insight i nto
medi ated by two metals and clarifiedsitthe c
residues.

I n conheasétical -mewal emedinatseéach g%t al ys
Only a single comput atmeotnaal dsetpuednyd eenxti setnsz yfn
combined QM cluster and QM/ MM approach on
bond cl eavage pat hway and reveal thelli dent
as the role of t'A®haneftad dd me rtthel rwemddri othan
catalytic mechanism of APEl cartkdbeappephited
nucl eases for which the mechanism has not
met hods or even proposed based o ndeesxcpreirbiense
a comprehensive investigati enepefndeatcal ytfi c
nucl eases to fully uhpeheorsspthaondd etsh exre aldtdrnide raccl
and gain insight into mehlhcehtamdars mu wlre asfesdiusf

composrigsiwint in differential catalytic mech



1.7. Scdpesios the

This thesiscases campul &aii oamlt odne@red ach
understanding of the phosphodiester bond
Specifically, Chapter 2 uses a rampededf cl
the chemistry mediated by nucl eas@EeBi g thrag i
1. vaa)s used as a prototypical example due t
crystaliod?&pimie® mdd at’PoPBlal’d pouamt i 6h’al da
This chapter underscores the I mportance of
DFT functional and basis set combination r
t he-men al medi ated phosphodi estnearl baomndd bhaysd rs
combination recommended tfhreemt t bf st hbaphapt

thesi s.

a) ' i o) OO
& ~ D70 Jbﬁni % \% © b - |
ay ~ e H /
“Q.' - M_A ® e ',i// °Mg::}\ 2
H309 i < N &
B aY / ,llu“'v\‘ \ 'V
~ ‘n ‘\4397
= 7 - ’ -
Vwr\g (\ g ° 7 ,§ _ HI8A o
E a =" 3 TR
L 4 « Y / 1758 R61
" S, \ i ‘L L N17a ",/" A Hn&”
Y171 D210 e POB ID: 5DGO A DB ID: 2

FigurEendymes (l eft) and the corraaporcdiyrsg ad
structures of$ulastia)utR€d oAPEDhilmound to a ds
H98A mut-Rpla bofunld to a dsDNA sudlygter abtaec,t eq)i
EndoV boundagttranaedi mdNAe s utbhsmamtEndawnh.d d) a
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Chapter 3 uses a QM/ MM approach to unde
Despite ?lasi nngheMgnat i ve nheatsalalcsoof akce@ma,is hAoPVEr
catalytically active in the presencé® of se
MrE> N Zin whPtem@haetely abol i shA®8HA ey ecrat al
a chemical explanation for this metal depce
chapter provides a structur al ravnnberealviedat
trend in the thheeet abr dbpegteacéoonof APEL. Fu
provides clarfinbabimetahnméedi Gaed APEL.

Chapter 4 uses both QM cledsutcardaarmred tGM/ M
pat hway -Riied wihyiscphl ay s a M&gjinng Iteh emeatcatli-ve sit
ray crystal strUdPpudbes oasgtoethedhoming e
fami ltyr arhsafter s genes that efrAdddouigéd HEcian!
mechani sm has Dbeen pr opos’dan d aswetda toind & ahle dc:
r oslod the met al and key aminnadac itrdeognuni éreedd t tr
comput ateirofalcati on ofpropesedkpeeaemodudhlpyt
compari son Ctha p@GhasddargBtoworma singl e metal c;
roles depending on the active site environ

Chapter 5-puvengeal mwimpiut ati onal approach
and QM/ MM caprcoavVviade onbetbirst proposed mec
Bacterial Endo(VWdgsomt asii migdo e med ferage r(efog er
deami nat ed DNA and RNA nucl eobasesnby c |
nucl eotide away from a deami n%Pespintuec!| & lo¢

avail abttyswyalofstructure and ab@nddnat’® kitPe
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catalytic mechanism has n®ha pteeern S rwrpoc\edr
catalytic mechanism for bacteri al EndoV tF
gener al base, g ebnienrdailn ga cairdc, h i ameectt anle ted &f poern dee
nucl ease.

Chapter 6 uses MD simul @atoi pmovande Q@QM/eMMW |
of the mechanism of acémownwesfdbamama€EeaedoRNDA
as a part of !'"BNUmImeteabalsi som.cterial counter
human EndoV (Figure 1.4d) does not “tontai
Therefore, a catalytic mechanism for the |
proposed. ,tFhuerteh elramvoer ebeen no experi mental o
examined the role or number of metal /s r e
dependence is further complicated by the f
(Mgin its active sihtae,t woh(imég arhaiutsse *&Emtdtowe
Despite the sequence c ontsheer vuastadigdelf e@afmeaat g nEiny
of mebafacilitate the same phosphodsesbrs
abut the number of metal/s and overall mecl
c happteerrf @ar ntso mpr ehensi v e nievnevresswmied aatli ome da fat
phosphodi est epratbhomadj $colreda vtiahgeemec hanhi pmopbds ac
f cdruman EndoV.

Finally, Chapter 7 summaprapegetdowomputar
approach ttohee mpnhtarsiiczaet e detail s i nvolved i
in nucl eic agtihdast arhde imeltuwadt rcaatne pl ay di ffer

reaction depending on ttheuvualceave. sThies cohr
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provides possible directionsdéeédpendanturenay

t hat can be built based on the fundament al
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1. l ntroducti on

Al t hough the stability of DNA and RNA i
netic information, the cleavage of phosp
ny cellular processes including sidgnal in
intaining g¢g#@8A®macspatefirctyexample, the

volves breaking the phosphwhbidilesier ebesrd!
mb at the effects of exposure to*UWar mf ul
ch t’ipam,ces s épolméuatnidonchemot herapeuti®s) th

rdiovasc?lanrd dieswkrrack&fpenpi aki otnhe react |

iochemically ubiquitous, the uncatalyzed |

exceedinglyidsdeowangitnly &drlbaml 110 years f

r DNA under!®mild conditions.

Nucl eases are a broad clthebdofatazgmbani
er the alncaatage zefd phosphodi?ditisr flaomd gy
zymes includes!”®NAt end@bjn RdNKAe 2638 djntdo e i Njo
onuclfeastesict itdmo | egymeéyt mesbepszZlytmemsgoi s otfner as e
qusepeei fic t% Blombi dagesjuncti o andd)

bonu%tloe arseerse but a few exampl es. Each enz
snitng and stabilizing the substrate, act

aving group’ldepmer thwrmb.er of nucl eases al s

atalysis, with the role of the met al i ons

The most accepted cdepkeywdeoatpaubWwWawnster
t al?Tihens.irst metal initiakKie$ the naeatebg
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water, while the sexndoedr diemhateseédbal ezasdt &
group departure through direct me tmelt al i g at
medi ated mechani sm has been obtai?fRNasfer s
| PRNas®RMas®eRNagseBamAEG o Ry r2@Mu t3MMu t3HT,n 5

transpP’ds asred o n*dRer | pébaps € y m@3raansde r i bozy me-s ( ham

ri bo29meup 3dandtgromuy® .11 intron

.
B 1B-H 1B-H
RC ic PC
DNA Base DNA Base | DNA, B
P N 00
V= I S s B - G
2 ) P [T e (o] !
T ek 3 [ e RS g "0 g
H p\% H R0 R=0
ol B R} Base [P Base
/ o. — 1;0: — s}
H o 3O o

Figur&he. dener al prophvese hmoacleaniedbmy bfpond hy
t woet ablpremet al depehdaneé.

To complement | iterature on nucl eases t
is growing evidence that many nucl e’as?s em
To the best of our knowl edge, the | ist of
apurinic/apyrimidi P¥i®venldionedEemns®lsd APEL) o
endonucl ead$?%olli ¢EORELNWVW bE7,0 wmukchiehs’€ug Vvn
Serratuch®pbsage T4 endonuclea$’splyl odoaolcdc af
nucl*®acsregxel l a norbitguefaonerattNHchemiseg | |

endonuc-Hea$’K| ¢bsiell areateuimoni ae endonucl
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Hel i cobactrerst rpiydtoirain enddédBntéeabkact(eHpyAV)
restriction eAYaonducilemtzoaEne { EeraldoPhylsaa sien f
pol ycep-RPalb)PREXperi mental kinetics studies,

structures suggest t hat the single metal

aspartate, glutamate and/or histidine resi:t
activei cinesibdwse i nitiates the reaction by
2.1b) . For exampl e, an aspartate has been

APE1 (D210, **Faghirsti2di2me , resi dulmuriay( 753,y
Figure 2P@#®d)( HOBMBd IFi gure 2.2c), and gl ut am;
nucl*§&EA8, Figure 2.2d). As for other nucle
singl depemalent enzyme have other i mportant

positioni ny°t Hto 8ssutbashtirlaitzei n*f*°>t°ke | eaving gr

Many studies on a wide variety of enz
computational approaches to decipher the i
enzymes and thereby complement?3exp®iri meént
Al t hough computati onal met hodol ogi es have
that use two metal ions to F3aciH® i*fhakei pdlo
few studies havenetcaolnsideeraead & rst*hQuidénit eians e s
melcaninodlecul ar mechanics (QM/ MM) approache
all ow for accurate reaction mechahniuscnh emacp p i
acid system and permit diré#Howeovmpar idsu@ensg
computational expense of such methods, a m

density functional theory (DFT) coupled wi
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atoms that represent theawnctiyetasliltegraamhie
periphery atoms are fix®dsStohtdblustxerer mme ¢
proven to provide valwuable insight by per mi
features of mul tiple pathways, scadd tQiW rMavb
modeP% 0%ff ortunately, however, it is current

cluster modneltalf adepeindgine nucl eases.

Due t o t he | ack of compumat abnaledsau
phosphodi ester bond cl eavage mechani sm
met all oenzymes using ¢éPus%er pmedehti wor &pp
of cluster models coupled with DFT to cl ar
t o stthuedychemistry facilitated by nucl eases
considered as anepradt alteypeindaintsinugllease due
abundaexpee roifme mf anflPtkaitt? Sthfadd, cr yst al®l gr &phi
®8as well as previous QM/ MM (ONI OM) work t|

details of the preFertbhdr meraeti AREpaphapny

bi ol ogy, being best known for cleaving the
abasic sites *u®mMEHL DINSA alepaiirnvol ved in o
processes includlingk imépaistramdclceagtsisde i

transcription regulation, "RfvAirmet sludltilem,mu:

to APE1 have beéageti’aggdcaonditcannizemetrac| ogi

di s e’dlsheiss. functional versatility has made .
ocul ar di seases and various cancers, with &
efficient inhibitors to'®8@omplement those i
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FigurExa2mp@l eemebbhl odependent nucl eases that
cleavage using diffeagntD2A@PBEE Nn@PDBalsbBs, 5D@
H75 -Hmull (PDB |1 D: 1Wwpbkh) (PPB HBP8 1A73), an
staphyloccocal nuclease (PDB |1 D: 2SNS).

Starti ng -rfersoom wataiyoingm¥ st al structure of
(Figur®& h2e. a)e,sent work considers the struc

during the phosphodiester bond cl eavage r e

set s, and the smallest model that encapsul
gener al base. Subsequentl vy, the impact of
185 atoms is investigated by including add
mod el truncation points. Final Inw,i rtomeneatftf @

scrutinized wusing a continuum solvation mq
work provides the i mpact of DFT functional
t he sgnen@glle medi ated phosphodi ebsyt eAP EHo nals cze

representative nuclease as the preferred m
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l arger QM/*MM enodendsl.usi ons drawn regarding
chemistry facilitated by a nuclease that r
investigat-metodlhedepe maydret enzy me?sEc(oeRlg,., P
col i c**molBEocti*vv hESer rmu ¢ la%¢H4 e En d*ds tValpih,y |l ococc
nucl*éaslei;HmiKprrHpy AEhdhnePplo®y and to direc

| arsgeal e modeling to further auwrtruynderstand

2.2. Computational Details

Each cluster modehywasybBtialt stopamaaneXg
APHDNA thiosubstrate reactive complex anal
Figur €%2ir2as)mal | est model (69 at oms, Figur
features to under snteanad tihoen.r oS pee coff itchael |syi,n ¢

the alhbsita at e, D210 as the base that activ

ion with four coordinating waters, D70 and
present in the APEl1l active site bastedr on a
mol ecul es wer e 3@dndetdh et os uabnsyt rnactdee Imodel , t he

C3Nj and the =wuwWgarcenhtomuttheobNde truncated
nucl eobase iIis replaced with a ahyad rsougpepno ratso
i mportance of D210 in APBLdfdecteaBebasedu:
for the D2%% Ne mumpacbobs. of D70 and E96 mut a
with D70A or D7dRI|rded wlstsi mg iarctd vi&g pl a@and E
decrease’**Howavceéi vi DPy0 and E96 are essentia

coordination of Mg(ll) and therefore are i
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then considered that incorporate active si
participate in the catalytic mechanism by
group departure as well as resngdulsyt amitname
(namely H309, Y171, N212, 3N68B%B2''IN274 mpBRB8OS8
i ncl udi-muc Itehoeba5sNg (cyt osine) oRAlthaeamsuonbsftrci
were included in their H3®9i, vevhprchot ovaast icom s
cationic based on tiKaedpbMRmdahaamynobaer e
initially hcarnbcoant eodr aitn tohteher wor dsCbt he bou
ClUbondiwa€ replaced with a hydrmbwgenfakenm, tar
crystall ograptBiicmmceo QM ich aitseser studi &% di ff
8% he effects of altering the truncation po
other words the boundbliCybwakbpharetobhdf weh
carbon was replaced with aUhysrog@se mat omsu
al |l residues in the | arge®bdarch aurstexc eanotd el &¢
was consistentHcyartbronnc altne dalalt ctlhuest er mode

constrained to the respective crystal stru

a) Dru\‘r;o b) H»-*-H:.g‘_\ i . & 7H’o\ i

2

i 7 H ) Oy Mg HO Madr="

' O-H ol P M

MO lz/ P-o - i A
v H S

RC PC

Figur&cRBRe®atic representation of the a) sn
work (69 atoms) and b) the ass-metatethedbnat
phosphodiester bond hydrolysis.
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As described in the Results and Discussi
set combinations were initially investigat
of the various -DBM6anetdh pds ,waB3lcYhhbosahngo op
Ssystems, with relative Gibbs energies tha

har moni c approxi mati on2X/{36aet+ecr( @Aidf e-@oi)nd isn g

calculations. The default convEergencemaxitf
= 0.000450, RMS force = 0.00030, max. displ
= 0.001200) . To investigate the i mpact of

conti nuum-PMM)e Iwa(sl EUFs-pdi mtoresemgy ecat cul at |
2X%311+G(2df,2p) level of Gthwasyusaddiol e¢@tp
enzymatic environment for all continuum so
representation of the APE1 acti v%Wesinoet ewhi
that our models as well as the previous QM
account for the conformational dynamics of

enzymatic reactions.

All calculations were perfor°%edddiusiiomngl C
details of model s and computational met ho

Di scussion section.

2. 3. Results and Discussion
2.3.1. Di fferent Basi s Set s and Density
Structur al Features, But Large Variations |
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Previous computational studies have exa
hydrolysis using &®fifned andt nQF T hap plaaed tye u,s
MO@ X% 9%’ynctionals. Although rigorous test.i
compared to CCSD(T)/ CBS energetic data ha

di met hyl phosphate 9t the mbsealceanfwlemee |

will hold for the rmatcdli ohe garn cd rytz eslu dlge as &«
of our model prohibits testing against g ol
small est model all ows for comparison of th
onmet al assisted hydrolysis charmediefriizealdl )

using APEl1 as a representative example (Fi
Ssubstrate, D210 to activate the water nucl
mol ecul es, D70 and E96, wibtcmbahl @&@miseorasu
model of 69 atoms wi2t.h Tahmeh agsaesr alnlci s han g ene
characterized using this model invol ves a
proton from the nucl eophiltict hwatseaamet ot iinrei
nucl eophil e approaches the phosphate group
from acmetvaalt ed water to cleave the phospho

Pri ccrontsa dering a variety of DFT functic
was investiga®2e&d fuwsichtg onlaé¢ KM@Bed on its at
kinetics i-gvoluypi red emachohvsal &@amd %8k e rweed tli oans
enzymati ¢ PhacthenBople basis set used for
systematicall-31Gad-gehec@2drdm)6H6 the cal cul
activation varies from 91. 4 tgbods4 ZRat®l. k1) .mo

Specifically, t he addi tion of poBAaAG(dati o
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increases the reaction barrier by 15.7 kJ/
di ffuse functions-zcert ae wmanaindn |tea dtsh d ot rai m
(013%6. 2 kJ/ mol ). The inclusion3lGf dhpavynaten
the activation energy more significantly (
of the b&8BslilstGgerBlleG62631p)yGo02df6, 2p) resul

| arger and more consistentl .barriers of app

Tabl eMR22 X @pasase Gibbs activation energy (1}
bond cleavage reaction cafculated using a

basisset no. ofbasis functions dGop? PIGsF
6-31G(d) 588 91.4 1191
6-31G(d,p) 693 107.1 1401
6-31+G(d,p) 829 107.7  123.8
6-311G(d,p) 838 110.3  124.0
6-311+G(d,p) 974 117.3 1226
6-311+G(2d,2p) 1249 142.7 1451
6-311+G(2df,p) 1382 140.4 1411
6-311+G(2df,2p) 1657 140.4  140.4
average 119.7 132.0
stdev. 19.2 10.5

The srmB®dl lag Dtm mode |l i2wiwtals a scehda®q g6 gaufr et €2d 3wag
MO X geometries and energies ‘@htauhatdewi th
MO@ X361 +G(2df-paphtscagbael2dtgeomeiomni O 6o0bt a
the indicated basis set.

Caref ul anal ysis of key catalytic dista
mi ni mal geometric TAL 2f, erTed 85 ApPhgudex A)1]
| argest deviation across basis setsngoccurr
group and the paottiomatied mwdther men dtlh el 8rleact
i rs, Table A. 1, AppenxifBé 1 AG( 2 dfmp2epe)dt, s iwih

calcul ations are performed on eachGiobpbtsi mi z
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energy of activatio¢&ﬂe&abﬁse§.ﬂ@.2&o@tkﬂh
6-311+G(2df-pppntsicaggcel ati ons are persformed
31G(d, p), the activation barrier 1s within
optimized with theerlear genstt hbea-8plrietsSgei2td fewodski
Additionall vy, there iIs 83dGqg dt pdhlatma@i( 28d% , d2epy
optimized st r UAt6U T eAsp p(eThadbil x8 $AGA dalph)sisbs et hei b
used for al |l subsequent geometry optimiza
evaluat Sd 1uGi(Rgféadpht scabtbtal ati ons.

T h e -pghaass e concerted mechanism for t he
facilitated by a single metal was subseque
2.2 and Figure 2.4). The avév&gé mGi blasracsts
functi oH&Fl, s . PBMPBE and BP86 resulil2®m. 3 he
kJ/ mol), while the | argest barrier is pred
functionals from the ¢ ompaofr i85@nk @/ensoull,t swhiinc
hi ghlights the similar description of the
structur al changes in the stationary poin
functionals areAm®ni mppenndiabl A, Asudsggierst i n
the energy barriers arise from the energet
by the heterogeneously designed DFT functi
MO X361 +G(2df, 2p) energies obt@inkeed aither
functionals (Table 2.2 awpdi Rt gwrae cll 4t i gne
functional on2 ai3@ &N s, pl)egeohmebry | eads to

(Table 2.2 and Figure 2.4jcerabga) nedhéoval
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l ine with other DFT studies and arise due t

having different $8%¥%engths and weaknesses.

Tabl eGa&#pgh2ase Gi bbs ackd/vrdddir)ont hen eprhgoisepsh o(d i ¢
cleavagealeadtaitend using a variety of DFT f

functional X X/IXP MO6-2X//X®  X//IM06-2X°
MO6-HF 113.5 139.7 120.5
PBEPBE 119.3 127.5 132.6
BP86 120.3 126.7 133.0
PBEPBED3 136.5 143.1 135.9
M06-2X 140.1 140.1 140.1
B3LYP-10%HF 140.5 127.8 147.8
M06-2X-D3 141.6 139.9 141.6
MO6-L 146.4 140.0 152.1
MN15 151.0 147.7 135.5
M11 152.4 142.9 151.7
MPWB1K 152.9 145.8 151.6
B3LYP 155.9 127.3 160.2
MO6 160.9 144.0 161.7
M11-L 161.4 155.7 152.7
MN12-SX 163.4 149.5 157.5
B3LYP-D3 164.4 141.6 163.5
MN12-L 165.8 160.4 159.1
MO5 178.1 150.6 172.3
average 148.0 141.7 148.3
stdev. 17.6 9.7 13.4
Al | pionglte cal cul ati ons31verGd 2pér o) mead dwioff

were perf o3Im@(ddswiitgh t6hee9 satadrh emddel T&i t h a
(Figur éSihgdant calcul ations and optimizat
indicated ‘Mo® Xt sqpwglne X.cal cul ati ons were pe
obtained with the'imgbeatedafonotatonabk ¥er
the indicated functional -2XX.on geometries o
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Figur@he -pghaasse Gi bbs activa-dbbarmhﬂqﬁggesté|
calcul at ed using various DFT funcpgoiomtal s
cal cul at i omal laensdt tnmoed e | considered in the
Singobient calcul ations and optimizations we
X (bMue€ X, sipmgine cal cul ati ons were perfor me
the indicated functpgaowinmtl oXal(cguleatni)o n sa nwle rse
indicated funZX igeaarme tXr ioens MO®Br ange) .

Overall, the functionals investigated i
on | iterature supporting their use for p h
enzymatic reactions, aPd/Quitr gdraotuap slulg gneestt asl

het erogeneously designed functionals provi
stationary poi-mdtsalal mendyi atheed spmagd ehodi est e
Furthermore, althounghvarhye spwgebtdh fcitcealo tbhiagrmra le,
functionals yield similar reaction energet

standard fu2axXtamadnDBILYYAMO6t hese reactions,

used in the literaturei s Raegyr dltdes, emhzy
used so far is minimal and | arger cluster n
of additional amino acids on the reaction
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2.3.2. Large Fluctuations in Both Structur

Mo del Expansi on, Emphasi zing That Cauti on
Model s
Al t hough the mini mal mo d e | considered

i mportance of Dboth an active site gener al

met al activated water in the overall nucl e
geater i nformation can be obtained about t
expanding the computational model. Due to

similar performance of most methodsiens the
usi ng2XM0s6ipmgIne cal cul-B3 i pamesmeinr BE4YPWe not e
the predicted barriers directly to experin
enzyme i s not present. I nstead,i nmuhne nguoneble ro
of atoms required for t he acanen atle metdn wdt

phosphodi ester bond hydrolysis.

2. 3.Bxplansion of the Substrate Preserves
Hydr ol ysi sTMe cfthiatmdgtsnpl ace to enhance our <co
Specifically, the substrate model was expal
5-Njucl eosi de with respect to thetabrmismues sidr

a cdryoxy group to C3Nj of the abasic site (

nucl eobase to include Iin the nioudreel fdruoem twoh i
the models were built. As per the smlall est
car bon, which results in a mo@del Thentahgpten
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mechani sm previously predicted for the sma
expanded model and the barrier increases b
hi gher barrier arises dueO3tqgo)4a jsl d0toenrg etrr ams
the substrate is expandedtpdfFfedute Ah2, sApa
(Figure A.2, Dblue, Appendix A). The predict
evidence that rceypsltaocseinmeen t wiotfh stthhel BSiNjac t edi -
f olWhich emphasrnuerisedihade tihmp&dNf s the over a

the subsequent models include this expande

Da2g3 K\A HOH o
o p ek L 5
Ho’;\
N 05:0 . H’OOH
: °7:: L,
Dzw\\
H
H-N .-
)=
\NZ‘\Z
Fig@2r &chematic of the expanded computati on
wor k: smal | est mod el (bl ack), expanded sut
substrate), model 1 (model 0O + orange, H30

( modedurlp l+e, N212), model 4 (model 1 + pink,
mod el 6 (model 1 + brown, D283), model 7
cyan, N174), model 9 ( model 8 + pink, N6 8)

2. 3.I2n.c2.usion of the Gener al Acid (Model 1
Significantly RedRioclelsowWwiemag te xopna mBsairan eorfs :t he

attention to the inclusion of additional a
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gener al base to activat e -adtei waatteedr wnautce re otp
|l eaving group departure, substrate charge
the reaction pathway. In the casevelfyAPEAarY
H309, which has been proposed to be i mport
t hpee nctoaor di naneidt i on St atMbeSinnHEOMedsapesitioc
to the substrate as per the APE1 crystal S
changés Woth mesdeelp 1h,y dar otflwosi s pat hway 1 s ¢
Il n the first r eancst itohne srtoelpe, o2 1tOh emagi enntearia |
water nucl eophil e and promotes nucl eophi
intermedi ate that has similar structur al
characterized f e@rd tblyeettnesa cd d ppenn & eactinl Pt ltadt e a
second reaction step, a met al activated wa
proton tonO8beoftidkRei ot he model substrate
The changestferpo ntsca eg ntewveoa ct ioomn od p AHB 0i9n elmpdia s
i mportant role of this residue in substrat
beginning of the reacti®dmiamgdngydoxggem odn
phsophate moiety (Figure A.4, Appendix A). F
nomri dging oxygen of the phosphate group, Vv
A. 4, Appendix A). The second st epctiisvataitceen
energy of 112.8 kJ/ mol (Table 2.3), whi ch
absence of H309 in the expanded substrate
indi @aatHi3MPEN mut ati on decreased off%iei APEL soa
underscores the critical role of an acid ir

cleavage catmeyaéd depesdengt enucl eases. T he
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include H309. We note that a concerted pat!
of H309, while the stepwise mechanism cou

i mportant residue.

Tabl eRe2l.a3t ipvhea sgea Gi by, ek &ffayro etshe( phosphodi ¢
cl eavagecarlecaudtaitoerd using model 1 with the
acid(s) exXtan®bed.to the

Residue Expanded tasC

D210 H309 D70/E96 RC TS1 IC TS2 PC

0.0 56.7 58.6 112.8 87.0

X 0.0 31.9 30.9 92.2 169.7

X 0.0 37.8 37.7 94.4 133.9

X 0.0 56.5 57.9 104.7 178.1

X X 0.0 35.0 37.5 90.6 139.2

X X 0.0 41.4 42.4 89.8 116.4

X X 0.0 47.1 49.1 101.9 50.1

X X X 0.0 45.0 36.1 85.7 126.9
96 was tr ubcaatd®el.abi tdreenergi eMO®XtE obt

311+G(2df-paphtscabgbal-BB4i36GE dom ) BYleYvMet ri es

2. 3.Ex.p3ansion of Ami no AcUChr ModelEmhancdac
Fl exibility and Resul ts i n Significant St
Phosphodi ester Bonldt Hysdriompycsritsa nPta tthovaryecogr
points in the above -rmoyetiisy smealel o grxapdhitco p
amino acid rUzsirbwe)(i .ld. ,i stipeossible that i
t he side cahsae nt wel Ifll eixnicbriel i ty ofalt heéesmodiept
of the reaction along with energy barriers
di ffer in the choic@®®tliemofderde,t rpumican i tom &
amino acids, di fferent combinat Uoarsborid fexrt

D210, H309, and D70 are examined (Tabl e 2. 3
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D70 in each model since both residues ar e

l'i kely play similar rol es.

Al t hough expansion of kgyeasminrod a&diah gei
step mechanism predicted with model 1 (T
di fferences occur along the reaction pathw
acids are expanded. |l ndekedr st het bprcaerchas
24.8 kJ/ mol (or 44%) rel ati veddtoermoidreilngl) a
can change by up to 27.1 kJ/ mol (or 24%) uprg
truncation has evenvéaegergegefodkctbeoinnt &aemi
47%) and product (165.1 kJ/ mol or 190%) c
understood based on structur al adjust ment :

di scussed bel ow.

Structural comparisons of different tru

constrained (Table A.10, Appendix A), whict

t he water nucleophile and the phospbathbhebart
ot her models (i .e., r3 decreases by up to
the | eaving group is unable to move away f
for model 1 (i.e., r4 deviates Byl1l0, 7Appen

A). When D210 vui(Tsa bd xep @2n. d3e)d, ttcheC f i rst barri e

the second barrier decreases by 20.6 kJ/ mo

reaction barrier is reduced due to a more
better dpdsi.teigne 3 is smaller compared to n
A. 10, Appendi x A). The | ower second barri
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enhanced alignment of the-astbhyat @atde waiteh i ¢
Appendi x A) and | eads to a PC that is furth
1 (i.e., r4 i1 s 0. 4 | arger &nd A8disi@nal |
proton is transferred from the phosphate t
to an exergonic reaction and regenerating

A. 10, Appendi x A).

Expansion of@t HBM®Oatioon hpoiCnt al so | ower s
the product (Table 2.3). First, the enhanc
a weak hydrogeniHbamd bédtwevamn ea @Gucl eophil e
Appendi x A), which situates the nucleophil
is smaller by 1.9 i, Figure A.1, Table A. 1(
for theohisseprégctti8. 9 kJ/ mohdcomparedstetd
flexibility allows H309 to reposition with
step (FieguAepAndlc x A), -dwehtiecrhmilnoiwnegr sb atrhrei errat
(Table 2.3). Despitenthei dnaltgekpanbieaonrf df
the reaction energetics are highly similar

t og(MTable 2.3), suggesting these effects are

Finally, stonoedimhatMgp@!l r e s if drueenso  eDd7 Of raonn
the reaction cent ega,nde XPHn sbiooenC doofe sD 700 tt os i (

change the reaction parameters (Table A. 10,

to model 1, although the final product is
structur al rol es, | hcloediamgdmai nctaionidn g a Mg
expansion is coupled with | argethbBP2t@aandb
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(Table 2.3) are similar to those for the «cc¢
However, the product complex is earlier du
and Table A.10, Appendix A) and Iss gwiitfh camlt
D70/ E96 expanded (by wup to 128.2 kJ/ mol, T

Co(Tabl & hZze. 3)odestermammé ng barrier i s obtaine:i

and the nucleophilic wat esrubarnte ali et ti ear talei R
1.7 smal l er, Figure A.8a and Table A.10
exergonic (by 26.9 kJ/ mol, Table 2.3) due
regaining a proton, ane Bhéeer ¢ébrganiezadt i8o

Appendi x A).

