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EE: B AT, 24te] Z]=old] H=2]H(PAMAM G2)9} nuclear localization sequence(NLS) A 8-S 4
s}gk KKRK, KKRKH FEJ=5 0] 83t A2-¢ slo|Baj= IRAE FABIHIL o]59] F22 daA| A &

AL ERI3I3ATE Hep G29F NIH3T3 AMEFE o]-&3t 34 FAMS AFo=2 o] PAMAM G2 15—1}9}
‘3]3’-5}04 ZF A 2ol A 208, 27008) ©)F F7HE A AE 2&S RIS tkgt AlE U oY) AAES
o] &g HAS Fol ¥ LEAEZTEPE DNA E3A9] FH AEAIEAE ARI7E A2 v7iisds
It 24 A S Sall ETtAP= DNAZE Al 3 FRof] 23S SRIsIith B3k, FACS Ao
TEADNA B39l ZelZese) drEe] ©F dayl Busle Sleigint. ¥ A8 £8) KKRK-PAMAM
G2, KKRKH-PAMAM G27} E&2Ql Hulo|g|2/d WEe] R0 2 &84 ¢ Se= A 7FaAS Rlskint
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Abstract: In this study, new hybrid polymers composed of polyamidoamine dendrimer generation 2 (PAMAM G2) and
KKRK, KKRKH peptides derived from a nuclear localization sequence (NLS) were synthesized and characterized as
gene carriers. Using Hep G2 and NIH3T3 cell lines, it was confirmed that the gene transfection efficiency was increased
about 20- and 2700-fold in each cell compared to that of the native PAMAM G2. The main endocytosis mechanism of
the polymer/plasmid DNA complex (polyplex) was proved to be macropinocytosis through endocytosis inhibition exper-
iments using various inhibitors. It was confirmed that the polyplexes existed around the cell nucleus using a confocal
microscope. In addition, it was observed that the polyplex showed active escape from endosomes using FACS analysis
using acridine orange. As a result, KKRK-PAMAM G2 and KKRKH-PAMAM G2 show their potential to be one of effi-
cient candidates as non-viral vectors.
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Azt Foleg wA =i ZA7|H I o8] ik} v
iA}Ol o] FHZHAE YA, A ?s_ FAAE ohegst
R B 4 QUTES 24 33} ofRlSo] F-
o}ﬂl EAEt =F 9 Gl o3l pH7F A1A13] Eof
A B2 ol2Ec] &Yl "t =oll o] T 4t
Fotel S7HE sty grolige] Aol 218=7] A <l
EF 9 7 B E] 42 E3A7E g@EsHA €. o]
7ML phole 2EA ZIPE ME YR fAx WE
&S =0 ddgo] Zolxitial d#A
Tt [0 ® PAMAMS: ©|-8-3F 304} g WE 9
7Fs/dE Eole dTEe] AEH o= ERHUTEY FH 2o
£ PAMAM G237} S| 292 ulo|aizatol| A FeiE NLSS!
RRILH, RRLHL—O— m]s}o:} NIH3T3 4| 304 PEI B}
Hol= A7t RAEH
?&Ji, W x%ak_& A=F &8 T7HI7I7] Sl8iA 71
21 B 540 5ol8 oz doE= oAt A E(GFLG)S

EQleke WEen TEAE SIS, Hela AEFOIA
o $HA AT BEL SNSATL! S, T4 B v}

o]z kAo f2fE NLS 4|82 KRTR, KRTRHE
PAMAM G3°l =9)38ted A, 44 g & &o]
A549 A EFo)| A= PEI Bt} =37, Hep G2 M EFNAE
PEIS} AR 248 Ueple A7 A3= BaEoh”

olgfgt 3 =& ARES FaLsle, & AT s B
Altie] ZEjopn|zolrl dlegm o} f7F He 885 =Y
T e oh=At MEE FHdste] BAdo] A fA Ay
T BY F JdE IEAE FASAT 21F2A NLSS
glo]Als} ol27|de] T clusters 233 monopartite®] 5
s 7HAAL AeEPE S S 71k FE ONLSO| w41
&3ll, SV40 Hiolg]zof 3| ofr]=tt AF, PKKKRKVE
A€} NOSTRINBel| =418t NLS A€ 5 &AL
KKRK® H#3}etlaL, Ejobr|olrl dl=g]w 2xje]
El= AL =3 ATl goleA TR A e} A Euke)
AAEE FA71A Q8o e 718 S FAd5=
"7 Fejopn| oyl dlegjwe] U} ofyle] 426} HlH|ste]
2 g g8l 57}H11”P A 548 e+ Atk
weba], HA e E&3 B2 Al 548 98l Eelobrzot
LS IR=t=A kol Rt o= A P Atk

