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EILZE BT OB D FLRBRIES
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Bz A )L ZEYHE (COVID-19) DLRHMe< 1, 5 WIS RITHAEL . REKO G EHEED A
WTT, ETIIUHIZCOVID-19IZLD B LRI b T i 2 DT EEZ LDPLEBFTOWELET, -,
MEBINTH 2 LIV EBREWVHRL RIF2EEHIT 1RSI HIZON TWDERIEFEH O F 41
GREHL B ET,

NEDE B TEGIERC BARREFBELOKRBL THHELFE X ET, M100FFTO AL B IL, 54
TRIFRIEDSHENL LT R A o 7 Vo W E7e E LT, A EIOFH a7 A AL IR & L8 BN HEBLL
TWDHOD, B, IR TIIENRHENLSNDIETLLY, BUZ, mRNAV Y F 2 LW R 7y 1% H
WHFTLNEFENES REAL — R THZE KRS, Tox 28I ORONEL T,

L OHEADEIEE 73 7L~V THDLHE | BIROREZ IS T =DNAOHELDOEIE ThDH
SAFET, FLT, FOHIENELIZDONRT AN ZTHLE VM AHYET, EBHtELL T AL %
IZXRHLTEDLNTI DL, UANVAGL IR LY | Ui 2 FE A AL, B &R L ET,
DA N AEE FEEIRDEY DI AT DT DR B T DAL AR L TET-EF 2 £9, B U E
THBIETFITUIT ANV AH K EEZ 2 GNDE DR LML TWET, EMTRFEL TUANANGER
TEZTHY, BHEZELSETEIZOTLLY,

AR RS AT R ZE DM T TN DT AR EE SN TiX, CRISPR/Cas9s 27 LD HWBIVET 23,
CRISPR/Cas9iZ. Ak M AEMDAT T DI NMET AL AR T T AIR ~D IS FES AT LE LTI RSN
FLTo, Fo, IEFEREL TEMIEENsiRNATL, RNAT# (RNAD 25| 29 ZARHRNATI A3,
RNAi HEREIZZ <D AERFE TIRIFESN TN T, TOAEM IR EFREL TUXT ALK D R
LT EL TEI WM RIBSN TWE T, 77205 2ROV AT A, EWH T AL AEDER
IZBWTE LD TEA LR S TR FEREL TS AT AThHALEE A ET,

A DR A RNA S F1Z)F T DRNAY — /LRI, 4084 RO R AR HIER IZ 3T Al E M2
DRNAGF (VAR P A L) NAEMBEEDIEIEDENIED T, RNALWIEERE 77 R RVWEA 25T T
LU CTAEMBEEIZ BV T UAZ B FANCGE T 5 Z LR R #9203, fired Tk S1 972 (G
TI, AL Fex L, sRBRE Ny 7 (bvE (SELEXE) 2 VW C, IR T -2 (b AR
HORERE Sy AT HZEN R RER R E LTz, — 7, BERICIR _X7ZmRNAVZ F U2 (XU &
DIy 1R IR E U THWAIF D T | ANRIDZER 53 1 Z AL FAEBRIC LV R D HhCHE L LT < 4y
FITHAL” SHTOET, ZTNHOERE Y T OELIT B b r0fE(L” DK LD — A I E 8 A, FL
IXAEMORE THOMIEE R RET DV AT AOER DAL RKE LSO OEMEL TOET,
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Abstract: Photo-regulation of duplex formation between serinol nucleic acid
(SNA) and RNA was achieved using a novel photo-responsive nucleobase 8-
pyrenylvinyl adenine (PVA). Introduction of 8-naphthylvinyl adenine (NVA) into
SNA strand also enabled photo-control of duplex formation with shorter
wavelength of light. Such modified SNA have potential for use in photo-
controllable biological tools targeting endogenous RNAs in cells as well as photo-

driven SNA machines.