Overall, the | owest barriede(8bmiyrnikddg ms
obtained from the expansgfoanl losf wWi2t1h0i,n H3h0e9 ,
barriers typically observed for metall onucl
reactii®@ls kg% en'dEpuggesting there is an advan
i ncl uafe KCey amino acids. This result under
residues have the flexibilityrrnencgeswiatrlyi nt
enzymatic environmengr.esitmdedd, tthreu ncocoarpiud m t
thereby affects the structures and energet
bond cl eavage reaction. Thus, each amino ¢
remainder of thiGesteaepgy fertEQ6caiba cthd i s

consi stent in size with D70.
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2. 3. 0I2n.cd.usi on of Addi ti onal Ami no Aci d Res

Rearrangement, Which | mpactis9)béepiRteacmo dal
(t runcagyeideladti nGQ a barrier typical for the e
reacf( 5i8@m6s kI mdPt*he nucl eophilic water is hy

the reactant c,0onfpplpeexn diiftbd gdulm er &f 8ae not opti
reaction. |l ndeed, thayecryshal egt daentereno
complex (PDB | D: 5DGO0) of a hydrogen bond
H309 being 4.6 jatfewo.m Addiatcitorwveael Isy ,weaewhydr c
5-OH of cytidbnedainng aoxygen of the phosph
reaction, (Appendiwhi®d h is an artifact of ¢t
DNA chain. Therefore, there is room for [
experi ment al ki netic data reveals that D21
catalytic plawedr tbhfe ARFLF mutfadli dndéecmease¢ o
catal y’Piweirlaet et,he N212A mutfatlido orrae®®Bhedse t o
proposed roles of Y171 include positioni ng
stabi P¥%haAti enN212 has been proposed to ori
reac®i dthihéfefore, the impacts of Y171 and

buil ding upon model 1.

Upon addition of Y171 to the cluster moc
t hat Y171 simultaneousbyi chyidngpgexy peomdasf t-
phosphate in 5-BEH o6frestytsttepe anlrFawghaecutA.t9
Appendi x A). This stabilizes the RC compare€

barrier by 16.7 kJ/ mol (Table 2.4). Even t
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0.5 j l onger, Table A. 11, Appendix A), t he

since Y171 rotates to stabilize the | eavin
Appendi x A). Neverthel ess, this actihee si
enzymatic environment, suggesting that fur

Adding N212 to the cluster model 1 ( mod

(Table 2.4). This may arise because of addi
such as interactions between N212 and D210
coomradtii on -ft oo mpceanatrtachi nat ed i n the second rea

AppendSixmiAl)ar active site reorganization e x
present (model 7, Figure A.11, Appendix A),

modebds mbdels 3 and 7.

Ot her residues in the active site that
include N68, D308 and D283. Indeed, the NG
by -feod®While D308A and D283 AR5 dthunald dD%de act
8 espectively. However, when any one of th
structur al changes pagdowhi ahomgsuhe readiig
unstable PC (Table 2.4 and A. 11, Apmppaedanrdi X
cluster model ( model 4) , H309 rotates away
E96 (Figure A.12, Appendix A). Upon D308 ar
of the modé2, carmdhgebket enewigsye aplasnhgvmatylo ec0b ¥
increases from the RC to the PC due to r e

Figure A. 13, Appendi x A). When D283 is incl
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i12), D210 interacts with the abasic site an

(Figure A.14, Appendix A).

Due to the recognized i mportance of Y171
model s that include both residues along wi
model 8, N174 was included due *#bwi’te phep:c
N174Q mutation r edufcdlidd dMiPtEilormcdfi vNTI %4 btyo 9c
|l eads to two additional hydr ogleing dtoendl swatee
Y171 that are not possible in the enzymat
continuous DNA chain $iFmigluarl A, 1SubaAppeaditi
( model 9) res-bhbbhdi ng maehwdrkgkaet ween N68 a
which increases the barrier (Table 2.4), a

the previous modeilx (Ai.gure A. 16, Append

4 8



Tabl eRe .adt iplhasga i b3S/ ehmé) gihees p(hosphodi esdelrc bloantde ¢ | Lesaivrag
of varyi’ng size.

model (no. atoms; charge) Y171 N212 N68 N17 D308 D283 RC TS1 IC TS2 PC

model 1 (110 1) 00 450 36.1 857 1269
model 2 (129 1) X 00 617 654 912 i858
model 3 (122 1) X 0.0 40.0 388 194 i68.0
model 4 (122j 1) X 0.0 143.6 146.8 1365 354
model 5 (1207 2) X 00 537 761 956 113.0
model 6 (120j 2) X 0.0 1954 153.8 1555 34.7
model 7 (141j 1) X X 00 61.0 625 1085 i56.5
model 8 (153j 1) X X X 00 515 431 700 i49.8
model 9 (165j 1) X X X X 00 845 881 1452 108.9
model 10 (185j 3) X X X X X X 00 793 597 791 i217

Rel ati ve energies w2 XEBa bbGa?dk fhopuys i s irnagMoest | ab 3 /36l &( db,np ) B3
geomeftAdilesnodel s contain D210 and H309. See Figure 2.5 for
at Uclme bon, e xfcceaprtb ofno rt rEu9n6e a(t i on) .
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Extending the cluster model further to
i ncreases tiBe MAdti sc moprdged tyo el ds an i mprove
chemi( st guyre A. 17, Appendix A). I n faet, t he
bonding network between the amino acids an
similar to that char dbNAricoengp| edor witthle tf hue
met hogfdIn agreement with NMR and crystallog
in the reactant complex (Tabl3 A%hA! and
thermodynamically stable PC is obtained. T

strudatmaakbhnd previ oS u@Nle@M sg esd mautcrtiuasal ¢ o

at a cluster model with 185 atoms and corr
model s containing secondary shel/l amino a
QM/ MM &% "his finding is also in line wi

representation of various enzymati 200 eact |
at ohsl.%Pdeed, recent OM cluzd2@ratsomsli s $aw

map eéaetiron pathways fotl al®°®ange of other ¢

Overall, the cluster models considered |
of key APE1 active site amino acids. Speci |
the reaction and H309 is the gebnsetrraat eaciwdhi
second shell amino acids (N212, N6 8, and I
these critical residues. Equally i mportant
reaction with respect tobyY hdMs24reWhidlue sD7 Qv
are clearly necessary for mai ntaining Mg/

i mportant for pr ewerotridn gn ait m ® © c Lsreaetne | me nst naa
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p e

i mary amino acids that play the roles of
d maintain the metal octahedral coordi nat
ese amino acids must be | 5atladeldi mint tther |
uster model of APEL1l. Il n addition to thes
uctuations in the predicted barriers emp
uster models for phosaphmoidniensune rmaodoenld ocfl e

guired to accurately describe the reacti
evious | iterature highlighting the need
presentation 0°°Speencziyfmactailcd yr, e aad ttihomsg.h s m.
od starting point for early investigat.i

tificial strain and yield incorrect ener

. 3A2ZcdDunting for the Broade®i gmizfyimaamtc!l ¥ nd

e BarrierDefter mt hdAhdRbhGeeglp: the previous ¢

rformed in the gas phase, |l iterature on

effects of the surrounding environment of

S i

be

a

h a

AcC

nmdient calcutabhuaoamsswlvhticom model s prov
t ween accuracy atd¥ hceornepfudrae,i otnladp hiamsmed c t
nmdient cal cul-phasesgeaametbmingdadered in th
ing the polarizable conti n%whn arto dedn amrdo \
good representation of active sites that
S been successfully used to map®ot!R&r tlén.

counttihneg bfroorader environmémangeoehendtar si ¢
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radetermining step for mo st model s (Il ess

Appendix A). The | argest effect occurs for
kJ/ mol wupon inclusion of implicit s@bdwvatio
conclusions regarding the i mpact -lofmima del
barrier identified in the gas phase hold t

Table A. 12, Appendi x ANLQO0 sue@ge mtrdgagpgt eutrizea tgt hhne
i mpact of the broader enzymatic environmen
on other enzymes have emphasized that the

di ssipates for modé@?s | arger than 100 atom

250

200

150

A*G (kd/mol)

1 2 3 4 5 6 7 8 9 10
Computational Model
O Gas phase//Gas phase  BIEF-PCM//Gas Phase

Figur.e Qongpari soa2Xofsi hthe MOBIigh)t i fonr -etnheer gii
determining stgaphoadbe af e d&rCd)g e d) |-Bdingtl e
calcul atipbhmaseomegamsetries for models of wvar
Figure 2.5,

2. 4. Concl usi on

The present tshteudympcaoccnts iodfertshe DFT functi ona

si ze, and | mml itchiemessianigueee dbated phosphodi e
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facilitated by APE1 to unveil how to accur a

APE1 i s used as a prototypical exampl e due
i mportant roles in DNA repairabanbdumanadi Bbec
As the simplest cluster model il lustrates

similar descriptions of the phosphodiester
common functi-8@Xahsd/(DB33)4g YcPa mvilbba e d3 WG (tch, PB) t o
reliably describe the structures of I mpo
311+G(2df, 2p) basis set used to obtain mor
are clear |l imitations ioms$mawherchclinsuerre
and can | ead to incorrect met al coordinat

accounting for the broader enzymatic envir

for |l arger models. IRatrtaahé K gemer avlor&cisdgagr
mai ntain the metal octahedr al coordination
wel | as residues that facilitate these pri

cluster model utateachteuvuet amalacdescription
hydrolysis facilitatmidnibmuAP&ll, 18&li @wtho megls ull
s ma Imodrd lhsa © n toaniltnhper i nmeamiyaoicdasnh ar a at e«®t e p
(rathaeamomnceretaetjaorngededlhdhclswede nadna rayo i adrse

requt enad nt haent s veec hi taemdt pr eedxupceer i rmead tail o n

ener glehtiisc swor k t hereby underscores the i mpo
mo d e | size for the reliable prediction of
si nmgdteal medi at ed nucl eases. Similarly de

e fcfiiently characterize different meethalni st

dependeheasnes and thereby direct future Q
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whet her a single metal is enough for cat al

in nucleic acids.
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ChapterThe3 Met al De p e n dventceel oMe d iSa in
Phosphodiester Bond Cl eavage: A QM/

Human Enzyme

Pref@Qltaepter 3 has been published [ Kaur, R.;
S. D. , The met al-meteplencedicat od phogplkrodi es
QM/ MM study of a mul PhyaceChkdmh2uog2B2g Men Pl me
291391407 . I n this chapter, al | aut hors <co
manuscript. I aided conceptualization of

characterization of the phosphoddesiNer bo
( sanpel anar and 9'ctafmfédCanl )adddn i on, I per f
data/results analysis, wrote the first dr a

for the publication. D. J. Nikkel p'anéfior mec

contributed t o t he for mal dat a anal ysi s.
conceptualization and project administrati:
conceptualization and administr atiioonn,, dsautpae
vi sualization and interpretation, and wri't
3. 1. Il ntroducti on

Met all oenzymes are among the most power
10510 ol d rate increases over uncatalyzed t

di fferent hendlt hceorfealct opesr mi tting unique b
are particularly interesting as these bi oc

67



stable phosphodiester backbonesliwesuacti eup
30 million year s !Tumed emosts tl @b Iciosntdé d i oantsal yt

for phosphodiester bdhAdnsl,eavaegdiirmsvolpwed ul

hydroxide that attacks the electrophilic p
second stabilizing the charge on theZ*phospt
“Nevertheless, |literatdt’erisvgnowi §cmtnhat ms
support phosphodi ester bond Sscission act

mechani sms are currently debated.

A particularly interesting nuclease 1is

(APE1) due to its sigfihttadfhgomasoin hes

di abetic neuropathy, i nfl ammatory bowel d
atherosclerosi s, and liver, Y% mg,eet) adcdckdr
genetically engineered tol'®eedekprcesstonno

has been directldyarcdnAREY> eldad oshowreasmeo mi s
trage*APE1 is perhaps best knowhclfearvi nggys t h
phosphodiester backbone 5' with%seppettofo;
base excision r%’fdwe (eBrER)A PpEalt -haljasymn ue X leialsie
andpBNgpphatase activity and is involved in
as nucl eotide i nci sion -lrienpkai rep(aNIrR) , RNiAn t
transcription eepguétds?fAPiE.l arsd adys @ encoat uesweo rit
activity has been shown to relPy?Yowharhme pr

coupled wirtalmgi hg WwWudeti ons, this makes APE
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experi mental and computational works gear e

phosphodi ester bond cl eavage.

The general-stoeppAdAREM d avtoad?®y3*th¥ncv onheveehsa mit st r
of a nucleophiliacuwatreeracemotyle@epbeéep@o phc
intermedi ate foll owed bgctpirwatoend twatnesrf etr o -

l eaving group;hygrekdbipnhgpas g hedtge3 apr oduct s (

Neverthel ess, the catalyteastpathwpgr tr edaeéen
met al coordination environments observed
octahedr al coordination geometry consisten
waters, the substrate is |igated to the me:

3. @whil e D70 is coordinanzeymé o( PDE AmRt a4 QH
reactant analogue ( PIDOBhd DI:ad&k GDf, diirgauate Sa
Ssubstrate to the metal i1is supported by pre
the metal binding architecture present in
the most enere§ehtarcealdrye faalvsoor avbalr i ed proposa
amino acid residues, which havelAebP2h®ONy b
mutation has the | argesti e mpafcolldd nrodPuECclt i o:
suggesting that D210 is most l i kely respo
although other roles such as neutralfzing t
2%t her significant mutati efnoalld erféffieucttisic bonc)c, u
has |l ed to proposals that Y171 °poéi atomskts
t he phosp’Raantde Hy3r0o%uNo,I( @ , 5 &8vihd tcihorms)u,pports su

that H309 aiadg invwadli@eonpirl isaw b 8 t1P% MUt acthiaor ngael
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effects also occur for-fN2H2 r@N2WhiAk dbemilgtng
orient and/or stabi%iSzealtibea gener ale duastd o(n
mutation of N174f dINd 7rdaddivih ectailich)h ® Be®n pr op
the ab®8%&nd P3B08&, (D308A r ei@bc dBMhdhoeh aics i wii tt
hydr#ogeding distances '#%andethals Ilbiegat eod owa

involved in metal®tbfhding or positioning.

o W 50 0 Wogn\W 50O
\MQZ\ PN w0
HO-p.0- Egs

(]
N 0 D308 !
Ese—( ',

AP site
/ g

7{' N174 Y171 021\; % N174
N21 IN212

D210 J% N174
N212

Figura) 3Ptoposed stepwi-sat ameyhadi pmo$ ph o dil
cl eavage. Active-raiytecrgfst APEStfinomuXeniong
product compl ex ( PP B2Kthon:t a4 NEWys tamdua e d re
analogue complex (PDB I D: 5GO0). d) The QM/
region (129 atoms, red box, right) wused in
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Despite uncertainties regarding the rol
accepted to be ess®ittihaMgdihort APEhaticvevime!
remaaicntsi ve in the presence of severalf* met al
>Mre> N ZH¥The prefefandertbenMgon of activ
of other metals correlates with t-met akhav
dependentMoamuax elals@sndabt guetlaooaaxea sldlo n(uMdnl | )
I I retnrcaord e d e n d oMhuycsl aerausne pfgiPyiowe paad u BINH hom
endonucHmuls¥WHill e ot her potential enzymes
activity with transition metals (Klebsiel
Enterobacternr e dtorrimateicthhre( Eehmdo ket deddact er p
restriction end#fiwmclcomsea ackHpyAV)t)rransi ti on
completely abolish?€Tihre drdesrieonte’bgf&idgsof Ca
been shown to inhibit catalys-msetahddepemdeée
nucl é%%espncept supporteti®Wlyi Iceo mpammett alioma
dependent nucl eases*(adrmal aSaseap hi ynl hoi cboi ct ceuds beyp
restriction entootite esasmai( BtediMi )dat al ytic &
rate (KpnMn,| | HapBydoyt.*%1 t hough the i mpact of
acr ossmestianngldeependent nucleasestpypoiolt $ hes et
the fundament al reason for the observed n
computational studies have provided atomic
of a vari ety %8 fndd uzdynmdsa it woedi 2fé&dhusuehase

work has been domet alo daeapendeanta sunilge &@s e .
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To provide HdkRreeli extpl atnami ons for the o
of a -nseitnagll emedi ated nucl ease, the present
rational i-aepdrmdkenmetadti vity of APEL. Due t
cobm ned quantimml emechani mechanics (QM/ MM) m
ONI OM formalism for the catalP$tiinccl mec man
met al | o®Q@M/neM ,( ONI OM) is used to map the p
mechani smyc &AtP&Ellyzedthe presence of &7broad

Mre* 2Ni?Zn anrftd The structural differences in

along the reaction pathway facilitated by
associated barrier heights, which correlat:
acttiy¥%s a result, this work provides comp.!
Si nmgd teal medi at ed phosphodi ester bomel cl e
ambi gwigtay ding the role of the metal and me
detail ed appreci atmethalofdependent vihugl @ds a
applied to understand other nucl eras&ct iavse W

sites or mechanisihtiaer figathas plsh {( &ts gu. ,d BMREat saelt

to catalyze the hydrolysis of substrates r

nositol pbIrhpbmedpsmatpeasves t he way for expl

enzymes to engineer artificial met al |l oenz)
facilitate novel chemistry for medi ci nal
design), or a6tebgochetmi datetbohscleic acid
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3. 2. Computational Met hodol ogy

The previousl-gyt ¢pbrcosppohsceddi etsw @ r bond cl e
(Figurrew8slay)ed as the basis to explore ¢t

presence of fivetrdMhf?lr&mtanmket@dpediMigi cal l

QM/ MM model was built wusing a previously r
si mul mhiiocnhs ,were initiated fr omDNAMAeprcadyusctta
complex (PDB I D: 41 EM, Figure 3.1b), while

to match the preféiedduarohgi O®belupbyeidemobd:
protonation states of titratable amino aci
(TablApBerdi xTlBe QM/ MM model iidNA udyest drh,e te
met al i 'cm,unt®rNaons to neutralize the syste
any atom is within 4d4ipjfoboéimanyomploenx i ot athel

1453 water molecules, Figure 3.1d).

The QM region (129 atoms) cdgEgtaifnset wat
mol ecules (including the nucleophile), and
catalysis (i.e., D70, E96, DZ2%9, 2YTA®,°3 H30
total <charge 1®2fT htilse r@N rreesgeindms itshe most com
considered in the I|literature to dat e, wh i
dependence of the catalytic ascitzevd tme tsalnsc e

uni que chemical properties may influence t

The full catalytic mechanism was ?2{ndi Vvi
ZA'and?Weare considered with?%asptimeanudd iipn i t

ground state (octahedral?woordomsitdoemed eiom
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singlet state (square planar coordination ¢
geometry optimizations, t he QM ali3o(nBsJ ) wer
functional, which includes Gri mmeo6s-D3 em
Josan dampBX)g, (iDB combi rR3altG(och, pWi®tha htelse s@&
remaining atoms were included in the MM r e
(ff14SB) ®fwirtcheouti eclochst r-BNAt csompl eéxheoAP®at
QM/ MM boundasgr waed using mechanical embed
to be a powerful tool for investigdti®hg th
me tdaelpe AB@and ot heX® WeA znyontees .t hat previous col
APEl1 reported insignificant di fferences b
obtained with ME ver su%Thel eccutrrroennitc setnubdeyd dii
| arger QM region (addition of D30gnpewndusi f
litetvwmhiuacle, i s justified based on improved
reported %%ihced sdoornr esapcendi ng exper i Memtaasl i n

measured at 37AC and pH 7.5 witHAHAOn MoDMA

details of comparisons to the experimental
Il nitially, each reactant complex (RC) w
metal, and water). Subsgsequerstployn,diang itmriatnisal
compl ex was obtained by manually scanning
in a stepwise approach, the distance betwe

phosphorus of theyswassdkeerphespghatenmbriat |
of the system optimized to identify a gues

phosphorus and O3q | eaving group was 1incre
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corresponding to the energy maxi mum on the
fully optimized. The nature of the fully
calcul ations (single imaginary f r ergunesniccy)
reaction coordi nf&fwerEel P@)r foalmeuwl atoi oindse nt i f
minima (i.e., RC, product complex (PC) or
from the corresponding | RCs foraboténdSdeti
features Appeguoungiex BBAdh!l i ghting that the en
Frequency calcul ations were performed at s
stationary points and determine ther mal C
energi es fidrNAmddel APEwer e obtaineadXfGsing
311+G(2df, p) : AMB EnR) csailncgulleat i ons. -p&iomt co
calcul ations were al s o -Dp3e(rB-3olrinteQ( 2wdi ft,hp )O NA MB
f oorhe?8gnt aining complexes, which resulted
reducAlitomosugh metastable I Cs were observed

of thermal corpeodtnitoedhaeattgB8e88p@ndgkeB), at

to isolate TSs corresponding to concerted

We acknowl edge that some uncertainty in
pat hway asisg$tesicatal gtically relevant act
rather than exploring conformational sampl

Nevertthled elsisgh | evels of theory employed ¢
region make our QM/ MM ( ONI OM) approach the

chemistry. The consistency of our trend in

75



observed reduction in enzymatic activity a

analysis, further testifies to this point.

The Gaussian 16 program (revi‘ésion B.01) wa

3.Besults and Discussion

3. 30clt.ahedr al Coordination of a Single Mag

Catalyze Phosphodiester Bond Cleavage

Experi ment al kinetic data suggests that
in the pr¥&sdnd@® afheMgcorresponding QM/ MM RC
D210 is suitably positioned tor @bfHwy ast a
1.829 which is appropriately aligned with
the nuct @@®Phi Ee 2( 6RiOgujre 3. 3). A catalytic
orientation of the nucleophilic water and
involving key active site residues. Speci
hydr ogen botnedrs mnwc ltehoep hwa e Aphiequyln xa B3. H3DHM
donates a proton to amndi dyidmgexy deoemdsf wi h ¢
phosphodi ester bond cl eavage site. N174 p
nucl eophil e and substrate ar rnadn giennteenrta cbtyi nhg
O4a of the abadsAipp enldlliegia Blopitgu roe tB.hz,dr al co
includes D70, E96 and four active site wat
o282 N 0. 034 App(eFnidgiuxr eB)B.. 3D308 f oF'imsg entyald o ¢

wat er mol eculPepsp e(nMii gxkurBe) ,B.i3ncl udi ng a wat e
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bridging oxygen at the substrate cl-raywyage

crystal structure for (Apeemad®xt &8t. anal ogu

Il n the first transition state (TS1), i
nucl eophilic water to D210 and the hydroge

0.3 j) as water appro&cbaeseshBp PBmabigh BR 8, m

remaining active site interactions are hig
Figure B,ApaemddiB. 583 . The overall barrier f
(Figure 3. 4,Apmendakl eB)B. 3vhich | eads to a
(Figures 3Ap3peanddx BB . The 1 C has structu

characteri zeng dfi @ant etdwe hmetpdlodi est er bond cl
other énZ$mescificw@Pl pondhesOshdd3INnbdnandids
el ongated relative to the TS1, and a proto
othenvacsite features are similar to TS1,

substrate interacti ons  , Anpiptehn dH3x0 9B )a n dT hNu2s1 2 t
slightly (3.9 kJ/ mol) more stable than TS1

and TaBpbepeBdB8x B).
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N212  N174  ge

=D308

Y171 D210

»
N2125 72"

D70

¢

D

A : f\
Y171 p210 N174 Y17E)210 N174
N212 PC N212/ TS2
Figur eQM3 MM. opti mi zed stati oh*aay alpyzend s A Pal
mechanism with key bond distances (). | mp
in dark grey tubes, while the remainder of
1.911
0.975 g 1007 1-570 2471 097/
).97¢€ 1.833 1143 24
0.975 < i 1147 [1-244 1705 0.984
w,?fW> DN:LO gy W, 2 e ) W w o0 3.028
w):.rf\ﬁ"”""“-ﬁl fg? W w. w:-‘lii\:io----ﬂ Xj /“'f&\o N - 2.806
Eos H H~o~~.;‘,,,of’67° Eos o Ese H r\2923
e °="<°"l @ogtwi\w ol o—H'/"'v NH _H"’Al'
Moo 574 D20 \ o L<”’° %HWWQ;ZW L<u,o. 1@2",
1.294 = 1‘9‘-353 ; 1.033 b s>
1.279 1( 668 1.030 1.014 o e
1.178 3262 1.510
RC TS1 Ic TS2 PC
Figur#&Med8h8d8nism and key cal cul at eda tbalnydz eddi
phosphodi ester bond ¢&t(egarveaegre)(,d raktn d 6)t,at e d
(octahedr al coordination, bl ue)
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Nucleophilic addition Phosphodiester bond cleavage

TS1 IC TS2 PC

©00

Figur®eBa#dive Gi bbs enetrcgyt ald ayrzreide rpsh ofsgrh otdh
cleavage f a%(idrietent)@d ammge Mg u &N,i o c?ayheeldlircaw)),,
and?fCraed) .

I n the second step of the reaction, t he
O30f the | eaving group to cleave the phosph

state (TS2), t?Hd gpartoetdo wadre i{rtccEOMMjBct ewse s

by.3 | compared i®©d®a |IICpadtwihallley tdleedPved (bo
0.2 j, Figure 3.3). Although the substrate
which alitseibhst ARE®2 i nteractions (act,j ve si
Appendi x B), substrate stabilization is pr

nonbridging oxygen atoms andApH3e0n9d, i xN2Bl)2. awm
D308 no | onger hy d’macerndibnoantdesd twoa ttelre rMg p o
group protonati on, t rehodtezheadreali smanadInt i
Appendi x B) . The resulting phosphodiester
3.4 and Am@mmpd rediBx 3B) , which | eads to a ther
57.4 kJ/ mol ). The PC maintains the key ori e

reaction stlApmsendiiguBl)e 8Bndb t he crystallized
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RMSD = 0QAppPpéndlidwi tBh) ,t he experimentally re
flexibility following the chemical step ra

and E96 5X%°%'d5chain.

Overall, t he predictadalmexehchnpédms dhoadi
cleavage correlates with ad®29pmPnda’tcP8abf e
and ki n@twiei cdhatlagnds confidence to the proj
catalytic roles of active site amino acid
Specifically, t he met al binding architectu
red ant awatbgwbdgd0 and E96! cBhuarmér,eadmetdh duwg v
directly | i ¢g&®t30dB theltplse mmétndlaj n the correc
by hydrogen bondliinggatteod swateerasl, mencalludi ng
the substrate to cleave the phosphodieste
observed coat a’phset sroen attoi ve orientations of
the substrate also agree 't hhexgpler pmewt a
proposed to neut ridlhieedprethed | ealvé ngf gbhdaL®, a
is rationalized by its relative position w
strucmud etthe experimentally reporté®hearges
catalytically conducive orientations of D2
mai ntained throug-bhoadi hgtnetwbekhgdtahgkensh
of the reaction. Il ndeed, N212 foarme &l1s4r
interact swiwiidath dNEMlf2Zi,r ms the proposed rol es
stabilization® an’d/Whri 3%e0%Yilt7ilomiindg. al i gnment

in the first reaction step, a change in ac
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st

pr

pr
b a

Ge

abilization and positioning in the secon
evious experimental andReganpdilteass,onas m
opbda°ed’09 provides the most significant ¢
utralizing the backbone early in the cat

09 may activaMesthempoctaaophi| ethe singl e

facilitating |leavingegteup boepart erae aig e
edicted barrier (65.1 kJ/mol) that is 1in
rrier for the incision of a DNA substrat.
. 3D@spite a Similar Size as Magnesi um, S
ometry wupon I ncorporation of Manganese S
rrier

Due to their?*andf™Mamnuasi ygeprMer to ado
ordination geometry. Nevertheless, the <c

i th*eMni sting as?assaxtébobsaddrdehl rephaket

t al i n2iGseopenddgt enzymes, i n'é¢l U'dinmMg DN,
donut4®eafléed e retaining the overall cata
hanced activity. Ptroobai nasg, syBeéemst alan

it P7Mopminly due to th%ef i gNheanthdBninng yl ioda

'l as the | ow 'tem ecrhgeentgec fcroosm -tfeosra dMhb a p e o h
though the role of the metalMnf*noAPEILNI 8¢i
zyMetste repl aéd®medinn of heMgAPE1 active site
e cataPY%%nd mbeiveaygyons for this behavi o
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Upon repl aésine ht Monfo sMg QM/ MM structur al
widtgpe?j( Mgpt hway are maintained (active sit
B.,Appendi x B) . Nevertheless, subtle struct
the octahedr al coordination at the met al
coordination distarfté airfs( Mgyl i0g. hit |jyA plpoerggde re fB
B) . Furthermore, the dist-laingat dalt wahteerrl edamw i |
group increases in?T®Yy i0n 26heg ,pFéegeamee 30M)
l onger in the 1 C. This results in a more s
TS2, with the distance batcwe ermttelde wlad &vi g
0.9 | 2?fcormpMmed to2"0FBguyrdonr3.Mjyil eddsatoes
slightly | ater second transiti oniG3tgatbeo n(dT S
and (0.33 j) shorter h3tldir gayteend bwantde rb ed wa e
(Figure 3.3), which | eads to a barrier of
step. Thydrmexiade di stance i s 2d(bsyo Oe.llo njg,atFeic
B.,Appendi x B), suggesting |l ess charge st al

reacti 600 .(PCkd/smol with respect to the RC).