B3 obriit E Yol S|AEHS =Y ST 5]4E
9 pKaZk 60]aL, dleFolld 2= AEA] 835 7L

o} FEFE 20| gES FHsl] AESAFS A=
Zog dA] AUtk FFA o7 Zejon ol dl=gH
27pe} s)zElde] 52, A8t NLS opliedt A (KKRK)
< 0]8-3F9] KKRK-PAMAM G2, KKRKH-PAMAM G2<]
EE)siehs] A AR A A8AEA ] 7S &
1&FA Tt
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Alef 2 ZYE. Polyamidoamine dendrimer ethylenediamine
core generation 2 solution(PAMAM G2), N,N-dimethylform-
amide(DMF), Fmoc-Lys(Boc)-OH, ethidium bromide(EtBr),
piperidine, triisopropylsilane(TIS), trifluoroaceticacid(TFA),
diisopropylethylamine(DIPEA), dimethylsulfoxide(DMSO),
Deuterium oxide(D,0), acetonitrile(99.9%), chlorpromazine
hydrochloride, methyl-f-cyclodextrin, nocodazole, genistein
£ Sigma-aldrich(St. Louis, MO, USA)el|A ol 3} %1t}
Fmoc-Arg(Pbf)-OH, ANASPEC(Fremont, CA, USA)o|A] -
w3} t}. N-hydroxybenzotrizole(HOBY), 2-(1H-benzotriazolel-
yl)-1,1,3,3-tetramethyluronium(HBTU), Fmoc-His(Trt)-OH+=
Novabiochem(Darmstadt, Germany) AlolA 31T}, Ethyl
ether, 99%+< Junsei(Nihonbashi-honcho, Chuoku, Tokyo,
Japan)ol| Al Al 5151

Dulbecco's modified eagle's medium(DMEM), Dulbecco's
phosphate buffered saline(DPBS), fetal bovine serum(FBS),
WELGENE(Daegu, South Korea)ol| A1 -l 3} % t}. Trypsin
0.25%(1X) solution HyClone(Logan, UT, USA)ol| A ~*ul
Skt

Reporter Lysis 5X buffer, luciferase assay system+
Promega(Madison, Wisconsin, USA)*|A] 1l 333t}

100xantibiotic-antimycotic reagent, bisbenzimide(Hoechst
33342), Alexa 546 Nucleic Acid labeling kit, Micro BCA™
Protein Assay Kit, acridine orange(Molecular Probesy= Thermo
Fisher Scientific(Carlsbad, CA, USA)oIA] #ulj 5}

WST-8 Cell Viability Assay Kitv= BIOMAX(Seoul, South
Korea) Atol|A] sttt

MZ3. Hep G2(human hepatocellular carcinoma cell
line) M35} NIH3T3(mouse embryonic fibroblast cell line)
M2Z2FE= 10% FBSS} 15 antibiotic-antimycotic reagent’} 32
$Hel DMEM$ o83l 37°C, 5% CO,, 95% A% #id7]
oA wj st

KKRK, KKRKH-G2 &, o) white =3} 722
HE ARSI 7heks] webd, A HE= AW
o] &3l 4] PAMAM Generation 2(G2)2} Fmoc-lys(boc)-OH,
HOBt, HBTU, DIPEAE 1:4:4:4:89] EH]&= DMFeA] 18
AZE 59t 43°ColA WSt o &, AdE BHe At
<> 1;]oﬂaoﬂgﬂei 3:] 40}5/_ /g\lo}.,_q. ;dx%ﬂ 6‘]—/\-]‘:' s A
27F2 AZAZ F 7:3(viv)e] DMF/piperidine &30l
BalAA = OMW 277 &<F Fmoe He7] AIAE
et ool tha obieit MEES TUT o R
HE= S A3} of=71de] Pof, 3]2E]He] Trt, 2}
olale] Boc H&7] AAZS sl TFA/TIS/3A} SF<=(F-H]
95:2.5:22.5)0 &3|A1713L 7A17F B3k WhSAIZI ) o] %ol T

to o



24the] PAMAM H=elvish KKRK WEI=E H3e w324 2a09) §4 2 24 Ae)

eeHER I & Rl thaoll 33} TRl &lAA
EAEHMWCO 3500, Spectra/Porll 571 3 2474|7F
Ag FFsiqict. £ & sAx A, 94
21371 $18] 600 MHz A7 |5 HEAH(NMR)O-Z
A