1. #8

XNA (Xeno Nucleic Acid)iF'F#ea 28 N TEFE DRI THY , DNADUR — ABZH 70 03 FE R IR A 1
ICEE X DITAEEZ RO, ZOIERIRZMHEE (C L0 @O BER T2 S LT XNALL, Bk % 72429
T TV ar ~ERBSIVTO S, FRICDNA LI EN K E R IEBR RS OXNA, JF
WAy R M2 RO 720 | M-S A REBI~ OIS AIZ#E L T b — |, = b —rR Lk
V2 E 7R BB REEE SV TS, A T OITH | FTHIIEERIREUXNA L L T /i ak Bk o Ik
BRI A — L& E # & T DaTNA (acyclic Threoninol Nucleic Acid)”*<°SNA (Serinol Nucleic Acid)’/?
DNAIZ L~ sh TR L E R & " HEHA T T 222 DN LTz, BIZBBRIRWZ L2, LIKD
aTNA K USNAIL, KRR ED~T v ZEHEHG BT 5N AR THHIEx W LTz, — 77Tkl
L ONG I O R RE I AN T EZ e D S AP Z IR T D IE R ICE BB ThY . ZAILETITER 2 7T AT A3
BAFE SV TET10, FEERIRAXNAD ~ EHTE A RN Lo THIE T 22828 TEAUT . XNAZ W
Tofi 2 DAY TR — L OIRFZE R 7R fl N EBLCE HEE 2 72,

2. 8-Pyrenylvinyl adenine (PYA)D =&k RIiEZE LV =-XNA®D L HI{E

2 OAFFEETIL, 7Y _UBU % AV CDNA " EHSHE K - fRBED Yl 12 FZBLL T\ 51, DNASH
WHEBRRI A1 —Z L CT Y RUB UV Z A MBNSE AT 58, 7Y RUB U EHEAEIED transR DY
ADNA ZHHNEICA L Z— I — L L ET DA, UVIRE CTIEHE DOcistRIZE T DL, SLRRESE
&0 THEEN - AREHICHREET D, TTIESNAILHLT Y U B U EE AT D TIE TOEREZ R A T3, 2
DFETIE ZEHBHDCHIE SR AT RE Th o7, HBRIRBXNAIZA L F = —Z—ZZ T 7Y
XUBU B transBEOHEIZB W TH 7y T T U AL EML TLESTEZENR R ThHD, DFEVIFER
WHIXNAZCHIGEH T 27201213 BT LW FERS KN E L0 D, 22T, RIS K I IR e
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~OERID LN AR 5 Th D RIZHE B L, U TS T D EMiZIRIE A B AT 528127, BT
FOGT DA A E LTI, RH2DEBRALATINBOS GEERFEROS) 2R LT,

Figure 1. (a) SNA K& O* PVA LA L7= SNA B4l (b) VA OR2+-2EERALAH IS ZFI L 7= SNA/RNA —

O SEHI A — A,

HARMIZIX, 757 =0 D 8L
pyrenylvinyl & % & A L 72 8-
pyrenylvinyl adenine (*YA)% #r7=
IZE L. SNASHIZ2FR HE A4
% (Fig. la), JEHSSATOMREE TIX
AT T = [RER. MRS DT
R TIIVER HK B T
23, 455 nmERGHZ KV [ — 8N
DOPVAM CRBREEOS A ET T
XL VAT DRSS ELIVD T
CESHD - AREIEEET S, 20
JZERG FEMIZ340 nmDOUV % IR
SR, WS T DI IK
JSIZE o THEDRIEDE LS4,
B EHHATER T DG 7o
TW% (Fig. 1b) . PYAZ £k < 72 [H 1R
T2 IE TeSNAGHZ AR L,
FRIHZ L DB B D HEAT 2 WU
ATV« HPLCHIEIZ L > TR

Figure 2. SNA-P2P — KREHDIEISHRIT. (a) 455 nm FESTRTHE DI A
JIV.(b) KIISFER~D 340 nm HEHZ LDV AT MLVEAL. () ##D
USRS L7235 6 O 4G 23251k, (d) HPLC (2RSS FEM DI AT,
Conditions: [SNA-P2P] = 5.0 uM, [NaCl] = 100 mM, pH = 7.0 (10 mM
phosphate buffer), 455 nm (LED), 340 nm (Xenon), irradiated at 20 °C.

