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Abstract

Project Code : MRG5280247
Project Title : Computational design of zinc-finger proteins for recognition of DNA sequences
Investigator : Supat Jiranusornkul, Ph.D.

Department of Pharmaceutical Sciences,

Faculty of Pharmacy, Chiang Mai University

E-mail Address : supatji@pharmacy.cmu.ac.th LLag supatjira@hotmail.com

Project Period : 24 months (16 March 2009 to 15 March 2011)

The interactions of a designed zinc-finger protein (ZFP) with DNA containing the specific
recognition sequence of the HIV-1 integrase and with a non-specific DNA were studied with molecular
dynamics simulation techniques. Molecular models of the designed ZFP bound to the 2-long terminal
repeat (2LTR) circle junction and to a non-specific sequence were constructed based on an X-ray
crystallographic structure of a designed six finger motif-DNA complex (PDB code 2113). Molecular
dynamics simulations were employed to gain structural insights into DNA recognition patterns of the
designed ZFP. The molecular mechanics/generalized Born surface area (MM/GBSA) approach was
then used to calculate relative binding interactions. The results showed that the binding enthalpies of
the specific and non-specific DNA binding to the designed ZFP differed significantly. The pairwise
decomposition method was further applied to calculate the interactions between each recognition
residue and the 2LTR target. Mutations of E162 at the position +6 of the recognition helix to positively
charged amino acid residues are likely to enhance the binding affinity of the designed ZFP to the
2LTR site. This finding may have significant implications for zinc finger design toward improvement of

its binding affinity

Keywords : HIV-1; integrase inhibitor; zinc finger protein; 2-LTR-circle junctions; molecular

dynamics simulation
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1.5 Long Terminal Repeats (LTRs)
Long Terminal Repeats (LTRs) iludauiuadiuiagdudasnizasvasdianialhia
{ v & .. o
(cDNA) ﬁgﬂm’mmum%’mﬂiwaumi reverse transcription NB15LOWLVDI ITH HIV-1
eda a & A o o @ : o o ' a .
malurasnini@ade SsauiuauuaTs LTR Usznaudasiudan 3 2% Ao U3 (unique
3' RNA region) R (repeat RNA) L8z U5 (unique 5'RNA region) @T&Eﬂ 1.5 %dﬁwaluﬂﬂiﬂ’suqu
NILEAIBANVBITN TR LilaI9nUsenauduaIw promoter N3 ‘TATA’ box LHuasdusznay

&% enhancer WLz 82% polyadenylation signals

31 1.5 &4 Long Terminal Repeats (LTRs) fivsznaudiusin U3 R uas U5

A & 23
YInmdananigasved CDNA[ ]

74 cDNA # wuddl 2 JluuundIanmIdaisa retrovirus (U 1.6) leur 1) cDNA 7

. 4 . . T
L uauas (linear form) maglugﬂ preintegration complexes (PICs) ﬁ]z;‘]m%au@a (integrate)
e a 3 v s I 1 d' 1 e€a a g
Auansdianiavadintiuwlasandedais LTR WusiuiTendauazion lodduiiinsavasaia

HIV-1 678 2 Tuaah IINNNITAALUE 31124 2 @;Luaﬁﬂmﬂ 3’ 97N cDNA a8an WaaLna strand
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% { % Q'/ 25 { a g: 1 Qs U,
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Repair
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lassms mIsanuuuldsdu zF lasdTnsnauiiiaes MnSUMIRIEaUILaUHENE
ALate (Computational design of zinc-finger proteins for recognition of DNA sequences)
wWanltiauuaihnanelugiu 2LTR Sudusundanuddydwnsuiowladduiinsalunis

A ] ¥ @ A & ¥ v o wval g ~ a
WansaUanuaewes cDNA Whnuduvaasasiintu vinlddiewevashizaunsaiudSunm
laagnamasy asvunseanuuulysdu zF welddunudauiug 2LTR lunsdnund u
o & QI o a o ai < & (% a A a
ATTUIUMITLEINM TN wInTasflawiavad e Miuansasdulusssuadvasianlodaui

Py a Aa o A -
s wazdiaguszasdluniseanuuuldsiiu zF - Alanaduwzgiluniadhdudduius
Whaane lagdtnmenanfiaiees inmsansng@nssunmsnaaaas (dynamic behavior) Ty e
A A v ! a ~ AA o o A . [ o % =2
Vaanidetauseninlusdu zF  uazansdlaweNidauiuanuand1ans vinanudnlade
AN (specificity) LAZANNENNNTAIUATIENAY (binding affinity) vaslUsAuieanuuy

3 =) A [ v dT Y o a = A a o

Juan Mufadesiudayadasdudmivnmsssnuuulusén zF Alanudimizuazaanin

s o o o Y v & 1 o s ﬁ o a & =S d! ™
Junudauiuaihnanelaudsussdesrauiug Tsanashuwanwiiduntafonnislunssnms

& & o & o fa A L A a &
IiﬂLﬂ@ﬁ"iﬂﬂL"ﬁa HIV-1 I(ﬂle‘im_lEldﬂ’]i“(l’m’]wlladl,auvl‘ﬁ&lauﬂmia a9 U UNIZUIBNIINLNOTY

NI ILTRANAALTD HIV-1 LAz BWUNTZUIWA T L TaaT aamguﬁﬁﬂﬂ
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2. 35N1INAa09
2.1 msaanuuuldsfin ZF Asnizda 2LTR vasanudawial3a HIV-1
Whwminedldlunsinmit de Seuwsiwfinussnadidoudaszninatany 5 uas
Uany 3 vaidlawa L5E HIV-1 ﬁa%isl,ugﬂ cDNA ftfluas Fsasfidrduiafininanvaslans 5
wazdane 3 % (38097 L5190 long terminal repeat (LTR) aauaslugy 2.1 seuiusihwansd
wanzawlunsldluniseanuuulusin zF - AldanmsiwslasSulod zZF  Tools 1wua
$12n 18 giua fla 5-CTA GCA GTA CTG GAT 6663 Faiuvsnmionlsdduiiing
yoadala5s HIV-1 sunsadnsvuasyimsdendatanaenevashiafuvasiaasisninug
frofu uaziiamstindiwnsosdiowalss HIV-1 ol andrduiaimaneitldiiunls
Huduuuy ievwsdrdunsassiluaasldsin zF Asuwisiusrauiusihwang (target site)
I@ﬂmﬁ/m’:mvl“ﬁ@‘i/g’mﬂ'aﬂa Zinc Finger Tools (http://www.scripps.edu/mb/barbas/zfdesign/
Zfdesignhome.php)  Batflunsruigsreunsaazdludruwann1suas Modular  Assembly
dat9n13lEIu ZF Tools uaaalugyl 2.2 Ianadrdunsnazdluivsznaudanllsiin zF s1wam
6 luga (ZFPv1) A1WEN7 176 nimazdlu ldud
LEPGEKPYKC PECGKSFSRS DKLVRHQRTH TGEKPYKCPE CGKSFSTSGN LVRHQRTHTG
EKPYKCPECG KSFSRNDALT EHQRTHTGEK PYKCPECGKS FSQSSSLVRH QRTHTGEKPY

KCPECGKSFS QSGDLRRHQR THTGEKPYKC PECGKSFSQN STLTEHQRTH TGKKTS

a
f;] U3 TR Tus] U3 |n|us|f}’
b ﬁ}

31 2.1 soululuaIm 2LTR Adauniuwasd circular HIV-1 DNA
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(b) HadauUnIaazd luwasllsan zF Awmanzaunudiauiuaihnang
v o = a‘ Y o % =
2.2 MIaFsuuUIIaasldsfin ZF NNdunusIgftanta
mm‘]’agaé”]ﬁum@a:mumaoiﬂi@u ZF  aviwgldanniuled ZF  Tools ang3ns
o @ Y [29] dl v v aa d'd
wuudnasluanalasandutoysves Segal uazame  Nlanpnulansaimuiidndeny
a . =2 o =< ' A
az18uq (resolution) §4%19 1.96 A 9InMInaasdankanveIaIUIznauTzwillsdu ZF A
£17 6 Iugaﬁaammu‘[wﬁu%ﬁ ZF Tools Ni%Tai1 “Aart” uaza1u@Lawla 5-ATG TAG AGA
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(H) wIaladu (K) wiaiwaTu (S) niavlafiu (T) w3a1du (v) vfiasz 3% (udu S99 ndoya
mabnurievasnseaziluiviumeles zZF  Tools saulnaazidurfianilamawulaunn
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luga Mhueldang udana zF Tools uaz ZiFDB