HPLC(1Ms A I Z0lEIIE) &5 24. G2,
KKRKH-G2¥& 2000 ppm %=, KKRK-G2E 1000 ppm
2 stk P22 10 mLE HPLCO ARS8,
AHL CI8(5 pm, 2.1x100 mm)E |83l HAE7] g2
210 nm, ZH2EE 25°C, $=+ 04 mL/min 274 10
E7F 0.1% EZEF 2o ELN] E08e &3 oHEY
EYS 95:500A] 75:259] FHlE HAISIATHY

KKRK, KKRKH-G22} Z2|A0|E DNAQ| ZzZ|Z3A &
M B4 0.5 pg pDNA(pPCN-luc)9} ZHE Fa]o] w2
AgE S dotr7] 9184 171953+t HEPES buffer
(125 mM, pH 7.4) 7oA SHRId= FH|s H, 302 &%
22X complexA 71t 0.7% oF7F2 2279 EtBr 0.5 pg/
uLE AH2sA 100 VoA 155 &<t 771965 33819t

ATEMI|E 0|88 Z2|1Z2 A0 37| ¥ MERSY &
H. Zeve} pDNAS] ZE1ZY 2~ T X ) §3A A2
BEY 5A4S 2HS HH o FHHE o] &t AdolA
30% &<t complexA|ZIth. 1 o] 77t 33} SRTE A7t
3o Zetasizer Nano ZS(Malvern Instruments Ltd., Malvern,
UK)E S35k

M= W =4 A8, HepG22t NIH3T3 Al2ZFlA] KKRK,
KKRKH-G29] FE°] W& 545 &2lst7] #13] WST-8
assay(Biomax, Quanti-Max)E 5343t} 2 AIEZE 96 well
platel] 18,000 MZ/well 2 #3F F, 37°C, 5% CO,, 95%
SEzANA st 18417 &, vekdl FE= FH|EH
PEI 25 kDa, G2, KKRK-G2, KKRKH-G2E A3l 2]&}
3L 2407 FRE BY ZCA wiFeidith teket ZEiHE
o] AZAI7F 247171 =sl7] 2A17F el Ez-Cytox reagent
WST8 Al2RS 7} well B 10 plA H2]8k &, 2417 52t vt
S A Z ) ©] %, ELIZA(VERSAmax, Molecular Devices,
Sunnyvale, CA, USA)Z 450 nm®] §3%=0lx =433t}

M=Z W /38Xt M 58 4§, KKRK, KKRKH-G2¢]
A W 7 g 888 SRIsE] $18 HepG29F NIH3T3
A ZFlM 7138513t} 2F AIEZS 96 well platel] 18000 Al
Fiwell2 BF3 5, 37°C, 5% CO,, 95% =704 ul
&3 Complex teste} &Y g 2] 2] FHH|Z A )
FHS H7Fste] 30 pLe] TEEYAE e, AlETF B
H T 18AZ mEe ) Aol Helsith. FeEE Tt
2E & 2470710] FRL wl), M wikle- A4Sl DPBS
2 A o}F T Reporter Lysis Buffer(Promega)E g2l 30%
ZF REGAIA AIEZE Gl AIZITE 13200 rpm, 103-7F A4l

BaA ATAE FEATI L, TS ARk

i
Jot At
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Micro BCA™ Protein Assay(Pierce, Rockford, IL, USA)E
ol g3ir AAE TS A7l Lumat LB 9507(Berthold
Technology, Bad Wildbad, Germany)X= luciferin agent
(Promega)s 2] sto] FA|F gl B4dE& S48k F
F2 02 RLU/ug protein®] T2 VER T