Overall ?isi mcsoMnmnef{ sne¢ atomp-aaée dgchat geo

Tabl Apb.ehdi x Bl)i,gathed meatadr i s not as stron

results in a |later transition state for th
the hydroxide ion is |l ess stabili Fedufte. 8. .
l eading to a | ess exergonic product compl e:

of the remaining APE1 active site styoyuctur

Appendi x B), t hese f act oirrmscrreeassuel ti ni nt hae sblai

8 2



phosphodiester bond?*cverdiidMgie | stap eior etalbe i
we acknowledge that these small difference:
the choice of the single reactant compl ex
barrier heights irsi meomtsalsltye nrte pm rtthe d hneo deexspt

rate upon r e’gwiatchefttnt of Mg

3. 3Re3g.ardl ess of Whether a Square Planar or
i s Adopted, Ni ckel |l nc-CababtyzetdePBasphedi ¢

Cl eavage

Nfis a borderline metal-comaaipiafget $ gaind
al so been found beoountda itnoi 8rid icl @i egr aenadksg. §-e m n b o
spin complexes with squarpa nplcaomprl exesr dviirnta
coordination, dependi?&ign deme diteipre niantd engy
t he met al can -prhainmatraicnooa dsgaai ®n ge-ometry
containing |igyndogeeaage, CRi Helo ggydreeo g n as ¢
reductaseenaygmeyBR? sy mtnh aoscet)ahedr al coordin
oxygemtaining l i gands (e. g., gl yoxal ase
Kl ebsi el |l acaegogreynepr dleeci copdmé Ekepygtdent
repressoPWhNeinKREpl ates ™Mge APE1 active sit
decr 4% e@sexplore the structural and energet
t he spguanraad and octahedr al met al binding a

were consmdeheDANRNEL mp | e x .

8 3



To adopt the square planar coordinati on
coor di na’tiemd tthoe MgPE1 RC bémamme i msheamnd i no e
other (low |l ayer)dCewi tOheseg¢pPpé8t orothlee 5atk
Appendix B). However, both D70 and E96 r em;
The metal |ligands ar%tthanfhMguimbhe t heghtvley a
coordination distance pAepipnegn dd .x2 Bj) . s Ad 1t therm ¢
many subtle structural di ffererftaensd?iNii t he
medi ated pathways due to deviations in th
orientations of key active site residues a
B.8 amoppBRn®ix B). As a result, the barrier
of 2Ngnd?*aNrie within 2 ,Akppemodi x( TB)b.l eHBwe&ver, t
i sTM..31 | cl oser t o-ltihgeatperdo twoa lea fn2dtrobr@psageucad |

to octahedraubgMgut the ,Appehdbr BFighkuet Be

di stance betaweaer attlead mwatt &@lr and the | eavi ng
step (i.e., from | C t?2fc oInsmar edde ctrcd@*l.e3g ujb gfsaor.
3.3 anAdppBenlddi x B). Overall , ,-limesenghbdbrages el
kJ/ mol i n t he -ppraensaern cceo oy fdw nicact lerde sNi9 . 6  k J/ n

barrier -fyppefpdigidiil tdactaect i on .

Al t hough -ptl haen asrq unaertea | binding architectu
APE1 active site, t-bentargiengumbgamey DIxydg
preferentially adopt an octahedral 8&dordin
|l ndeed, the APE1 RC corresponding to octahe

kJ/ mol more stabl e -plham?(tshilrtg lceotn tsati antien)g, slqit

8 4



in part to the active site r epararnaanrg ebmemd i
configuration. Wiheorortdh en addtoanh egceroare tNiy i s ¢
met al coordination distance in the RTC is o
(FiguAppBndi x B) . However, D70 no |l onger hy
mol ecul e (3. Q08pWpgndiFx ghi)r,e &8B.Bi nding confi gt
be |l ess StARbrehéomoMg, the change in the m
geometry such that the nucleophile is furt
center of attack (by 0.1 j, Figure 3.3). /
incrseadsye 9.5 kJ/ mol 2*( Ri ghee pB8edAmman dbidxd INg) .|
Al t hough the 1 C complexeAppeedhxgB) y sheniTE
with the secontitbBagdpM&petafieO3af bdyi,sNiamec eP i s
| onger and the distance between the substr
(Figure 3.3). Fufhher mor ey e destiazirve o raclhi aoN gteh a
(Tabl,kp®Beddi x B), which further reduces the

factors <collectiveltyhei mhrosgpheo di et bar boad

kJ/ mol

I n summary, the APEl1l adinvéeoshta sgmaaec
octahedral coordination geometry. However,
met al binding configuration is significant
environment pl ays a | atrigmalr onteet ail n cdoeotr edri nmian
Regardl ess of the met al binding architect

cleavage f &8isl ietnaztyenhtby aNily feasiblalrei eFuits
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predicted to be up to 23.2% hkaX/irvglhilcahr giesr iin

with the experimentally obsera®&d rate redu

3.3Zi4nnc Permits APE1 to Achieve Catalysis |

Al ong the Reaction Pat hway

ZAYi's a much stronger Rlewlins e tdt hced mpeatr aelc
choice for many metall ohydr &l aseé 8%afsiessh as
a borderline metal that prefers-confttagami Inige
mol edffhes coordinatienmsepkef b%rfvbaZray itnhga nf rivogr
6. Al t hPécuagnhn oMg P p’Phaacse bZenen shown to 25ucces
i n sever al enzymes including a reOponse
met hyl t P&h sTPheer arseeason for this wunique beha
maj orii'yJepéndent enzymes bindgitd eaacneit\ad $int
result i n a-btietdi algedrealmemetyalt o relieve coo
not -smeiltled®t o ®gni‘castad@&mt an octahedral ¢
in catalytic sites, typi@&%lsl yt hteh APE 1t laatt i a
al so solvent exposed, it may not be surpri
presencB8 o®®vEnt heless, the experimentally

catalytic ratef dMown Ath&@msl ayacceamami®be expl aine

Unli ke the other metals discussed thus
APE1 catalytic pathway changéd Abnhiodgihallhg

complex is over al?anhdi?fzZmicyt i vyiemisli dre fRMSDMgE (

8 6



B. 1RZppendi x B), Y171 reorientates in TS1
Ssubstrate oxygen of the, Appendi ke Bphosaphthatr
nucl eophi l%campliax t(4p pdgrcki B.R) . Ad ia arteesdu |
water responsi bl e for protonating the | ec
nucl eophile to aid active site alignment i
contribute tonaclaogéail bar at & v2¢k%1i.nl tkhle nporl
Tabl eApB.e3ndi x B) . The structur al di fferenc
which occurs further along the reaction co
di scussed thus far. | ndeaecdt,i vtahtee dd i wsantgenrc ea nbc
group decreases by 0.9 C 0 mpPa rbeodn dt oi sT Sflo,r
(1.662 ) ando tbhoen ds uibss terlacdregaPt ed (1.2733 |,
becomesompentianmat ed due to @eb6aahAlpepBe nld3ifx DB7)O,
resulting in significant active site struc
(Figurappebhddx B). The adoprtdiomatwifomsial ¢ ag
pat hway has been repcdictoendt af nir ngot Bery nmeast, |
phosphoitipalseded Pandonlibl saseolYani zati on
t he verydeltaerrgnei miantge barrier (109.2 kJ/ mol)

favorabli@OpQOod&udimol( rel ati ve tAopptehned i RXC;B)F.i

[ DNAO o B D \‘ NA, o Ba Dy \DNA Base | DNA Dy \DNA Base
W. _W| 50" W. _W| 50~ _O- w_l. w\| g0 0O W. w 5 01\ O Wl W\ g0 O
#f ‘?J ) — 1 z ) e G\ )j
WOl QH52g QHtg woT @t w “He L g g
Ese H \P = Egs H - \P Egs H 4 AL Egs H o Egs H
—~ 97 H Z P 7 O— PO~ 7
4 < N7 NH N H: 7 O—P. 2 o —O- H~o=p—-0
H [0 0. o ‘) _1.28 /ﬁ “/o/ o NL NH - _{/0, \0\ N\» NH > p‘:\ H-.. PN > 'qo/’p\o H ~N4\NH
o B\ \_/ o ' » . 7 ki/ =X, = 9- oo \={ 5 : o \={
‘T/ \ /) H [H ) » H — H. 2 Haos
o 30 o 3 9= | Yo 3% o= 0 o= [ ™, 0
% - DNA 1 DNA \ DNA Q 3% T T
\f < . \ A~ Baa: | 0. Dy A o \ P
7 W ) () \
& i ~ L
Y \ {
Y Yz Yers Yin
RC TS1 Ic TS2 PC

Figur Med8ha&ani sm and key cal cul at eda tbaolnydz edd
phosphodi ester bond?icleavage facilitated b
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Overall, in contr ast?idvweipten dtemea 3Eandzoypniessj, o r

an octahedr al bi nding configuration at the
consi stent with |iteprafterse scdadetdirmg tchat
sol vent exposed environments and the | oca
However, the met al coordi neatoioardi emy ierdo rdmea r

ZA*catalyzed reaction. Although?" &rodd niag i tome
number (from 6 to 5) during a reaction has

from tet-c@ornai petnit@an observed aPaWrgpetnienp at

enzymelhis flexibility in metal coordinati g
accommodat?édde pleyn d Mgt enzymes. l ndeed, al th
reorganize the metal coordination environma
barrier, APE1 is still caZWBal Jhecdhlly &dt imo

barrier pre2dompade foaoiZINigt ated phosphodies
correlates with the experimentally observec
met al repl gceompratr efdort oZnn he ot h*Ir mpnert tad rst |dyi
the impact dfsrkeatégehagomMgEZnmet als discuss
| argert-swcihzmaa gredctompaf edmabl, ApBemdi x B), high
the significant effect of the change in co

t he many factors that change the barrier u

8 8



3. 3APE1 Activity is Maintained ifnadthoer sPrfecsre
Vari ety of Reasons?'Prieifgehrleingchet iynegt tPhreo mMigs c U i

Site

As emphasized in the Introduction, ma n
highlighted the br oamdetmalt ade 5@ ettt ccnutdyil régo s

APE®®Our pioneering computational study has

understand this catalytic behaviour. | mpor:t
sever al factor s, each being uniqued,t oyet s
catalytically viabl e, barri eafs tfroanstihtei oMPE
Specifically, al though similar met al si ze

conformations and therefore Zéamtnal?yMmirc act i
variety oodmzwammrel,highlights t hZ%rte stihlet si nihn
subtle structur al changes in the ARBRHIlzeact.
ratio (AppéedBx 4B) decreases the acidity o
responsi ble for protonating the | eaving g
increases barrier for the phosphoas elster i
greater structural changes in thenABEltaet
water nucl eophile, general base, and subst.
transition state for the phosphodiester bo
barrier. Al t hough octahedr alMgcdMandi?fiMit i on
throughoutcathaé yAPELlreacti onfchamges pohat ino
coordination geometry along the reaction |

reaction barrier. I n fact, etstpe cd o mpu ttehde tarc
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met al?*<( Mirx Nk Zn Figure 3.4) is consistent

reported changes in 42" heMAPEL Zd%‘ahgtéfcorat

in addition to rationalizing the met al depce
of computational studi es for understandin
structural changes induced i n ptalte AMELl cadta

barrier complement &% hate-niydx ptyaspthaiech bdgdt as

explain changes in the catalytic rate wit/|
Si nmgd tea l dependent enzyme that <catalyzes tl
Overall, when combined witwopkeempbhasexzpsr

preference omanwP&ni §eri Mgpart due to greate

because of several competing factors such
chatgeze ratio, ht ahred nneestsa,| accoiodridtiyn aotfed wat
environmenti dends, ®xtoahedr al met al coor di

cal cul atedtweietrtal r athidboppeelradil e HB). 4correl at es
APE1 barrier 2r>edfietdNiomhficcrh Mmgi ntain octahe
throughout the reaction pathway?2duhenghthg

reaction results in the highest barrier.

3. 3ClBhanges i n CbbediMedtail on Geometry Upon £
Calcium in the APEl1l Active Site Affect the

Phosphodiester Bond Cleavage

Al t hough both har d meoat ai ntihnagt?* il @ rgeaf nedrs
significant 123 118fdgeeerd,t htahne Mgoor d'i naprohenamo!
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var
hi g
of
pol
Nev
t op

of

gr e

App

i es f%%0olnm o6witnog 8more | igands to bind to

her charge?debsittger makat®sMgrce fdort dhant ICa |
naticwentMdMdg ning enzymes acfle igmecNduPdisiiegs , i nh
ymé¥ aseb fB%SkdTPEEadenyl vyl “°apndl ak¥sases.
erthel ess, some HpegynAVy mese st riirca fi‘loedri chgn d o
oi sofehaweehhanced acti ¢iotveriitmgtnh e her esa

APEtpopm@Ehetely abolish®es?®t he catalytic a

Substitui'wonf'o@a Mgts in significant rea
ive site in the RCApPRMIDIix B)4 ThiBi @un
t, b¥adopes Caoohdpnated geomé'tmay.nt Spasi
rdination with 2¢(hDe7 Os,a nEe9 6r easnidd ude swaatse rMgm
enth ligand is t?KE6wnuwcl2e o’@hbi |jA p pFeiagtiverxe (I
The possibility a new water mol ecul e

|l eophil e diwietct*Ww@qass cdosdandeds as there

itional water molecule to bind in the a
e energy c-metal atepesti%®iot h RiNgls etHie aver :
rdinatiofa(@di 47anble0t®@0€aij) i s ail’sa hle. 4

rdination of the nucleophilic water to

25 away from the nucleophile (Figure
respondi egphol i Tcadit dickat itdre Cacessar il
f er rceodo rhdda pntaatcioocomnrr dticmaddtoAppEnduxeBB, 16es
ater active site reaftfBRM§Pmedt4al phgFitdu

endi x B) ¢é'0omRMSEDedOt @9MgAppFegdre B) 14As
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the barrier for the first reaction sgtep is
Appendi x B). Al though the metcalorhkdiimditn g na rf¢
remainder of the reacti oR%i nDT®2beé mo reasv oun |
coordination with the | eaving gApopuepn da fx tBh e
which yields a barrier for the second step
directly co’dirnditnhaet ePdC,t owhGdach | eads to a nea
reaction (PC falls only 11.9 kJ/ mol bel ow
the | eaving -gctoiupatbgd awatedra,l but resembl es
i n trheeysXcaly structure of the product anal o
B. Appendi x B) and the role of -netsalminmeadrilayt

reactfi on.

DNA_ Base o, DNA o Base DNA Base DNA. 5 Base o RPN
oH_0 ora %o 0% o L o- °
wod w - Dy W 2.250
w W3 224 ) (-.3.094 ) wam W 2,944 wow 2321 \d
04638 2 g w 5 2
Ew T W2O74 hon W 1,00011.660 w 9; 685 w- -.2.359 w . 2.946
- Q7= -"=""" P H-N7TNH 96 O POy A~ CTPIOH.__ N O5P=Oh. ~4 W o
" »: ¢ o o =L 1248 H o ~o M .N‘f’EH , Ew "-I)”\O‘ "NQ“ W L H ) NN '9,7;?\8 e P NH
0.970 H i O, T i 1 o = - i o =l e /] I
! ‘ y 308 Ho \_7 Has  2.730; / ]{_/ Hae  3.394] [ \L/ ka =/ O \_A\H,,,,
] H. 20, 1.219/ H._ .0 PO O { I | A o 3.473/ (. !
3.025, o oNA ! o 30 i [P 39 il H-o g Al L
¢ ‘ N /1505 onA 1544k P "15285_ ona
(™ o 0-H =\ - H =
O \” o N o1001 Y/ 01024 Ly 0="1.011
\ < \_/
Do " v Daro Yo Daio Yo D. {
.
RC TS1 IC TS2 PC

Figur Me8héni sm and key cal cul at eda tbaolnydz edd
phosphodiester bond?cleavage facilitated b

Overall, weakening of the nucleophil e i
met al coordination geometry throughout the
substrate to the met al during the bphosapgtod
protonation) col |l ectdieteelrymi mmH anrgg es ttetpé*i MP B 1h ¢

compar e’dantdo tvhge transition -méematsngFuetbeéeri o
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(137.7 kJ/ mol , F jAgoyreen d3 .x3 Band sTanbolte eBn z3y ma't
structur al and energetic fi-olds emgwedr ac 0 mml:
abolishment of APE1 a%®®i Wiintdé eidn, tchrey $ptrael sse no
DNA complex with the phosphodiester bond i
Cae&l*urther more, scionirldairnanteitoanl ahnedp tpahos phod
barriers (~130 kJ/ mol) have beneentnraddmpuéedt i

bond <cleavage fat¥®andaBadmHby i RNahe “Hr esen

Therefore, the present?2fiwplrikbietxitem dosf tphheo scph
cl eavagenmettoalsidnegpleendent nucl eases. | #*fact,
in thhhettawo dependent RNase H that is bound
way as the metal in A%Edsal csor awot kshest cat
one met al i's enough to facilitate phosphod
proposed role of the single metal i n the s

3.@oncl usi on

I n this study, QM/ MM cal cul a-t aonbki amea d
phosphodiester bond cleavage pa(tMgvaWmni n th
NfT 2Zn ardagaa prototypi carheteaxla mpd pee nodfe na
Despite an overal/l favored octahedr al COO|
repl aciM@wnabtti Mibir 2Zesults in unique struct
active site along the reaction pathway th
phosphodiester bond cleavage step for a var
result in wnf eagiybmade i caddi emi, sbuighy ightt mg
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me
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st

pr

ev

ite towards different?'mabati cofiachoespanada

t al coordination from octa to heptacoord
rrier and enzyme inhibition. The trend i
ri ous-f metalscand tlhei umhd drirtaloant eb ywictah t
served changes in the APE1 catalytic rat
ngd tea | medi ated mechani sm t hsautg giess tdi stphuatt

eference 0% iAkPeElly faorri sMg for a variety

oavailability, i nherent chemistry of the
arified role of the metal and the ration
t al ireerctriitty cal for exploiting APEl1l as a

tré@&3%A dentionally, previous work on othe

ructur al Il nsighengiamebdri ngeadf tmegupdet ¢ iht
eferences for i mMforroveendh asnwchesdt rédattea It bpitant dci cnage
en facilitate newé chemical transformati o
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Chaptde&d udi dati on of t he Cat aMgttalc M
Dependent Homing Endonucl ease using

The Case -Bpglady of |

Pref @bapter 4 has been submitted for a pu
Wet more El ®ici Bati on of t he catmaeltyatli cdemenhda
homi ng endonucl ease usingTQMd amadPgpDRh MM ya
Che@hemhyx042Accefgtmad us cCPAPRT 2 DD 62RJL) || n

this chapter, I aided conceptualization of

characterization of the phosphodiester bon

and QM/ MM model T3 al cowmgddhnaéecbnMgidd QM ¢
and QM/ MM model I M@>Dd vd omagr dinda triecrt. Mgn addi
overall data/results anal ysi s, wrote the
reviewi ngg,ananedgeéemer ated all figures for

perfor med calcul ations T18siimgrolQWMi nigd @i eec:
coordinati on, whi | e S. D. Wet more was i n
administrati amdi sgpearmnwi srieosngurfce acqui siti

interpretation, writing the original dr aft

4 . lntroducti on

Homing endonucl eases (HEs), which are a
specific DNA cleaving enzymes that alre pre:
HEs are known f eprr otphaegiart ea bgielniettyi ct oe | seemefnt s
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transferring the genes thatnepaodeé cutham, i
endonucl ease gene (HEG) is transcribed and
generatesrdodbD®&8A breaks in the uninterrupt
the intervedBubhgegegunehygye.the HEG is incorp
through homol ogous recombinati on repair i
completing thee Themihrugnamr geensosme i s known t
|l arge number of such méAlitlheo wemetth es e | ienmseear
may help shape the human genome, their ins

suciem® ptoirleias,t®’acdnmascul @ar dystrophy.

Due to their abdtlriagarnyd thor ecakesatien doarbd lee x
been used for demechedengi meeldirc@ati dns s uc
cl onfawngd t heHEPiyrected gene therapy has b
applications such as correcting thel@Ruman
and the mutated Duchenne muscul ar dystrop
Engineered HEs have also been wused to tarc
opti on nfgors etvreeaet icombi nétGé menudioselipti encp)

been exploited to downregulate the express

HI'V infecti%Bbaisretdo saelaltsegi es f-borgendibeas

have also proven wuseful for creating trans
thus confirming the suitability of 2%%hi s ap
The vast applications of HEs waca r rfamnctai are.e

Li ke most endonucl eases, H¥EsKPusheo urgent alhs

maj ority of nucl eases have been proposed
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bor®%and therefmetal t medt wbed react i?6h has

evidence has grown that some endonu’®Peases
Among member s o4 ploh(ei-aHtEr addendi |eyn,d oPhuycsl aerausne
pol yce)phiass uamm exampl e of an enzyme tHh3%at may
39 ndeed, kinetic studi%iss hay & e-Riimandnasttanliaytt&ic
act flanty&Xy crystall ographiwoumd aP pletdest lilve
si FegridYA°Neverthel bebngdenpi béchtam@acmes it z
member s oft hHBb ufgshmielxyper i ment al bi oé%hle mical

“®ho consensus has beRplo rceaatcahl eydt irce gnaercdhianng st

I-Pplo recogni zes and binds to the DNA maj
groove to-ogenkang sn Bdladotafrdclis4 t bemgex-per i me
propoBma mechanism of action, the single m
| eaving grborupdgamdf noxnygen of the scissile
| eaving group departure through simultaneoa
protobwpt aeawcettiaviat Ridg wad®eB ¥ ause ofoft hi9 Hosi
with respect to the substrate iPmploRiheurpe od
4 b%%nd the complete |l oss of éH2@mwasacpri upos
to be the general base that activ&tigsrehe
4 cH°The N119A mutation also kills catalytiec
coordinat*éd guoddoMg . Furt her mor e, NAd®diing wi
di stancebnifdgiheg Odxxygen of the scissile phc
anal ogue o-Ppld hreu(t langdMlrae s@ehad AppendiaxndC t her e

has been proposed to shabughzkeydhlgteno bt H E
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the R61A mutation | eads -Ptppo antyviat ys,| i g1l
suggested to stlb’di maythehsbbsttheerevers
bonding with the cl eaved bp redhddp Aptpe) A% «k Co n
| ndeRBplo bli nds tightly to cleaved DNA,- with
determi AFngabkltgp.although the H78A mutatio
Pplo catal YHI78 acst iwvitthg md ihiyglrdigethance of t he
i n trhaey Xcrystal stnrad otgwree oB pld teefad®@ Ac llos e t
H98 in the PEpl§whiwhl duggpstbk that H78 may
O bond cl eavag#l paObd eAspsp e(nNHiiQiIrdeesct i vel y, t 1}
as an excellent starting point fotomodel r o/
of various active sitdimgasieduevat etrhe i mett dnle

bond cleavage medi ated by a representative

Since computational techni gquescaarad ypzoewle |
reaction mechanisms, characterize high ene
amino acids in the reaction, and compare

paway3 ®3%2his study uses a combined quantunm
me ¢ h amoilcescul ar mechanics (QM/ MM) approach
provi dd eawtedmideet ai | s of t h-Pplo.atSpeyciifci cpaaltlhyw
fromghkebDI| utaiyoncrXy st al strucourehePpldd®A RC
mut 2% everal cluster models of varying size
cl eavage mechanism wusing density function
( ONI OM) i s wused to characterize the phosph

cont ehxet soofl vtaitDeNdA ermzanprhe x, whi ch permits co
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Gi bbs energy barriers (t®&Gt kePPoaonpde ri meme ay
identification of the preferred cata-lytic
Pplo fumbttiaomed from the present work can b
use in the areas of genome engineer nld for
Further more, our I mproved mechanistic unde

investigations oeHmuolta hdr HpfEdhg 8cshy cshh aarse It he @

me thailndi ng ar rRPaphog e mheairtt doff fler i n the compos
active site amino acids. Il n addititoar at hin &
supporting that one met al i's enough to fac

aci*d8sjth comparison to the-deptedandP&@uchea

¢%"highlighting that this chemistry can be

a) b)
\,‘ dA189 N119 dA189
Yo 2

L
X y ° S
Q- oo, s F Xy s,

. Yy & sg76 dG190
S97 ° \‘ R61 - K
&

?

=

Ho8 ™,
- s R61
PDB ID: 1CYQ H78 PDB ID: 1A73
c)
.
Howiog H H0j§0)
H =
\Q;)H‘\‘O (:) &
o g QP,/O 2\3, /(/)
, : o - H HO (o]
/\Hf‘ HO, ) HO 5
=\| /:NH
HN/% HN_ ~
He  Rc Pe pc

Fi gdtlePplo acti ve giatye cfrryesmadn s¥icoot ai @i ofg R
for the H98A nfdctoamtta i anri ch g b )RtCWpfeo re ntzhyemew i |co)
experimentally proposed phos{pl@ddi ester bon
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4. Qomputati onal Met hodol ogy
4. 2QM .Cal cul ati ons

Each QM cluster model was-rhyittystam at
of the ROfamnhle®Ppl®OSAMU(tIRDBE | D:Filg@Ya@;, 4 wlth tF
alanine mutation at position 98 m&ibally
smal |l est QM cluster Hmogledhe (MoRleldds ©9O&siad w
been proposed to bB%eS¥Pesehtcall forthobatalgbe
sci si©®i bend (dA189 and dG190), H98l damtkei Ipir © |
water were included. Addittmatalils ,ditmhec mloy e
to N119 and three,amat eax weotlercuimebkec SI9¢/ t h
mai ntenance of the octahedr al met al coor di
bondi ng?it wmoradiMgat ed wat ebr imbdiercq | ph asnplh at en
additional water molecule wadceordenahedr o
mol eFlulgam@ dér2ctly co%o( i T@plepd etnglli Mg tCh e
smal |l est model, t he BjufbsdGlaxd aviadswd A& IR Ntichae e
truncation points frozen to the <crystall ot
at oms. The associ atbeai dneu cd redo 5@ daers ot(f A et hBeq tsh
bonwWere also replaced with hydrogeatldd oms.
car bon, melaQV iN(gb atctkédb 0 G e ) bonds were cut, t
replaced with a hydr ogelf iatedine,t oangdst tath é of D
coordinates, as previously recommemedead b as
dependenf’'Sobeskgqasat cluster models were bu

| arger models include an extended substrat e
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on eitherttwae deciodfsitlhee bond ( daAtlB8f mande Id Gall!
contains H78 (aMoodne | mo2d)e, | tihnec |1luddle s FRG Io m( Mo d «

model contains -ppiBspRéle ahdddE8 D5aon GLIR® 3

4, i n wihpihoepthhe s5cappedFiagurad sa@ge DA papte nQsSi qx;
C .