Hride, —ARSURAET455 nmD Y FRE 2L W HOBESNZB W THYADRIN A L, J4E
WIS a3 DRI AN 7= B S 7= (Fig. 2a), 2D ZENE ., VAR OB L NI TL DAz e
DRENT, Flo, ZONEKEFEMIZ340 nmD A BT 2L | HDNITTDOPYADRINANRT MUVIZERS
ZEDSHERRE AL, WU DHEIT SRS AT (Fig. 2b), £/, 455 nm&340 nmD LA D IRU RS L THiFEA
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Table 1. YEREETRTOD PVA A SNA/RNA B85 0D Rl iR B

HPLC CI Lz BELZ A8V ThH,

Complementary RNA

Tm of SNA/RNA duplexes
(Before irradiation)

455 nm R E B IZIZ ot O — I D3 k&

SNA-N 5-ACUGAUGC-3' 350 °C
L HERIBED IS DB —DHITZ gnap2p 5 ACUGAUGC-3' <10°C
IR DHERR ST DITKI L, 340 nmJ.  SNA-P1P  5-AAUCUAUCGAAA-3' <10°C
N TZoOE =213 L, SO —277%  SNA-POP  5-AAGCAUUAGCAA-3 35.1°C

A1 328k 103 b 7= (Fig. 2d), BL_Ea»
5. XAt SNASH N DPVA R £ 23 48
B SZE ZL TV
HZEEROEMNI LT, —

T EHSHZ AR X AL
_ﬁi\bfj(%e%focé_&js
oMo T, T7bh,
PVA D A e i He 3 A7
£ 3 % % & (SNA-P2P,
SNA-P1P), —HEHII A%
FEAL LT DI L, PYAR
H 5 5 55 & (SNA-POP)
X S E S RCRE DS HE R

Conditions: [SNA] =
mM phosphate buffer).

[RNA]=5 uM, [NaCl] = 100 mM, pH = 7.0 (10

Figure 3. (a) SNA-POP/RNA " HEHDYEIRES £ DWLUL AT RL. (b) S HEETAT
# O@fiEH#R. Conditions: [SNA] =

[RNA] = 5.0 uM, [NaCl] = 100 mM, pH = 7.0

(10 mM phosphate buffer), 455 nm (LED), 340 nm (Xenon), irradiated at 20 °C.

SH TN/ (Table 1), &

1E. VADRE X T FRBEAE DSR2 DIZ — ARSNRET
HBVARI LR AZ X 7§ HETVAREIIHDIFE —AK
PO EDELAL ZHBTERRENME FLT2EE 2 HiD,

Fo SNASHHFIC IR LD HAVAZE AL GAITIE, B
REe =)V A E A LT T = MR, cisfh~D B
I 3B S 4177 (data not shown), 45 [BIOFEFTIL, 243 D
VARBHIN TR L AZ v 7 CEDIRIMAE R G L2 8T,
cistR~D FAEAL L0 [242] AT INERAL DM S BT L7
EEZBIND, LARED IR Tl ZHE D2 EMED I 7T HE
7RPV AN EGE D ECSI(SNA-POP) CHEEZ T T o7,

FAAHEARNA L O —HE T BCIRRE TR AT U A
NI ERELIAER  ROSHEIFKR T T5b00, —A8H
Rl Bk D YEBRAE SO D HELT D3R8 S 7= (Fig. 3a), T, iz
IR (To)BEZAT ST R SEHURATIZ A~ 455 nmdD L
FRIIT T BARROW EE(LIZBIRI ST, S|iRAHE