MZ W ol XMali HIZiE AE. =927 ou g
TH AIE W oS Tl Bkl Lotrr] Sl 23
S A3}t NIH3T3 Al EFZ 96 well plateel] 18000 Al
Eiwell 2 2538 7, 37°C, 5% CO2, 95% H=x71004 24
A7 F<t Bl skt Complex testel FL g WA S&
HIZ AE e Hristed 30 ple] FEH s TEL,
ZEEFY 2 A 307 A AE WY oy AAES HT F
=75 uwM 2232207, 20 uM methyl-B-cyclodextrin,
10 pM =30, 37 uM AU ZEIRIC 2 Al w3} §F
A 712 AE afGdellr vpgdnt? EeEE ) 22|
T 6A1Zke] A, 7128 Al wj Y S A A s T
S| Al W o] AsliAll7F e AlE wjg o s WA
ST AE W o]d AsliAlel =EE F 12417Fe] Ay
Az 2 e 38 A3 L AR AxE

[e]

FNAYI FFNE FEF ] TAS oA B2 vlast

0ld A8, AE U2 pDNAZL & Eoizke
=] gRlal7] Sl T2 FEAn)7E3S ARSI pDNA
= Alexa 546 Nucleic Acid Labeling Kit®] protocol®l| 8 A]
H A s FFEA SATE NIHIT3 A EFE 1 p-
Slide 8 well(Ibidi)ll 30000 Al 32 /well &3 ¥, 37°C, 5%
CO2, 95% HE=Z7ANA 244 7F B3t vjggith, 2 o] §
3 A ¥ pDNAS}F PEI 25 kDa, G2, KKRK-G2, KKRKH-
G2o] EEEYAE Ao APallErt. 241]7F 59t w gt
T, F24 dvdeg BA51] 308 ol M2 Hoechst
3334202 1027F WA A HASEAL Zeiss LSM 5 live
scanning microscope(Carl Zeiss, Jena, Germany)2 53f ¥z
skt

FMZ 2M(Flow Cytometry) 8. AlZ W Zg|Z28~
7F AR AES 3 T dEE 9ES Y8 golhaFow
HslE o] AE U= A gls] 918 ok=Ed &
@ <] (acridine orange, AO)E ©|-&3}] AP 33t
NIH3T3 Al2Z255 6 well plate®l] 150000 7l /wellZ £33 H,
37°C, 5% CO,, 95% FEx710A 2447 53t wj sttt
0.5 pg pDNA(pCN-luc)9} KKRK, KKRKH-G2E 1:8 %
HI 2 Al zejeke] AollA 600 uLe] complexE =24 30
7 FASATE sl FEEEAE Wl F 24x1710] HRY
, A M]aiaitt. FelEd 0] Xejrlzke] 2447k
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sle] AASEATE A4 7] (Becton Dickinson, FACS
Canto I)Z ©] &34 FITC, Texas Red ZFgtollA 100007
o] MEE FAEIATH

SAH M2l 43 A3} del"e] 5A A= GraphPadi}
9] Prism 5 T2 I#2 ALE3le] Student’s t-testS 538313
TH(*p<0.05, **p<0.01 and ***p<0.001).

Zn o £

KKRK, KKRKH-PAMAM Generation 2(G2) &M, &
Aol A A2 KKRK-G2+= PAMAMe]| 2fo]Al; o= 7]d
To 2 AR FAI59aL, KKRKH-G2& 8]2E, 2fo]al,
ol271d o2 S 3Ith At FF4AD,0)0 521
PEES 600 MHz A7 FHEATH(NMR) .2 #4718 2
7}, KKRK-G2¢] @& ghol|4l, ok27]do] 2k 99%3]
I, FF 99%0)de] dAHES Btk KKRKH-G29] &4
B2 oA, of271de 99%, S|2EIUS 92%E FHF A
PLES 92% ooz ERIEITH NMR 28 EY 42
=} 2 th(Figure 1).