Since the inclusion of I mplicit sol vent
minimally impact t-ba@t &@&hezg@eti eactoiforesn zfyaor

than 100 "%%ems QM cluster RC was opti-mi zed
D3(B3LG6d, p) calculations. Subsequentl vy, a
by constraining the key reaction parameter.
t he phorsepahcotriuosn E@.e n £i2rl 20ri ()P and cl easvtage of
bond®OBrg() 12.92 (). The distance constraints f
chosen based on values reported for a sim
catalyzemethy deecFdbanta SREIp.wi s &Onde csht aanni csem,
was constEOdi ree2dl 20ri()P in the first calcul at/i
TS1. After optimizing the cor rBG3doinsdtianngc ei n

was then cBO3¢&)yakmedd;;frto obtain a guess

optimizing each TS, intrinsi’éwerresa cpteirdn romea
obtain the associated RC, I C, and/ or PC, \
stepwi se pathway characterized in the pres

to stlrluyctamd energetic&3l yAppeaendiawerd €y i 0 §&
pat hway is connected. The nature of the op

frequency calcul ations at same | evel of th
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one negative frequency), which also afford
Furthermore, to account for tHHRPCMOUIEXéBENdI N
311+G(2dfpopi)ntsienngelregy cal cul ati ons wedrse per
using a di el Badt rtihcatc oprrsotvaindte sofan accur ate
surroundMiinnigsal di fferences in the reported
poi nt energy <calcul ati onB9 7 r ewhii cshtcesaads | ye r
suggested to be among the most relidble fu

(FigdrandCTLahpgopendi x C

a)

H /N\ N
: ol g
He Hg NN
H
H\O/ (0] (0] dAqse
H ! o
/0 . 0 i)

JoN
HH
N ¥
HN_ ) N NH;
N__~ HN—
NH

b)

R61

Full Model H78” QM Region

@) Schematic of QM cluster models con
2 (Model 1 + H78 (blue) + expanded
) + expanded substrate), Mo del 4 ( Mo
i deheofod&n1§e) ). ibNA TOM/ MM z(yGriel OM) m
and the corresponding QM region (bl
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4 .22QM/ MM Cal cul ati ons

QM/ MM <cal cul ations were performed with
previous sumee¢ehves|l ogythnsproviding accur .
descriptions for ®tHheTrPTraz@MaMMcmoaalctwas stk
theray crystal structure -Bglo tm@grRBhB bbal bGY 6
Figuagcastul ations -taytcrnyedalf reomr aat Xr e h:
used to elucidate the reac'tfThbe @mkbahbBnesmst
at position 98 in the crystal structure wa
ont he residuet hoer iemysatalowst du®iypreRAoBOt he
resolPulB olnD:FilgAu7iBg, #hé& T BNAymempl ex was sol v
i TI P3P octahedr al wat er box and PROPKA wa
titratabl &3AbBmi wataci ;m®l ecul es with any at
enzysmebstrate complex were TiDeNwoveamplTehxe wsa

minimized us%®g AMBER18.

The QM region for the ?20M/dwMg mwidted ti me |
coordinated three water molecules and N119
H9 8, H7 8, R61, a nucleophilic water, an
hydr ogen b cd®Acdoeodr dtion ast eMg-wrait ¢gi mgq dp mo :mpmat e
nucl eotides conOabaoandg(dA&89casdi d6120), a
dA191 omitbe 08a dG190. Final Tsyuubsdeme red ibnign
configurati oatean madcaeictuil @n avla@M irnecgoiropno rtahtaetd
hydrogen bdéitded dtim aBieNigwmtdenr2di rect |2 coor ¢

(Fi C2hbe AppendiTxheC QM/ MM model contains 137
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which has a charge of +1. T hPeploDINIA r egmp Ine x n
and the surrounding water mol eculiz23. The o
QM/ MM boundary waldamdai eada dre tavmiemo Caci d, an
dA189 and dA191 of the substrateaesMedlibanitdh
boundary in all/l QM/ MM model s, whil e electr

empl oyed for the preferred mechani sm.

Each RC was fully -DP(tB-Iil6ed, m)sifngf Bt3ne PQ
and the AMBER forcé%hdeftilg ®B1%foffoarh &Neen zM|
regi on. Next, scans of key reaction distan
TSs, wher e each parametef. M0ak5iinjice reen@ne /.
Specifically, a TS guess was BEOadias nelle dy s
bond was then frozen to the distance corre
surfaceRiOZmdbarmae dsiushtsaengcuee nw.d sy uil 1 ¢ rTeSa soepdt i mi
were then performed and | RC calculations
Frequency calculations were conducted at t|
t he stati(oanaery poOinnitma have all positive an
and obtain ther mal correcti emaei nto d alec udi atb
t hGeNI OM(-MBBGEL1+G(2df, p): AMBER) | evel of t hec

relative Gibbs energies.

Each characterized catalytic mechanism
struef’monhtt®oatrhd , ki n°®t’'S e cdiaftiac.cal | y, the gea
optimized RC and PC were assessed in relati

of the-Pp®@8MUtIRDE | D% hE8YI@C wi HPhIqtPyDpBe 11D :
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1A73), ré%pecobseryed roles of active site
experi ment al mut ati onal daRpdo, cianal ydi mg atch
the H98A and®°Whd9Almgthantreduction ii“A° ¢at al
and R61A°Tueée aptedicted QM/ MM activation be
barrier for thei9DveEedaAmbl proaeétssl §t-~&&: usin
(O0O. G¥6mM nmeasured at 37 iBC aNMdopHa7DBA wubah

base pair ol iiglddu pHipwtPi’de) and 5

The GauGspramgram (revision B.01l) was us:
QM/ MM cal i ahi obhs, e%7e¥p tQM nc loufst er cal cul :

were performed usi A ORCA (version 5.0.4).

4 . . Bes wlntds Di scussi on

4. 3T.hilee Small est QM €ctatteQMANMM Madgés Sugg
Experi mpnopbségd Pat hway i n Whi ch t he Me t

Departure Through Direct Coordination and

activated Water is not Feasible
As discussed in the computati on#®lplodet ai
includes all essenti al resi dues 2?fonrd ctahtrael ey

water molecules directly coordinated to the
of t he-Pplld BrAuweame i ncorporated since it i s
essent-P@o cfaadrallyFiiguaé¢Rd m®rttyhdr Mfooer dMgat i n

N119 and the proposed generoanl odasa t(hl3I8)r ew
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been shown to ki°lFli neSi927y neand ct vacc td dvd ittyi.on al
were included in Model 1 as these residues
met al coordi natyidomgg®o métcrdyomnlglyy nat Md wat er

(Figumaé¢ .4ThAi s |l eads to a model containing 9

Ther acyr yst al struct uafe toHeRph@&8mMaEngmwalkogu
4.a) was the basis?faesishe peraposagl gtbap Mg
coordination to O3qg coupled withaptobvanadi
water during phospRobduedladeékdndacwaaeageo
within -bgddioggndi st ahcgeGbg ABme mdBiwdv@r,, t he
corresponding TS could not be cherhayxdreager
bond distance and?fainggatee do ewtanteeern atnhde tMge s u |l
in the opti nd5zze ApRP@n(dRTxg rnesur e that the in
the expepriommpmsad| mechani sm was not due to
were made to map the same -sealtéei QN/ MBbcimade.l
found for Model T, rehateveemadigeamanpoof t |
substrate in the QM/ M8bopAppmenhwieidc hRCp r(eFvi egnu
successful characterization of the corresp:
QM/ MMo d e | hi ghlight that simultaneous dire
group protonation by a metal aQ tbiovnadt ecd ewaavta
step within t hRploc arcftiinvees saft et heNeverthel es
protonation of theaclteauwnitrerg @mobpulky waeteal |

chemical step as met al mi gration and act.i
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conjunction with praddetesoad | edeespe nfitern?t’s afturc |

37,988

4. 3T.h2e. Smal |l est QM Cluster Model Il ndi cat es

a Meltiagat ed WaiGrboDwdr ithigeaPva.ge is | nfeasibl

When the exppreorpionseendt agdtyhway was i1 nvesti
Model QM/anmvd model s, a water molecule in the
mi gr at ed bet ween the met al and O3qag durin
coordinati-bmi dgi ndheoxygen was maintained.
be aligneéeadattolfeawi ing gr DQu pb opnrdo tcd neaatviaogne dausr
in the expropmeadfigfatihvdaymedi a¢wd) er at her
met al coordination to O3qg of the suibstrat:
Subtser biamdihng ect ur e hasmdteein dEg@gENm d(eadtgfuo re
C6a Appehdnd -mewoal dependend6 bBarpHle)dlfdriky ua e
Theref or e,watsh ee xrpd aoateido nf sri@nBlpl@®@ MR Qobdbed t ilons
water mol ec u?l'aen db eQ3we emnf Mghe scC2®iApp erhdisxp
C). In the optimized RC, H98 hydrogeh” bonds
aids substrate stabilizati émitdhgn eaggloxgigreec
scissile phosphat &i gand h&udphemi saabsRC€Catfe
suppliedicoyrai Mgted water throug-bhriadgiangegr
phosphate ofygeApg&ndiultheeC wateeri snupd siotpihad A ¢
att a@kP) = 3Fi5¢Wby ,4n8 the reaction proceed

i n wmhnaethon transfer from the nucleophilic
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phosphorus rr@#£EPt)i =n 1EBeftsd g , G nul t aiD8aus| y,
bond |l engthens (2.1262anda®8ot pbarwatnéft yber
to the | eaving group. Toget her, these stru
and a highly endergoni d4d PEnd B¥ a dAlpép.eMm.dk K/ nix
Al t hough direct comparison of QM <cl uster
recommended due to the rmiosusi pg eadnzy malt iph o
bond cleavageiba@dirieet mevalvicogrdination t
| arger ti@aboontdhelre®vage barriers evi@dlbuated

kJ/ hoPf*herefore, an alternate mechanism mu

a) b) 3774 1.184 0995
1.684 1.032 1013
5" 5 1.618\HO, O~ 1184\HO_O 1.02 -0
HO~_O HO=\_O 0.985— \ 1252 2.126 1718, HO 3.803
0.990 x 1.637 \, \ 2310 1.583 N 4.124
N 1.490 \ . 21 H —
Ho oy [ e} D.¢ oMitg 18 PR '0"'”’0\’/ 2,875
oAb AT N0 R o 1.000 e’ o 1670 1216 /™% pr0 A1 1.501 : P
N b e 1 ! 670 E 24 o L R
oy o [ S g0, g A (Mg2h --;---0—P_,
Img?? Mgt ol o < / Mg AN
i / o= o. 2048 k — = 1989 ; ) = 2079 S 40N °
H / : HG N o 2,050 — \ o 2.047 g \ 1.971 S
o k_? ‘ ‘ “oH\HO ) )
—HQ  HOy, g 2047 g %\ HO 2.146 HA 216 - HO
e L 3 X HO 4 A s N s zee v NS
e =iH e " a0 Y \ 1868 % \ 1851
HN HN /=N 1766 =N" 1084 ; M Troag ) 1655
\2 # HN 0994 ! 1505 1492 {ges 1696 100
1§ 2 1837 ggpg 3441 HN\) > 1063 9% HN_2 1044 1890 1681
) 834 gop \aog 106 toas 1620
Hgs log. \H{m 2.01 0.975 LH% - 1,022 Hae 063 1553
RC PC RC TS PC

Figd3aYfhgr opose o artchavathketyih r eact i inf par ameh e
statiponany-Pfla athalpyjhzoesdkohodi est er boinnddicrleecatv a
Mg*coordination to the | eaving grQWv plaamsareac
Mo d e(l r eMio)d,e(l p Br Md kg(b r &4)nog@M/ MMgr een) . Siee Fi g
C. l1Mpp(endiioxr Q)ddi ti onal structuralidparamet e
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200

150

100

AG (kd/mol)
3

o

1)
o

-100
Reaction Coordinates

----- Model 1 (Indirect) —— Model 1 (Direct)

Model 2 (Indirect) Model 2 (Direct)
----- Model 3 (Indirect) —— Model 3 (Direct)
----Model 4 (Indirect) —— Model 4 (Direct)
-===QM/MM (Indirect) —— QM/MM (Direct)

Figd4Rel ati ve Gi bbs en-Bplgiceast a(lkylz/ endo | p)h of soprh ot
cl eavage characteri zeidd)usorngQM MDV Eniosddeel tsi .6 M
refer to the ipradihweadtwdi afigfectiooirndgi nati on t o t
group, while solid lines ref'eootdi natei pratt
|l eaving group.

4 .33The Small est QM Model Suggests That Di

Leaving Group i1 BecredsCGlheygvdogpe P

Il n t hestcrruycsttuarle of t he RMloamak a@ue pHifs t h
bi dentate coordinati on -lteoavtimgg sgu bbsutprdagtneh gtah
oxygen of the Kicguwasg |Z2Alphiomiplharnt ecqor di nat i
f or otnheetralon(eT4 e ndo nQi6ecl eAgppemaini éd MCHF i d Frig ur €
Céd AppehidiaxndBet Agui(f ex Rlaeki ¢uis (AaRNase
C6e Appoehdépmxercdent endonucleases. In these
met al has been proposed to aid | eaving ¢

simultaneous pirOotbomat itHhIeAW-RigenRC Pbased on N\
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1 can be optimized whi3i*cho rpdiersetriviemi ¢ diien dgdd
oxygen as seen in the crystal Ptplou Mt aat o
(Fi gdllr ) , whil e N119 interacts with the
phosphate (O5aqC70pf AdpGlePnOd,ilxkiG@lire acti ve sit
water nucleophile sits cl o&heEPt)o itshed.Bhos psh
than in the corresponding RC ienawao Invgi ngr oiung
Figurbk sad4Bd 3 . The RC evolves intoiOabecodcer
cleavage happens earliefO8bani sn0OFBeyrfahst
4 .a3n4lh ) . I n fact, these structuras$tahbiahigeisn
the | eaving ?dcrooourpd i(ndaitrieocnt) Mgeduces the Dbarr
to the pathway i medliwitfd@3iarvdjione di Awawer ( F
Tabd3e AppendiAs @ result, the @ w palt.héwakyd /Imnm
t hat falls within the range of -f abiokiet actael

phosphodiester bond cleavage i98akd*fFPoifit) usi

a) b)
HO™ O HOS\_O 222 chi’) 1677 2.068 p 1834 1544 HO‘S,OJ soae
| ? > | p 2262 - S 2107 T ta0s 1970° \ Caom
i 00 o -0 o \v 0 ' T .0 904
" P Tia2h i 098 . o 1714 ( N .. o-FZ 2347 30. “
¥ o fo — ,'Mf'/‘ o, M_g“’/ Po S MQ_/ 2% . g
/ o ' HO ° 2049 — - / o o A ° 2.079 / oﬁ\
b , d %_7 — ; >
— K —r 2025 SN 2.070
) 2073 ; i
,,/—stQ HO3 HO 4 e o \\ HO H \HO . \ ,HO
4 H - 2072 LN 2117 N 1.883 {851
207 - H 2959 - \ H \
~N =N N I W W L
HN, 2 HN_ = 1846 gar 3111 I =N 052 1665
f HN\/) 087 311 LI 52 raer i 2105 7
L"‘% Heg L 1785 gy 2.757 : 1284 1033 4759 1669
Heg 2059 Hes 1 450 Hea | &°
1882 'ooo 981480 as 1,060 1579
RC PC RC TS PC

Fi gdr®&Y hgr opos e dartehavathhkelyh r eact i inf par aameh e
stat iponarty -Bplcaahalphosphodi ester boadidr eéedteav
Mg oortdiitorma t he | edwirmgtgegroueepd i nQMhel pseser
Mo d e(lr elto)d,e(ly €2l Mo dave(l,p u3r Md cee(b, r d)nogkeM/ MMgr een) .

See FigCGreMppEnii ko additional structur al
Mo d eilds 1
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Al t hough the experimental proposal t hat
and O3qaq protonation occur at the same ti me
invol ving either el ement cabhadbePdplohmodetl er
reveals that the mech@hhg sao drndvion avtiinoga yda s e
crystal structure of +hpe REiamtpredeered oI
watneerdi ated coordination necessar-gcvtatredl eav
wat er. Nevertheless, H98 activates the wat
as proposed based®%D¥sppeei meoggastdans. frorl
Clb Appendainxd Gnut ati onal studies prhoaadlcH9,8 +

H98 interacts with S97 iOabbred itman®7ebhPCnekF

Appendi xTki s is | ikely an artifact caused
enzymatic environment in Model 1, suggesti
t hat may help align H98. To ensure the ¢
i mpoet @ahc diilO8act cmetr adli nati on versus | eavi ng
resul t of mo d e | si ze, both mecdalni §msvi Bluc
considered in expanded models moving forwa

4. 3H748. Primarily Play®plad Gatralcysuira,l Rodiet i o

Nucl eophil e and the Gener al Base in QM Mod

X-ray crystallographwttthanma-byddeakgsdi san
of the nucleophilic wateplonmifthandtRE98nahoy
PG or widPpldtFy pplrleAppeodddhkx! € mut ati onal dat a
reduct-Ppla ciant all ytic activity>°>Thba BUfgest s
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H78 may be i mportant for catalysis and thi

at oms) . Upon <consi demeadtiiadref®@Bfo Migrodir rde mtat { o
permits | eaving group protonation using Mo
the reaction, which situates the general

compared trinoftt)deil s 10.(&i gpultbedbg @B Appendi x
C . Neverthel ess, a water mdélaemdultéheitdsuweltIr
protonate the | eavin4gb)gr ofuhpe icnorMedeglondi (Fi
bond cl eavage progresses through a stepwi
release from the nucleophilic water to H9¢
phosphorus. TS1 coll apaneserimetdo ad es t(dlbl. & Kh
Fi g4 eandCTalAlpgoendironC wdi bobndhdi Psoci ates
step. -ddteenmrmitrei ng barrier is 70.8 kJ/ mol I«
44 46 andCZabApepe)n.dieNetvel es s, the barrier fc
hydrolysis involving indirect metad¥ coordi

111.5 kJ/4ddolandEiZq@axpsp endi x C

HO~\ _O HO~\_O 5 HO~\, _O HO~_O
— HO —
M\ ? A\ EoN £, ’\Q mY v
b\ O—!H--' O, H ) \ L FHYO
O4H-2o Bsibeo H~-O, [} 3
-0 \p’/ Pt O\ o X9 { S /?
A | - N o
Mg ----- -~ oRN  —» lug¥- S T — [ W— 94/P<o — g0, — g o ,'i;
Mg - 9~ g
& o o) N o x,or«) ° o) O-
— o , k w7 k >
12 HO H HO HO HO HO
SF H H W H
5% % “ + A NG
=N =) F"“/’ ~N) =N
HNf HNj:) HN. HN_ an
Heg Heg Hes Hog Hes
RC TS1 IC TS2 PC

Figdriey reacti ¢nf prar etaneh &gy ap oPiphat a toefd ytzh e |
phosphodi ester boinndd ibrifedcabvoa gdd nian v winv itrmog t h e
characterized IinQiMhel MlcdeBe€ Woghpes€Gdga
C) for additional structur al parameters for
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When di%'ceacdr dMgnati on to the |l eaving gro
H78 hydrogen bonds to the water nucl eophi
experimental stClat@iiphl Apdpag PO h(ixsi Qruerseusl t s i n
| onger nucleophilic di st aficgeu rbensadtihg3. RC nc @
concerted TS, H78 reorients to hydrogen bo
the phosphor us r@8abc tAipogpm ncdeAnt te®ro ( ¢h gtuhhee ener
Moddl and 2 are nearly efduadndCdabhlpgmenddikxy/ @
the PC for Model 2 is significantly more s
bet ween (protonated) TGH9Bo mdc d6 fihgeewimewh ya droe e
the experiment al proposal thatCIH® 8Apspteanbdil xi

C)3.8’ 57

Overall, similar to Model 1, the pathwa
| eaving group is preferred over the pathwa:
intervening water molecule for Modalrr2.erFu
as Model 1, Model 2 highlights that H78 cart
base (H98), which i3%¥°%tmhsinst afiiNewalt hdhat ® 8 ¢
H78 interacts with a substmratspemuclta@ol daze s
O bond (06 of dG190) throughout the reacti
Mod el 2C8Fi App@endiwhiGh is not consistent
( r{7BWOucibdl § am(@NeOnomri dgbigy PDB | D: 1EFQuand 1
to the presence of an active site rCdsi due

Appendi xTICi s suggests further model refinei
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4. 3R651. Hydr ogen Bomulcsl e ltahs e hWi t3hg Rei©Opect t

Bond in QM Model 3

I n the crystal structur eBplo fmutR&BRCDana
1CY®and tfther PWi PelqtPyDBe | 1D 28R6I Aydr8gen bonds to the
substrate anthereby has been suggested to stabilize the TS and the cleaved phosphate
goupi n the ECb(Rppegndiwhi@h may i nhi3Blihti st he
proposal i's supported sblyl githdtce uldRgetd Ac amuat|ayntti
act PT¥heyefraroer, to expanding ModdMo e | R36,1 Iwda:
atofmisgudlendMdeel Bydrogen bonds to the nucl
of whether intitoecti oatidomecod ™Mge | eaving
C9, AppendiWwWhe t he -merddian &adth oMganat i on t ha:
| eaving group protonation i s cdnsgiadeerde dwatN
(Fi ¢9peAppegndiwhi€h in turn piowni tesO8kgnnf
compared rt@EMNMOdelect e@skisgblye 24118 jthe conce
proton has not yet transf er rFeidg ufforgo.m Tidhhees ew
factors substantially decrease the activat
Figd4 eand CZAlplpend)di x DEspite the reasonabl e
phosphodi ester bond cleavage (94.8 kJ/ mol)
energy barrier whéeauhllstrrextte bd aemdiar &t incent ail
C2IC3 Appendi xAICt hough most of the reaction p
retained in the RC and TSiO3oar chMoodredli n3atii mownec
45b) , protonated H98 hydr o@ eno nbdo nidns tthoe tNioed

as i mptthedcrbyst al wislt d uRcpiqueP €l dCRAgme e}’ x C
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which yields a 40.7 kJ/4dolannoCdZeA ppteaalli x Lr o
Al t hough t he pat hway Il nvol ving |l ea®'i ng g
coordination remains the pr ed4e rarnedd Ciaebc heasn i
C3, Appendiam €CnteractionubéewbaseR{(N7anddt
with respectiOtmondhearsCSlssAdpe PaihatCi s absei
I-Pplo crystal st#iuetdr App @ FtiSwugdgEessting that |

needs to be further expanded.

4. 3l.nec.l usi on of Both H78 and R6 ks iadse woefl |t ha
Sci sBO IBeonkdl Affords Correct Positioning of

of the Substrate in QM Model 4

Models 2 and 3 indicate that H78 and |
phosphodi ester bond cleavage by positionin
Ssubstrate, as well as stabilizing chreerges
of the RC anal-Ppa enuddavnétdles HOIB &t | Reblo nidsi nwgi t h

di stance of t hesipdheo sopfh ati@e bos dt shéed A8 P, Fi g

Appengi®The&€refore, Ht71Be &R&di, t icomdal wehespha
simultaneously added to Model 1 (Model 4,
remapped. Regardless of the met al coordina

hydr ogen bomhdoss pthoattehean3dg H78 positions the
hgrogen bonding as 1 mplied bwylg€&peaeOilddment al
AppenXAX t@ough H98 is situated further fro
1 with irndeaechg mgt alurfNuo&HW r disn at. iFognur(esnge
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4 b3, the water nucleophile is clobseganbetdhe
water is well aligned for O3qg protonation.
activation barrier by 58. 424 kad dri®F A grpoempda rxe d
C). NevertiDebensd,cltbav®ge barrier-médratad p
met al coordination ta¥5l eatlag3gkdlmot §maion:
when Model 4 WwWO3tgh cdiorredd tn amd toaml maj] ceointsy def e
structur al paramet eCsb a€®kdhbma, nwiat metdhd€ Fe ga
slightly increased mReO)eoiphi Di 2 atdbdhlgedi s
which raises t heiCacbtoinvda tciloena vbaagrer ibdyt HIod6 F

Tabd3Appendiand€ stabilizes the PC (by 49.6

Regardless of the energetic differences
bond cleavage pathwi@Baoi coolrdiimgitdioneatemdlg:r
indireerned(wat®l@@Bag Mgoordi nation for Mo d el 4
highlights thatpM@8ph®&Rktod , wiatnkd tedep8at t o t
necessary to properly position the genera
proposed baseal ost reuxcpteurriante n3¥®Pd Pinut e i mmmaé
inclusion of these residues overcomes SO0OmMme
including eliminating interactions betweer
(dG190,ClFROibgapeendi Bkowever, due to the abse
environment, interactions betweephdghand
exi st i n Model 4, despite theseragsicdyss a
struct wikNaeh 4 m{NN4EOPdsciyo PDB I D: 1CY&® and

Further more, i nteractions bet weéeh b(opnrdo taornea
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l ost in tHha=xb)Phd s( Fuingduerrescores the need to ct
bond cl eavage pathway in the presence of tI
cluster models containindgdmal at eie) shav é sb e
to be nexeswsraatye fobescri pti ong$2:d%R osnoemen ed nezsysn
our QM cl uster cal cul ations provide valua

included in the QM r eRpl@an of QM/ MM model s

4. 3QM/.MM Cal cul ations Further Highlight Tha
Presence of t he Surrounding Enzymatic En

Coordinatleayvitmg tGreoup

As discussed in the computational det ai
I-Ppleont ai ns all residues included in QM cl
indiremed({waid@®@B8 a Mgoor di nationnmaratainas o
I-Pplo active site based omMmlghe E€hg sAmperrsdirxu
O)*8XSpecifically, unl iHke8 asnymuQM acnleuosutse ry npoods
nucl eophile and orienNd&dl®9hprgendesl sbhser &
hydrogen bonlhingggitmg tdhey @dbm of dG190, and F
3phosphate with respect 470 t@hhéaClsOca Agpéedpkoc
C). As a result, the water nucleophile is
the electrophi lRicgupthdosdp.addus hat M/ MM RC g
concerted pathway to cleave the phosphodi e
the TS of ModeFi gdunaerhed .p8rcetsievravteedon( barri ers
kJ/ mol A4 FagdCExAppen)dikerCef ore, the QM/ MM ac
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for the pathway 1invol vilniggaQ3eo pmadtean a(tl 3o0n.
significantly higher fhpan(i®hek ERpald)i megpt abl
experimental barriers for mé®al kd*RmdPPErases
suggesting this pathway is energetically i
QM cl uster mo d-enlesl i &8 h ddlu lhnshteraawaet edoor di nat i o

| eaving group protonati oi® &damenloeta vea of ee crta aveet

N119
1.938
2.130 "‘:::- *— 1.880
Mg @ N

2.168‘- 1‘027/:'

N119:
2126~ 194 | ~ 1800

/
Mg?+ -
21220 . 3.158
, H98 Y
; 1.669 N ]
moeg \ v
s Ve R
! Y 2.321
* 2497°
H78
6
Hig RC TS 51 PC

Figdrledgi stances, reaction padiameaecss @npd
I-Pplo active site for the phosphodiester b
QM/ MM wi t h oa)) idn diferoebatMgnati on to the | eavi

(

When the pathway involving direct coord
i s considered using QM/ MM, H78 interacts wi
base (H98), while R61 hydrogeni( obnodnddetion tth

RC ( F47gbuyr.e Despite a smal |l er@wbPuc l=e o2p h7i5l7i ci )a
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the met al being closer td55bhei heahen@MhMbBuU]

any QM cluster RC, the proton has not tran
t héeO Pbond cl eavage i s more advanced (2.347
QM model . Neverthel ess, t heg bdairrreitet a vieotrg |t t
group coordination (54.1 kJ/ mol) imM38 .1 Dwer

kJ/ mol 44 Fagd€C&Appenidi xFCrther mor e, athe dir
substrate binding architecture observed in
HO8APplo mutrFagura 4d.eksults in a 76.8 kJ/ mol
medi ated met al coordinati 4 damd tCREEd3| leesavi n
Appendi xDIiCri®OSBtg metoaldi nati om aiys ccynssiastl egtr a
f oPpld®®as wel | ametocatlhedepoemedent endonucl eas
(Fi €Cbre AppehHmuIC (E6 dyuAmp ehldi axn dC H@ ygud& &l (
C6f Appehfdi xFud t her more, the alignments of
QM/ MM optimized RC and PCstarmectcowmass safentthaevi
of thePM® 8ruahadh tt he P ¢ pRema (WiClgih rAecpp endiWe C

al so note that minimal <changed<1a@acAuprp einnditxh
C) and orientations &fl2&dcAppen sipdeBCresptdums
of the preferred pathway wusing EE. Althoug
23.3 kJ/QBAp,peTmbileen® t he PC is slightly mor
for the EE chareacctoenrpiuzteedd pGa tbhowsa ya,c ttihvat i on

invol vingicdore&ichaMgon tqﬁét:he77l.e4avkiJn/gmogIr)ourpe
the experi mgdd4akIJhvmblur feB8BFHWiet overaductprro

being -ddtermiteThgsstepr QM/ MM model s coll a
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from QM cluster <calidwlaatiingn g rtolugpt caoioradtn an

the chemical sPtppop facilitated by |

The roles of the amino acid residues
mechani sm are also i*hSkierce fwictah | myt di9iBonai
by activating the water timecleexoppehriilmee,nt whi
complete | oss of <catal y’Quir na csH9l 8 Actosnu U@ bino
results further support this proposal. Spe
orientation of active site residbéds, aardpr
Cl3 AppenditxheC water nucl eophile repositic
QM/ MM RC, which substantially increases th

type mechanism (IC137@nq3KabmedndiFing@ue pro

widt ¢ ppld mechani s m, N119 stabilizes the su
whil e holding the metal I n pl ace to faci
experi ment al mutational dat a showi ng com
muti@MFurther more, H78 and R61 play struct
stabilizing the nucleophilic water, t he ge
catalysi s, which correlates with reported

muatt i ng t he8eOwersaldluuesour proposed phosphc
pat hway invol*'wommgdidnateican Mgo the | eaving g

experi merf&lt ruitiwmichd mut a9 omal dat a.