T T EEE KR TE <o TOBZ LDV RENT=(Fig. 3b),

ZZ0Z340 nmD YA FRET L7212 121E, BT O EBAR LD
%’cf”’ﬂm BHIS, ZEHBEREDNE TSN TWDHIEN
RSN,

Figure 4. (a) 4261282 EHEHIEK - iR
RS AT LK. (b) HOEHREZH5 H
L7 RS IZ 8% SNA-POP/RNA —EHH O
% #4254k Conditions: [SNA]=[RNA]=5.0
uM, [NaCl] = 100 mM, pH = 7.0 (10 mM
phosphate buffer), 455 nm (LED), 340 nm
(Xenon), irradiated at 20 °C, Ex. = 530 nm.
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FVEAERNC ZEHSR BB BT 572012, RimIZHECAREENAIO T ZH AL 4L AL
LT EHEHDOEI G Z R CED VAT LEFER LT, S EEEL TCy3. 1HEHAIEL Tanthraquinone
(QZFEALTEY, —ARERETITHOLI IR AONL0IZ3 L, ZHEHSIRE TITHEET 5700 w8t
SRS HEHE R E RAEDH D LN TES(Fig. 4a), FRETATNISEIFEE N “EHEHE/2> T D ’ﬂb
455 nmt PRI AR I T 8B — ARSHLIR BEIARBEL 7=, FT12340 nmERRGHT IV 783 —BEEHO R RE
[FI{E L7=(Fig. 4b), )i 3cyclefiK L Th mWO ISR 2 HERF L Cuve, (B2 R &1 A %‘f%]\b
T2ZETVANB BRSO XX —BERAEL | FUSIEMETL TS, AREIRITIUE
100%DHIFINS ATRE Tdr D EHEE SD, ) BLED I Friz /eI E *2@3‘%@%PVA%SNA£EJ:§JW“
HTET, BT FIET ZEHO R EIREEZ ST O 2 THIE 52 LI EIL T2,

3. 2BHEDT7TUFBAZ AW -EERE TOXNADE LIS HIH

Figure 5. (a) "VADOREE LA L 7-SNAFLS. (b) SNNESPND YIRS R4 1Z31F DAL AT L. (c) SNA/RNA
HHIT LA R O E A L7 B D S ZEREFEW A picEIS . Closed circlel JIEEEQT HIDHY 7 AT R LT 5,
open circlel ZZEAE FEM L IRET L 72/ 547~ 4. Conditions: [SNA] = [RNA] = 5.0 uM, [NaCl] = 100 mM, pH = 7.0
(10 mM phosphate buffer), 465 nm (LED), 405 nm (LED), 340 nm (Xenon), 300 nm (Xenon) irradiated at 20 °C.

WIZ EFEOSEHIE AT 2% S L, BB & CoSehlEz B gLz, Fifc/ etz ke 1 8-
naphthylvinyl adenine ("VA)%Z &% L7=(Fig. 5a), naphthylvinylJ&(Epyrenylvinyl & (2 b ~F = D 642 %
W57 VAL AR O TR FTREL 72 52 A AR LT, NVAZ 2% 58 A L7-SNA (SNN)
ENVALPVAZ RSO ALTZSNA (SPN)Z 5 L JEBUGTEZ RN AT MV TRHIIL 72, £ DR,
SNNI(LYEIRIF AT ESESUSEER L6 IZSPNU ’tb¥*‘%§?ﬂi:§*/7hbfk‘")\ 405~340 nm ' HRHT TIEAUE X
JEASHEFT L, 300nm O S FR i CRIZL SR
VE/~—REBICE T LN HE ‘&)O?‘:(Flg
5b,c), — 5 CVANZERE K IG AR Z T E T
H5465 nmtE RS L THSNNOZLIE LB
(2> 7= (Fig. 5¢). 51T fll i i B ) 2 12
Lo T EBRGER ITIT EH D — AR EHI AR
LCEY, ZEHEE I3 e ZEHED A
L TWAHZEDEFR S A7 (data not shown), F
7o, SPNIFPVAZ2FR LB AL T2 356 LIRIEL,
400 nmd&Y K £ DTG, 340 nmEL T D
RO CHRA DRI Lz, DEY,
FRSFH RIS U CSNNESPN D — H 5 pli %
MSLAZHI CTEDHZEERL TS (Fig. 6),

Figure 6. MRS & BB - fREEO BIFR
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Figure 7. SNN/RNA —H {2 SPN/RNA " HEH O EARRPDEHEIOMRGE. ZEEOFIGIL HPLC O — 7B H
HiL7z. Conditions: [SNA] = [RNA] = 5.0 uM, [NaCl] = 100 mM, pH = 7.0 (10 mM phosphate buffer), 465 nm (LED),
405 nm (LED), 340 nm (Xenon), 300 nm (Xenon) irradiated at 20 °C.