helix 31NNJ 6

Position -1| Position +1 Position +2 | Position +3 | Position +4 | Position +5 | Position +6
Finger 1 | R(87%) S (28%) D (54%) H (62%) L (100%) V (23%) R (64%)
5.6GG-3 | K (13%) R (18%) E (26%) K (23%) T (21%) N (10%)
RSDKLVR G (13%) S (5%) G (8%) G (18%) P (5%)
KI/N/Q (8%) AH/L/IPITIW R (56%) A (8%) A/D/GIHIKIS/
IV (5%) (3%) N (3%) HINIQIR/S (5%) | TIV (3%)
A/DIM (3%) M/P (3%)
Finger2 | T(33%) S (28%) H (28%) N (77%) L (97%) ATV (18%) R (77%)
5.GAT-3' V (26%) K (18%) G/Q (23%) R (10%) R (3%) K (13%) V (18%)
TSGNLVR | L (13%) R (15%) S (13%) AT (5%) D/S (8%) KIT (3%)
[ (10%) G (13%) E (8%) H (3%) GIQ (5%)
Q (8%) N (8%) AN (3%) H/M/R (3%)
S (5%) AQ (5%)
E/M (3%) L/M/P (3%)
Finger 3 | R (100%) N (50%) D (100%) A (100%) L (100%) T (50%) E (100%)
5_-CTG-3’ S (50%) R (50%)
RNDALTE
Finger 4 | Q(100%) S (61%) S (61%) S (61%) L (100%) T (33%) R (100%)
5-GTA-3' G (11%) G (17%) A (28%) V (22%)
QSSSLVR A/DIPIQIR (6%)| T (11%) T (11%) A (17%)
AQ (6%) IILIQIRIS (11%)
Finger 5 | Q(70%) S (26%) G (32%) T (43%) L (100%) T (25%) R (100%)
5.6CA.3 | R (13%) G (21%) E/N (13%) D (23%) K (21%)
QSGDLRR | N (6%) R (11%) QT (11%) E (13%) R (11%)
L (4%) K (9%) A (9%) QIS (6%) NV (9%)
A (%) A (8%) V (4%) V (4%) GIQ (6%)
H (2%) N/P/T (6%) CIHIS (2%) G/IIM (2%) D (4%)
S (2%) Q (4%) AHILIMIS (2%)
T (2%) D/M (2%)
Finger 6 | Q (100%) N (100%) S (100%) T (100%) L (100%) T (100%) E (100%)
5-CTA-3'
QNSTLTE
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LAWLEATITN 1UsunTy ZF Tools vhwalwnariavasntaazilunianuniduwauaun 2 210
o ' A ° ' & ° \ Aa A A
Judeya daunsaazlludunis +1 uaz +5 udunibinlanuudsdyusessiiansaezdlu
A I o ' L Aa ' v o w a o ' a ' o A
gafiga wdduwniinailnadamadiuiumodienelasasiias uda1aazlinadanisdaiio
g e . = v & o g o
@89 recognition helix Nidule ‘ITMJaﬂaL‘ﬁmﬁm%ﬁﬂ%‘ziﬂﬁﬂ%ﬂ’]ﬂﬁﬂizﬂE]‘]Jﬂ’]i‘ﬂ(ﬂaa\‘i
Ysuidasusiiavesntaazlluun recognition  helix tivatdunmsiinanuiwiznie Ay
usdlunistiaauaslisdn zF o
WAIINNNIATIIFALAAULASTRATaINTRazd luaaslisdun ZF  Aviuwelaanldsunsy
=1 v o 1 =1 % o [ LY a d' o 1
ZF Tools Fsaiauuuiiasilaianazninelisdu zF Audauusimanssfianduwzuasla
o v J o . . o s & o g: & a d'
Fuwzlann wuusieas Zit waz  Zi2  eN&eU SIuuudiaasndsadtdnnislsullann
TassaFsanlasssanandwuuusadllsn Aart ﬁ%’uﬁumﬂﬁLauLaﬁﬁa%i‘LugmiTa;&a PDB lay
N9 Zif1 uaz Zif2 3lU36u ZF $1%w 6 Iug]a A8 ZFPv1 L TUN% LARNALaWLaL TN RNSLANGA1IN
| @ A . A a o = , , 4 0«
AtNITALAW Aa Zif1 Nansdtautatiwuieile 5-CTA GCA GTA CTG GAT GGG-3’ @dtiln
fauualugn 2LTR Nanansariaanstsznauidnmng (specific complex) AU ZFPv1 &34 Zif2
o @ A o @ M 1o ° [
Jd1eutusilu 5-TGC TAG CGT ATC ATC TAG-3' @atiud1auluan ks uwizd 1wy ZFPvi
a AN o o & v @ o A
wazanaAaasUsznaun bW (non-specific  complex) A% be BadINNTUSULLURDU
‘[mmﬁ”wa"lﬁmmﬂmmaLLé”ﬁa%'@m%ﬂm:uuLtazﬁwnﬂia@wﬁaaﬁuiumqaaaﬁm%’mmmﬁmm
Zif1 Uaz Zif2 ULaz®1N1I0AIWIIAT root mean square deviation (RMSD) 32#319ULLS1RING
A o o o o 4 @ o = = &
aaa‘nmmﬁa@waao’mmUIquLaqaLLaa 1evinnu 0.51 uaz 0.94 A waslisGuuazdianialung

ROI72UU ANNAIAU LRAIIINITIALSHIA LUULLUINAaINIRDINANNAFILARINUNINNI LEI%

va1ld3du ZFPv1 uazano@iawuia (3u 3.1)
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W AR R VR YW A ~ il WS . ~

Ell 31 Iﬂidﬁ%’]\‘ii&lmqmﬂ%ﬂﬂmUU?Z%"]'WG“Q@]LLUUE‘]”]@SG Zif1 Wy Zif2

dayalaviainanudunuizasdunibiveinsaazilununmsaadidduinaunasfiaue
va9lUsdu ZF duuuy Zif268 wuiduniiniaazilud -1 +3 uaz +6 fanuddalumudrdu
Audanainang a9 IRNIMIANNLANEIIZRIIIULLRET 2 q@fﬁﬁaﬁ’lmwmﬁﬂa
Anusuwzpaslls@n ZFPvt Sslwanudanlunsieansanlusin recognition helix uanau
wIn I@mmﬁLmﬁzﬂmaa‘%ﬁaLLuuﬁﬁaaaIuLaqaﬁgxﬁaaaﬁ"l,éfﬁé’amﬂmsﬁﬂm‘m@wﬁ'omul,l,a”’s
WisuAB Ui Sansza e ning hydrogen bond (H-bond) donor 1&g H-bond acceptor Va4
pzaanfiinadag (szylwrsifuieiauniaeziiluniows) uazdunisvasniaaziiluyu
recognition helix (3zylwaaidumny) uaaalilumsne 3.2 uazlasseisluanalundazluga
LLﬁ@]Gﬂ’]iLﬁ@]ﬁ%ﬁﬂﬁI(ﬂiLﬁ]u"(ﬁ;\m&IG]ﬁi:i_qlvlﬂu(ilﬁ‘i’]d 3.2 ugaalilugy 3.2 deznay

mﬂmﬁl,mwzﬂmaa‘i”ﬂﬂuLaqammﬁ@LLsaﬁ@mﬁms:%dNMiau ZFPv1 uaganodiania
dhwinevssadlugauuudnngs zift uss zi2 woismddglumsiliieanudimzlums

R L a a _ & o A [ ' A o
LTWQU@Q%%%GLﬂ@q}qﬂLLiﬂﬂizLﬂ‘ﬂvLWW’]aﬂ@]Lﬂu%aﬂ e Wuﬁzvl,ﬁ‘[ﬂiﬁluizﬁjqﬂﬂiﬂazNIuﬂUE‘nﬂ
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a 1 dl' [ :‘ d' L% a 6 a e 1 1
@LauLaT@ﬂﬂquuLaqaakamu 1 WL AT %1ﬂaLﬂiﬁ:%ﬂﬁiLn@kuﬁzluumaziu@a‘wuaw
A A o a o & a ° '

azqauNingITaslunmstianwrz lalasianit 9z813NNIAa 0 IlwELrYd -1 +3 LAz +6 Va3

. . I \ = T A < Y & Y & 1A
recognition helix Lﬂuaaulﬁq;quﬂumagawﬂsﬂuI@Uﬂaiﬂaguaa WONANBWLE LRAWINT
nynazi luluwdiunig +21u1wgafi3‘ﬁWLﬂﬁLﬁ@vﬁAﬁ:ﬁﬁLualuaﬂgﬁLauta@iaﬁﬁuqﬁmwuﬁLﬂﬂﬁ

v o Ao @ S A o A A A A ' ° '

ﬂWSTnmﬁuiauﬂaumﬂaﬂﬂ@ﬂs:ﬂwsﬁuaﬂwuaﬁﬂmaga ﬂarﬁ@azﬂhumauwaglumﬂu%ua-z
184 recognition helix Tulugaf 2 4 5 uaz 6 Fwudaylumaiuanuudusslunmadiivans
=} 1 1 =3 =4 a = aa 1 1 =\ a = o [
mLaouu@aﬂwaisﬂmwutﬂunwsLn@auminiﬂﬁs:ﬁqwawgﬂa@ianmmaaﬂimazuiuvﬁauﬂUﬂg
WosWa (az@aN O2P) UnlaTIRIIIULNUVBIaNDALaULa (DNA backbone) NIRNe G383 bl
ANUFNNWINUAINURINITD LBAITIILWNRITAANUT NN IUNITIAFT IO ULLRN TN el
Tnalunaidyanuudansslunisdnauszrineldsén ZF nudieutusiinvuig

ngyl 3.2 %:Uﬁuiﬂgﬂuu1NTTnﬁﬁ5ﬂi:%iwaIUsatkZFPv1 AuRIEALawanIgad lalad
anuuandiuainitaiau Siisslugan 3 Alu zifz limansnananuwuszlalasiaulag lu
§2% recognition helix G1UWHI Arg72 (LN -1) Asp74 (LR +2) GIu78 (FLHIk +6) NU
lugrwusiilnang ATC Lag 2nliasnnmafaussnaniuEnilzanInvamymiiauues
0153ilu (Arg72) nunyiafiuvesloladu (DC181) Manwywfiavasinduludrunis DT195 a3
a A Y . A o ) & P A aa
NaTUNIURIBLALY (steric effect) MItAanus:lalasianle Munsnylaluataz@fiu DA179

1 o 1 dl 1 =) o Qo =Y dj 1

agsl,umme'ﬂ"l,ummmﬂumimmwuﬁ:VLaIMLauﬂunmmﬁmm GIu78 TIAMULANGNI L

P g A o @ ° ' ' A A = Iy AV 9
Iugav13 #onafidndanlunsiusnanuuandrsszninediawaiiuivuiouasilals

hnangle
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M13719 3.2 zeew1y (A) ITwinvaz@advad H-bond donor Waz H-bond acceptor Tuls@n