130



4. 308rProposed Pat hMeatya | f oMe PPl@e €dt dl ysi s Dr
Similarities,fror@hoPe fFacehictataendd biywoGitlher

Dependent . Nucl eases

For exayméyzed phosphodiester bond hydr
nucl eophil e must be activated, the |l eavin
substrate mu8tAYmeltsagabiedi zvad er has commonl
act as the general acid, protonating the |
(e. g-metahe dEpRINBiegHBre App e AAPEPONd “amd
t woet al dEpRoWwidedt B&mMHIOGbe Appe)hfdDexs pG t e an
equivalent propos-Bplbiasethenl! ict g s®&bulirt e@gM ap h
cluster and QM/ MM cafPplol mat bwasy sihmwo It \hiari g t
protonati eearcthwaa edetwalt er i1 s infeasible. Ne
has also commonly been proposed to be faci
to the subst rmdteafpfeodd evratr i M| @mete &/ 1Q6ec( i gur
AppendA-mGCl (EG6guAppohl@na Kpyl18@&6f (Apipewrdd X
C)*Y Furt heexnmearei, ment al sttwmedtad r aneadd bhét seedf b I |
(Fi €6epeAppe®adndk cComput ati on aCa&Wauvde essu gogne sCR
one me&’dl diMectly aids |l eaving group depe
pref &0 eldond cplaet hweageB pliooma |l 4 o i nvoito8s dir
coor diwiatth otnhe st m& plle ancettiavle isni te being equ
with respect to suibstmawvael amedihaet & dgdmalo med

Fi g4 Appeéendi x C
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The char gher iodhgiangnoonxygen of the scissile
suggested to be st akiifdn dsedl fbormebtoation nneedti aalts
nucl eases 2faen.dg .Aja RN&EmIIgICIGIbE €866 App e nuhiid eC
di verse residues have beenmetralpodepgendentoq
in addition to t-HmumetahtwiFiobe €BAYND8 &l dont
and “R&4propriately positioned with respect
(Fi €c6ilee Appendibxkes@pite sh-bBrndgngi mrbhrtamete
Hmul and Hpy4l88 GehdFagdmpmmeEndiomurC cal cul ati on
I-Pplo uni quely uses a?'aad edbrmwdmgi ngbphwsephaMg
compl ement the substrate charge stabilizat
to the -btihegi mpnoxygen of Fitdheraesc4 $di lter mb
nucl eophil e act iMZt ii an ,getnrea aflil rys tp rmoeptoasle d( t
attack damckelpe ewe lme chatnals md é pe n dedo’ carct east
a histidine residue (H®®lp, afculsf ialsl itrhge tghee e
met MaPJi(n amettwaol medi Aahedpreposéednrole of his
base liPplotelcehani sm of action is in ag¥eement
3 nd mut ati-Ppldhsdaekpfeas ment al crystall ogr :
si ngdteal dependent nucl easesC6&mchp pghdlidx EQ
IIHmul (H7EX6dFAgpeédnd €®v rfl%nH8 Omut ati onal st
Ser rnavtcilac a8 heH&90re, our calcdhatdi shsucourg
dat®d&% n-Pplo supports the proposal that one me

of phosphodiester bonds.
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This is only the seconmettaillmemetdh eatfeala sciak
phosphodi ester bond cl eavage has been de
computati onalwittédclpmieyi@osissmeawbak flepefdéednbnA
| n cotnkPrppp@ M cl ust er cal-meatali depeondesti nAPE
t hditrect biidamtsdatratmetcadlor dihatsitemdi s asotoh
using QM/ MM cal cul abtiinodnisn,g aanr c hnidti ercetcutr emeitsa |
active site. Di ffefPplncasi betlweecau ALEAT anlde
compositid®ddns (ShHiegcurfe cally, the presence of
base (D240) coupled with a positively char
charged substrate acloloorwdsi nrdaPtEdldo tvibaata s ki Bamet |
departure. I n contrast, the neutral gener .
charged residue close to the s®iplost d eplphys
moraec tri vlee i n promoting | eaving group depar
through direct Wihdentcatmp acdo srodi nuatdiears.cor es
pl ay diverse roles depending on thloev acdtei v e
same phosphodiester bond hydrolysis can b
fundament al under sREn ccihregni sft rtyheafdonirgea by
may i nspire st umeteasl odne poetnhdeernts iemngdlyfenegsur (e .
C6c Appohdv il Rer rnavtcil®4 asas wel |l addmaftther H
and Hp'YARIBBECHd andApfpe)n.di Succh future work i
understand how iabond cheawegueh&als, depe
the proposediodenefalchbhage, stabilizati on, a

active site.
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a ova, b)

o%_0 Haos HoX\ O
H  H P
(\)"\) o?P\/O: & =< 'O:)Péo
(3 0o 7 SN
9,\0 H o . \“: _O/o 5
d S b
*p=0
HEO _o’;\on HEQ  HO 3
H DNA HN/:N H
(o] =
o_/ W)
Dy1g APE1 Hag I-Ppol
Figdr.8ompari son of the proposed phosphodi e
APP®Pand-Ppp (present work).

4. @oncl usi on

Il n the preosebi nedudW, amad QM/ MM approach
at omewvel details of the -Pplboatloytdlce gvae hpMaoys |
bonds ilnn DINMAe e x-peo p oRemd arlelcyh ani s®fa osfi nagd tei c
met al faOibaeotndbesagP through direct coordin
with simultaneous | eavi Rragctgrvaau pe dp rwattcemrat iHo
previously proposed pathway could not be <c
QM/ MM mo d ggle odned rticcal constPrphoi actsi vempeséeed. Db
QM <cl uster and QM/ MM model s of varying si
pat hway i nvolving | eavi-ancgt igwatuepd pwattearn,a taino I
medi at edi)ndmentgalcobmfi guration to the | eavin
chemi stry and nadti se meercgheatniicsam liys f easi bl e r

l nstQMact,| ust erumradvcalnad iaonsreferred mechani ¢

hydrolysis in which H98 activates the water
charge stabilization and promotes | eaving
QM/ MM cal cul ations verified the feasxthi | it
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of the soliDMA edommizeg e yi el disnd ud |l mecharsi St
experi ment3#kinthhamtgu malt att ®walpi dat @aur cal c
highlighting that Ssimultaneous direct me t
protonation by a met al actiiOatbeodh dweatl eeraviag e
within the -Pplafacnteisveofsitthee, lwe acknowl edge
group bayctmevtagled or bul k wahemi clalkedtyepocas
mi gration and active site rearrangement ar
release faord maidal onepentientd Wicéeh®rdament
understandi n®plg afi nredt iadbm uftrdm t he present
explore i ts potenti al i n t he areas of g
bi otechnol ogi cal and therapeutic solutio
under st alhplo cganofdilrect compubaheonmembervest
HE f ami tHymd(fendg . HgY 1 &@Bi ch s hhirreditrhge anertfailgur
I-Pplo, but differ in the identities and arra
our work will insmetal stdtegeasedm dEmldbb/ades
VvhlanSerrmudld4¢asevith the goal to better un

extremely stable phosphodiester bonds.
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Chaptlees Bet al Stabilization of the L
Lysine Facilitate Phosphodiester Bor

Computational Study of EndoV

PrefGha®pter pubbhfKbheen R.; Wetmore, S. D.,
the | eaving group required or can |l ysine f
acids? A computatd.on@he m.t LRdny2cA4 BV &=nEPE4.M | n

this chaptborsbobohtributed to the reviewi ng

conceptualization of the project and conduc
overall data/results analysis, wradtle ftigea rfei
for the publication. S. D. Wet more was
administration, supervision, funding and
interpretation, and writing the original d

5. 1lntroducti on

Deamination of DNA i 9 yax pcoosmnroen teoveeegid o g d
free madiecated from i nfalnadmmax tfigepmpolalisa hi dnd re c t
UVI i gahgte)/fOa. t he ot her hand, dpa®miaasconpbifo
modi fication that arises from spontaneous
purine metabolism, or t he* eatmi ot btbmea d e n o
interactions of a nucleobase with the surr
a range of Dbiological pr olxNeAs 8 ellseesoefc aarh od xeaardp |
mi spaumring replicafwbinl erdygrasmgwiratpitomnof
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results in codon chang®Ass aan dr easlotteatriso hparigoht e i
deaminated sites iIin nucleic acids has bee
(gl i obfamsd omandi ovasculoar n(eautrod roafsdctl&d r o(sei psi

aut t®sImz hetZned ss c hiZdoi pshorredneiras).

Endonucl easiesc\an(sEnadmed)y odcreogzy malsl d o ms
| i f e itnhvaotl viesd i n removing deaminated nucl e
cleavage of the phosphodiest®rEtbrondxdmplteh
bacteri al EndoV breaks ©oDhe BDNA|l pbbDbhé adiva
deaminated nmnheldeSwease gpmm t of the alternat
pat h'Wadwhi | e mammal i an EndoV i s®Henyoon dv etdh e sne
roles in the <cell, the nicking activity o
bi otechnol ogy and Trhed imoit roe .4l nMaarE ndlxoavimmll eo,n g
a DNA |Iigase has been used to detect mut at
ovarian cancers and the pB3B>Egeo¥ ireladoedun
with a DNA polymerase has also beé&ntosucce

rapidly and accuratel?3damnddketaaot i mindrettii alus

Further more, EndoV has proven useful to en
upregul ated i n brain devel opment , autism
schizopP®™Eerdo¥W. has been implicated in the

carocman in mice and overexpression of the e
sensitivity towards hep’@EmndteVY I Ndaralcascscheae®

directed éwo DNtArasnh ®fifaloi mgi | d upon these a

148



further exploit the enzyme in interdiscipl

by EndoV must be understood.

EndoV is related to several endonucl eas
including those whose catalytic function r
1ZBtagnd FLAP endonucl eas®ThewdmRDB | | Dne d i3
mechani sm has been well established and prc
nucl &% esthis mecHhlaan)i,s nt hef iMgjliaset | mat @l t he
nucl eophil e an@dMdjlpe osnod @rsd | matvalng group de
metals | ikely provide substrate charge st a
Al t hough eukaryotic (mouse) EndoV contains
resembl essmé¢hataicmnngwoendomial dppeddapEXPur e
ray structure of Dbacteri al Edhda) bdand pnopou
the enzyme wuses a s!'PMigtlheo urgent atlh ef oern zo/antea | ny
nucl eophil e gctgirvati ane,palr e @tr reg n sa ntadih @asnugbssttart
stabilizati on, the mechanisms of action of

catalysis are not well under stood.
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b o] o]
-- "'2‘4-'07 -
M gz);J -: ?;\—07 D — MQB) O:P/O
B il A Base
>, o] Base 5 HO o
£ 0 M
ME&LQ 5_7 Mgy Ej
H "ONA DNA
RC PC
) DNA DNAL Base
% OBase o)
(- (o3 s
- 7P\(: ° B T = OH:Or \O Base
OBSG \IO
H-Q, \‘j_f o,
CH “DNA DNA
/_ B-H
‘B
RC PC
Fi gbrL®he proposed gener al meehahi saxmadt da) aaot
dependent endonucleases (B = basic amino a
There is growing evidence that supports
activity in the pré&%%meeedf ki seétnigd esmediae:
t he metal concentration dependence of diff e
is required for3’t & -rfd yc actrayl syttalc satcrtu ovti urye s
single met al bound i n t he active site |
apurinic/apyrimidi dPWi bndonwaldeas'edNED)),,
endonucl!|¥&sRP?2Vomi, ng ends#imutheds eiemicroodre d
endonuc!| PehysafuompdlPpbFpEIEMTHIi s has | ed
proposals that subtleties in active site a
first(Mgdtahat is involved in nucl ePiphiude a

51b) .

wat e

For

rr- nucl eophil e,

i nstance,
w

150

hil

e the

single

aPpbi basdberenrepsogose(H

met al



TS stabilization and prRinma3e’L>edrvi ogngr @ s f
D210 activates the water nucleophile in the
a matcdli vatsddh bwehtezrkeavi ng group and H309 de
to the scissile phodplgaBBeasdadmdi) ng wh$ chohmhmat
remainingbmetiavomagd in the *PYditdftwierreri, n naoi
proposals have been made for -meheal cldempienalle

bacteri al EndoV.

Al t howghlr utcteur es of the reactadamé&gndoMpl ex
mutant crystalli Z&®DBn | tDhe 6@Z#FsAFEarudriaxdCR
the E89Q mutant 2§ rPyDsBt dIDl:i HeDZ Bw iAtFp gMghieaxv eD
been chaYabéercirysdal structure of 52ad)e pro
suggests that these structures were obtai
coordination, which raises questions- about
type enzyme. Qrhcet et alt hetrr h@mé&Eme ovf (tPD8 PO

2W35) has provided valuabl e insighi2sa)i,nto

including multiple interactions with the p!
recognition pocket, the ability of the PYI
l esion flipping, and mainchaie dedamirmeatta d nt

that medi at®Furebegmbt epnt hteh e Ca ttiigwhd i gihtt e
single metal ,iswhgdthr addi @ieand otnikitoadugh ta&aed O3 a |
the remainder of the metal octahedral coorc
and 3 watewhif8bed mitieshdcNbgor di na{ Eddmaper s

H214 and K139 are also uncovered as ©poter
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hydrogedi ng di stance of the cleaved substr

experi mental kinetic data has shown that t
20%whil e mutation of the conserved K155
completely abolishes enzymatic activity, s

cat al’ysi s.

Despite the currently available structu
the PC, previous |iter-atmdiendasrcliviead teur ¢
crystallized RC and PbGC coafu sneuech Eecaesheese da ta cl tei av:

rearrangemsmrti drh atto ofcicruad u e@meotalauhcity of Bctrirfoant i o r
48 608 e r ecfroyrsee,al structures of PCs have | ed t
coordination geometr ysiamgd te@dt areydti iad erdo leen dfc
For exampl e, although the PC aba3aadpgdespl awy
di rmeecttsadbstrat® hlei patoispmor ot hi oate RLT anal c
coordination to the sub5s3tht’and QEMDBNnHDQMBM
calcul ations initiated from the cryBtal S |

ubstr aties IpirgedFteirorne dwhmareev,€roanp ut avtoir ks & b

(7))

(@]

haracter i zedvatrhteownea-tad pwa gnduécd %8 6 t he best

o

uknowl ednge htamée sme tod | medi at ellompdhespagei es

only been invesSt'fihetred of @, AMBMEL1 c atneeltyatli ¢ n

o

ependent EndoV i satuonhteleeear ,i nwiotrhmanii sosni nlge a:
guestions tdier rioduenndtiensgy d wd s tthleat activate t
provide TS charge stabilizat ijaosn, wdlme Igsx o0 mo

of stihnegd tea |
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K139
D110 \ dG229
, E89 ﬁ
) O Mg 4A230
p D43 \
50 H214
Full Model QM Region

Figura@®) 5AQt i ve -sayecfysmabhnd¥ome i mteynmd wi h e
PC Torh&ndoV bound to a sSsDNA substibDdNtAe and
guant um wmeodlkanil as (QMé dMMeordied s

Due to thechauvacesesfiualati on of t he cat e
met all oenzymes using?’cobiput®Bmatrfdontathe tiempaoi
applications of the 2End%Vef amirlrenof cenzyin
mol ecul ar dynamics (MD)astcmubat oaes wanhtdi Q
formuloi stmap the bacteri al Eqidmn| anteichmas i wenr @
perf or med onRcotnhteaionnid §JrAeEtRa@lo § ainrder st andi ng
structur anddyindaemitcesty i wmel si plkee arrangement s
di fferent potentBade d hemistarl u ptad rhaMaydat a fr
eight unique catalytic medlypri £msoweusi algarl
that deviate in the met al coordination to
base that acrt inwatl eeso pthhhd ewatand t he gener al

departure.i frusntultieactonornes, t o H214 and K139 we
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explore the roles of these reAsdaesesol ph
propose preferred catalytic pathways that

gener al base, gemiemadil ngacardc hiamedc aoe tdeelp em d e

endonucl ease. OQur proposed me ¢ h ainmesnnsal ar
strutkkunég®nd, mut at*T-Apsalt hceatsa.ngl e met al i n
bacteri al EndoV i s riempa&csi miol arhep cuibtsitarat &

( M) i n mapyak wdependent5S52nuabBdkeasesr (Wobgur é
confirms that an appropriately positioned
facilitating water nucleophile activation
for the chemical step. T hde ffruonnd atmeing as$ t wd)
exploofatmnew anapplmpe atvieans of bact?Pfi&? Enc
30%and me?®Plicnicnleuudi ng the detection of diseas

design of therapeutic solutions for ail ment

5.2. Computational Met hodol ogy
5. 2Mold.e | Buil ding

The crystal TsatEmuw@WA ep roofd utchte comMBbe x ( PI
in wh@afh t he i sulds trreattd?yanidi gateed etnoaiMgder of
coordinationRd watful fmoll leed | Iy ,52@49 3 ,waasn du skidl
build al/l starting models. The PC was modi
on the met al coordi nat i-roany esntvriuwcotnunmeenst so fo bR

other-mstafl enedi at ed eHhdo nakefye.8Pesi (Fcaglut g,
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metal directly coordinates with the substr
Ssubstrate tlhirgoautgend awanteetrali n D8, h eA pspeernadn th €DC
model cont ai ng wniygs kdrigréeecito nmewaasl phokphogi ¢t
bond btehbepeheors phat e nadOBHAZBNOAI di rectltyhecoor
nomri dgi ng oxygehosfthdaghie Tshciiss ®licetda hivkgl'r a |

coordigreatmednm ydi neoct vDAaP,atB®IO tdSFEhDsphat e
of dAM3IO0,t wo watTehrmordceell e cwlmgdsa.ir reicwg d i giamii loaar |
built with the 8®0¢€pdiGar Baphndsepphlaa cei nogf d A2
two additional wat er mol 2% c uSuebss edjipeeendstt liyyp nc o
ot hneet al and coordinating teskMgésdowmairse ma
octahedr algemommetdr yn atf lbpaotn iwav elrvems | ecuWwiesh D
one ?Mggated water hydr-bgedgibomghderdy den tdfe

phosphate and -lasnavihreiie g oo tt pr &t $xaHoN dMgn t 0 pr €

octahedral coordinat i ecno ngteao me tnrgy |wigtahn disa rsd
residues present in the EndoV activeg site,
found in maidgpenthent Mgnzy mes, i mx)l.odeaghnu

mo d ehle, -stb a ndeao xdy i (ndisgisniedue was consiednealed i |
f orm sstirnuccet sughgedmd @rsgaout 0 meurp azre tnpald @wo n h

Endbd*VTA® hysi olroegliepvaabnttg nat i on states atf t he
pPH Webe assigned Tusdinn sKiBR@MKAndoV mutant mc
bui |t by mutatiinng KM/3MM tnoo deell asniinnre whi ch H.
phosphate group was alignedi b osHRcli4cAe &tnal otVh ¢

mut was builtHBg4mubawalagine in the QM/ MM m
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phosphate group was positioned to activate

for further discussion and justification o

dsDNA D70
!;) Egs %M & dsDNA
N174 b H309 Y/

%’ Y171 . N1747
,‘ <‘~ ns

\ N212
D210
D210 N212 |

PDB ID: 4IEM PDB ID: 5DGO

c) d) \ N96
]

»

ot ]‘3 dsDNA s 3

- - _é‘_ dsDNA

y W “Mn2t

o .N119 S 7 M g, \
c? & j =4

H78 [/ . PDB ID: 1U3E

PDB ID: 1CYQ

e) N62D hgl',\:g f) @D132N
¢ porcay
'\ E109
DNA:RNA

D74
Haq D40
Ha3 E188
D192
PDB ID: 128l
“Mgz _%
dsDNA
H80A
PDB ID: 10UP

i) ) po1
0769
D618 g dsDNA
Ry © dsRNA E1i1 . ’qs“&.
D760 H 7 m
A112

Mg;z* X f
zcezz K551 K113 >

PDB ID: 7AAP R145¢ ppg p: 1qPS

FigurAkcthi. Be sorfagscfyemaX strudtypredhPE&fl, ab)e
of -shbetituted APEMut @ankRpROG f odil) tFQy poidd BuWA, |

e) RC of the N62D mutant of T4 endonucl eas
H, g) PECy@dguwi ed RANaseki ¢us, h) RC of the
nucl ease, i) -RTP odonftaviGp iga vBERSn dent R N /
pol ymerase, darmwhgep). PC of wil d
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5. 2M2 .Si mul ati on Protocol

ThARMBERf B4%nd OfLabcewdiel dsedEndaddscr ik
DNArespectawmdl Yy he missing forceuppleé¢mhe mptaed
accordtimeg deneralized GQABERs MWTEECHAMBRER (
178%®artial chargest Wweerset rad iegineed ewdirmgt at i
fromRe. E.D.v. |l ahd4tphesB@Gy MP/ 6 efFheopat hemet ¢
f or?“Wegraa opftreodn At lamtr+tfhoer mal char gé°Twmaes mai
enzyDMeA complreexutwad i z'eidonwi tuhsi M@ t he LEaP
Ambe&%%dnd sol tatuemdbatmtdadr al TwPBRI wiamém box
10.0 | bet weetnh et hbea RIVOEIEDt emoednsd e sed t o mi ni |
systemxieps. The fpghashevmil wienii 2 &@i0eoap eespts dd s ¢
and 5000 heet Rjpsg otfree tghwaad,ihemt f or cekcah’smoai n
i2applied to the solute while the solvent
hydrogen atoms were minimized whGlcelt hmeolr e
L. The s$hepdisioviodtvee dmiwmii hiez ateisd fli®dh0m 6 5 mo |
i)t bhe sol v’€mndorachidn atgi on mai st anoesan oct ahe
geometry. ThieDNAh cloenpd ,exy md omw@ swimti mi tmh & eslo Iv
keeping (rod0ctarl gjifothd y oActbloe dMgpatioant thiesf anc
st.@dpe fifth step involved solute minimizat,|

step minimizedDNAecempl exe @amadaysnerroundi ng v

The minimized system was heated faom 10
Langevi n ,wihtehr mo srteastt r 4ji’pt ame d hée kswdlutmal Fut

200o0pkquil ivkas&atr if omintehde r eosnt rtahiegtssyydd &lm y r el «
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from 207tkdal 1ImmbdikcalAo€fit of 10.t0desewdis us e
nomonded i nt et bpeatritoincsl,e wrheishhe tBwead du § #METD) o t
| on@gange el ectroisméstiinculianfremat IMPDPETrHADAchisonN
simulations wer e wp g rhfoarrt nuende ®itrm &Pt x| ot nbhdei ttei o n
periodic boundappyl ycinigd KtEnheehgahidt bmnidses i nvo

hydrogen at oms

The resulting tzd] etshicaprpi({a/sd Bwedrdgolfaental e
Amber t ooslus®™ethly8dr ogen bond was c¢drhei dérsd d ntc
bet ween the two heatvhheyatr dmps dwearsgd2éBo.dt | an
measnguar e deviations (RMSDs) iDMA ddmepleax ywse
evaluated based on the backbone atoms of t
frame of the production simulation. The RN
basoend t he he vy, atDdHi?1 40,f K139, E89, the nuc
the phosphodiest arG2la2@dld2)88i anmgd cdre aacdi t(i on.
dG2)31on the 3g sndecafedABRadt abll e 4efmpd erxe s
TabDlg Appemdirx her mor e,-mp asnq urarse dfuleu crtouoatt i on
which were calculated with respect to al/l
that -cometralli nating residues (D43 and5D110)
Appendi xN®verthel esswasher Emdbyudygtha melces ihie
fl exi bl e natsurreanafe dt hDeNAs iPdddse Ap p e,n dWwikigdh e
resulttheedz yoma ng easi layy da lwloen viemutla thicegt ltwee ecna t a |
actve conftorrmaudghhanwst t heReMD esiemu ladti iven ss.t r u «

cat al yatcit ¢ alel yyonf or mat han spsafsiosci deilr fieft eagestna i nne
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usimgacti on-b paed meRitglubriecam d T,abAep e9n.dli x D
Speci fhiec aMgli gat teodk IWBada®ao n s itdoewlmdd! aloi dueadt i or
ashe gener al a c i-bdo nwhiemg t dchies thayndor eo ghaentdw et ehne t |
O3qa | eawarsg. 4r pwabMgconi dber pbsi ti oned to d
to the | evhweinnd heraduptance te&2thej O30%héeawb
phos pH®2tled sw n s i dbeer ead pyoesnseirballe base when t he

the-bmamMging oxygen of oMfNbeHXldnsiheapdophbhbsp
reacti owase.edtjnacl eophilic water was deemed
the distance between oxygen of the water a
water chaintwas dgendidBenrnad t he whes whaarus

mol ecul e wafiweOt hDA3. 4onffd oxygen i n anot her

within 4 j of the phosphorus centre.

5. 2QM/.MM Cal cul ati ons

Based on our detailed analysis of the c
site, eight unique MD snapshots were extra
characterize the catalydi¢femechanité$m wiomlpi
gener al base and acid, and mk6aaanld cToagbrl dei n5a.1
Appenili xQBM/ MM cal cul ati ons were perfor med
t his approach successfully characterizing
inchgdiendortc I°8%RLEgsa.r dl ess iodbstthreat eme tcalor d
geometthrey, QM r egi on included D43, D110, ar
coordinatledH2b4,MgK139, E8 9, a nucleophili
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nucl eotides directly involved in the react

3ag side of dA230 that may ab52tbhi \BaitdeApg jhen diux

D) . I n addition to the residues inmewmali winred
indireisubmetate | igation included two addi
Mg*to fulfildl the octahedr@2b)coomadenlast i omr
bi dent &4 web anertaatle | i gati on included two add:i

bonds to D43 or E89DYan ApppeQRdMiameld momde( Bi gvu

monodentisudsmetal | igation included an add
Mgto fulfill the octahedral coordination g
to D43 D/i Aprpe)ndiXxs Da resul t, all model s c

at oms andi2a cThhaer gMM orkedg i tohne croennmid@iNmii Tt mpn e xV
and all water molecules for whbDNA @oamp lad>.m

The MM region hadilan overall charge of

The QM/ MM boundary was placed between C
the DNA sublamnmbotCe ,t heendanmi no aci ds(.MBdashani c
uséadr all QMd M modehse | arge number of pa
proven ability of this approach to *8cédurat
8P2vhid ectrost at(iEdpsshiB®@ ds ailgerct QM/ MM model s

results and discussion section for addi tio

Each RC generated from t he( iMbc l€Emdipd/d ot s
DNA, yaantde’Mgusi neg3BBLIBYVIRG6dopYes QM b et e
antdhAeMBER f oscéOLLBlI 6Ff BDEArattdhhdoé&/9 MMi be t h

regiSamseqgseansywere performed to identify
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pat hways for each model . Spé hdeifstcandeg , bdtow
oxygen of t he amtdbeel eeocpthm ¢hm IEip ImWactses sosfi |teh eb ac k
was redud@di HYtyepwile. S uiOs edg uset mtnicye, wahse fR o
observed at the potenti al dnset@gycesubkawec
phosphotrh®® aadi ngagresuypt emati caliDyl1® ntca eas
obtanninititalter auness & ITEGa rs tsatteepwi sbdemedcbbaming
bet ween the phosphorus reaction centre anda
QM/ MM opti mi zed RC wh.si)d etcor eoabsteadi n( bay gOu.elsOs
the distance between the O3qg | eaving group
O. 15 from the correspondingTBCguesebtwasnt he
optirmhiodddbwadrbwnwsic rebhR@)acdm utwlwd dermthieky (

associ atnetderR@,di atia Wnodan@p | arshtesprfe t hmi ned TS

(single imagi naaryr € sspoquttmecgoyn f amaned using f
cal cwlaat itdire s anme olrgyv elwhao fcthh earl nsaol gcaovrer etchtel ¢
Gi bbs €&nengVy, the rielsatevealGcbbapedeugin
cal cul ahOeNd OM(eARBEL 1 + G( 2df , p) : AMBER) sl etnel ce
of met hodol ogpy e wha e utbheesta cecknesn vee d henveptacgat
met hotdh eond es ormap tneebchi pohfedp hodi est er bond cl
facilitat &¥9Ably eakzygmeati ons were perfor med

(revisi®6bn B.01).

To identify the preferred catalytic pat!
t@experi mentldki m&aiud,t mutat'( oFgad ¢ i dadomplult ye,d

geomewerieescompared to tBedpWVWgduat esbmpktexre
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2W350heal cuwlcatievcht i o na bsaeg g9 etdhsa gemirpesiti ment al
(92.5 fkdr/ mpngduct g-eneatathongisubb@trcdl at ewd
usitnhge apparent r @toeB acl onmodntyegh rhtia nEuddi dienams inr e d

at 37 AC, pH 7.4, 10 nB®n ®OYR sallsy r attreg @mmad
of active site amino acid residues were cr(
including the 20% reduction in the cataly
mut ainomact et’aald cEohndpolVet el y abolished cat

mut ati cwmnsfertvlieed K155 to al aAine in the mou
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Tab3leSummar yplodspghedi est epratlhorad sclcehavagd eri zed i n t hebapsreedsent
criterion used to choofssrubergeemodn QMAWVMMMD as cap ahotons.