KKRK-G2: §(ppm) 1.545E}]4] -CHCH,CH,CH,CH,NH,-),
1.789(8}°]41 -CHCH,CH,CH,CH,NH,-, °}27]d -CHCH,-
CH,CH,NH-), 1.856(2}°]4! -CHCH,CH,CH,CH,NH,-, °}Z
714 -CHCH,CH,CH,NH-), 2.526(PAMAM -NCH,CH,CO-),
2.738(PAMAM -CONHCH,CH,N-), 2.926(2}°] 4l -CHCH,-
CH,CH,CH,NH,-, °}Z7|d -CHCH,CH,CH,NH-), 3.089
(PAMAM -NCH,CH,CO-), 3.306(2}°] 4l -NH,CHCH,CH,-
CH,CH,NH,-), 3.382(PAMAM -NCH,CH,NCO,-), 3.7(PAMAM

(a) 0,0

(b)

b

L] ] 7 (] L] 4 1 2 1 e

Figure 1. '"H NMR data of (a) KKRK-G2; (b) KKRKH-G2.

Z2H, Al46d A1, 202214

)

24

-NCH,CH,NCO-), 4.414(2}°]4] -CHCH,CH,CH,CH,NH,-,
o}=27|d -CHCH,CH,CH,NH-).

KKRKH-G2: 1.589&}°]* -CHCH,CH,CH,CH,NH,-), 1.852
(8}°]4l -CHCH,CH,CH,CH,NH,-, °}27]d -CHCH,CH.-
CH,NH-), 1.939@}°]4! -CHCH,CH,CH,CH,NH,-, ¢}27]d
-CHCH,CH,CH,NH-), 2.604(PAMAM -NCH,CH,CO-), 2.858
(PAMAM -CONHCH,CH,N-), 3.035(2}°]4l -CHCH,CH,-
CH,CH,NH,-, °}271d -CHCH,CH,CH,NH-), 3.154(PAMAM
-NCH,CH,CO-, 3]22E]¥l -HCCH,CCHNCHNH-), 3.340(2}
o]l .NH,CHCH,CH,CH,CH,NH,-), 3.484(PAMAM -NCH,-
CH,NCO-), 4.009(PAMAM -NCH,CH,NCO-), 4.479(2}°]4]
-CHCH,CH,CH,CH,NH,-, ¢}27|d -CHCH,CH,CH,NH-),
4.679(3]2~E]¥  -HCCH,CCHNCHNH-), 7.145(3]2€d
-HCCH,CCHNCHNH-), 7.95(3]2~E]d -HCCH,CCHNCHNH-).

HPLC(ZAMS x| I z=olEdD]) =5 24, NMRE
A& B3l 90% o] FAEES 18I, HPLCE ©| %
A e BAS s A 246 we) ofu)iesto]
A =lo] Ealae] 717 KKRK, KKRKH-G2&= 71591 G2
o] HEE AI7KI SEHL =2 okl Uehbe S IR
T AN = 7Y E AR Yehd A0® Hol
=2 o] H3vh=s AS g1 5 Ark(Figure 2).

EZ2lA0|= DNA2| Complex Testel 37| 2 MEIML]
X, Ot TR FHES S0 DNA(pDNA)O]
ZEU2E JAs=A Rl e A718E5S X9

G2

0 1 4 1 1 T 2 T
Retendion b (minj
as

o4

KKRKH-G2 201

(1]

[ i i i 11 n 1 "
Rabesviion time |minj

KKRK-G2 T

1 2 H 6 H 10 "7 I
Fetenixn lrme (min)

Figure 2. HPLC chromatograms of G2, KKRK-G2 and KKRKH-
G2.



24the] PAMAM Hl=g]wel KKRK HE|=E H

Control 1:

(a)

Contral 1:1 21 4:1 B1 121 161 PEI G2

(b)

Figure 3. Complex test for polyplexes of (a) KKRK-G2; (b)
KKRKH-G2 with pDNA. Control (pDNA only), the weight ratios
of KKRK-G2 and KKRKH-G2 with pDNA.

Table 1. Characterization of PAMAM Derivative/pDNA complexes

Sample Zeta Potential  Diameter  Polydispersity
P (mV) (nm) (PDI)
pDNA -15.50+1.93 - -

178.97+0.90 0.22
176.67+11.15 0.24

KKRKH-G2/pDNA  +33.80+2.61
KKRK-G2/pDNA  +26.13+0.47

*Complex samples were prepared at 8:1 weight ratio and measured 3
times.