ZFPVv1 LLazmmaLauLaiuﬁg@Lmuémaa Zif1 laz Zif2

ZFPv1 DNA Distance ZFPv1 DNA Distance
residues residues (A°) residues residues (A°)
Finger1  Arg16(NH) Zif1:DG187(06) 297 Finger4 Ser99(OH) Zif1:DT177(02P) 2.56
[funid -1]  Zif2:DG187(06) 3.29 [FLAY -2] Zif2:DT177(02P) 2.56
Lys19(NZ) Zif1:DG186(06) 2.73 GIn100(0) Zif1:DA178(N6) 2.86
[funsky +3]  Zif2:DA186(N6) 3.21 [Fung -1] Zif2:DT178 -
Arg22(NH) Zif1:DG185(02P) 2.77 Arg106(NH) Zif1:DG176(06) 3.16
[funis +6]  Zif2:DT185(02P) 2.74 [funis +6]  Zif2:DC176(N4) 3.13
Finger2 Ser43(OH) Zif1:DA183(01P) 2.66 Finger 5 Ser127(0OH) Zif1:DC174(02P) 2.57
[funibs -2]  Zif2:DT183(01P) 2.61 [FLAL -2] Zif2:DA174(02P) 2.58
Asn47(ND)  Zif1:DA183(O2P) 2.80 Asp131(OH)  Zif1:DC174(N4) 2.95
[funibs +3]  Zif2:DT183(02P) 2.77 [FLALS +3] Zif2:DA174 -
Arg50(NH) Zif1:DG182(06) 2.82 Arg134(NH) Zif1:DG173(06) 2.99
[funis +6]  Zif2:DA182(N6) 2.94 [funis +6]  Zif2:DT173(04) 2.99
Finger 3  Arg72(NH) Zif1:DG181(06) 2.75 Finger 6 Ser155(0OH) Zif1:DT171(0O2P) 2.57
[funis -1]  Zif2:DC181 - [Funikg -2] Zif2:DG171(02P) 2.52
Asp74(OH) Zif1:DC195(N4) 2.76 GIn156(NH) Zif1:DT171(02P) 2.82
[y +2]  Zif2:DT195 - [FAT -1] Zif2:DG171(02P) 2.83
GIu78(OH) Zif1:DC179(N4) 2.87 Glu162(0OH) Zif1:DC170(N4) 2.85
[funis +6]  Zif2:DA179 - [funie +6]  Zif2:DT170 -
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1 3.2 wWhisuifisuwuszlalasian (< 3.5 A) ﬁmfﬂLﬂuvlﬂ"lé’l,w,wiaﬂugamaﬂﬂsﬁu ZFPv1 1u

WUUINRDY Zif1 L Zif2

m P W v -_— R - T
- - wm T . - -~ o — -
- - e o A T B s - m = m - W e W
e . Lk O v A\ . A N a4

R - STL

31 3.2 (da) Wisuipuiuselalanau (< 3.5 A) Neraduld|dluudazlugavaslysdu

ZFPv1 luiuusnaad Zif1 wag Zif2
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mﬂﬁﬁmmwgﬂLLm_lmnﬁ@ﬁuﬁﬂﬂmmumwwﬂumuﬁLﬁ@é'umﬁ'%mizmwﬂma:mu
AULUELTNRANY 2LTR ¥t I@ﬂvl,u'aulﬁlﬁuﬁ:ﬁLﬁ@ﬁ'umgvxlammmaamﬂamma WU L LARE
Im@amaaLLuuﬁwaaa Zif1 azianugmnwszlalasiaunawninlwiuudnany Zif2 SIuRaILALRR
-5 { a 3 { o 1 Q Ui "
AL TIUaINwEEN AT wlwaN T na UNTIWIZ Iz w9 11361 ZFPv1 nu 2LTR laanin
o ‘14 dl 10 . o [ [ dl a a [ s
fAULURN szl Zif2 arad9iTn Iuiuglaﬂ 1 n5nazilu Arg16 way Lys19 LAaWusLNy
DG187 uaz DG186 lu zif1 l¢idind1 DG187 uaz DA186 lu Zif2 saulugafl 2 Arg50 Linwus:
lalaviauiu DG182 (zif1) ld@ini DA182 (zif2) lulugan 3 Fanuuandwiuainitalaudaf
1 £ U £Z p.l' 1 A e £ = s A c.i
NAILRIT I Iuga*n 4 5 182 6 WUMASNHUSARILARING Aa GIn100 Iqu@aw 4 §13170
\iaWusefiy DA178 (Zif1) 16 walainuwuszlu zif2 dau Asp131 lulugafl 5 uaz Glu162 lu
A a a [ . [ ' L a a o A LY .
I&lga‘ﬂ 6 saIatRaNwEzNULUaANeln Zif1 1o we luiRawnsznuusi wlgiihwangle zif
g a v v v =3 Y o o o =2 L 1 =
RAIINNITILATIEHLATIRINIITI90 % 39 1GVINNITA U BWRIIUNITE AL TR TN L1360
ZFPv1 UazR8@Lawa lbluusnesd Zifl wa Zif2 61895 MM/GBSA a1NMINaaadin1ssnasIng

TauazilSoufisudianundsussaanasnulunsiedu (AG Jerinalys@n ZFPv1 A

binding)
fudlawaluluusiaes Zifl waz Zif2 wudnanusasalunisdnauvasldsdw ZFPvl nud

tawtatiwany  2LTR T Zif1 adusaudunwannnitnisaunudantan balgiiwunely zif2

o

§9N7NT9 35.0 keal/mol (A1 AAG,,,,,) Hiladuddginsidesndr AL, asiwndoyanugiu

binding
g o a ~ oA ° o o ~
Boragualadnlusdn zF neanuuvlafiainusivisnlunissuwndiautustinnunaLazn
Lalginran e laa18auTauIUNLANAIIN K LA A IWRIINTWANTHAILNLANGIIN WA LI
iasnnduasiinaiialWialiag (electrostatic interactions, £,.) 114 U393znI191zauInUae

AU ussznivdszgiuanwd uaziuszlalasiau iuddmy

A1919 3.3 NMILSUULAEUAMNLANAIIYDINAIINWIHANTEAIUTEWIN91UIAW ZFPVv1 NURIEE

lwalwUUUIaES Zif1 uas Zif2

sequence AAE,,, AAE,, AAG,,, AAG,,, .o AAG,, g
(kcal mol”) (kcal mol”) (kcal mol’) (kcal mol") | (kcal mol”)
Zif1-Zif2 -3.1 1.7 -255.9 9.0 226.3 8.2 -2.3 +0.0 -35.0 +0.5
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ludunsdnmndean ldsiuuudnedleseinluanamaiaoniwin 4 ga ldud
ZFPVv1-GAT ZFPv1-GAA ZFPv2-GAT uay ZFPv2-GAA %GﬁﬂﬁﬂLUﬁLﬂ”lﬁN’]ﬂ GAT (5-CTA
GCA GTA CTG GAT GGG-3) satdutihunanadniulsdn zFPv1 uazdauiuaiihnang GAA
(5-CTA GCA GTA CTG GAA GGG-3) datiluihnunsdwiulysau zFpv2 é’aﬂfmuﬁu’jm@
LU aeafitinanslsznous s fa ZFPVI-GAT uas ZFPv2-GAA ensaziiannuudousslu
mﬁ@%’ugamﬁahmmm‘haaaﬁﬁ]umsﬂixﬂauﬁ"lsja‘mww: Ao ZFPv1-GAA uaz ZFPv2-GAT
ToafanulisumzionainazifiaanenuuandasdeuIUaIRES 1 @UR #a391n3
Ysuasulasiade mssaiesoussuy mInawasudnduasluans mailiszuusugs uas
Madaesnadaduiag 5 ns ua3svimMIdIwItiIaT RMSD maaiﬂsaaﬁ”wanﬂe] 2 ps 9N
7391981 5 ns LﬁUuﬁ'ﬂm@a%’wm'éi'Uﬁvlﬁmﬂmiﬁiﬂaa@wai'aLL@ia:“q@me‘haad (31 3.3) wuh
WUUS1889 ZFPV1-GAT ZFPVv2-GAT Waz ZFPv2-GAA e RMSD ag’lu‘*ﬁwﬂszmm 15-3.0A
&% ZFPV1-GAA Wuinid1 RMSD gaﬁq@aglumo 2.0 - 3.5 A ueathilsiony suTasaNiy
Iinunudnaashs 4 qﬂag'sluam’;zﬁ'mﬁm lafinmsuanvasnuslulassasrs sunsalsidu

drag9lwm e TN wlwIwa anda 1 le
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31 3.3 d1 RMSD 2aslasiasimneg 2 ps 31032909 5 ns isuivlasssshaadsnldnnms

ﬁ‘haadwa{al,wia:‘*g@uuua‘imaq ZFPv1-GAT ZFPv1-GAA ZFPv2-GAT uaz ZFPv2-GAA

mn*‘ﬁagamifﬁﬁaaawai’@mmLL@iazq@mei’]aao LASHNMIIATIEATINRIIUNTHATL
°l|BGI&ILﬂf;lﬂiz‘ﬁ’j']\ﬂﬂia%l,ta$ﬂ’]ﬂaLa%La@T’JU%% MM/GBSA W&z MM/PBSA 1% IN4uUUIN889N9

o

4 79 WuIn fRSULLLIRe9lUTAU ZFPVI  NUSGULLR GAT lenanisnaaaaduluaiu
AenaNY A ZFPv1 Sannumauidnau GAT ldunnnin GAA dranassuiudouseningszano
8.5 kcal/mol #2835 MM/GBSA uazszanms 13.4 kcal/mol 61855 MM/PBSA Ga1ilunaiiiosann
AMUULANENAWAEY 1 giugan DT184 lu GAT liiilu DA184 lu GAA nimazdilu Thrad lu
funbd -1 1 JuduniifisuAeTeulwM IS INANNLANANIIZAINILE DT184 uaz DA184 ud
atnalsfimuanmsiianeilaseainenas ZFPv1-GAT (3u 3.2 Finger 2 189 Zif1) uaz ZFPv1-
GAA MNMIINRBINAIA 5 ns MIWLNIAAowAINIENla g Aant LAZIMNNANIIFIBIDE RMSD
18932UU ZFPV1-GAA HA1ginin ZFPv1-GAT suninuanlditudazazaannisluluianazas
Tul56iu ZFPV1 uazano@ioma GAA Jaaszlumsiedouiinelusisnafidnenaninnit nanade
ﬁmuﬁ@é’umﬁ%mﬁwﬁﬂwLaqaiﬂsﬁu ZFPv1 uasane@lania GAA oundn ZFPvI-GAT @4
mmsnﬁuﬁuvlﬁmﬂwamiﬁﬁmmmwé'wmmiﬁ@'%'waaimaqmwdn ZFPv1-GAA iAW
WIIUIIRRENIN ZFPV1-GAT LEUN%