Pi O bond cleavage pathwagl Generalbase Generalacid Reaction parameterbased criterion
H214 D43 Phosphate Mg? Mg*-ligated K139
water _ _
Direct (H214, Mg*) X X r(Nn2EP)<6.5Ar ( @BIgt) <2.5A
Direct (D43, M@*) X X r ( 6 Obridgingwate) < 3.4 A1 ( @BIgt) <2.5A
Direct (H214, M@*-ligated water) X X r(Nu21E P) < 6.5 Ar ( GE3HNjiO) <3.4 A
Direct (Phosphate, Mdtligated X X F(Ononbridgine. P) < 6.5 Ar ( GE3HNji 0) <3.4 A
water)
Indirect (H214, M§*-ligated X X r(Nn21E P) < 6.5 Ar ( @E3HNjiO) <3.4 A
water)
Indirect (Phosphate, M¢ligated X X r(Ononbridginge. P) < 6.5 Ar ( @GE3HNji 0) < 3.4 A
water)
Indirect (H214, K139) X X r(Nno1E P) < 6.5 A1 ( @ BlidNkize) < 3.4 A
Indirect (Phosphate, K139) X X F(Ononbridginge. P) < 6.5 Ar ( @ BlidNkisg) < 3.4 A
For all matheaphil ac water was ded P pWpendnfcomtulme foactipiaom
identhéiegpe of met al coordination (adircecitn vearsairst hensddlag.ect )
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5. Besults and Discussion

5. 3Dels.pi te Being UbiMeutialo ubse pAemmodnegn tTwHn donuc

Bidentate Met al Ligation to the Substrate

| n drhyest al structure of the PC for End.
coordinated tob2ah)e. -midamad | d(efpieghudree t enzymes
bidentate met al |l igation tobbbtbi hbeo©OBgehb
substrate (see, f or naesxea np Heilhghdticee iafce X veee osli i
Rnase |1 1153¢0FFgutder mor e, similar bidentate

substrate has been reported -mat d@alhedepegrmrsda

nucl eases, 1°%E| pBlad g -#ARELN ( 53 df)darse wel | as t
crystallizemdtBC dePpLifurgIg@cle and T4 erdonuc
(Fi ®8ep. Hoenvteavleri,omms have alasda ebedrmestdhwemi:

o

at al yzed -nbeyt ad otahedoantewaone di at ed endonucl eas

active site arrangements can be different

Q

nd sudgdestmenagal position in the crystal S
basis for mdded> PBadgéti henRChis collection o
binding architectur®cdadhradi mnatviod v etso bti e n® Rd
a nborni dging oxyeen bhet RE wabsitmiati all y con

D3a Appendi x D

Bidentate coordinatibondgfnghexyygeml anad
substrate was -ehselrvbdat nohhBZHOAppENndoYXY O
Il n this strivk.tdawndy otnhd hreetO®8Blg | eavi ng- group
bridging oxygen of t he phosphate moi ety.
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coordination is fulfilled by two water mol
i's maintained in the cor r(ds gndadckiApgp efhM/i MM Dx
Furt heH2mo4r ei,s suitably positioned to acti vz
i), which is in line forOwPt)t a=c k3.®BmB 0Ot he .s AAi
Ssubsthatge stabilization is supplied by K1
nomri dging oxygen of Otone &hbhyds p=h ajt,.ES6pd0i et y
D18 Appendhkmxom this RC, a conc®rai)pdwhSctvaa
proton from the nucleophilic wati®rboinsd par:
partial@y9Bér m@3a thheend | engt hMgénb v(elsy 00 .32
closer to the |l eaving groupth®Baw®ohd is ¢amn
formediO3théoRd cl eaved, and the | eaving gt
MgF*(Fi gbie AppendiAxl tthough K139 offers subs
early in the reaction t-thrriodiggihn ch yax ygem dfo nt
moi ety, a proton is fullgw thaw®RiCehredrtol &
the significant role of K139 % Tpéiedl dy
histidine in activati ng itrhes wmhbastterra tneu cd heaorpghe
and aiding |l eaving group departure are con
onmet al dependent ePpdo nuH9l8e58 sy sd-BiSmed h (aHs7 51,
Fi gbh8e)Pand T4 endonucl eaS®e®VINEveH4bhe!l s gu
activation barrier assodcioat @iidai @ hkfl Ainlsi EMN
over 50 kJ/ mol abovi ndnet heex preeraicnieinotna li sb anrorti

favor add.e5 (kohdy/ nballa, aBidgur es
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a)
DNA, ., G Kisg DNA G Kisg

S 5
o0 f Lo~\$2j
H
s S H;Fd e N
Mg R—O-----H H TS (g2 o H H
i ‘77 A (aag S o=p_

b)
DNA, G Kise DNA Kiag

(0.0) (48.2)

Figur@hé. mechani sms characterized in the p
cleavage i nvol iwiurbg thriadeen tcaoto& aimehtaaj olne a wii rt gh
departure and a) H214 or b) D43 via a water
Gi bbs energies (kJ/ mol) are provided in pa

Al t hough H214 is al i gneedgutiol iibnriattiiaotne nohd
EndoV RC with bidentate met al coordinati on
secantdive site arrangement in which D43 1is
the water nucl eophile throudtbh, a Appe)ddi rgD
Nevertheless, the key reacti onr epgaarradneetsesr so f
identity of(the. gemetal baeseedinatikoudi g¢é amet
PIO3a distance, -aoddKi@go9dihydamgentg&@rtedsed sub
D1B Appendixuplpor+4+i ated mepalttate activat
i s foamystianl |l ographic andnebabcmemdi adledd&RiNa
EcPVP%I1Si mil ar to the mechanism with H214

cal cul ati onBs pattiwap4 b@miSgwhriech proton abstr
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bridging water molecule by D43 and nucl eop
more advanced phosphodi esmeedi atoendd nd® &lmavmigsen
bond is ~ 0.5 |l onger ), while K1¥%F9ghyerog
D10 Appendi-Rd@ ated phosphodiester bond hy
activation barrier than when H21454abc tasndas
55), yet still significantly highéfThtban t
reaction pathway also |l eads to an endergoni
being more strongl yrQ3Mgjdiinat@®.d2 tjioDd her tmert,

Appendi x D

350
300
250
5200
E
3’1 50
]
G100
50
0
-50
-100
Reaction Coordinates
Direct (H214, Mg2*) —— Indirect (H214, Mg2?*-ligated water)
Direct (D43, Mg?*) —— Indirect (Phosphate, Mg?*-ligated water)
—— Direct (H214, Mg?*-ligated water) —— Indirect (H214, K139)
—— Direct (Phosphate, Mg#*-ligated water) —— Indirect (Phosphate, K139)

-~~~ Indirect (Phosphate, K139) [H214A]
----- Indirect (H214, Mg?*-ligated water) [K139A]
..... Indirect (Phosphate, Mg?*-ligated water) [K139A]

Figur.@€hé&. bel ative Gibbs energies (kJ/ mol)
via each chemical pathway charactgpezédol n
l i nesh eomdtiatoed (dashed | ines) EndoV. Lege
coordination (direct versus indirect) and i
and mutants i n square brackets.
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Overall, regardless of whether H214 or
reaction barrier corresponding to bidentat
the exper ilfeennd atlheb aRGsi eare t her modyn@ii cal |
50 kJTmet¢fore, despite beiry Propd8&rd for
EndoV catalytic pathway involving direct b

unl i kel y.

5. 3Di2r.ect Met al Coor-drndging Owydgeéare a&Nma | n
Coordination to the O3qg Leaving Group of

Reaction Energetics Regardless of the 1l den

When the straceteutakedynambcaccount by pe
on the RC containing bidentate D&e tAap p ecnodoirxd
D), Appenda xwet er mol ecul e typic®DBlay | mawve 19
group soufbstthreat e despite maintenankcrei dogfi ndyi r
oxygen DlRjagAipeendiTxheDremai nderPcofortdh @ ad ¢ toa
fulfilled by D43, D110, and two s&dldi andnal
D12&abd2 AppendiNevlertheless, within this m
structur al dynamics of the active site dif

substrate to afford distinct possible cata

I n the first active site conformation u
positioned to activate -ltihgatwead ewatnairc!| ie pdn |

t he genegtad btidiGBlme atvoi ng gD6cupAppFegdiUnID ke t
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previous mechanism involving samsubpsnhemradle
coordinatibdéa)Y {¢&i guceeophilic water Il i es f
phosphorus reaction ¢ &mtEd) ah dQ.BPhar eQMe aidvh R
el ongated FbguDQGe £81 6 , alhida, Appe)ndi ¥nIDi ke the
mechani sm with the same general bpaehw&pl4
foll owvsmacBani sml wlgan ea mwat &Ir act sb@as) t he
Il n the first reaction step, deprotonation
transfer Nbo&HWH2 E4 1(wWA@s6h mu)l t aneous f d®wmati on
bond (1. 95713 ,AfFpgdgrudaexd Da corresponding bar

(TS1, 95 gabide)s. TS1 evolves i ntpenRraoadddiln &tlé d

phosphorane intermediate in which the subs:
and K139 is maintained. Il n the second stenp
(rEOB a = 2. FIDG3ar eAppe)mdchidx the pr ot olni gfartoend t
water is partially traldsf expedtted floe @3 qve

acitdh,i s | padiet dromiani ng barri ef5 (a2&dR). 8t tkalt/ mio

78. 2 kJ/ mol hi gher than the mechanisim invo
O3moordination. TS2 collapses into a highl:\
|l eaving group is protonated by a metal act.i

been pr op-meald dep-BpbdenRs3gbtPr,eh’e | adregtee rrmaitnei n g

barrier and thermodynamically unfavorabl e |
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y o f (124.5) oL
M S0 \5_3
RC ¥ “ona pC HO';{Q,DNA
(0.0) (98.2)
Figur.aghé&. mechani sms characterized in the p

cl eavage invoilswibsgrai eed t-bgnaied goilnn gt op ht ohsep hnaot n
with d imgeatt &kt aMaitldéirez ilnggavi ng group and a) F
phosphate activating the water nucleophile
in parent heses.

During the MD simulations, a water mol
respetchhe tpphosphate moiety in the 3a direc
nucl eophil e alzadi vARpgpemdi(xmi Dtuhree correspondi
switching the gener al base from H214 to t
coordination environment pl aces the nucl ec
(Fi g3z Appe)ndi Whh® dédmomdgi ng oxygen of t he
moi ety islgiogonreicambilized by K139, t he
stabilizkedgayedmewat er codompaemrdmeohBiBjes H201B
AppendWUmnxl iDke t he centreesgt@iidvi sntged wwoec hani s m,
occurs in a sbaly),e wittelp t(hHFa gartacki ng wat
phosph@E®y € 1.801 ) and releasing a pro
group i n iOBexy M™SD,ndt ks nRul t aneously starting

froMgd i gated water being parti Bl gpi3dgr ansf e
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AppendiThi ® characterized EndoV mediated pe
QM/ MM MD st udnyetoafl tnheed itawtoe b3 RN aASI% i W i (efiad U rye
ray crystall ogmweapahli cd edpaetnad efnotr BtawroH | l ed to
coordi Nmi'mrdot @anates the | eaving group, whil
charge on the substrate thIoulmpeJdtHiexctD co
contrast, a QM/ Mie tsd lu d yiectidia It ehdec Ituwdoe d t hat
pat hway i §°Ali nheagihbltehhe EndoV pathway aff
activation barrier than the reaction initi:
requirement is still notably | arger than t
kJ/IMand the corresponding PC is not ther mo

Fi gbbesgid ) .

Il n summary, despite Iiterature preceden
for othe?l nPcli@ELEHHCi | itated phosphodi est
invol ving direct booddi mat iooxntrydechi atd e  nveent e
contacts with the O3qg | eaving group i s not

the gener al base.

5. 3l.nr3di r ecGo oMedtianati on to the Substrate Leec

Reaction t®™hegaaheMgWater Stabilizes the Lea

Al t hough no catalytically feasible path
work that i nvolves directamet avecesot@&i manif

i nvolivindnignetcabor di nati on t o t he Ssubstrate
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endonucl ea'de *{ISiptéecrffac crpss 1 3| s tphact phr@C otfhi o
anal ogumetod! omedshbaMIP*APELdIi nantietdn iwa theyrdr og
bonding disbandgi hgog axygen of the scissil
Fi g3 Furthermore, QM calculations ion APE
Ssubstrate | igattihmmriest psebebsaedeedengnatit e
structur eD8f 4 DEMI, o) whi l e QM/ MM cal cul at.
met al bi nding architecture can facilitate
consistent wi t APXspiemiil-naerd twaatteedrat at er?acti on
and armadmging phosphate oxygen has been de
anmdue anfetahe dependent Vvn 56RPBaded amUPhHI
l'iteratur ejsuibrsdirrad ®t crmetrali nati on was 1 nve
simulations in which the ocdtwalse dsraali sdd cerddib
D110, and four activeshDhlibt eaDddd2ber anmbl] dabl e:
Appendi xTlr oughout the MD simulations, the
a métiglated water provides substrate- stabi

bridging phosphate oxpPdleand 7P&b [ceEppuwemaln «xy ,D

MD snapshots are present in which H214
nucl eophil esl ightleed a&aatmetal s positioned to
through substrat ®6epr Ap paawWheom Dt(hFd gmoeée of
coordination to the substr atthee | GM/pMM Inc b e d
RC ( FiDor e Appenai xud®dl eophilic water m
positioned f ®&Ni2fHb) ann@BPo)d iesam®h(3sho,r t Ergur es

D13a dbnld4a, AppendiBxechause of the | oss of dire
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metal, substrate inter act@ omniscwiddhh 01379 be
shorterhydmwhgdove ttho rmdometddalnat ed wRiHWEO®3 N f or
=1.743 i) . Unli ke the corresponidubgt rmetce
coordi natb6éarn ,( Fihgwr ¢ eacdtieopm nmeod H aobiss)m (dRnngy
the TS, initiation of nucl eopdeifdHi)c =atlt. D7
i)is coupli@3ddag wdaamd Pcl eavapebé& @n 3tBangy-fer fr
|l i gated water to theOshEOSNjlat®@8habldFégur e
Appenidi xADt hough the barrier for the conce
barrier f bsrubdsitrreactte meitgaat i &5 e ) 15akd/ mobki
reaction pat hway warset @afF oproesdedat € d r-rvVagym n golae
crystall ogr ag@mf)chdaprmaolFbigureel y high acti\
l arger than t hel%enxdp etrhi emmema dayl n abnaircrailelry) unf a:

kJ/ mol 57&) gmalke this pathway infeasible fol

During MD simulations on the RC with i
mol ecul e caposal spbomed wedd proton abstract.i
moi ety in the 3a directkiodbfif ¢ Amp ¢)didni ¢ diles s i
corresponding QMMM ARG e), i glueDe wat er mol ec
optimally placed with respect to the phospt
RC involving directDl13me tabldb, | iApapte)jnaMEy{ i gur
coordinated water fanmer iadgiinmgt eaxaycgea m no fwi
phsophat e (r Gi¢tliEOtoyri dging 1, S8&HS ¢ ormmdl ingeatadd wat .
forms a stbomg vy dhodédrre@ H&EO8 Njh gl . GZrEAB® ) (.

hydr ogen boadnads awirtemedyrepr ot odbri dgangomowxygen
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scissile phiosmpthlae eR@Godetgctly connected to
Changing the mode of metal <coor di-anattiiwat & d «
mechani sm switches t hea psattamevaigsaeh r ® o/ le)F.c g a c
I n the nfuicrlseto pshtielpi,c att ackrQ@eEfP)wat er. 9815 tihe |
D14b, AppendiexadDd tde tae rhmignhi nrgatbhear ri er (17 3. ¢
55 abwd). This results in a phosphorane int
than TS1. I n the second reaction step, t he
occurs with substradtiegapreadt omdddeiroAp fhiga.wai emel
The barrier is sdmivam mecharei o oismpvhaltwei ng

(within 3. 155k)J,/ mohli,| eFitghuer eender gonic PC i s

. 5 ! .5
R 01 0~
H . \-\?J H, w H H
03 H-g @ HO e
JPp—orH Y kY o
Mg o H- o o N TS g op
LV < e )] Ho O A
/-=N/ o %0 =R 4
HN O30, HN "pz0
\\/ * “ona ~ —io';‘o
Haw H, DNA
RC PC
(0.0) (103.4)

5 Ko oNA g G Kisn ™ Ko
om0~ ') . 0"\ O~ H 010
MM -\ﬁ-J HEIE TS J H I
: ) "o HY oy o 1 HO "N
CoH Mg? RO H [ Oy’
T81 = o™ 0, TS2 W Hooop!
/70,

T
. \o/j\ﬂ o H 05N o2 = L R
/ H 7 (173.6) 5 5 (121.4) HO °
,0./ °_ o [ —
-

H

2
WG H---

“H i A
030, HOg 0, P
O DNA 3 DNA HO4 O

RC Ic PC oA
(0.0) (101.0) (98.1)
Figbi.#dhe mechani sms characterized in the p

cleavage involivilmgt i atde rleibd d tigd @ Igt @ htohsep hnaa n
with d imgeatt &kt aMaitldirez i lnggavi ng group and a) F
phosphate activating the water nucleophile
in parent heses.

Overall, although phosphodi estemebahd c

coordinati onhawe tthheems ublsdagraved *f o°d méhalt e
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|l i gated water cannot effectively stabilize

of the general base considered.

5. 3A 4Catalytically Feasible Reaction Pat hwa
Pl ay sMatj hoe Rol e of Leaving GrolbpgdAdAtceéedvaat e
Provides Critical Transition State Stabil:i

Nucl eophil.e Activation

The previous sections have under tored
promotes | eavi ntghrorugthp ed @ pheerrt udiemneedcitat erd) |
coordination are not catalytically feasibl

gener al base (H214, the substrate phosphat

stabilizatiiaorec(tdomeddatin@atri omd or K139). Thi :
be anot her resi due t hat ful fill & itomes rreelvee a
a new active site conformation in which K1

regar dl es $s whfs ttrhaet emect cad ( & i GG, NA mEamitdx yD
|l ysine is par-{Db6E)XKcomnsefved PbBbe active s

i ncl ECPRYTECRPVA°PVUIFo kIS nd BQIkthough experi

mut ati onal data also suggests that l ysine
Ec R°Pvull endbmudc |necausseét hken dcoavt, al yti c rol e o
been computationally explored for an endon

Mul tiple MDwH avafies ckixriesat!ly coordinated

i's properly positioned,tandcKil3d38t est hgdwag
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t hCe3lge avi ng Horweuvwper , when attempting to char
point, the direct met al coordination rever
coordination lintilbpdemet a¢dons on the RC in
| i gateiveermtat alytically plausible active sit
boatdo B2 14 i s appropriately placed to act
D6g, AppendiWwhebhi mat adl water Ii3&s substgeéene¢ edl
the structur al par amet-eptsi mir z2eidd ilQidhaet r a he t
stabilizaMgitboingdtreodn wal eirsntgme In @ ¢t NhgeGake On o

bridgidhe cr easdd ghDidas aDrlse Appeddit hoDgh the re
cont i nfueclslhon® mechani Sha),Fi ghereereaction pa
concerted TS are significantly different.
nucl eophile to the phosphorus remetdianheder
reaction, water haslidno(tFDdgtanrcddddal Appeodor O
I n contraalk moKtl 3®ompalset el y OC8Bbeaviedgagpoopp
t heO3Pa bond cleavage is at the early stage
|l ower energy Damoil ebFiMpayradhadd. Gnld the phosp
bond dissociation results in the first exe
formeHd h drogen bornlENkitz® K1IB®8 (OB Wwhinlde t
interacts with pro-togat eado nnadifindureasrs di boa tpmeotvai l

stabil i zabl4ao naDlsk i gAuprpessndi x D

As the activation barrier (69.8 kJ/ mol )
product gener dtainan a(n9 2.x% r lgb/mrhaeh )Pad yitsi cf oprante

charact e@rniveodv3® hat aac igde niesr avii aFou ret hfeorrmoE ned, o
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active site configuration is si mil(d&n gtua et h:
D16a Appendcideed, although our proposed mech
the orientation of K139 comparesmabl the tr
di fference Iin heavy atom -drstdghog beygeanyv
O3mridging oxygen of the scissile phdsphat
MD simulations verify thban todadiflexi &dbrei éy
andtave site rearrangements ar e stonfmorfdt o8
®%Our proposed pat hwaegnmd sme ¢p agarhg leil ;g pMR vs
free ener gy R&NA ecpuel nadtei notn sSRNA p,ol whierbidssod ( RdF
near the | eaving gr,owpti n stflpa opraysstda b aggt rhu
bond with and ttaoalaest eaviangprpyomoaphosphate

form&ti on

To ensure that proton transfer from | ys
mechani cal embedding to demechaseiwimtenh R 1M
acting as the neahadgat eddla®®2? e;msd tahe gener al
reconsi dered usi ng FeldedciterAopspteantdi iTh eDnpbreatdo m gt
from |lysine to the substrate occurs | ater
in more endergonic PCs that are da rfeiciadly
product has yet to form in any reaction pe
l' i kely involves significant active site r
di scussed fot® o't“h%tir Plued mases .t he proton f
t heal @&aving group in the PC under the EE s

highly similar along the ME anbDlEEAppéehwBy:
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D) . Therefore, there are mini mabptcihminga&tsi d

with EE (< 14®1¢ZhaAappgendfkoglir e mportantly, t

which a met al |l i gated water promotes | eav
unf avorabl e, whil e the mechauwlieanwiinng wghriocuhp
feasi bl e, verifying that ME effectively d
reaction considered in this work.
a)
DNA, K1sg DNA G Kiag
o] (o] (o] (o]
/‘\HZN/ _\g Hon
0, HO H
2% QSP_O ) °
gy oM ‘Ojo A TS @5‘ o Ho=p_
H o (69.8) W ud © A
SNTiae] o
—N o9 —=NH o
S R
HNW/ oo HN\[/ o
Ha14 Ha1a DNA
RC PC
(0.0) (-23.0)
b)
DNAL 5 G Kisg DNAL 5 G Kise
o] o H 0 o]
N ‘\ij oy
8\ o H . HO o
‘H / o] (54.8) H HO ° o A
o O?—\“P‘O 5_7
H N o)
030 HO’:\Q
RC PC DNA
(0.0) (-76.1)
Figur.@adhé&. fbechani sms characterized in the p

cleavage involivilmgt i atde rleibd d thigd @ Igt @ htohsep hnaa n
wi t h sktla3b9itlhiezilregavi ng group and a) H214 or |
the water nucleophile. Relative Gibbs ener

As setemeefcthhramihamact er i zae dmdtthaplat ¢ ci vnogh tver
ashgeener al acid, an al t ewhnednl B8s% ea bg d n ezreas| tbhaes
graf8pecifically, i n a second active site a

on the RC in which KIHh® i0s3apdsiatviimme dg r oolu
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nucl eophilic wat et¥rphioss pohraiteen tneod ettoyw &@Ghi tthhee s:
AppendixI B the cor roepstpiomidziendg RIXM/i MVh € u istaanel
positioAdedef@ant tiack on the scissile phosph
downstream phospbéht eeDillyg i Atpy eMEUKuiDes t he pr
K13®edi ated mechanism with H214 as the bas
interaction wir@BEHKiH39 si n0.t5hef RGo(tteerch,arwlei
stabilizat?Hdmaftredm waatMg mol e D L5 Ae piesn dmaxi ndt a
Simil ar tacttilveat2lh2p anehcvhaayn,i sam Swas &8hby act el
in which a proton from the nucleophile has
water has initiated aDRl5achAkppagndiGleelaniage hot |
O3ag bond is more advanced in the TS when tl
(by ~ 0.3 j), while K139 protonatmesditdatee d e ¢
mechani sm, the activdtiaecm bbar (555 sahdabd & |
58b) and an exér donkiJod mpCt)h(abtys halst aai nseidmi | ar
configuration to that obsef(fWVieddrd Aphpee ncdriyxs
D), further underscoring the viabiSuibtsyt roaft eK:
assisted nucleophile activati-mat plarabhebsn
E cRol ( Fh3gwyhere a significant reduction in
upon modi fyRipngphtolsghprgl oxygephos$phthreatsul
Al t hough the activation barrier is | ower v
H214 acts as the gener al base when the met
di fferledhktmoll L5i s minor and the activation |
than the experimental barri®¥sudogestpirmglucha

pat hways are feasible. The possi biHRiABY of
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EndoV muéedtneggony mati conBRPeFiury hey more, si mi
propo@M/I MMBEA study -omat ahemé avotaeaudh cOR/IeSRRI t w

alternate meicnRya BoBas nssu bisntvroaltve p h o s pthhaatte faasl It

within the statisti®éal errors of the calcu
Overall, our data suggest that EndoV ca
cleave the phosphodiester bond, namely | vys

H214 or a substrate phosphate momeetpd/lagst i v
the i mportant role of stabilizing the tran
is also critical for maintaining the corre
the reactifoinaé Athéhoegyht MD hanapstbkbot ge usde
chemical pat hways in the present work have
structure (i.Rrondiwnd hdins-thyind iged ! monsmodt e)
t hese meacrbeaear gesi cally feasible, which sug:
role in tlhea eorgba oplocK h3% he geneort elaati @s w
experimental aliolaitshieinmcaft all wdiimce aaotttetwmoas
homol %Aylutehough | ysine is rarely observed asc
acts as thdhg®nkeomad a@lceavage reaction i s no
Speci fhiecrael liyss d@xperameditakcelVVydenaoéitns t he
a | ysine 1iOesbhiodnude cilneaRWage iin other met al |
topoi sothnase&k1b67 in vaceélims awdlolpoas ome mps
evidence for the r o0 eboonfd |fyosrinmaet iaocsn abny apco |dy

Rd RP7) .
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5. 3L&rge Catal ytiinc skKkbh@g&otMuofati on Correl at
Observed Complete Loss of Enzymatic Acti vi

Homol ogue.of EndoV

As mentioned previ odslIKyl 39t haes ptrhoep ogerde rr
mechani sm of action of EndoV correl ates wif
of EndoV, which suggests complete Plass of
well as the conservation ofTohfsrtheidaegph
role of |ysine in our proposed EndoV catal)
t he reaction pat hway $9%We.r e A rs&timrpy peat h(wkiyg
characterized for the K139A EndoV mutant r
structur al par amet ertsype HErhceco W Caraen dp rPeCs eorfv
mutation when H214 activatemssithenwat art en
phosphodiester bond cl eavage r(O&P)moirse Oad5v ajr
shortréeEOZm) i s 0. 4 Dl15ad odoriflear ApPidquiiNesvr t hel
the |l oss of substrate charge stabilizati on
kJ/ mol 55Fhi8cqaurd@®d and the PC becomes ender g
When the substrate phosphate acts as the gc¢
59b) , the nucleophilic -whhoephdtae¢ | gr dwptihmert |
t he corr e stpyopned inmegc hvai Ditshm alBlibg Apeendirxe sl t i
in a late transition OsEtPatesfoedmaed ebphi-l i
significantly higher b2558iber&9jdby TheélTHE k 3/
converted into an endergonic PC (unstabl e

energetically unfavorable pathways upon t he
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W i

th the experimental observation that t h

activity for the mYdarse hwpnwdrotgu eo wrf Emampd/s

mechanisms in which a |ysine (K139) facil:@
a DNA ;@ Auss DNA, G Ase
ow // w -/
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030 P
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Y H ) HO
—0 )~
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gk o H o A 1s 9% o H0=p,.
H o YT H  nd © A
(64.1) Lo
) o]
H (H \P\"c e} o
030 S
( N_Ozo ( HO3 0
Azig Az1a DA
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(0.0) (-31.7)

rrea¢hé. mechani sms characterized in

t he p

u
avage by the K139A Enldioyatmusitaartainigirnv b é v
v

ing @r dAdeppb4 amrdubstrate phosphat e
cH2 1t4MAe mut ant B h azbi inkgi ntgh eK 113eQav i ng

actiwv
gr oucg

sphate activating the water nucleophile

parentheses.
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5. 3SnbaCalt allmpact nosH21MobatCooneWat Reported

ModeRetduct CotnalAmt i ity for tMudgd athZ214A EndoV

Tdurther explore our proposed -orbesaecrtvieodn
i mpact of the H214A mutation on EndoV cata
Sincet I8 Wwiped cadc tailiyiteitgaiimedhe H244A st ant
reasonabl e assumption t lWatewotth es iagentiifeiec aqit tl
Ther eH20lrde dwa samuttlayt ed it taahan@QMeMMwmbdpk of
phos prieadtieat ed .dpomaningmoduction of the H21
residues maintain their relative positions:e
optimized DR®W (Ap melnmci However, due to the |
bonding interact DA%, wApphe)nH2iixéheD Ruglbeephil i
further3dowmsttrheeam phosphate g@Oo6p GO N rem
is ~ 2 FkKi dgorhshse anl8 cAppendii x NBverthel ess, t h
evolves intdqFd d@@apc darhtaegd hlaS very similar s
witgpe variant, includi ngwEPhe isewi tdant 0o
r EP3a) is withDboaABc iAppFedmdiAdesBd resul t, i
of the H214A mutation raises the activatio
kJ/ mol | ess exergonic PC thatbbohh@8d &Hbodi | ar
Despiteg thel oliingn the water nucleophil e whei
D19%, Appe)ndixurD cfadrctuheart i minghl i ght t hat H21
reaction.i n nshaldidkctoi @mwnra l data correlates wit

maintaining 80% of the¢ypat &hygtyime.activity

183



5. 3EndoV Uses a Different Catalytic -Pathwa
Met al Dependent Endonucl easesMetYalt iIFurEheu

for Catalysis of Phosphodiester Bond Cl eayv

From the mul tiaglte veattcalny oir enaltli yns obs
simul ations, ei ght diastiilnatatepat lpvwaoyssp hfodrn els
were characterized using QMNM/tNMMugimt &lelrangr ayg
and biochewmagcalead adléd gglad ed asepdalme anheclaedp vi
wa tfeorr -mtew@l medi at ett"8REeRVe (BO%ODR&OHhwWay i n w
me t-lailgat ed asapcatrigvadttee (MDUS)eaop hifleasi bl e for
ot her sihmindar to prrcoycdalld ogasaedi onvwhdt bi oc¢
hi stiimlienegener asmebakedéPpen ¢ &@&W® N, (*H8n0d ,T4
endonuc!l eas’dEnWlolV (cHi@l)oseacti vate the wate
Howewet at i onnadli cdaait¢aseentrzhyersedsc b mpl et e | oss of
act iuwiotny mut ati on of 4t'he®>rwh¥ddé&dttihvee H2i1s4tA db
EndoV mutant ofai hh-eymeli BA@mtdeed, a second
involving nucleophil e activation by a subs
cleavage site is feasi-bhes prieadti &t cecadV.meAc hsa mii
been suggested based on-mehalexd@&pPimamhal s
QM/ MMD <cal cul atmedmd arepewd®dhe RNase bHL ity
alterpathways for EndoV correlates with the
a propoQ@GM/I MMDtohmawme tdaelp e IClRd 'SIP&RT B N emPp8 8y

om substraaghehosp’®aalk base.
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I n terms of facdepaatung,| daveonyg gooupdi
the substrate has been suggested #@aystab
crystall ograph-net st ud oRpsrdaonid s 4nEgiledeoaV + tl w o
metcaodnt ai ni AA NnRINRBlas8olwlelver, the active si
EndoV appears to prevent the met al from ef
ot her hahdgabetewater has been sugghewsot ed t ¢
met al nEecBV(aQM/dMM SPtndy Bamhkly (cXystal t%Fgraph

Ametaaclt i vated water has also been-mgrnaposec

medi ated APEI1 COMWE Wewr t el ey s, our cal cul
corresponding pathway is infeasi blmetfadr Er
dependent nucl eases function in uniqgue wa)

Al t hogwglimlaed not begpmopoeed ous | gct as t he ge
catalyzed by DETN MU ccl ael acsielsagtgtielsdi g s i n e (K551
stabitlhiezepyr ophosphatlkr olueggahv i ptigm t grrecaliipleo 1 at e
phosphodiester bond f-memali depeatdahyZzZ&dAbyp
We hypot hEadsoi8ziemitl hadrty (i Kulsaeds) t h e gtem eprad matca dP
O bond WMeavagepled with the ability of En:i
phosphate moiety as the geneval basal ybuc
bacteri al Endavwet phachpihedéeé esher sbond hydro

endonucl eases through diverse mechani sms.