ZZTHEERIZ, SNN/RNA ZHHH ESPN/RNA ZHE R T DB IRIOLRA LTV, ZhEho &
PHAMNLIZ I CE DM EMRFELT=(Fig. 7). £9°. 405 nm, 340 nm, 300 nm®DJEIZ Y FRET L7245 5L, 405
nm R IZIZSNNESPN G I ZEE R HEI T — RSV AEL 72V (State 2), 340 nm S TSPNOD 2245 BA
P EEATL ZHEEH A TE A (State 4), 300 nmOtA ST 28 W5 OB RS EITL . ESNREEA
A L7=(State 1) (Fig. 7a), £7=. FREHIEZ465 nm, 340 nm. 300 nmIZZ 2 72854, 465 nmt: RS TSPNAS
PSR iR B (State 3), 212340 nmtZ G D LB O EI A 3 WL, SNNAS—ASLIRRE, SPNAY —
HHIRBEL 72D (State 4), 300 nmYE& MRS 3-5H &, State 1Z R DI EMN MRS (Fig. 7b), LA ED DI,
250 " HIHDI AL - fiRBfEE Z N EVNLIZHIE TE D2 e RENTZ?,

4. #8

BT AT IR LY AZ SNASHIZ 258 Hadifoe THE AT 224 T, SNA/RNA “EHEHOIEHIEN L E LT,
FOSE R ZNZRICHET T, 40K UHIEG FTRE Cho 7o, T, 7Y XU B AT RDEZ EMENFL, &
IR TG FEMI T L BITAFAETED, BT, BIDOW RITIEETDOVADRREHIB L, VAL &
TeSNARLHIENVADSNAFL S 3 I AF T D5 TENZE DO SNASHZ ML HIH CEHZ LA MR LT,
ZOXNAJCHITH S AT AT BT/~ 2 v ORFUFIH TEDHTET TR XNAZ W o I [ 3
R 7 01— 7 (S AIAT 2L T ARRE DG AR B DR IZFERED ON - OFF 2 BV 2 bV oA
R B Fay — N ELTCOIAP IR SND, i T2 13, FHEEERITA 7 — L a ZHNAZETIER
IRIUXNAD 5 RRs B A SR B SOSIZH R EI L TR0 2, Zhva W e N TR OBRE: « R B T H
BFHFLTWD, 5%bER & 27 DOt a s | FEERIRTLXNA D FH P 25 A <HLRL TOETZU,

5. #iEF

ARWFFEITISPSEMFE 35 FHF5E (JP20K15399) DBh %A 52 1T 7=b D TT, EIAMITILTETH HER
PR LR BRI R CIThEL-, ZH5E - T S 2 <SSl s 2 #fe | BRI UE
Hfz AR R UEEER . EBRICERZIT > TN FRAEOERRIZZ OS2 50 TRGHB L EiF £,
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Prediction parameters for DNA duplex
stability under crowding conditions

DNA stability prediction

Saptarshi Ghosh

Frontier Institute for Biomolecular Engineering
Research (FIBER), Konan University
(ghosh_s@konan-u.ac.jp)

Abstract: Prediction of DNA duplex stability in solutions that closely resemble the
intracellular environments is required to understand biological reactions in cells and
improve biotechnologies like antisense therapy and gene editing. Although predictive
model for DNA duplex stability in the dilute condition is available, quantitative estimation
of stability in the crowded environment in cells is yet to be known. Therefore, we studied
the thermodynamic behavior of oligomeric DNA duplexes in the crowding environments
of synthetic cosolutes in order to obtain the prediction method for DNA stability in cell-
like conditions. Analyzing the thermodynamic data for dozens of sequences, we determined
prediction parameters for the duplex stability and other thermodynamic parameters in the
crowding conditions of different cosolutes. The parameters were shown to mimic the
crowding environment of specific cellular compartments, indicating the utility of the

parameters to study biological processes in vitro.

1. Introduction

Watson-Crick base paired duplex structure of DNA carries and transfers the genetic information in a cell
through replication and transcription reactions. Efficiencies of these important reactions largely depend on the
stability of the involved DNA duplexes. Moreover, major improvements of modern biotechnologies like DNA
origami and gene therapy can be achieved with the knowledge of DNA stability under cellular conditions.
Therefore, estimation of DNA duplex stability in a cell is crucial for understanding important biological
reactions and technological applications. The intracellular environment is occupied by a high concentration of
various biomolecules, leading to a crowded environment known as ‘molecular crowding’.! DNA stability
depends on the solution conditions, and it shows a drastic difference in crowding conditions from the dilute
solutions.! Stability of DNA duplexes in dilute solutions is usually estimated by using the well-known nearest-
neighbor (NN) model, as proposed by Tinoco’s group.? According to the model, stability (AG°37) of a DNA
duplex can be predicted from its base sequence by adding the individual NN parameters present in that duplex.