@139 34 Wisuifisudwiinunsteduvesluanaszninllsdunazanofiaowiadieis

MM/GBSA uaz MM/PBSA

AG,,,,MwicesA] | AAG,, .. MmiGBSA] | AG,, ., MPBSA] | AAG,, . IMM/PBSA]
(kcal mol") (kcal mol") (kcal mol") (kcal mol")
ZFPv1-GAA -318.4 £30.0 -315.9 +26.3
8.5 +35.6 13.4 £36.1
ZFPVv1-GAT -326.9 +19.1 -329.3 +24.8
ZFPv2-GAA -340.4 £20.9 -347.8 +30.4
14.2 £+26.4 19.4 £38.5
ZFPv2-GAT -354.6 +16.1 -367.2 +23.6

NIOMUUFIR0ILUTAY ZFPVv2  Neaanuuuuilfianusinisdasufania GAA U013
Uinilfsusiiavainsnaziilu 2 drunis (93 2.3) A Thrad luhilu Gind4 uaz Gly46 luiilu

Serd6 WU #awiusz lalasianizning Arg50 NU DG182 uas Asnd7 nu DA183 Hanmmus
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i AeInUl ZFPVI-GAA 1az ZFPV1-GAT UGFINGNINUTALA% boin Gindd HanuTauLanay
NUAIAULUR DA184 %38 DT184 l@@ni1 Thra4 lu ZFPv1 I@ymﬁmgmﬁ‘uaﬁamaa GlIn44 lu
mnﬁ@ﬁ'mz"l,aimmuﬁ'wgLaﬁwnaa DA184 (31 3.4 Un) uazendunyLadiuvad Gind4 Tuny
a o s 1 6 a 1 ¢§ & dﬁ d' o v %]
m@wuﬁ:"l,aimmuﬂumgmsuaumjaa DT184 (31 3.4814) GﬁaLﬂummqumwmlﬁmwaamu
Y ' a o a = = ' A ' a
N30aUTZHI91UTEW ZFPv2 NURNE@LawaTAMNLTILIINNANGT ZFPVv1 N3 tWLNITLAa
Wt lalasanIzning Thrdd NUSNAULLR DA184 w38 DT184 uazniatlSoutiuunasdnule
N138@AUVAY ZFPV2 NUANEALAKLE GAT  HAMNULTILIINIANTY GAA 13zt 14.2 keal/mol
#2893 MM/GBSA agl¥Naasstnununatan1snily saudaniinasadtaaudsnisdiud oatiln
1 ! v v dl v = Q A Q & L 1
MM/PBSA m\‘m’l,magammmmﬂu fa Uz 19.4 kcal/mol AILEAIIWANTY 3.4 D989 bal
1130031y ldaNnNaNIAT I ANL ﬁaﬁulumsagﬂﬁamwmmsnlm‘hLLuﬂmmLmﬂ@m
A o a ~ o e & A o ' A o
WIAMNTNNIZ0IlUsAN ZF NeonuubuazfItaMeRIwun lunmangudsldsuimdugn
o Ad, o A \ o A & o \ Y
ANUAINITD INNTILWA LA LN TN 1A UL FH AN LANGII NN IR NED T RINIS A ULLR
wWhnunsuaz A lalsiinnany 1w lusafiawa GAT Lz GAA e WA TINENAULLRLANAIIN
ALIITALDIW LT IAULULSIRDY Zif1  UWA:  Zif2 WUINRINIIDANWIEANULANGII L a9 TaLIt
TagaduITAN U BATWRIIBNNIEATUITEHI9UTAY ZF  NURIBALAWLE LAZWLIINITAWI T
A18®AaNN1T MM/GBSA w38 MM/PBSA ¢1slwuanisdiwinsldluuuiniat@ednw ueds

MM/GBSA  U3zWEatan ln1IaI %I mbUINNIT A9t N1INAa0I6 001998 1w IbLa N3 T

MM/GBSA

31 3.4 wnselalasiauiinyldssning Arg50-DG182 Asna7-DA183 uas

GIn44-DA183/DT183 9MNNNI3N80IWAIAUY ZFPV2-GAA ez ZFPV2-GAT
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3.2 @NEINIIR NN unaI AW ZFPVI

Teni19ldsan ZF Neanuuunudauiuatinwang 2LTR - wuddanuudsnsslwnistiandv

AINNITINNAINAIAVAILLUINAY ZFPVI-GAT  Tudd 3.1 Gadwnuusiaasnsiinie

fsUsznauszninsldsdunuseuiuaihnunslddnindrauiusad lilaithwune @FPvi-GAA)

v o L { 1 Qs & et 1 1 1 Qs 1 g
@]’JEJ‘Wﬂdd?%ﬂ?iﬁ@]ﬁ]ﬂﬁ@]’]dﬂ%ﬂi&%’]m 8.5 kcal/mol Gﬁﬁﬁ]@]’)’]vl,&lflﬂ’]’mu@m@]’]\‘iﬂuaEl’]d“ﬁ@]lfi]%&l’m

%N TGV TzRanusnNIn s Aanwz lalasianszninensaaz D lwludunis -1

+3 UAz +6 U84 recognition helix 113 6 lugavatldsfin zFPv1 Audauiuaimany 2LTR Tu

wuUU3NRad ZFPVI-GAT lasdwisanszuzieiiduldldseninsernauiifiant@  hydrogen

bond donor uaz acceptor luudazluga aiuaaslugy 3.5

>

luga 1 wumafaduszlalasiausznivmymiduves Arg16 (dunts -1) Aung
ASuaiiavas DG187 LLazﬁgLaﬁmm Lys19 (f1uhwd  +3) ﬁ‘uwﬁiﬂﬁuaﬁamm

DG186 lununmsiianuse lalasianludiunils +6 va9 Arg22

luga 2 wumaiiawuszlalasiauszniandmfidusad Args0 (funia +6) muwy
asuatiavad DG182 Lmzm'ﬂLﬁ@ﬁuﬁz"LaI@iLauﬁ'Uﬁy;Laﬁwuao DA183 ladae lainy

MAAaNWE: lalaTtanlud1urnsd -1 289 Thrdd LazdIwALd +3 Uag Asnd?

luga 3 wumaiawuszlalasausznitengmilduues Arg72 (duns -1) nuwy
AMsuafiauad DG181 mum&'mﬁ‘mﬁamaa Glu78 (funiks +6) a1aLiaawaINILNU
wilafiuzes DC179  ldThs udenafaussnaniulaean uazldnuniaifianus:

lalastanluduniis +3 209 Ala7s

luga 4 wunmaifanuszlalasausznitmyanivefiazes Gn100 (drunws -1) v
m&'mﬁmaa DA178 LLam%iﬁ'qﬁﬁumao Arg106 (fLh1d  +6) ﬁ'uw%im%uaﬁamad

DG176 liwunisiianws: lalasianludiuniid +3 289 Ser103

luga 5 wumaifanuszlalasauznivmyanivefiazes Gin128 (funis -1) fu
m&'mﬁumaa DA175 mgm%uaﬁamaq Asp131 (AURUI +2) ﬁuwgmﬁwﬂaa DC174

uwaznymilduuas Arg134 (dunils +6) nunyanivaiiavas DG173
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e luga 6 wumuianuselalasausznitmyanivefiaves Gin156 (duni -1) Al
nilafiuvas DA172 uazldwumuianuszlalanauluduniis +3 283 Thr159 uas

AILRUI +6 VDI Glu162
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31 3.5 mufianuszlalasiauszninseasiluludiunis -1 +3 uaz +6

284 recognition helix 119 6 lugaluuuyusans ZFPv1-GAT
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31 3.5(i8) mafianuszlalasausznininnasiluludiunis -1 +3 usz +6
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1. Introduction

. Molecular modeling is a science for studying molecules
and their interaction using computer simulation.

. Cys,His, zinc finger protein (ZFP) is the most common
DNA-binding domain in the human and metazoan
genome.

. ZFPs function as modular units
that primarily recognize DNA
sites of 3 bps with the positions
-1, 3 and 6 in the recognition
helix.

2. Motivation

. The long terminal repeat (LTR) at the junction of the 5’'-
and 3’-termini of the circular HIV-1 DNA has been used
as a target for designing a specific ZFP via a web-based
program, the ZF Toolsl].

. This could be a novel approach for inhibiting the viral
replication using artificial ZFPs[21.

3. Molecular modeling of 2LTRZFP-DNA models
. A molecular model of the designed ZFP bound to the
2LTR sequence was then constructed based on an X-ray
structure of a designed six finger motif-DNA complex
(Aart; PDB code 2113).
-1 3 6

Aart GEKP  YACPECGKS  FSRSDHLAE HQRTH TGEKP 32
2LTRZFP GEKP YKCPECGKS FSRSDKLVR  HQRTH  TGEKP

YKCPECGKS FSDKKDLTR ~ HQRTH TGEKP 60
YKCPECGKS FSTSGNLVR  HQRTH  TGEKP

YKCPECGKS FSQRANLRA  HQRTH TGEKP 88
YKCPECGKS FSRNDALTE HQRTH  TGEKP

YKCPECGKS FSQLAHLRA  HQRTH TGEKP 116
YKCPECGKS FSQSSSLVR  HQRTH  TGEKP

YKCPECGKS FSREDNLHT HQRTH TGEKP 144
YKCPECGKS FSQSGDLRR  HQRTH  TGEKP

YKCPECGKS FSRRDALNV ~ HQRTH 167
YKCPECGKS FSQNSTLTE  HQRTH

Nterm backbone  Recognition hellx  C-term backbone ZF linker

. The DNA duplex from Aart-DNA complex was remodeled;
Zifl : 5'-CTCTAGCAGTACTGGATGGGC-3’ (specific target)
Zif2 : 5'-AGTGCTAGCGTATCATCTAGT-3’ (nonspecific target)

4. Results

. After a 2500-cycle minimization for each of Zifl and Zif2 complex using
the AMBER ff03 force field, the root mean square deviation of 2LTRZFP
and DNA backbones were 0.51 and 0.94 A, respectively.