The number of met al cofactors required
has been a controversi al i ssue at -rlaeyast [
crystallographic and solution studies. As
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EcCcRV reveals two mé%hibei ki hbteiactlave sutgge
essential*Morre chart maédyisyi,c twirialje daktlay | ead t o
most endonutcwmeasad s npeade hdfideydp er i mens & bodilki net |
the metal concentration depengdeme eec widgmagy
asingl e ome tcadlt a *YTdfips opiolsal one metal s su
c hemi ciad fsstuesphley nelde efmeacrgyeaqtcael ost auicrt gilree s

met al niiol aecteiev® 845 t% TR present work furthe

previous experimental proposailOs btomat i oan @& ume
aci ds. Isn chegd e, mieh ea | used by EndoV is in a
substrate in our calcul at gd $ tmmaiteddurmediast

endonucHiegaB®lets Ap pe)ngr &k tDh et hreo | fei rodfig ) imet al

nucl eophile activation ¢hnstoadfenk §.4%t O d iy
Thi st hErecaoV uses a single metal kfiomrd afti'lme cat
antdhe si nmorles amett taé¢ acttive ociyetal S$Thusture
work presents only the second example of

met hods demonstr at enett ad fmeas ialiieldi tcyat afl ysii rs

The multiple pathways compared and cont
prediction of unique aohemirsstirty, iwhitchhe haicghl
all ows different endonucl eases to achieve
cleavage in nucleitndeeds despité ehegh way
among bacteri al andD2no uAep eBpndd cxVargsfea gXi r e
crystall ography smmoaupsseh oEmd dsMuwane a talt wimadi at

mec hmhWwisi | e our calculations r evearhettalat b

186



medi ated metth alndamsdn dloeavPage. Sequence alig
shows that the composition of the active
bacterial EndoV ver susDDR40p pgan dndxi s Eaoahp &7
further bodemnssesbrgést difference in the ide
of a met aladnlb@emgeemaimerneb er dof p erelt sagass deiviefner e n

rol e ofs)tbhaec ineiptaadtse htolde est er bond hydrol ysi

5.@oncl usi on

This is the first computational study on a
di fferent possibilities for the metal bind
acid for bacterial EndoV, inclupi ogos®adbi o
ot her nucl eases. Spexatfarctaitaaly yt ieci g ptat hdw af)

characterized using a multipronged MD and
sufficiently stabilize the | eavicongrgi oap ed
water for other enzymes, a similar mechani
identified as t he |ganwvdrmdlk gaoiudprehatwhpt emae u«
stabilization i-so@raoivmateld bwataermetTali s pr o
supported by experiment al data indicating
catalytic activity fnodro\Ethret hmorumcer eh,o moH eo gpute
bond cleavage is enerignetskdl&lbddoy muhbavor abmktt e
either HB3uUbsobrawe3dphosphate can initiate t
nucl eophil e, which correlates with experin
mai ntains 80% of t hedtcyaptea |leyfdiyicmeamrnt é wii d iys loy
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combination of generabimaseg @qemcdn dlecd airc, |
with experilfient at¢tavkdanlmtut at i catfadl ucdhadtear scor e
novelty of t he catalytic pat hways used b
phosphodi ester bond hydt alhnesclse saasewditahlrtess r aetn
the role and number of metbaolrcdi @anasehggeg QL yr ed
contr avsesruseisal the present wor&neometalbuit®sc
of catalyzing this difficult bond cleavage

the catalytic function of EndoV afforded b

new and improved applicaticonel|l ody bamcd e mie d
including the detection of disease inducir
solutions for ail ments such as neurol ogi ca
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ChaptMdecloani sm of Nucleic Acid Phospt
HumaBndonucl ease V: MD and QM/ MM Ce

Versatile Met al Dependence

Pref@Qltepter 6 includes a currently unpubl i s
[Mechani sm of Nucleic Acid PhoEpdoduebkéasedB
MD and QM/ MM Cal cul ations Rev2@PRAMGS MVeats.at i
Submimdarus rcipbtDA O®BPOH this chapter, bot h a

the reviewing and editicogcept uadlei znaatniuosnc r a |

performed MD simulati ons, and characteri z
pat hways. Il n addition, I performed the ove
t he manuscript, and DgenWertanoadc amvals fiing/wrl ers
conceptualization and administration, supe
vi sualization and interpretation, and wri't

6.1 lntroducti on

|l nosi ne #g aan skceryi pptoisothnal modi fi cation th
pat hwRhyrs. exampl e, spontaneous hydrolysis o
nitrosative stress caused by superoxi des a
i nod%Ane ernativel vy, i mbal anced purine nucl e
i nosine triphosphates incorporation into m
mut ant proteins atdl imbidpht adeamstessivriaa sioé aytii
i nosine as a ©part of RNA editing € cont
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hyper &kdNiAt ecdan occur, resulting in codon <ch
t r anstllant ifoanct , al t hougtho ntoasli anrec eedd | & d enmgo sii . e
generating RNA dayispegtleantetdn asieme $d/diet i ng
connected to 17 different cancers, Panging
as well as ot her dansyeoatsreosp hisau clha tAdruaslbisshoelpesry
Al zheilmé hés odainer ssihsifTohpehrreefnoirae., t he amount

RNA must be carefully regul ated.

Endonucl easeaVcbOoBErdoVedi s§qdrmiilgdgdaef tdmzy |
removes deaminated nucleobases, including

nucl eil@®Decsipde.e highly conserved enzymes (¢

the bacterial homol ogue o?%WhEnldeo Ve uiksa riynovtoilcv
involved in R¥NAdoDdt cabacs! iasilns.o been i mplicat
detection, and treafmfhor oé x ahnupniaen, doi vseeraesxe
catabadymactive EndoV increases sensitivity
t r eat?Areunrttsh.er more, eukaryotic EndoV is ove.l
|l esi ons, with enzyme inhibition reducing
stro¥enmall y wiadegesntouley of psychiatric disor

association between genes t2HTaot beentctoedre uBEhnddeo
the cellular biochemistry and further enhe
details of the mechanism of atambhy umadt b

uncovered.
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a)Racteria] EndoV N-19-ONELRKK-11-YVAGVDLSF--31--FPYIPGLLAFRE-14-PDVVVFDGQGLAHPRKLGIASHMG-5--PTIGVAKSRLYG-33-PIFVSPGHL-18-RIPEPTRLAH--11-C

Mouse EndoV N-20-QARLKAR-19-KVGGVDVSF--33--APYVSGFLAFRE-19-PQVVLVDGNGVLHORGFGVACHLG-5-~-PCIGVAKKLLQV-45-PLYVSVGHR-16-RIPEPIRQAD--98-C
Human EndoV N-20-QARLKAH-19-RVGGVDVSF--33--APYVSGFLAFRE-19-PQVLLVDGNGVLHHRGFGVACHLG-5--PCVGVAKKLLQV-45-PLYISVGHR-16-RIPEPVRQAD--42-C
D52 E100 D126 K155 D240
b)

9 pi1o =89
®
D43 :
'Mgz*
- l_‘-
(]
K1m

H214
PDB ID: 60ZE PDB ID: 60ZL PDB ID: 2W35
Figéra) Sequence alignment of bacterial, mc
site amino acids highlighted. The species
for the alMhgnmenobgarneddarQxX2nth9 f or Muasct er i

muscahds Q8C9A2 for MHomode sEAmpde Q8B NaBnQd3 f or h
Endorf\her Xy crystal sthwmamrEnaddV,t hee) bg c taipwe
of wiylp@ mouse EndoV bound to a dsRNA subst
widtgpe bEBTdeVY ilmdund to a ssDNA substrate.

Hu man EndoV c at?ad eypzeensd enthe cIMgavage of

phosphodi est eri dbeo md d m otsh eheB8dir @ xgeheasdahtsat & h

prodidtawever, very few details are avail abl
acti on. The role and number of metal / s r e
unknown, with no experimental or comput at
deperrdenfc human EndoV activity to date. I

structure of human En@lobV) (dPoDeBs InDot 6cOaZnEt, a iFn
met al c?dHuarctthoerr/nso.r e, mutational studies hav
residues, with D52A and Y91A!fhMComphonsoabkol

mouse and bacteri al EndoV suggest that Y91
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DNA following base fl i%®whinlge up®2 issibki kal g
met al binding®®une tthoe tahcet isvcearsciittey. of i nform
a proposal for the human EndoV phosphodies

The prediction of the human EndoV mechal
the fact that enzymes from different speci
of metals to catalyze the phosphodiegter Db
(Fi ¢uar. For meuasye cbEnydsa\a |l IXographic data re
si Fegra&flndeed, the most widely accepted |
based on available struXdt1®Pheé tdiatedad)l ny M v
activates the water nucleophile forg2httack
promotes | eaving group danemaratt erde ctolor @u gqqlatd
met als provide substrate char ¢eaigtga mnigl ioxatg
of the scissilb2zafHooepteat, e t(hkei gwnes and sto
ions needed for nuclease catalysis IPas bee
®%Wwi t h pr opos-mes afaotneedd hnee cthvaoni sm based sol e
having been call ednetatocqQquesntonati bnddeger
sugdéxatt only one met al may be essential fo

endonuc!l eases-bhi aadii iy’ t3%P& *Prmebt’ a |
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s Nucleobase s Nucleobase

o] (o] (o] (o]
i R o~ .o R
M;jr‘:/,cg-o' E—— ‘\j}:‘\o 0~
2+\/\o]\0 o Nucleobase ‘MZ-;'\‘ /,—:‘OH:O'?\O o Nucleobase
“M\f‘/“\ S ? “"\5/" H
Ei 9 R 2 R
RC PC
b Nucleobase pery Nucleobase
o} (0] (o] 0]
. o< R - o R
szoj\ L o > J@} \:Plo
o/ Nucleobase “iMo Nucleobase
; : HO -0
o R
Base—H o
Base™
RC PC
Fi g62FEhe gener al propos-mdt ammk c b anrelt |mrhs imedgli ea)t
phosphodiester bond cl&avmgeaby andeRdontc
OH for RNA)
I n contrast 2fboacmeeusel ErEchad\Ww,V has been pi
met al t oiOf aboinldi te4ta8vhgast in part due to t
met al i n the aatyicveysité snhrubeuXe of the

widtgpe enzyme boumanded aDMNMA n(gd DAY ) subatr
Si nmgdteal dependent nucleases, the function
in thhettawo medi atae)d hpaast hbweaeyn (pM oposed t o be
site amino62abl)i,8°%*0Ehguarse H214 in bard®@ri al

According to sequence alignment, human Eno
equivalent position as 6H2a)4 iTrheb awtgagreisali ol
EndoV may only require one medmalk al sdepende
nucl eases that have been proposed to effici

to achii®@veomtveacgRe such as 6BREL®YIDI2HOUY g Fiamn
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ab

nu

st

of

of

undance of experi ment al structur al and

cleases use a single met @ "YPomplu¢ ave ohh

udies investigating theetatalmedi at mecharmc
l ati vetyf2scarce.

To address gaps ithhda hper eEsnedmotV wadkalad ur e
mputati onal appeogehetal dmecbbhderrsm of ac
itsiandeg ,t he only available crystal struc
fact ordlsh?®(Fegbiest model isufbstheateumampE,)

nstructed. Directed bansuecd édans ¥esK ifctl’iurdg nlgi
doV fr om 2d%thhoel re csupl eacri edsy,n a mi vwesr g MDhe rs i preurl fac
triplicat ediofnf eeroanmmptl exwembewi ¢ hof acitive si
bstrate bindongaiamchnseghuses nto the st
do V. Mul ti pl e MD tshnaatp schoorfrsetsepeotneda tthog s emat a
ti ve cowmiftolr mhitfifoemrsenti ally ali ggedntoemi ve
chamolcescul ar QMEe MN®mhicad at i ons wit hiBry t he C
aracterizing wiotuhh dinfi fgauree mptatrmwralyesr s of me

des odubmettradt e coordinati we pdowvede VvVaesi

vel details of the mechanism of action o
t al dependence for this enzyme and highl
aditionaimetwoale ®oepetnwd@nt Asnedcihamsi sins onl vy

mput at i an anle mbteu d yo fo ft®Foeu rE nbar Wk feannhialnyc,e s ou
how this broad family of enzymes proces:s
the chemistry favaillli tbeet eadd viayn t haegreaoru sge f dba

ward further understanding the central
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cardi ovasctlcarn?Tainseapeychi a%yr,i cdediied mrpd enrgs
therapeutics ttha%t2andar @dtv anEcnidnogy, applicati o

biotech®ol9dgy.

ENNY'S i Ros
D70 an

g dsDNA
/f ¢ HBOA o
H309 “60a
a0
E7T9  N127
|[N174
0210
N21 APE1 K28 Vvn
DB ID: 5DG0 PDB ID: 10UP
c) o’k A0 d)
=< @YR e
A V94 ‘Mg’

L r’ o dsDNA
S97 N119 \ dsDNA

A ‘ g
E93
H78 I-Ppol Bgll

PDB ID: 1CYQ PDB ID: 1D2]

“’t‘: ~ 3‘ ool
7 RNase H u BamHI

D192 PDB ID: 1ZBI PDB ID: 2BAM

Fi g68 ¥ray crystal structures of the active
thsobstituted substrate, b) the HB@ROA myt an
witgpdll, e) the D132N muttampe oBamRiMiase H, a
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6. Qomput ati onal Met hodol ogy
6. 2Mold.e | Buil ding

Al 't hough the only available crystal str
in the absence of met?tlhecocfraycsttoarl/ ss t(rPulcBt ul rDe
contai nsstar achawem eRNA (dsRNA) substr ai®e and
Since the protein sequences of mouse and I
highly similar (81l 68ajjuemcemoidee ntoifit yt, h eF il
substrate complex was obtained by superi mg
protein heaaowye asaqgtuocamse (devi &t ilon 2O0ORMSR)Fi gur
Appendiand del eting mouse bBEndoau, &liwhthdoe Mnmed &
five directly coordinated water mol ecul es.
5gide of -¢dmt dainmisngneRNA strand -ande 1af nub
compl ementary strand wer e r e ntohvee da cdtuiev et os i ti
their |l ack of interdaconsnwewet hepamalc & doawime
mut ations in human EndoV (Cl140A, cC225S, C:
Py MOL®®PRBOPKA was used totasstgntptoavpahteo
pH ¥TPree models wbthddnfjf epeht gmeaal ons f
t wo wetpeindent nueBBtat?é%d( €7 gher gerwearsat ed:
removed and t2%aedapetmad ndamgoditgahedr al coordi |
D52, D126, and four water moimedulad®e,d whinlte
with O3qg-bandlgangoonxygen of the sci%dfsile p
substrate co&2eaipmpetink 0B 29 WaMg urreemoved and t he

Md*was directly coordindtréedigtogbokippge®©OBaofar
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phosphate, as well as D52, D126 ,2fsanks tt rwaot ev.
coor di natE2dd@np pen)ygiuxaeEd 3) t wo metals were r
by D52 abrdi daginmmogn oxygen of t EQ chspcpesnsdijlxe Ep h
whil &'wMge al so coordinated to D2 4?0waasn da ltshor e

coordinated to D126, t wo water mol ecul es

6. 2M2 .Si mul ati ons

Throughout the MD simulations, the prot
AMBER f%dmMEBBicdlb: cfoor 8%y ¢ s mé cdtsi,vel y. Par amet
wer e suppl emented by t he generd@luisi ey AM
ANTECHAMBERWH 7L &8 ,%tphaer aMet er s de \edl8éapeerde by |
adopted. At omi c parti al chargdadhredtrr aii meedi
electrostatic potential ( RESHPe tflrBarP tnmoed uR

AMBERSAMBas used to neutraliaest han Gayrsdl éOil 6vi K

ions to reach a physiological salt concentr
cal cd9Tahteorent i IRNAemcoynpe ex was solvated in
octahedral water box, while maintaining a

and box faces.

Each system was minimized using 2500 st ¢
of the conjugate gradient met hod kicnale antohl mi
li2force constant to the restrained portio

solvent, while restraining the solute. The
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while restraining the rest of the system.

rounds to enhance substrate binding while
gradually reducing the solute resermenbs/ b
(starting with 20 | sphere and ending at ¢/
solute was minimized while restraining the
model was minimized with no restraints.
After minimization, the system was heat

using a Langevin thermo@26akcwh? medxatppl i 2@/

equilibration run was performed in which t]
112 Loagge electrostatic interactions wer e
met hod aonfdf aofc ult0 j from the edgboondi nde
interactions. The SHAKE algorithm wgenused

atom. While applying the periodic boundary

simul ations were performed usihgeahW®PTogearrs

bond distances between the heavy atoms in
3@ide of inosine were r estkrcaalnprb bu spirnegv eant f
dsRNA unravelling during production simul a

The CPPMDRAJe (V18.01) of the AMBER 2018
MD tr ajlFcotrorailels . hydrogen bond analysis, a
present when the distance between -bdhed heayv
angle was > 120A. Backbone RMSD was detern
frame. TBhda ea®RMSWe was cal cul atD&@ , u DIl ,t DL ¢

E100, K155, the nucleotides containing the
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and #ftHen¥Xang nucl eot. i dieh eo fRMSMDass irreev e(@aA2 i 2h)a

stabl eEJ FamgduEIfabhbp en)di x E

MD snapshot s -aocft i ovaet acloyntfiocranhaltyi ons wer e
di s tbaansceed cr i Ede rainad EQRibg een).i x| E parfiliigualt &d,
water was considered to be in position for

bet ween the water oxygen a’fwla sO3ao nosfi dAe2r5e0d

appropriately positioned to facilitate | ea
water mol ecule was considered to be avasgil at
< 4.0 from the phosphorus reaction cent

activate the watief mRa&l0Oeadphi<l & .vBhgn f@ om t h
centre. A water chain wéagandet & mipieecd gtoanr b u
centre when oxygen of the second water was

oxygen of the nucleophilic water.

6. 2QM/.MM Cal cul ati ons

QM/ MM wasoumap the catalytic pathway st
chosen as discussedThien ONiIeOMp rfeowinoad si s sne omais
previous successes of this methodology 1in
enzymes®¥H n¢l uding mMét'@3dbemueiyimd@sds s é$°%ort0?
mechanisms involving a singl®&amttahe ddhee
coordinated D52, D126, and three watcel emol ¢

either directlPorchgddioganettonB=ddPAppeBEHOQ (
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E). The QM region also includes D240, E100,
phosphate moiety (A250 and U251), and an a
(A252), |l eading to a total ofi312Zhé&yMEND Ms
i's composed of iRMNeA rceomgpil reixn@nEndad®mny surroun
with an atom within 6 | of the enzyhie or s
substrate coordina?s wm9t mat & 36 & ool dencaual reess ha) nl
an overali22.chlmogem®dhani sms involving two I
Mg2'andg’Mg al | croeogiddwneag,edi ncl uding D52, thre
foraMgand 2 water molecules and D126 (in a
and an additional w aetaevri nnyo | gestd(uFpe gEdacte tMige O
Appendi xAE additional water hydrogen bondir
region, along with E100, K155, the nucl eot
(A250 and U251), and an adjacent phosphate
t 0291 QM ataomsh amlgde Tk MM regi on was composec
model s, which |l ed to 2314 wd2@r mol @lcul msd e
QM/ MM boundary wabBampdbhOedt bet wmenoCaci ds,

and CH5A260r ankde A252 nucl eoti des.

ThR3LYOB (B31LG6d, p) | evel of theory was u:
ofeach modelAMBERI Ifeorfclegd 4S kel féarq dE nc® th¥ @ 10
RNAZ¥was wused to descFriome etahceh MM trietwgizeerd. r e
(R&)c,ans of key reaction parameters (i .e.,
r.EP) afnod bPond clieyyagverre( Performed to obt a

transition states (TSs). Each r@®@abP@Q iLbnjpar
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increments. SpecificaOER), wasr sawocrceesrstievde | pya
the bond was subsequently frozen to the d
potenti al ener ghOJs uwdamncsee,c uwhiveéy r { Rcrease
mechaniOgE&Emwasr first successively decrieased
Oy was then elongated in the corresponding
TS1) to obtain a guess for TS2. Subsequent|
model s, followed by scan®G.ERPRNHEX)) Pe @acioibd mi
the corresponding RC, I C, and/ or product ¢
For stepwise @ abhdwhksgyga @EPHen Osiga8nPr om TS1 and
TS2 resulted in structurally and eB&rgetic
Appenlyli xveE&rifying the TPld hwatysr earef ceanl ct
positive frequencies) and TS (single imagi:H
cal cul ations performed at the same | evel of
the Gibbs energyocenteregyt i oalsculSatnigdnes wer e

ONI OM(-MEBBB1+G(2df, p): AMBER) | evel of theor)y

All QM/ MM calcul ati ons wesr g rpeevritddromme dB.w
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6. Besults and Discussion

6. 3Thie barrier fometdhatedngueameEmdoNVviprad h
indirecmediwatteddu bMg rate coordinatiCobo@axceec

cl eavage barrier for nucl eases.

As mentioned Iin +hg cnysoadalbctsitomectaneXo
type bacterial EndoV shows a 64 d%Allteh onuegtha I
bacteri al EndoV has been proposed to use H
nucl ebpbkiguence alignment indicates that a
histidine in healmeit hEerdneeWt (dH iegeupreen dent nucl e
proposed to use aspartat® t'd %WhRar'va¥amplhe,
crystal St rsuuchtsutriet uotfe da RiChiaonal ogue?obnAPEL1
indirectly coridd guiari @ do XxXygen nofn t he scissil
mol ecul e, and D210 appiCopondt dlygdr pdaf)si soif &
QM cluster and QM/ MM cal cul ationgnefdunt er
Mgd*coordnnabi blotihd@i m@ no x ylgeav iamgl drheuO3af
phosphat e, and D210 activates the water n
actiinmi | ame dviadteed coor di ntahtei omme toachcruardsd ibaeg nwe
phosphate oxygen i n -mat aRC daenpad nodge@@tb’)oMv ns i(n
Therefore, a human End o®Vi nndoi dreel ¢ tnepdvi ol twai trpgr

coordinated to the substrate was initially

During MD siifimbhiani anss Mg octahedr al C
fulfilled by D52, D126, 6aadanh &dAplwlad)d.r x mB 1 ¢

A water molecule is cohsO.sit ejntflryon otuhned pohno sa
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cent er64bFiaguEZRPplplesr)d.i xFIErt her mor e, D240 i s
to the el ectlis2FgPhi I=i c6.8i tRe 1(.r3( ) and there
hydrolysis for 71% of the simulation ti me.
E3Append,mgailEi gated water molecule is suitab
to facilitate | eaving group depar6d4br enfdor
TabH2cAppenydi xFEraecbpgdl iagpestaledr i s aligned toc
substrate and provide charge staiirliidgatigon
scissile phosphate oxygen throughout t he |
human BudbesY rat e compl ex faleyuienal lyy adom

conformati on.

The QM/ MM optimized RC from a represent
i nteractions necessarkFy gfibrdredst dEd@ A pepaecnt)dioxn B o
Further mor e, Kl55ubsbrvadeschddgei osnabil i za:
t he ot-threirdgiomg oxygen of the scissile phos
newly fiorgoedup throughout bhbhel eepbtl oa. a¥Frt
concomit ai@Bloy bwintdh dP s séddd a abi dfp p( eFn dgi ux Telise
TS occurs before full proton trans¢#fi®er fro
coordinated wati®r bboadOB8ag, si§ nd retnlyk chvigenveedrl ,5
despite I|iterature pr emeadeanccéd ufbcaret amn e i bdin
architecture in the acti%Veabd t'"\EBving&ixat) her n.
the energy barrier associated with the <co
(120.1 kJ6dab)l ,i sFymbhuaeweé barriers reported fo

PIO bond cli@®&v kgd@®@ mdiF&%° s suggests that this
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a conclusion in line with previous W™D and

Therefore, -addredinmatei onetarlchi tectures must

b
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B L w3 21£01 »
o M 2+0,2.9
97‘0 " —90% 9 - £02

D52 foos?¥ Torie

i~
D240
c) Kiss d)
B . a D126 K155
1.0517ﬂ \( /’}\
H OH H-N
Q=R 7 H Mo*@y
. S e D52 4% .
o )o i 5 4 1814 ¢
H :O:
9 OH
H-Q Y ,\p\:O 7673
o) O3 O,
J RN D240
Do O l
D12
D126 g
036, 5 207
Mg @’ Mo* @

D240 PC(-217.0) D240 TS (120.1)

Fig6e4er) AvMdmgerdination distances (i occ
and b) representative MD stru¢taareoshs gallli gN
replicast hcapsr owpeolsle dasr eact key paewbwapynapdr d]
for each stationaEpdmédnbtadopbospbodumane
involving a single metabdr iidngdiinrge cpth oys pchoaotred i c
scissile phosphate. Rel ative GibbsSe@aer gi ¢
Figbt®or additional reaction parameters.
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6. 3ClRRarge stabili-zatdonngffoxtyhgeensem ssi |l e ph
di rMdg@tcoordi mandems t he humetnalE nnded®i &oneed P

cleavage pathway catalytically feasible.

Structur al dat a-mketghl dgeptesidehat nschghee
uni gquésunedtarlrat e bindin@3 aaEBHiptpendPPXeE'F Fi g
The higher than ad®tbonpdatcécabagei emetfathre P
medi ated mechanism for human EndoV <coul d
charge stabilization, which could be provi
t he substr artaey. clrnydseteadl,| o r aph-met adlat d e pfeorrd e
nucl easeslPplonkil gIG’¥Hp vy 1 8 81 EG BA pgpuer redl’i* x4 E
endonucl| Riagie8Xppef)dPaxn dEmMuFi ES@Append?x E
reedi rneecttaolor di nat i onl @ av ibrog hg rt-theep doé3md g a o R g O
of the scissile phosphate. However, at the

human EndoV RC iswmihsht rtahies?linmegaadii @an el Mg | os e

coordination to O3qg, with water odcecwupyinmgg t
group (6hiAglu.r edNeverthel ess, di r eclr indegtianlg ¢
phosphate oxygen is maintained throughout

me thailndi ng architecture has beneent asle edne pienn dee
BdIIFi @63 ®PanBcRIFi(gE8@ppeny®&s Ewell as compu
studies on bYacderhal eEddoVolfeand | démaa pol
this active site conHiigobrhe tainambh2,Wepdplieenhdui nxa nE E
MgFrTemains coordinated to the substrate (2.

whihe 2¥Mgi gat ed Waijtbefrr drml O3qa <f or 40 %Veaotfert he
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adopts a position fNorO.rucjl e o pohri leilce ca trtogchk |
D240 is suitably situateid&P9 &act7i.vBatRe O .h%
compl emenitsubst matal | i gati on, t he Mgfditsahedr
filled by three water ntblae canmldeFZIRAp pdes2d i xa nH

reflecting t-hepexpedi meac®dPVeg D52A mutant.

b) ”7
21+01"

MgZ+
20£01

;
v Y985
. L £0.1

,73£0.9

A D240
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[
n

2
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%
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.
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DZ40< PC (~75.4) /;2;5/{ TS (100.3)

Fig6fa) AvMdmgerdination distances (j; occ
and b) representative MD stru¢taareo s gallli gN
repl i cast hcapsr onpeolsledasr eact key pawbwapynapdr d]
for each stationaEpdmédntatadopbospbodumane
involving a single meté#lridgregtiphospbatdiena
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|l e phosphate. Rel ative GibbsSe@aergi

Ci ssi
i gbfke for additional reaction parameters.