Attt KKRKH-G2E 1:1 -8 pDNAS] Hi=7} $HH&}1A)
A E AT S FskATh KKRK-G2+= 4:15-H
pDNA2] Wi=7} ZojEH | 8:18 b slA B3H47F FAE
< skl th(Figure 3).

71952 53+ complex test E3)A 2+ FAHEE] 8:19
A GAT ZYZUAE Tl A8 31T Zetasizer
2 243 43 2442 KKRKH-G2E +33.8 mV, KKRK-
G2= +26.13 mV7} YeR= AS RISt A W= &
ZA7E o]y = 7] S8l E8]EY 2= 300 nm ©]5ke] Ui
APl|2E 7= Alo] Fagh], sie EEEdAE 178, 176
nmE Yehh= 21S ERISHITHTable 1).

A7 o 2 KKRK-G2, KKRKH-G29] &3+ ksl &
AL Zetasizer TA OS2 T, pDNAL] Q13 F 7]
2 Q18 Bl ZEEY v P E 71952 o83t
SN =

M=Z W SM A8, Ax5o) & KKRK-G2, KKRKH-
G29] 545 H7ksl7] S84 WST assays Z1e§ 3T

Aol NEE nEZEEo} fiolgdaie s 3
o] formazans FAASHA L F& ME= G480 A}
ZH4 formazan®] §-3=0l wE} MAESAHS B4 4 o)
PEI, G2, KKRK-G2, KKRKH-G2& FHE F=7} 90, 45,
22.5, 11.25 pg/mLE =2 A3l 2]2]311 T}, HepG2 MEF
o M= M HAdo] =ohal €ei%l PEI 25 kDe v~ &2
=4S veRd AL 1619, sllE F=0l4 G2, KKRK-

i o

T TR e Y B A AR 59 AT 17

(a)
120
P S S .
100 == ”*,_' 4 ' ——
—
Pl - PEI 25kDa
2> —e— PAMAM G2
= . 4— KKRKH G2
E \ v KKRK G2
: ll-_u
§of &
\
™y
204 ™
\. e m— -
2 a0 &0 80 100
Polymer concentration (pg/mL)
(b)
120
'y - =
100 o —3 .[‘ .
L * = PEI 25kDa
;g‘ 80 - PAMAM G2
" 4 KKRKH G2
£ v KKRK G2
5 60 by
ﬁ -
L 1
§
204 " v
- . -
2 %0 80 ® 100

Polymer concentration (pug/mL)

Figure 4. Cytotoxicity assay in HepG2 (a); NIH3T3 (b) using WST
assay. The data of respective point indicates means=SD (n=4).

G2, KKRKH-G27} 54¢] 9128 &1 & AATh(Figure
4). NIH3T3 A EFoA % PEI 25 kD2 =4S sl
KKRK-G2= 90 pg/mLolA 24%, 45 pg/mLold 8%2] A|E
AEEo] UERsth FdskE 7R Wiedirhe dukde® &
Al 71 ARG AEX HE fFdol O Bobx Ax
el FFE = AoZ dHA UrhB E3, Gol2A4
HARE S04 AaEAtel] Hlal AlEEte] Fg/d-S vl
3L, AllER-(DE)] TS AT o) Al 7]
Glo] AA= L, MERDS AaleHA Hol 5438 UEef
9= BE T KKRK, KKRKH-G2+= A 251
Al 2po)7t Yehed], AlEe] wizkeol 93k Alzut

$9] xjolgtar Al HTH B wEw, gkoled

&3k MEZAFNA NIH 3T39] ICs, > 4 ppm©|3. HepG2
o] ICsp= 97 ppmlE 72 B4 o] 54 H=7} 244 Afo)
7} e A& B ), NIH 3T3 Al £9] Yol B4l tigt
=7 Hep G2RE 1 & 7ol 7108ke 2oz Azte
t}» KKRK, KKRKH-G2= dl=2]w gejo] 300 s}

=

fu
O o it ofN O Ky it m

i

g -
o
o
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(a) 1.0x10" -
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Figure 5. Transfection efficiency of KKRK-G2 and KKRKH-G?2 in
(a) HepG2; (b) NIH3T3. The results are shown as mean+SD (n=3).
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Figure 6. Endocytosis inhibitor effects on transfection efficiency of
the three polyplexes in NIH3T3 after 6 h. The results are shown as
mean£SD (n=3).
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