Residue-by-residue
Analysis
(for H-bonding)

Table 1 Hydrogen-bonding distances between 2LTRZFP and DNA residues

2LTRZFP DNA Distance 2LTRZFP DNA Distance
residue residue (A) residue residue (A)
Finger1 ARG16(NH) Zif1:DG187(06) 297 Finger 4 SER99(OH)  ZifL:DT177(O2P) 256
Zif2:DG187(06) 329 Zif2:DT177(02P) 256
LYS19(NZ) Zif1:DG186(06) 273 GLN100(0)  Zif1:DA178(N6) 286
Zif2:DA186(N6) EE Zif2:DT178 -
ARG22(NH) Zif1:DG185(02P) 27 ARG106(NH)  Zif1:DG176(06) 316
Zif2:DT185(02P) 274 Zif2:DC176(N4) EAE]
Finger2 SER43(OH) Zif1:DA183(01P) 266 Finger5 SER127(OH) Zif1:DC174(02P) 257
Zif2:DT183(O1P) 261 Zif2:DA174(02P) 258
ASN47(ND) Zif1:DA183(02P) 250 ASP131(OH)  Zif1:DC174(N4) 295
Zif2:DT183(02P) 27 Zif2:DA174 -
ARG50(NH) Zif1:DG182(06) 28 ARG134(NH)  Zif1:DG173(06) 299
Zif2:DA182(N6) 294 Zif2:DT173(04) 29
Finger 3 ARG72(NH) Zif1:DG181(06) 275 Finger 6 SER155(OH)  Zif1:DT171(02P) 257
Zif2:pC181 - Zif2:DG171(02P) 252
ASP74(0OH) Zif1:DC195(N4) 276 GLN156(NH) ~ Zif1:DT171(02P) 282
Zif2:DT195 - Zif2:DG171(02P) 28
GLUT78(OH) Zif1:DC179(N4) 287 GLU162(OH)  Zif1:DC170(N4) 285
Zif2:DA179 : Zif2:07170 :

. The molecular mechanics/generalized Born surface area (MM/GBSA)
approach was then used to calculate relative binding energies of Zifl
and Zif2 models, in which the ZFP was ligand and DNA was receptor.

Table 2 Estimated relative binding energies from the MM/GBSA approach

Zif1-zif2 -3.141.7 -255.9+9.0 226.3+8.2 -2.310.0 -35.0+0.5

5. Conclusions

The results suggested that hydrogen bonding plays a key role in the DNA
recognition process of some specific amino acid residues in the designed
ZFP. This study provides general information to enhance selectivity of the
designed ZFP to the 2LTR-circle junction of HIV-1 DNA.
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Abstract: Integration of HIV-1 cDNA into the host genome is a crucial step for viral propagation.
Two nucleotides, cytosine and adenine (CA), conserved at the 3’ end of the viral cDNA genome, are
cleaved by the viral integrase (IN) enzyme. As IN plays a crucial role in the early stages of the
HIV-1 life cycle, substrate blockage of IN is an attractive strategy for therapeutic interference.

In this study, we used the 2-LTR-circle junctions of HIV-1 DNA as a model to design zinc finger
protein (ZFP) targeting at the end terminal portion of HIV-1 LTR. A six-contiguous ZFP, namely
2LTRZFP was designed using zinc finger tools. The designed motif was expressed and purified
from E. coli to determine its binding properties. Surface plasmon resonance (SPR) was used to
determine the binding affinity of 2LTRZFP to its target DNA. The level of dissociation constant (Ky)
was 12.0 nM. The competitive SPR confirmed that 2LTRZFP specifically interacted with its target
DNA. The qualitative binding activity was subsequently determined by EMSA and demonstrated the
aforementioned correlation. In addition, molecular modeling and binding energy analyses were
carried out to provide structural insight into the binding of 2LTRZFP to the specific and
nonspecific DNA target. It is suggested that hydrogen-bonding interactions play a key role in the
DNA recognition mechanisms of the designed ZFP. Our study suggested an alternative HIV
therapeutic strategy using ZFP interference of the HIV integration process.

Keywords: HIV-1; AIDS; zinc finger protein; 2-LTR-circle junctions; molecular modeling
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is the
etiologic agent of acquired immune deficiency syn-
drome (AIDS). It is one of the greatest health prob-
lems facing the world today." According to UNAIDS
and WHO, global estimates of the number of people
living with HIV/AIDS as of the end of 2007 were 33
million adults and children.> HIV is a member of the
family Retroviridae and subfamily lentivirinae. Soon
after viral infection, the viral reverse transcriptase syn-
thesizes a double-stranded DNA (ds-DNA). The subse-
quent insertion of viral genome into the host genome
by integrase (IN) is a vital step in the HIV life cycle.3™
Three forms of unintegrated viral DNA have been
identified: a linear form which is flanked by long ter-
minal repeat (LTR) copies at each terminus, and two
circular molecules containing either one or two LTRs.
The linear form is thought to be the substrate for inte-
gration.®™*2 Integrase is involved in removing 2 bp
from the 3’ ends of viral DNA, the so-called 3’ proc-
essing. The second reaction catalyzed by IN, i.e.,
strand transfer, inserts both 3’ ends of HIV-1 DNA
into the host genome.">'4

Current antiretroviral drugs therapy for AIDS
involves the use of a multidrug cocktail referred to as
highly active antiretroviral therapy (HAART)."> IN
inhibitors belong to a novel class of drugs that func-
tion by inhibiting integration of proviral DNA into the
host cell genome. IN inhibitors can be divided into
two groups: 3’ processing and selective strand transfer
inhibitors. These drugs are currently undergoing clini-
cal trials.'®7 However, several questions concerning
the interaction of IN with its inhibitors remain
unclear, and resistant strains have been found.'®-2°
Therefore, a new approach targeting HIV-1 DNA at the
level of the end terminal sequence of LTR by gene
therapy may be a useful approach for inhibiting viral
replication.

Our strategy herein is based on the specific DNA
recognition by Cys,His, zinc finger protein (ZFP). The
Cys,His, ZFP is the most common DNA-binding do-
main in the human and metazoan genome and plays a
key role as a class of transcription factors. Its structure
consists of a simple Bpa fold of 30 amino acids in
length, which is stabilized by hydrophobic interactions
and chelation of a single zinc ion between two histi-
dine residues and two cysteine residues.*“** Within
the residue at the N-terminus of the o-helix, the posi-
tions —1, 3, and 6 typically bind to three contiguous
base pairs in a major groove of the target DNA.>3>4
Therefore, several artificial ZFPs have been designed
to target DNA sequences with high specificity and
affinity.*>>9

The ZF Tools server’® implements an effective
algorithm to generate ZFPs for in silico or in vivo
applications. The program facilitates web-based design
of ZFPs that specifically recognize DNA sequence
motifs. In this study, we used the 2-LTR-circle junc-
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Figure 1. Schematic representation of the circle junction
region of HIV-1.%° Predicted organization of U3, R, and U5
in 2-LTR-circle junctions shown above, whereas sequence
in box was selected for designing the ZFP.

tions of HIV-1 DNA as a model to design a ZFP tar-
geted at the end terminal part of HIV-1 LTR, which is
a region for 3’ processing by IN of HIV-1. We designed
a six-contiguous ZFP. Binding affinity was carried out
by surface plasmon resonance (SPR) and an electro-
phoretic mobility shift assay (EMSA). Molecular mod-
eling was also used to gain structural insight into the
DNA recognition patterns of the designed ZFP, in the
cases of being bound to either a specific or a nonspe-
cific DNA sequence. Relative binding energies of the
specific and nonspecific complexes were also
calculated.

Results

Procurement of the target sequence and
designing the 2LTRZFP

To target the HIV-1 DNA sequence of 2-LTR-circle
junctions, the DNA sequence was submitted to the
zine finger tools using “Search DNA Sequence for Con-
tiguous Target Sites” mode. Eight candidate DNA
sequences were obtained and the binding prediction
scores of these sequences were selected for designing
the ZFP. The sequence that had the highest score was
5" CTAGCAGTACTGGATGGG 3’ (Fig. 1).

The design tool generated the full-length amino
acid sequence of 2LTRZFP. This protein was com-
posed of 176 amino acids [Fig. 2(A)] for a six zinc fin-
ger motif. Each finger was linked with the canonical
TGEKP linker.

The amino acid sequence of 2LTRZFP was
reverse-translated into a nucleotide sequence, and all
codons in this sequence were optimized [Fig. 2(B)].
The full-length optimized sequence was sent for full-
gene synthesis by Blue Heron Biotechnology. Predicted
properties of the resulting proteins were computed
using ExPaSy proteomics tools. The resulting theoreti-
cal pI/M,, was 9.46/20.1 kDa. Prediction of the pro-
tein subcellular localization using the LOCtree pro-
gram indicated that 2LTRZFP is a nuclear protein and
is found in the nucleus.

Construction of pTriEx-4- 2LTRZFP-GFP

The restriction endonucleases XemlI and Smal in the
plasmid vector pTriEx-4-GFP was used as a cloning
sites for the 2LTRZFP gene fragment to construct the
pTriEx-4-2LTRZFP-GFP containing His6 at N-
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Figure 2. (A) Full-length amino acid sequence of 2LTRZFP.
The amino acids shown by underline were located at the
specific positions of —1, 3, and 6 from the N-terminal of the
a-helix, respectively. (B) Full-length optimized nucleotide
sequence of 2LTRZFP. (C) Primary sequence alignments of
Aart (PDB code 2113) and 2LTRZFP with 80% sequence
identity. The underlined letters represent amino acid
residues of the ZFP those are different from the Aart
peptide. Positions —1, 3, and 6 above the recognition helix
column represent amino acid residues often involved in
DNA recognition. Numbers at the end of each line show the
running number of the last amino acid residue.

terminal and fused-GFP at C-terminal under the con-
trol of the CMV, T7, or p1o promoters. The plasmid
vector pTriEx-4-2LTRZFP-GFP was digested by the
restriction endonucleases XemI and Smal and the
product was subjected to 1% agarose gel electrophore-
sis and visualized by ethidium bromide staining.
Restriction digest analysis showed that the pTriEx-4-
2L TRZFP-GFP was constructed successfully at a 547
bp band (data not shown).