S
F

The structur al features of the human En
preserved upon QM/ MM 66 pdt i amEd@ApP penrsdi.xFi B u
Furthetrmor mmaj orGQM/yMMdafr ucher al parameters a
pat hwai bondPcl eavage are maintai nneatiaMi t h
nonbridging oxVigeneclhamdedadsumntrate char ge

diretisuMgtrate coordination ensures K155 r

pat hwaypr owhiidieng additi onal substrate <chai
bonding. As a result, the catalytic barrie
i ndirect tsouldstrreactte neeadaoarldi nati on, | eading t
bae(% = 100.38l ksld mod )t h®besepeoercidmbdratralley s f

nucl ads kJI?PmoRIyiWel uding mouse EdrheVv (84
energetic feasibility of the huimabsEndb¥
coadirnati on correlates with a more stabl e ac
for this metal biEBdi g dflelfAapbder dyi & nFé& giumrcer e a
residency o-hAchaivet ablpabBzeinfmp ¢ o)dhi XTHEe proposa
the catalytic step of human EndoV can proce
|l iterature suggesting that a single metal

backbone of°®d €487 ¢ aci ds.
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6. 3Re3gardl ess of the mode of I|-matvalngmeagdioaltpe

PiIO bond cl eavage pathway for human EndoV i

Al t hough bacteri al EndoV has been sho
phosphodicelsetaéWta gegmnd8°our calcul ations sugges
similarly-meolal oo wepeoandent pat hway, the acti
two catd@il gh®8icndleg t he active sites of mouse
same catalyti6la)esiadmudest et giumemeal at ed mec
widely accepted for na%e?¥Phe abkildi bpcabohnem.
use two metali®©® thonbdr @edk dislRiNAPwas consi de.
Si mul atei chrusmant EndoV active site was signitf
t wo metals compar edE3Ap pae md.inxgliiee memoadme(t Ril gs
4 aparé6tt a( Ringl3TAapbpleen ] x wki ch correl ates w
separati on pmeotpaols ente dfioart etdwoR NA .1 hBudrrtoh eyrsmosr e
a water molecule iIis properly positioned wi
nucl eophilic attackr (wBP) 99 %3 0,2 vihhi@l. & i mauil natt ai
coordi naff(romBMgogd) Mg 2. IFINDEGIppen)Xi xAEseconod
water molecule bridges the nucleophile and
S2), which could facri(M@Obrat@ )gnFHakepBi Bi ¢
r (U6 FoObridging wate2. 9) .N Dhi3s jsuggests that t\
accommodated in the active site of human

whil e maintaining a catalytically conduci v
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Fig66ae) AvMdmgerdination distances (j; occ
and b) representative MD stru¢taareo shd gallli gN
repl i cast hcapsr onpeolsledasr eact kegy pawbwapynapdr d]
for each stationaEpdmédntatadopbospbodumane
involving two melO8kgscwiotr i chiat ¢ otn. M@Rel ati ve
are providedSeien Faagrueroet hadeaist i onal reacti on
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I n terms of met a3l coeoea dbh miadged , by hE5 Mgt
simul ations, correlating with the observat
enzyme !d@€&Tthievirteymasd’ wicn@h®dr al coordination
water mol ecul elsrri ®@g¥40g a@axyygannoh the scissi
water molecules and D126 (bi deshit attvedicMpr di
Ssubstrate coordinat i 066 ac ocannfdiE grea3pd peps® m)s.i 0 CE u
Firstythenibnekhel e human 7Bn dnosV orfo dteHe MD si mul
mai ntdi nedtfO3vg | if @at itedmet dlwo Tmo d eibnelt satl r at e
binding configurationawicrygyssal hat-mebsler gs
medi ated nucl easesFi géGBeri’AdRNgs e RNREBe HFi(gu
Appen)fiHdi nEl | | IES(Ap pgeunr)difaxn dE r et rovi r aE8g nt egr
AppenXisxecbnd, a water mol Blgldmd ti-mdae®&Enes
group for the remaifddébB@AOf=the3 sNmM@batjpnF
Thi s -bmentdailng architectXrayhasybtahl|l ogsaphec
met al dBpe;HARiegi@3 ¥ Mut H ( E8 lgAuprpee n J*°an By | |
(Fi E8iA@pen)PDxueEt o the per shiisntdeinncge coofn ftiwgou rn
the human EndoV active site, which each co
i n t he nucl ease l iterature, MDissbhapshoes

coordinatiomnegecmdt tioes nwei ate QM/ MM cal cu

When an MD snapshot Magii02specodirdg nadi o
considered, t he met al binding architectul
optimizwttbnt hhMgptadeptiwpop@ntnati on due to

(rather than bi ddmitgieds BbEDOAAdp pnegn Xda fx ADEE2 6ni | 2

222



Mg?*penctoaor di nati on geometry was observed i
(Fi #8e®*fThe phosphodiester bond cleavage f ol
66td aEBAppendd xl ke the first step, water nuc
reaction center is coupled with-cpootdomat ea
D240 through .WhibMg?theicmgnewaotpemiti amated in TS1
| oss of water nucM@’ pkeiveet scobodianmat bohah
configuration due to bidentate coordinati o
bridging oxygen of the scissile phosphate
on the substrate. This change inemsubhb&tbat:
parallels that reported i nmrmat plr edB pealisld lQuv M
hal odurmRd&m*sTehers.e structural fea4udebl/rmslul a
slightly (3.6 kJ/mol) stabilized phosphora
phosphodi ester bond i®©8ghi if ncraj@adagmpdipend atboe
antdhe protolmriodhgithe@ @axywgen of the scissile
associ adlteeacermame M@ . Ba Mkh/eano laans MD snapshot w
(wamedi at ed) metal coordination to the sub:
octahedr al coor di natel osnt egpewinseet rrye atchbriooung hpoau
anElODAppendi xM&r e i mportantly, most reactio
bot hméwal medi ated mechani sms characteri ze:t
radet ermining barrieffO3cgegandidhatsveomhmaded. :
kJ/ mol , 66F i afgidTehsuisr, r espective of whet-her di
medi atgddpor di nati on to the O3a | eaving gro

t he -mewa | medi ated humaint EindoWVheat awgeg ol t

barriers reportEed®PBok IFmTE" hd%u awildé amge snous e
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(84.5 Zandnotlthe computiewb hitumatne Esitdrowct ur es
witha}d crystall ographi c Hlalt)a fOowrernadus, e oEnrd
predict that human EndoVndangmpabkei usensfih

to fadOlbhomd eclPeavage.
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stationary poiEmtd-oekldd rag etdh ep hhossmpahmo di est er bo
t wo metals Wamthedi md ie?d®2 a¢Mgcoor di nati on. Re

energies (kJ/ mol) arSe eprFelgludéedr i maddgat eonhhl
parameters.
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6. 3 HMUman EndoV can uniquely use either one

of hiheehl'y stable phosphodiester bond.

The present study i s an i mportant ste
mechani sm of human EndoV Iduef atca , | itrhiet eodn | g
avail-abdyecXyst al structure of human EndoV

cofadtForpuEyrnd no kinetic studiAss ahawes ubden
simulations provide the fisulsdt rpaitcet uec @mpolfe
presence of active site metal cofactor/ s al

met al bi ndi nagrarQdw iMMe cctad rceusl.at@®@ ons highl i gt

use a single metal to mediate phosphodi est e
invol ving i-medd ir ®etce d ) ( wad tea | coordination t
nonbridging oxggeasoft shensabbkarater wel |l ¢

nucl eas&4FY Fi*PQufper oved substrate charge st a
met al coordnoabriiodgitmg tdixeygen of the scis
indirect coordiemati ingn gttanh eprhanedd emesdi at ed p
energeticall g5 @eaviubl @r @eidgad dedssipreqildeent hun
mechani sm, an active site aspartate residu
water nucleophile, the met al aids |l eaving
t hat pr ot oannadt easn 3cti ve site |ysine (K155)
passioning and charge stabilization. Our c
data for other member s EbXAppheen JEnednod/ @ atmal
clarify the observed | oss ih'%iatttal 52 cbaicn

key metal Dbinding residue.
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OQur proposal that human EndoV can facil |
the presence of a single metal p?dr &&s$ells s
well as many ot heAPEMytitrpid%e s °HpgliZ@84 ng
endonuc!’ddme’ VWIHEcRII?& nBIigIl ( Ri3g aEBasppendi x
E)’® I n alloneasnes al is proposed| easdbet e@enbagh
extremely 1i©Oh alolnengilrrgavRhRige due to the prese
the active site, namel-Bpla Hids teindliomal &( eactee
Hmul ), aspartate (APEHpy h&8na)nh, Eardod/)neitgh o
moi ety of EdRd Nevest hatl eis@bst hat enetca@adbr di nat
and therefore intricate details of the mec
di fferences in actxeepstetetbemweskerogenekF

(histidine) compared to human (aspartate)

more active role in bacteria (i .e., gener &
Fi g68 k. Al ternatively, despite many nucl ec
residue that I|ikely initi*dt®%RBNashee R*€@R39 D)

EcRV (DB%0Ond -Hl Veverse tr d&hdedirfifpetraessnet (aDclt8i5
compositions alter the fine details of the
of a weaker acid to stabilize the charge o
histidine) renders theoinkhersetcomeét aonicoio
observed in APE1 wunable to promote human
met al coordi &) . oer(HFampaur enor e I mportantly
composition di versity can ateeunbkt oor sohbt |

contribute to the growing body oc&f ®fjhtaer at u
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suggests catalytic cleavage of phosphodies

active %Xi%5é®%met al

a) DNAAos . 9 b)  ona G Kise
A H S /
309 H_+
?u \03 +/>( /\uN\
\P——O'-"'H(NQ/NH N 8\ Ly
2N\ 24 P—O
Mg?! -0"to Mg?! Z'N
AN, H A A _H----- o o
) o 0 A
H / H koj
o]
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O)\Dzw APE1 H,, Bacterial EndoV
Kiss Kiss
& O
H’?('Hr\wj\j ,I'S/N‘H @ - 2
R0 = ,,.fO“\o U
Mg’? ....... O/\'\o U MEZ‘/ o
H_Q/ }y o ’”\p o;jo
(rﬁ O\P:O Dot C\> \ o ;?"RNA
g /8
2040 Human EndoV H
Fig6é8&he proposed phosphodi estlreRE 6% cl ea
bacteri®@hhndEndove (|l-métal ameditavtoed (right)
characterized in the present wor k.

To compl ement one met al medi ated cataly
EndoV can efficiently facilitate phosphodi
met al s, regaristessr atf et hleeaneitrmad group) <co0O
66 a6i/d . In these mechdMuyufPlmsri gher sfiacti v
nucleophilic water, D240 fHMgiitodmdiesatpedtw

nucleophile with help of a bridMdda?jgdawat er
|l eaving group departure through either dir e
f oO3mr ot onation. The two metals along with
Both mechanisms are consistent with cryst
E11ib Appendi x whi ch has a similar @ca)i.ve s
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Furt her moertea,| bboitnhdi ng a rrcelpiotre cetdu f o have rb a
direcil ematianlyg group coordinhitg@mnEabRNaved f
|11 (F9eppmend3i'Mi nEd I | | EgfRpgendilandE retrovir
integr asE8gAPpgond¥FancE wnmatdé raiitggdidD3 a0 coor di nat
obser BadnHAO g(@&@3éMut H (ESpmpenFlanBE!l | (Figur
ES8iAppen ikl tthough direct metal coordinatic
persistent in the active sitthececonirguegbel

that different metal bindiduge aroc hihtee atduri @ 9

stabilization afforded by K155 in the hume
stabilization being resmetialt emde dioa®®drce® Mmed la
40

While the crystal structure of bacter.

6ldfjand mouse EndoV shovwsd}iwo trmet aacst i (Vi gs
cal cul ations reveal t hat human EndoV can i
Al t hough t he -rheatrali eme dioat esd ngdteal ysi s i s s

t woet al dependent pat hhedayd,s tulte |fiizreal | nkrb

met al i on concentration among other consi
experi memtoaltled metal concentration dépende
Specificallysyagl tch gtsgitad t dsfe r X u | | endonucl €

metals in theE&Qjgpper)PiOotdBonBi gheavage rat e
of metal ion conmenakr amednt votSTbmbBébae, t
enzyme was suggested to use only one met al

effi cimenttalt woedi ated catalysis under satur
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whil e one met al i's essenti al for human End
from the use of two metals 4dmwiendiondg hgo irteis
the active site. To the best of our knowl e
provide direct mechani-ahd enteatoanhp améQlsi baot seddb eR
cl eavage reactions i n tuhre wsoarnke ha cgthilvieg hstist et
enzymes may Ase’? Pt avtPhienal shofsoprhodi ester
hydrolysis in néex|laaB8gAppaenfisx §Emgueagy mes |
ability to exploit both pathways, t hus bri
met al i on controversy. Our <calculations th
mi nd that there might fmonr deme nn waomleegaus evso c1i
number of metals required to catalyze phos|
of the enzyme active gyiitheg and nmdti alando mamdre

t he met al ion stoichiometry requirements f

6.d@oncl usi on

The present Moskmbhhat uses | crud a@NioMM t o

fipsopmeeldani snf caorimaot BMddesVY.mul ati ons wer e

to reveal the struictubse rat et cemplbmani Bnd d¥
cofactor/ s, which highlighted the stabilit
active site metal bgiurednionigy , aurhad hlgiutee cpt huorsepsh. o d

cl eavage pathways were char Attt bBougbdaumeaolh:
invol ving i-mddratedjwaberdination of the me
barrier wel/l a b edveet etrhnei neexdp earcitmevnattailolny ener
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nucl é%se8giPect metal coordination to the
phosphate coupled with indii eactngnegadbumgopr
energetically f easmebtlael pnaetdhiveatye df ocrat @il ygl &
mechami2¢®, activates thdgthugheephiwlaiter watr n
l eaving gsruobuspt,r aaed charge stabittheatdioectil
coor dMgatnid 58e v er tdwerl esasl cul athiuomaesnd gEW eda ot
al so acctowmmeotslaalt @ t he active site anid use b
bond cl eavangeet.all nme chieattemb me Mg i amf i vhe eBi
nucl eophivhilk®4watehstracts Mhp%c parodioma tferdo mv
nucleophile with hel pamdhea sberciddiugdi menwao g e sr
| eaving group departure eithena bwartoeurg hmodli erce
to protdmat ¢ wo3gnet Klld$5alsdrmadi Wizke the char
thgbout th&@hweactnohine with experimental
(Pvull enYwhiulcé ease) metal is essential for
the enzyme can benefit from the use of two
l i kely depending on the | ocal met allo itdire co
best of our knowl edge, thisprisvitcdhed fdirrsdctc o
t hat giemallo nuc luetai dhed zdeam n emeadaedd p ¢ wobent tneechani
cleave phosphodi @8t é einpshaadiidzd ng that resea
in mind that there may not be an unequi voc
requi rement s afdadri noga taa luynsi igsuhea npde@r nseptevcea g svues ttc
met al coint rtolve r Blyeheea lad nuir £toif ¢ hdientaani IEshndoV f
uncovered i n atrveef gpfue s b eit ntghoes kceernnt r a | role o

in human( edigesrechis@®v a s d Bckaanrc’adhid psychi 3a'ric di
230



develngew therapeutic’s 4Zdmd rtaffigrRitnEndd&s ¢

biotech®ol9dgy.

231



6. 5. Ref erences

(1) Kur aoka, I ., Diversity of endonucl eas:s
Bi omol2xlhy ¢5,i1220%4

(2) Schouten, K. A.; WeEssheBigh&anotbluspea
mutati ons ¢ aushMut atyl InRIe8H D)u,2 2245 d .

(3) Gott, J. M. ; Emeson, R. B., ARoonct Rens
Gen200304, 1) ,j531.9

4) Pang, B. ; Mc Faline, J. L. ; Burgi s, N .
El mqui st , C. E. ; Cunni ngham, R. P. Dedon,
|l ead to substanti al i ncorporati oNABfoxanth
Nat | Acad.01Re®7) ,02 252 1o

(5) Behmanesh, M. ; Sakumi |, K. ; Abol hassani
Tsuchi mot o, D. ; Nlaekf ai bcel pepnut, n¥i.c e |sThPcave egr owt |

bef ore Quelalni hega2tO019§ 110 ¢ AL B2.5

(6) Bass, B. L., RNA editing byAnadien oRseivn e
Bi och®eav2y 1) 8 86.7
(7) Nishikur a, K., Functions and rlmgmud.ati o

Rev. B PR 6 &789e nB32419 .

(8) Farajoll ahi, S. ; Ma a s , S. , Mol ecul ar ¢
Trend Ge0ges ). 12 2@.1

(9) Han, L. ; Di ao, L.; Yu, S. Xu, X. Li,
A. K.; Yuan, Y., The genomic-tdamiNAc zpetamg

human cCaanncceer2sD.t288) 4 ) 5 58.5

(10) Paz, N. ; Levanon, E. Y.; Amarigli o, N
Bar bash, Z. S. ; Adamsky, K. ; S a ftrroamo, s i M. eg;
RNA editing iGe nhoumea 6R&TaIIc)eil.51HB.6

232



(11) Srivastava, P.-DWKr.i;e zB a-gn.a;t Rpot,MvJa.l De Ma h
S. R. ; Shkur a, K. ; Mazzuferiswi Me; aBPDahysis
di fferential RNGewrerdme2i0RIGF, 3N j£4PHU0epsy.

(12) Hosaka, T.; Tsuji, H.; Kwak, S., RNA ¢
|l ater al sclerosis andntot hle?2 ONRE{uU2 COF ¢coi gli c®wT 8 .d

(13) Tran, 1l S, BahnJdJuh, H.; Azghadi, A.; Ran
Nguyen, T.-HB. E. HslLee, ¥.,; Pratt, G. A., Wd
in brains fromNauti BleDa28F b)dBe62%ual s.

(14) Kher mes h, K. ; D'" Erchi a, A. M. ; Bar ak,
Picardi, E. ; Ei senberg, E., -tRedlNAdedietvieh ¢
Al zhei merRNsR 0dir6gd, 29 sig8 9.0

(15) Kong, X. Y.; Huse, C.; Yang, K.; Tgaa
Quiles Ji m®nez, A.; Abbas, A.; Greger sen,
through C C motif chemokine |J.gaMmnd. 2Henaerdti aAt
20211, 14), e020656

(16) Breen, M. S. ; Dobbyn, A.; Li, Q. ; Rou
Skl ar, P. Li, J . B. ; Devl!l i n, B. , Gl ob al |
cortical samples from Nadi vNE8O&G®E )w,iit hd GZ h
1412

(17) Morita, Y.; Shi butani, T.; Nakani shi,
endonucl ease V is a ribonual aaNsag . & plocm niuinc.
20143, 2273.

(18) Vik, E. S. Nawaz, M. S. Ander sen, P.
|l ., Endonucl ease V dNaeaav € md@t3 ni2readsli.nes i n
(19) Zhang, Z.; Hao, Z.; Wang, Z.; Li, Q. ;
an i moseicnegd i c AcbanGrecyetwtalelogr. , 2684 2) ,D: B
2 28262 9 4 .

233



(20) Cao, W, Endonucl ease V: an ugfcgesual e
Mol . L2 O 1&3QqSlcri).i3 B351&4.5

(21) Raj kumar , A P. Christensen, J . H. ; |
J. Grove, J.,; Qvi st , P. ; McQuillin, A.; G
chr omosomal breakpoint regi oncsanaln dd agteen egteince
bi pol arBidp @ loa 2e0pll5g, 2r) di2 1210.5

(22) Kong, X. Y. ; Vi k, E. S. Nawa z, M. S. ;
R. ; Seger s, F.-Ji meolem,, A..;, Q@Qwilleed on of Enc

chemically i nduced MNuecplaetiocc AXIMIY, B YRedsa.# ® 3 n 0 M.

(23) Knutson, S. D.; Arthur, R. A.; Johnst
of-tA edited transcripts fromJdcelAlimul &£&mh eRmNA !
202104211) j5524.1

(24) Knut son, S. D. ; Art hur, R. A. Joh
i mmunodetection of global A to | RNA editi |
Angew. Chem26lG, 81) /E&ADACTO

(25) Chang, Y.; Huang, Z.; Quan, H.; Li, H.
Construction of a DNA damage repair gene si
response i nFrborneta 2 t021@%0Nl.d56 3 2.

(26) Huang, J. Kirk, B. ; Favi s, R. ; Sou
endonucl ease/ligase based mutation scannir
neopl asOncoRDsd®d2) j1ADI0.9

(27) Pincas, H.; Pingle, M. R.; Huang, J.;
High sensitivity EndoV -tmumeatliiogna sséhl amprh@mfgr € ¢
Aci ds20R@84g 19), el48.

(28) Wu , J. ; Samar a, N . L. ; Kur-ap&ai filc ;
endonucl ease V from bactMoiaIZ(Il?BﬁiaJs)el,S 4) 4 euk

234



(29) Dal hus, B. ; Ar vai, A. S. Rosnes, [ X
Cao, W ; Tainer, J. A.; Bj Br =s, M., Structu
of deaminatetlaadade St ne Qi10OPAMOML3483Bi o |

(30) Nowotny, M.; Gaidamakov, S. A.; Crouch
H bound to an RNA/DNA hybr idepenudEeanttCedtdd ad p/
200152(17) ,i1DA®5

(31) Gan, J . ; Shaw, G.; Tropea, J. E.; Wau
f or dsotubalneded RNA proces#$ohg Myza@bob)u,cl e a
1413514.

(32) Vi adi u, H. ; Aggar wal , A. K., The rol
endonucl eaNsag .B&m LHIE5E ,1 0Bi9011%.1 0

(33) Dei bert, M. ; Grazul i s, S. ; Sasnauskas

tetrameric restriction endonucl eNagze NgaMlic\H
Bi @007@ 9) 7 IP.2

(34) Horton, J. R.; Cheng, X., Pvull endon:t
J. Mol2.0080,@5)., 1106469

(35) Dunten, P. W.; Littl e, E. J.; Gregory
Bitinaite, J.; Horton, N. C., The structur
pair Nuacrigeeitc. AR 038f,sl 6Reid H14@.5

( ) Lambert, A. R.; Sussman, D.; S#¥en, B. .
Stoddard, B. L.scuSttriwngt ureesg rofctti loen reaardeo nuc
met al binding fold SitmrwI0owEg:4 ) i5®B.8 bi nding
(37) Hare, S.; Maertens, G. N.; Cherepanov

by retroviral EMBOG 0 a381el 3 n,i3cBAZ.Q2 al | o.

(38) Hiller, D. A.; RodaocogruatzeiD A z Mongp IPex o
structur al and ki etic analysis of EcoRV el
GAATTIC. Mo I2.0 0335,®1l)., 1316?.1

235



(39) Newman, M. ; Lunnen, K.; Wi lson, G. ; Gr
structure of restriction endonucl ease Bgl
sequé&EaMB®OI1 9918(, 18) 55716E5.6

(40) Lee, J. Y. ; Chang, J. ; Joseph, N. ; (
compl exed-awmd hurhmanihyl ated DNAs: coupling
cleawmMabe20626@ 1) j166.5

(41) Watanabe, N. ; Takasaki, Y. ; Sat o, cC. ;
endonucl ease HindlII in complex wWAthaits

Crystallogr. DOBEOH L 2) CrIBR.E&I1 | ogr .

(42) Howar d, M. J . ; Kl e mm, B. P. ; Fierke,
catalytic strategies for pho-sphygdiaensdt e RN AD
dependent rJ.boBiuxch(Oel2BiEe ) ,11B3A46384

(43) Mordasini, T.; Curioni, A.; Andreoni,
or inhibit enzymatic reactions? The case of
guand¢luamssi calJ.siBiud B0 RE@EN., 148381

(44) De Vivo, M. ; Dal Perar o, M. ; Kl ei n, M
H occurs vi a -me taaibkdseodc icaattiavliey ttiweomme €h0alndi,s Bo c
13033) ,i100%625

(45) | mhof, P. Fischer, S. Smith, J. c. ,
by the restbcRWti anqaeanymm mechanical/ mol ec
Bi oc he2ndiOd9g,r3y8) 9 ®NFH.1

(46) Rost a, E. ; Nowotny, M. ; Yang, W. ; Hu
backbone <c¢cleavage by ribonuclease H from
simul dti édms. ChOelhi3,E3Zd),i8 BNH13.4

(47) Ri beir o, A J . M. ; Ramos, M. J -1 Fern
|l ntegraseemndor pDNAe 8N ng establ iJ.heAdm.byC hQvm.
So201123(432) ,il1B3436

236



(48) Araujo, A. R. ; Ri beiro, A. J.; Fernan
retroviral i ntegrase for the strandJtransf
Chem Theo220yll4@¢ didp ud $646.8

(49) Rungrot mongkol , T. ; Mul hol |l and, A. J
indicate that Aspl85 is the | i kelly rceavtearlsyet
transcMe dpQGhaesneZ 0 idH,5) 15 B®D.3

(50) Casalino, L. ; Ni erzwicki, L. ; Jinek,
target DNA cl e@GQaa@er é¢ viichaClRemdB PlRBYou | ar AGSY na mi ¢
Cata0210¢ 22) ,iI1BEDB6

(51) Yang, W ; Lee, J. Y., Nowot nMg % M.n, Ma K

catalysis and Malbs2 @eblel y,Besci ficity.

(52) Dupureur, C. M. , R®U rers. ol p i nrme2t OaQilB2gi no. n sB i
(2)]22%.0

(53) Dupureur, C. M., An intedruatred Clheaonk a8t
20028 ,2) j1713B.9

(54) Yang, W., An e garn d atlesoadl n me aNeadt! .y sSrtsr.iurc t

Mol . 2@®i01s%, 11) jl ARP.8

eur, C. M., Onmet al enonghucl easas @
I

)
m anal ysi sMeamnmd [2000i@0xest a6tBM@.% al st u

(56) Cowan,meldi aA.e,d Meytdarlol ysi s of bi ol ogic

analysis of the essenti al mdépéndemt srtuwdlc
acti vat iBano.l . 19N9%.8) J1Che.&.
(57) Aboel nga, M. M. ;  Wementaaelaed,i a$ .e dD .p,h oY mpihei

bond cl eavage mechanism for nucleic aci ds:
human DNA r eJp.aiAm.e nCWehi®4,(15Db) ,i8 BFH&.6

237



8) Pitts, S. L. ; Liou, G. F.; Mitchenalll ,
herof f, N. , Use of di val ent met al i ons i

(5
Os
| Wucl ei ¢ Ac2 BRI Rels) e-4 84t810. 8

(59) Donati, E. ; Genna, V. ; De Vi vo, M. R
third metal i on in t he -seprezcyi nha tcidcn u&ointela\élleteyn
So20210426) ,i23823

(60) Onishi, I . Sunaba, S.; Yoshida, N .
Hydrolysis by EcoRfo/,erSinueldadtbyah:lheofleSlt(
Dynamli.c sPhys .20aisz@s8 9 )B-9 097056. 1

(61) Xiao, S.; Klein, M. L.; LeBard, D. N .
Al f ePrsioet o, M.-d e pMeangdneensti URMNA bi nding to the
of the avian idfl Péaygsz a2 0L Me BB S.

(62) Kaur, R.; Wetmor e, S. D. , I s met al st
|l ysine facilitate phosphodiester bond cl ea
EnddV. Chem. 21002644, 3MoI5994.4

(63) Kaur, R.; Aboel nga, M. M. ; Ni kkel, D.
Si nmgd tea l medi ated phosphodiester bond cl ea’
human eRmhzysme .Chem.2 0CR24,M.7 )R h2y®3.43 0

(64) Kaur , R. ; Ni kkel, D. J . ; Aboel nga, M
functional, cluster model size, and ++ mpl i ci
metneldi at ed DNA phosphodiester bohd EBheyava
Chem20Bl22650) ,ilD®BB2

(65) Onishi, I . Sunaba, S.; Yoshida, N .
Hydrolysis by EcoFRé/feSEudeeblnbgrahE\laﬁ) Slt€
Dynamli.csPhys .20Aaisz@s8 9 )B-9 097056. 1

(66) Raper, A. T. ; Reed, A. J . Suo, Z.
Contributions of Conformational ChymamiRes . a
20118181 2) j6 BDD.0

238