Protein expression and purification
2L TRZFP-GFP was expressed in its recombinant forms
in E. coli Origami B (DE3) Novagen (Madison, WI).
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Protein purification was performed using His-Bind col-
umn chromatography. The entire expression and puri-
fication processes were monitored by SDS-PAGE [Fig.
3(A)]. Comparison between lane 2 [total lysate of
E. coli Origami B (DE3)] and lane 3 [Total lysate of
E. coli Origami B (DE3) with pTriEx-4-2LTRZFP-GFP
was induced by isopropyl B-p-thiogalactopyranoside
(IPTG) after ODgoo reach 1.0 at 30°C for overnight]
indicates that the expression of fusion protein His6-
2LTRZFP-GFP (~50 kDa) was successful. Lane 6
shows that this fusion protein bound to the His-Bind
column chromatography, and it can be eluted by elu-
tion buffer containing 1M imidazole, 0.5M NaCl, 20
mM Tris-HCI, pH 7.9 (lane 7).

Figure 3. (A) SDS-PAGE analysis of His6-2LTRZFP-GFP at
different and purification steps. Lane 1: protein marker, lane
2: total bacterial lysate, lane 3: total bacterial lysate with
pTriEx-4-2LTRZFP-GFP after IPTG induction for overnight,
lane 4: pass through lysate, lanes 5, 6: solution after
washing the column with binding buffer and washing buffer,
respectively, lane 7: elution of purified His6-2LTRZFP-GFP.
The arrow indicates the size of 50 kDa of His6-2LTRZFP-
GFP. Numbers on left show size in kilo Dalton of protein
ladder. (B) Western blot analysis of His6-2LTRZFP-GFP at
different condition of protein expression. Lane 1: total
bacterial lysate, lanes 2, 3: total bacterial lysate with
pTriEx-4-2LTRZFP-GFP after IPTG induction for 4 h, and
overnight, respectively. The arrow indicates the size of 50
kDa of His6-2LTRZFP-GFP. Numbers on left show size in
kilo Dalton of protein ladder.
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Figure 4. Expression of green fluorescent protein in Hela cells 24 h after transfection. (A, B) Transfected with recombinant
plasmid pTriEx-4-GFP. (C, D) Transfected with recombinant plasmid pTriEx-4-2LTRZFP-GFP.

Western blotting was performed by using anti-His
mAb as primary antibody [Fig. 3(B)]; the analysis
demonstrated that His6-2LTRZFP-GFP (~50 KDa)
was successfully expressed. To separate GFP and
2LTRZFP, the purified recombinant 2LTRZFP-GFP
containing the thrombin recognition sequence was
cleaved via thrombin, and 2LTRZFP was purified by
using His-Bind column chromatography. (Data not
shown).

Expression of 2LTRZFP-GFP in HeLa cells

To test the expression of the 2LTRZFP-GFP recombi-
nant protein in a mammalian system, pTriEx-4-
2L TRZFP-GFP was transfected into a HeLa cell line.
The emitted green fluorescence was observed under
the microscope 24 and 48 h after transfection. The
green fluorescence was observed in the nucleus in the
pTriEx-4-2LTRZFP-GFP transfection group and in the
cytoplasm for pTriEx-4-GFP control group (Fig. 4).
This result indicated that 2LTRZFP-GFP recombinant
protein is a nuclear protein and confirmed the success-
ful folding of the protein.

Evaluating of dissociation constants and

competitive DNA binding activity by SPR

To determine real-time binding Kkinetics between
2L TRZFP-GFP and its target DNA sequence, we used
SPR as a tool for qualitative analysis. Different concen-
trations of 2LTRZFP-GFP were injected into the im-
mobilized chip with specific ds-DNA. The 2LTRZFP-
GFP could bind to its target ds-DNA on a nanomolar
scale, with K3 = 12.0 nM [Fig. 5(A)]. We also per-
formed a competitive SPR to determine the specificity
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of binding between 2LTRZFP-GFP and its target DNA.
The concentration of 2LTRZFP-GFP (1.2 uM) was
used to compete with 26.5 pM of nonbiotinylated tar-
get ds-DNA and nonspecific ds-DNA before injection
onto the immobilized chip with specific ds-DNA. The
2L TRZFP-GFP could bind to its target DNA sequence
[result compared with nonspecific ds-DNA, Fig. 5(B)].
In addition, the specificity of binding activity was also
assayed by injection of GFP and bovine serum albu-
min (BSA) as controls. These results demonstrated
that the binding activity was involved with ZFP only
[Fig. 5(A)]. To obtain the binding properties, we also
tested the binding activity of 2LTRZFP-GFP and its
target DNA sequence in zinc buffer containing 1 uM, 1
mM, and 10 mM of EDTA. The binding activity was
decreased when the concentration of EDTA was high.
These findings supported the conclusion that the bind-
ing between 2LTRZFP-GFP and its target DNA
sequence depended on zinc ions, and that this metal
ion is important for stabilizing ZFP [Fig. 5(C)].

DNA binding activity by EMSA

To confirm the binding activity, EMSA was performed
using an EMSA kit as described in the section Materi-
als and Methods. A complete binding complex of 1 uM
of 2LTRZFP-GFP and 250 nM of its specific DNA
duplex could be observed [see Fig. 6(A), lane 8] until
no band of free DNA duplex was seen. At the same
time, a faint band of binding complex was observed in
the reaction of 2LTRZFP-GFP and nonspecific DNA
duplex [Fig. 6(A), lane 9], whereas the intensity of free
DNA duplex was not changed [Fig. 6(A), lanes 3 and
6]. This experiment also demonstrated that GFP in
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Figure 5. Kinetic analysis between 2LTRZFP-GFP and its
target DNA sequence. (A) Binding kinetic of 2LTRZFP-GFP
(800, 200, and 100 nM), GFP, and BSA to the immobilized
chip with specific ds-DNA. (B) For the competitive SPR,
2LTRZFP-GFP was incubated with nonbiotinylated ds-DNA
of its target ds-DNA, and nonspecific ds-DNA in zinc buffer
for 15 min before injection. (C) 2LTRZFP-GFP was injected
to determine the binding activity with its target DNA
sequence in zinc buffer containing 1 WM, 1 mM, and 10 mM
of EDTA.

Sakkhachornphop et al.

2L TRZFP-GFP recombinant protein was not involved
in the binding [lanes 4, 5, and 6 of Fig. 6(A)]. The
dilution effect of DNA binding complex can be
observed in Figure 6(B,C).

2LTRZFP-DNA models and their binding

energy analyses

Molecular models of the designed 2LTRZFP-DNA
complexes, Zif1 and Zif2, were remodeled based on the
crystal structure of Aart bound to DNA (PDB code
2I13, see more details in the Materials and Methods),
where all backbone atoms were maintained in the
same position as found in the crystal structure. Amino
acid residues within helical helices were modified
solely according to our 2LTRZFP sequence [Fig. 2(C)].
Pair-wise similarity comparison between Aart and
2L TRZFP proteins was also performed using the blastp
algorithm of the BLAST tool.?' The result showed a
relatively high sequence identity (80%).

Figure 6. Electrophoretic mobility shift assay (EMSA). (A)
The protein used for each reaction is 1 WM, whereas [0], no
DNA duplex; [+], specific DNA duplex; [—], nonspecific
DNA duplex. The gel was stained with SYBR™ Green EMSA
stain (B) or with SYPRO® Ruby EMSA stain (C). In panels B
and C: lanes 1 to 9, the specific DNA duplex used for each
reaction was 250 nM, whereas 2LTRZFP-GFP was varied,
the concentration from 0, 0.125, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0 uM, respectively. Lane 10, 2LTRZFP-GFP was used 3.0
wM, but no DNA duplex.
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Figure 7. Comparisons of conformation of the recognition binding region in Zif1 (in left panel) and Zif2 (in right panel). The
nucleotides are shown in a licorice model and the protein backbone in a cartoon diagram.

After a 2500-cycle minimization for each of Zift
and Zif2 complex, the root mean square deviation
(RMSD) of the minimized structure of each model was
measured. The RMSDs of 2LTRZFP and DNA back-
bones were 0.51 and 0.94 A°, respectively, suggesting
that Zift and Zif2 are relatively similar in conforma-
tion (Fig. 7). As the first crystal structure of Zif268
bound to DNA was obtained, it has been suggested
that amino acid positions —1, 3, and 6, with respect to
the start of the recognition helix, play specific roles for
binding to three contiguous base pairs in each DNA
triplet.>®**  The residue-by-residue analysis of
2L TRZFP-DNA interaction for each residue in the rec-
ognition helix to each DNA triplet compared to its
nonspecific triplet was subsequently explored to
understand a DNA recognition pattern for 2LTRZFP.

Figure 8 demonstrates all possible hydrogen-bond-
ing interaction between each zinc finger motif and DNA
residues in both specific (Zif1) and nonspecific (Zif2)
complexes, and the distances are listed in Table I. In gen-
eral, a major contribution to stabilizing the 2LTRZFP-
DNA complexes is the electrostatic interactions between
amino acid residues in the zinc finger motif and nucleo-
tides in the DNA target, where there is no water-medi-
ated interaction apparent in these complexes.

In finger 1, although the hydrogen bonding net-
work among ARG16, LYS19, and ARG22 to its DNA tar-
get in Zift and Zif2 is similar, the hydrogen bonds in
Zif2 are weaker than those of Zif1 with respect to its lon-
ger bonding distances. The hydrogen-bond distances in
finger 2 are very similar in Zifi and Zif2, whereas they
are completely different in finger 3. The amino N atom
of ARG72 is bonded to the carbonyl group of DG181 in
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the Zift complex; however, there is no hydrogen bond-
ing between ARG72 and DC181 in Zif2 because of repul-
sive interaction of the positively charged amino group.
The O atom of ASP74 is hydrogen bonded to the N
atom of DC195 in Zif1, whereas, in Zif2, the steric effect
of the methyl group in DT195 could lead to an improper
formation of hydrogen bonds. A hydrogen bond donor
at the amino N4 atom of DC179 (Zif1) efficiently estab-
lishes a hydrogen bond with GLU78, where the amino
group of DA179 (Zif2) is located away from GLU78.
Hydrogen-bond patterns in fingers 4, 5, and 6 in Zif1
and Zif2 are similar. The negatively charged amino
acids, aspartic acid and glutamic acid, may play an im-
portant role in DNA recognition as being involved in
selective contacts with cytosine only. Moreover, serine
residues in position —2 of the recognition helices are
likely to selectively bind to the phosphate backbone of
the target DNA as well as arginine residues in position 6
that can bind to all bases of DNA. Finally, from the
minimized structure, 2LTRZFP is more probable to es-
tablish hydrogen bonds within Zif1 than Zif2, resulting
in the more selective binding to the target DNA.

In addition to the structural analysis, the molecu-
lar mechanics/generalized Born surface area (MM/
GBSA) approach was used to further calculate relative
binding energies between the designed peptide and the
target DNA compared to its nonspecific sequence
(Zif2). The AAGyinging reveals that 2LTRZFP is more
favorable for binding to the target DNA in Zif1 than
that of Zif2 by —35.0 + 0.5 kcal/mol (see Table II).
This suggests that the Zift complex is mainly stabilized
by the electrostatic interaction (E.;) as the better
hydrogen-bonding network is presented.

Designed Zinc Finger Protein Targeting HIV-LTR



Figure 8. Possible hydrogen bonding between the zinc finger residues and the target DNA triplet within distance < 3.5 A°
between H-bond donor and H-bond acceptor associated with the distance.

Discussion

The Cys,His, ZFPs have been demonstrated to be spe-
cific binding proteins to the recognition sequences.”>”>°
In this study, a six-finger protein was constructed spe-
cifically to 18 bp of 2-LTR-circle junctions. The first,
second, and third fingers can target the terminal
sequence of 5° LTR, whereas the terminal sequence of

3’ LTR can be targeted by the other three fingers. The
2L TRZFP-GFP was expressed and purified from E. coli
to investigate its binding properties. The binding activ-
ity was on the nanomolar scale, which is similar to the
affinity level of HIV-1 IN.3*33 This finding suggested
that the HIV-1 IN might be interfered with by the
2LTRZFP as well. The specificity of this binding was

Table I. Hydrogen-Bonding Distances between 2LTRZFP Residues and DNA Residues

2LTRZFP Distance 2L TRZFP
residue DNA residue (108) residue DNA residue Distance (1(’&)
Finger 1 ARG16(NH) Zif1:DG187(06) 2.97 Finger 4 SER99(OH) Zif1:DT177(02P) 2.56
Zif2:DG187(06) 3.29 Zif2:DT177(02P) 2.56
LYS19(NZ) Zif1:DG186(06) 2.73 GLN100(0) Zif1:DA178(N6) 2.86
Zif2:DA186(N6) 3.21 Zif2:DT178 -
ARG22(NH)  Zif1:DG185(02P) 2.77 ARG106(NH)  Zif1:DG176(06) 3.16
Zif2:DT185(02P) 2.74 Zif2:DC176(N4) 3.13
Finger 2  SER43(OH) Zif1:DA183(01P) 2.66 Finger 5 SER127(0OH) Zif1:DC174(02P) 2.57
Zif2:DT183(01P) 2.61 Zif2:DA174(02P) 2.58
ASN47(ND) Zif1:DA183(02P) 2.80 ASP131(OH) Zif1:DC174(N4) 2.95
Zif2:DT183(02P) 2.77 Zif2:DA174 -
ARG50(NH)  Zif1:DG182(06) 2.82 ARG134(NH)  Zif1:DG173(06) 2.99
Zif2:DA182(N6) 2.94 Zif2:DT173(04) 2.99
Finger 3  ARG72(NH) Zif1:DG181(06) 2.75 Finger 6  SER155(0OH) Zif1:DT171(02P) 2.57
Zif2:DC181 - Zif2:DG171(02P) 2.52
ASP74(OH) Zif1:DC195(N4) 2.76 GLN156(NH) Zif1:DT171(02P) 2.82
Zif2:DT195 - Zif2:DG171(02P) 2.83
GLU78(0OH) Zif1:DC179(N4) 2.87 GLU162(0OH) Zif1:DC170(N4) 2.85
Zif2:DA179 - Zif2:DT170 -

Atom names are indicated in parentheses.

Sakkhachornphop et al.
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Table II. Estimated Relative Binding Energies of Specific (Zif1) and Nonspecific (Zif2)

Complexes from the MM/GBSA Approach

AAEvdW AAEes AAGpol AAC;nonpol AAG’binding
Sequence (keal mol™) (keal mol™) (kcal mol™) (kcal mol ™) (kcal mol ™)
Zif1-Zif2 —3.1+ 17 —255.9 + 9.0 226.3 + 8.2 —2.3 + 0.0 —35.0 + 0.5

obtained by competitive SPR, which indicated that
there was specific binding of 2LTRZFP-GFP and its
target DNA. However, this binding affinity was
decreased when the concentration of EDTA in binding
buffer was increased. This data demonstrated the
influence of zinc ion on correct folding of 2LTRZFP
domains in recognizing a specific DNA sequence.
Moreover, 2LTRZFP can specifically bind to its target
ds-DNA, whereas binding of GFP in the C-terminal
part was not facilitated.

Additionally, theoretical studies were used to
investigate at the atomic level the DNA recognition of
2L TRZFP. Although it is well known that amino acid
positions —1, 3, and 6 within the recognition helix
directly contact the DNA triplet, positions —2, 1, and 5
are also described as playing a role in binding to the
phosphate backbone.3* Our study suggests that serine
at position —2 and arginine at position 6 are very im-
portant in binding to the phosphate DNA backbone
and 5'-nucleotide, respectively. However, the roles of
amino acid positions —1 and 3 remain unclear. The
results herein are particularly interesting because sin-
gle or multiple mutations of amino acid position —1
and 3 would be able to enhance selectivity of the ZFP
motif to the 2-LTR-circle junctions.

Mutation of the IN enzyme encoded by pol gene
can occur,®2° while numerous studies have reported
that the important 2—7 base pairs upstream and the
well-conserved CA dinucleotide at the 3’ end of viral
c¢DNA play key roles in processing and strand trans-
fer.3574° Therefore, the advantage of targeting the 3'-
end terminal part of HIV-1 LTR to interfere with the
IN enzyme is an attractive strategy for a new approach
to gene therapy.

Many investigations have targeted viral replication
by ZFP recognition of the DNA of viruses. The engi-
neered ZFPs targeting the Sp1 binding site in promoter
region of HIV-1 have been reported, and one of them
was found to inhibit HIV-1 replication by 75%.* In
2004, Segal et al. demonstrated that a transcriptional
repressor protein, namely KRAB-HLTR3, was able to
achieve 100-fold repression of transcription from the
HIV-1 promoter. This transcription factor also
repressed the replication of several HIV-1 strains 10-to
100-fold in T-cell line and primary blood mononuclear
cells with no significant cytotoxicity.#* Recently, ZFPs
were designed to bind DNA sequences in the duck hep-
atitis B virus to inhibit viral transcription in tissue cul-
ture. Two candidate ZFPs decreased production of viral
products and progeny viral genomes.>®> These studies

2226 PROTEINSCIENCE.ORG

supported the use of ZFPs to inhibit viral replication,
opening new avenues in gene therapy. There are a vari-
ous methods available to deliver a protein for gene
therapy. The in vivo adenoviral gene transfer of ZFPs
has been performed to induce angiogenesis in a mouse
model,*® whereas retroviral and lentiviral gene transfer
have been delivered the artificial zinc finger transcrip-
tion factors to bind sites in the HIV-1 promoter to
repress the replication of several HIV-1 strains.*”
Recently, various nonbiological and biological carrier
systems have been developed for HIV-1 gene therapy,
such as nanoparticles, liposomes, or synthetic poly-
mers, which can be taken up by many cell types.**

Our study has demonstrated that 2LTRZFP can
specifically bind to the HIV-1 integrase recognition
sequence at 2-LTR-circle junctions. The findings may
be applied for limiting viral integration to maximize
the impact of HIV gene therapy in the future.

Materials and Methods

Zinc finger protein design

Studying order to identify target sites within the DNA
sequence, the HIV-1 DNA sequence of 2-LTR-circle
junctions*® was submitted to the ZF Tools server of
the Barbas Laboratory of the Scripps Research Insti-
tute.>® The minimum target size of 18 base pairs was
set to obtain the output DNA target sequences and
amino acid sequences for the six fingers of the ZFP.
This amino acid sequence was then reverse-translated
into a nucleotide sequence. Codon usage of the amino
acid sequences of the selected ZFP was optimized by
using the JAVA Codon Adaptation Tool (JCat)*® and
by manual optimization. The designed ZFP was further
modified with flanking XemI and Smal restriction
endonuclease sites. The full-length optimized DNA
sequence was sent for full-gene synthesis to Blue
Heron Biotechnology (Bothell, WA). Predicted proper-
ties of the resulting proteins were computed using
ExPaSy proteomics tools.#” Prediction of protein sub-
cellular localization was done using the LOCtree
program.*®

Plasmid construction

The full-length optimized DNA sequence of 2LTRZFP
was synthesized and cloned into pUC19 vectors by
Blue Heron Biotechnology. The 2LTRZFP gene frag-
ment was ligated to pTriEx-4-GFP using the flanking
XemlI and Smal sites to construct pTriEx-4—2LTRZFP-

Designed Zinc Finger Protein Targeting HIV-LTR



GFP, creating an N-terminal His6-fusion protein with
GFP in the C-terminal part. This plasmid has a multi-
ple expression system driven by the CMV, T7, or p10
promoters. The ligation product was transformed into
the competent E. coli XL-1 Blue cells and plated on
Luria-Bertani (LB) agar containing 100 pg/mL of
ampicillin. The plasmid miniprep was performed using
a QIAGEN Miniprep Kit (Qiagen, Hilden, Germany).
The constructed plasmid was preliminary identified by
the restriction endonucleases XemlI and Smal. PCR
and DNA sequencing performed  for
confirmation.

were

Expression and purification of
His6-2LTRZFP-GFP

We used E. coli Origami B (DE3) as the expression
strain. A 10 mL Terrific broth preculture, supple-
mented with 100 ug/mL ampicillin, 12.5 ug/mL kana-
mycin, and 12.5 ug/mL tetracycline was incubated at
37°C until reaching an absorbance at 600 nm of about
1.0—1.8. The preculture was diluted 1:100 into 100 mL
Terrific broth medium with 100 pg/mL ampicillin,
12.5 ug/mL kanamycin, 12.5 ug/mL tetracycline and
supplemented with 100 pM Zn,SO,. The culture was
incubated at 37°C. When an absorbance about 1.0 at
600 nm was reached, the bacterial culture was
induced by 0.1 mM IPTG at 30°C for overnight. Bacte-
ria were then harvested by centrifugation (7500g at
4°C for 15 min). The bacterial pellets were resus-
pended in 6.25 mL of B-PER II Bacterial Protein
Extraction Reagent (Pierce, Rockford, IL) and lysed by
ultrasonication in an ice bath. The lysate was centri-
fuged at 15,0009 for 20 min at 4°C. The supernatant
was collected and filtered with microfiltration mem-
branes (0.22-um pore size). The clear solution contain-
ing His6-2LTRZFP-GFP was applied to His-bind col-
umn chromatography (Novagen, San Diego, CA) for
protein purification. The eluated fraction containing
His6-2LTRZFP-GFP was observed using Coomassie
brilliant blue R250 stain (Bio-Rad, Hercules, CA). The
purified protein was kept in final concentration 25%
(W/V) glycerol for long-term storage at —80°C. The
protein concentration was quantified by using the
Micro-BCA protein assay (Pierce). All the samples
were analyzed by SDS-PAGE. Western blot analysis
was performed on a Hybond-P polyvinylidene fluoride
membrane. (Amersham Bioscience, Piscataway, NJ).
After being blocked with 5% skim milk in PBS, the
proteins were probed with anti-his-tag monoclonal
antibody (Genscript, Piscataway, NJ) as a primary
antibody and horseradish peroxidase-labeled goat anti-
mouse (Sigma, St Louis, MO) as a secondary antibody,
using the ECL system (GE Healthcare, Buckingham-
shire, UK).

Cell culture and transfection of HeLa cells

HeLa cervical carcinoma cells were kindly obtained
from Dr. A. Lieber, University of Washington, Seattle,
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WA. HeLa cells (1 x 10°) were seeded onto 24-well
plate in humidified atmosphere under 5% CO, at 37°C
in Dulbecco’s Modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY) containing penicillin (100
U/mL), streptomycin (100 ug/mL), and 2 mM r-gluta-
mine, supplemented with 10% fetal bovine serum
(FBS) (Gibco) for 24 h before transfection. Transfec-
tion mixture was prepared by adding 1 pg of the
pTriEx-4-2LTRZFP-GFP or control vector pTriEx-4-
GFP and 2 pL of GeneJamer (Stratagene, La Jolla, CA)
into DMEM up to 200 uL. Then, the mixture was
incubated at room temperature for 10 min. The culture
supernatant was discarded and 300 upL of fresh
DMEM containing 10% FBS and antibiotics was
added. The transfection mixture was added to the cells
and incubated at 37°C in 5% CO, for 5 h. A total of
500 pl of DMEM containing 10% FBS and antibiotics
was added and further cultured at 37°C in 5% CO, for
24-48 h. Green fluorescent protein (GFP) was
observed under a fluorescent microscope.

Double-stranded DNA preparation

ds-DNA of specific and nonspecific target DNA was
prepared for testing the binding activity of 2LTRZFP-
GFP. A pair of specific ds-DNA (sense) was designed
as follows: 5'-AAA TCT CTA GCA GTA CTG GAT GGG
CTA ATT-3’ and a pair of nonspecific ds-DNA (sense)
was also designed as follows 5-TGA CAG TGC TAG
CGT ATC ATC TAG TCG ACG-3'. The specific sequen-
ces to 2LTRZFP-GFP are shown in italic. The reaction
mixture (100 uL) for annealing was composed of each
600 pmol single-stranded DNA (ss-DNA) and comple-
mentary strand in 50 mM NaCl. The mixture was
heated at 95°C for 5 min and then slowly cooled to
room temperature for 90 min. For immobilization of
ds-DNA on a sensor chip SA (Biacore AB, Uppsala,
Sweden) for SPR, the 3’ end of the antisense strand of
specific target DNA was labeled with biotin.

Surface plasmon resonance

SPR was carried out on a BIACORE 2000™ biosensor
(Biacore AB). The target DNA duplexes were immobi-
lized by injecting the biotinilated specific ds-DNA of
0.5 pg/mL in 0.3M NaCl on a Sensor Chip SA (Biacore
AB) at a flow rate 5 pL/min in running buffer (HBS-
EP), containing 10 mM HEPES (pH 7.4), 150 mM
NaCl, 3 mM EDTA, 0.005% (v/v) surfactant P20 (Bia-
core AB). Typically 800—1000 RUs of the target ds-
DNA were immobilized. After DNA immobilization,
the chip was washed with 50 mM NaOH/1M NaCl and
then primed with zinc buffer [10 mM Tris-HCI, pH
7.5, 90 mM KCl, 1 mM MgCl,, 90 pM ZnSO,, 5 mM
dithiothreitol, and 0.5 mM phenylmethylsulfonylfluor-
ide), which was used as a running buffer for a period
of binding analysis. ZFP was diluted in zinc buffer and
60 pL was injected at a flow rate of 20 uL/min, fol-
lowed by a dissociation phase of 180 s. Before each
injection, the baseline stability was achieved by
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injecting 1M NaCl for 2 min. To calculate the binding
constants (Kg), the kinetic parameters were evaluated
with BIA evaluation software 3.1 (Biacore AB) using a
1:1 binding model with mass transfer. For competitive
SPR, 2LTRZFP-GFP was incubated with different con-
centrations of nonbiotinylated ds-DNA of its target ds-
DNA, and nonspecific ds-DNA in zinc buffer for 15
min before injection.

Electrophoretic mobility shift assay

2L TRZFP-GFP or GFP was incubated with 250 nM of
DNA duplex at room temperature for 1 h in zinc
buffer. Total volumes were 10 pL per reaction. The
reaction mixtures were mixed with 2 uL of 6x EMSA
gel-loading solution (component D) of EMSA kit
[E33075] (Invitrogen, Paisley, UK) before being loaded
on 5% nondenaturing polyacrylamide gels using 100
V, 30 min. Gels were stained by using two fluorescent
dyes for detection—SYBR® green EMSA nucleic acid
gel stain (component A) and SYPRO® ruby EMSA pro-
tein gel stain (component B) by following the protocol
from the same kit. The stained gels were imaged at an
excited state of 488 nm using a Typhoon Trio
phosphorImager (GE Healthcare Biosciences, Piscat-
away, NJ).

Molecular modeling of 2LTRZFP-DNA
complexes
Construction of the 2LTRZFP-DNA complexes was ini-
tiated using an X-ray crystallographic structure of a
designed six zinc finger motif (Aart) bound to an oli-
gonucleotide from PDB entry 21133* as a template.
The sequence of the Aart peptide was then modified
(using the Discovery Studio version 1.7 program pack-
age) in recognition helices according to our designed
ZFP resulting from ZF Tools.?° The DNA duplex from
the crystal structure of the Aart-DNA complex was fur-
ther remodeled to 21-mers oligonucleotides of 2-LTR-
circle junctions, as follows:
5-CTCTAGCAGTACTGGATGGGC-3’
3'-GAGATCGTCATGACCTACCCG-5'
as a specific complex

and

5-AGTGCTAGCGTATCATCTAGT-3’

3'-TCACGATCGCATAGTAGATCA-5 termed Zif2
as a nonspecific complex.

All backbone atoms of the protein and DNA
sequences for both modified models were maintained
as in the crystal structure. The ZFP was thoroughly
prepared before performing the energy calculations.
Protonation states of ZF residues were decided by
reassignments of all histidine residues to §-histidine
(HID) and all cysteine to CYM (cysteine with a nega-
tive charge). Finally, a longer range electrostatic model
(c = 170 10&, ¢ = 0.67 kcal/mol) of the zinc ion
(Zn>")* was used instead of the original nonbonded
zinc parameters from the AMBER force field, avoiding
a disorder of the ZFP during minimizations. The Zn>*

termed Zif1
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was coordinated within the ZFP by two CYM and two
HID residues. A geometry with a tetrahedrally coordi-
nated Zn®" in the center of the ZFP was subsequently
maintained throughout the minimizations. The
remaining protein and nucleic acid parameters were
determined using the AMBER ffo3 force field.>®

Both Zif1 and Zif2 models were then solvated with
an explicit TIP3P water model®" in a truncated octahe-
dral box with a minimum 10 A distance between any
solute atom and a box edge. Periodic boundary
conditions were applied for avoiding the impacts
from the atoms on the outer surfaces drifting away
from the simulation box. The systems were neutralized
with a minimum number of sodium ions and were
then energy minimized in two stages (only solvent
and ions at first, then all atoms). Each minimization
stage was performed using the first 100 steps of a
steepest descent algorithm followed up with 2400
steps of conjugate gradient minimization to get closer
to an energy minimum. The minimized conformations
of Zifti and Zif2 were visualized and structurally
analyzed.

Analysis of the ZFP-DNA interaction energies

To investigate the relative binding energies between
the designed ZFP and the target oligonucleotides, a
short trajectory of each protein—DNA complex was
produced. The system was treated as a ligand/receptor
complex, in which the designed ZF motif was the
ligand and the target DNA was the receptor. The MM/
GBSA approach was then used to calculate the free
energies of molecules (Gy) in solution as described in
previous work®® [see Egs. (1) and (2)]. The molecular
mechanical energies, the van der Waals interaction
(Eyaw), electrostatic interaction (E.), and internal
energy (Ei,), as well as the free energy of the GB sol-
vated system (Gp,1) and the hydrophobic contribution
to the solvation free energy (Gpnonpo) Were calculated
with the SANDER program. The GB°®¢ solvent
model®® with igb = 2 was used in this study. The bind-
ing energies of ZF motifs to their DNA and the relative
free energies between Zif1 and Zif2 are calculated as in
Egs. (3) and (4), averaging over trajectories from the
minimizations.

Gy = Evaw + Ees + Ein + Gpol + Gnonpol ®
Gronpol = 0.0072 keal mol™*A%™2 x SA (2)
AGhinding = Geomplex — Greceptor — Gligand 3
AAGhinding = AGhinding (Zif1) — AGpinding (Z1f2)  (4)
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