8
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However, the applicability of the model has not been verified in molecular crowding conditions. We confirmed
that the NN model is valid for DNA duplexes even in the crowding condition induced by 40 wt% poly(ethylene
glycol) having an average molecular weight of 200 (PEG 200) in a physiological buffer condition.’ From the
thermodynamic data of dozens of DNA sequences having different lengths and base composition, we
determined NN parameters in the crowding condition that predicted the thermodynamics of DNA duplex
formation in close agreement with experimental values. Since the crowding condition inside the cell is dynamic
and heterogeneous, we proposed a general method to obtain parameters in the solutions of different cosolutes
based on the relationship between DNA stability and the water activity of the cosolute solutions.* Prediction
of stabilities by the reported NN parameters will be useful for investigating biological processes controlled by
local crowding regions within the cell and also for the application of DNA-based technologies in various

crowding conditions.

2. Nearest-neighbor model for DNA stability prediction

DNA stability mainly consists of two major contributors; one is hydrogen bonding in the base pair, and another
one is stacking interaction between the neighboring bases. Since both these interactions are present in a set of
two adjacent base pairs, the thermodynamics of the formation of nucleic acid duplexes can be obtained in a
sequence-dependent manner, which is termed the nearest-neighbor (NN) model (Fig. 1). According to the
model, thermodynamic parameters (AH°, AS°, and AG®37) for a duplex can be predicted by adding three terms:
(i) a free energy change for helix initiation to form a first base pair in the double helix, (ii) a free energy change
for helix propagation as the sum of each subsequent base pair, and (iii) a free energy change of mixing entropy
term for self-complementary strands (Fig. 1). NN parameters for predicting the thermodynamics of DNA

hybridization are available but only in the dilute solutions,’ that can not be applied in crowding conditions.

Figure 1. Scheme of prediction of DNA duplex stability by nearest-neighbor model.
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3. Thermodynamics of DNA duplexes in crowding condition and validity of the NN model

High concentrations of synthetic cosolutes are generally

|+ d(ATGAGCTCAT)
= d(ATCAGCTGAT)

-
o

used to simulate the intracellular crowding conditions in

4
©
L

vitro. Polyethylene glycols (PEGs) are one of the most used

o
=)
L

ones due to their inertness towards nucleobases, high water

solubility, and the availability of many molecular sizes. To

I
»
L

check the validity of the NN model in crowding conditions,

Normalized Absorbance at 260 nm
o
N

we measured the thermodynamic parameters for DNA

g
=}
,

duplex formations by the UV melting study in the presence
of 40 wt% PEG 200 at 100 mM NaCl. Thermodynamic Temperature / °C

parameters were determined from the melting profiles using ~ Figure 2. UV melting curves for 100 pM

Tw' vs. In (C)) plots following the standard practice. ﬂl(ﬁ%%Alg}ECC;Fg(%r)ainldog(ﬁlﬁ%ggfcl}ég

Thermal stabilities of all the duplexes were found to be  shows 7, vs. In (C) plots for these
decreased in the crowded environment compared to dilute sequences.
solution as the water activity of the solution decreased.® We obtained similar melting profiles and 7! vs. In
(Cy) plots for sequences having identical NN pairs (Fig. 2). The thermodynamic parameters obtained from the
Tw' vs. In (C) plots were also close for sequences with the same NN pairs. On the other hand, sequences
having the same GC content but different NN pairs showed different stabilities. The observation indicated the
validity of the model in the crowding condition since the model assumes similar thermostabilities and
thermodynamic parameters for oligonucleotides having identical nearest-neighbors (Fig. 1). Since PEG 200 is
considered as a small cosolute, we verified the applicability of the model in the presence of larger cosolutes
like dextran 70 and Ficoll 70 in a similar manner. As a result, the generality of the validation of the NN model

has been established in molecular crowding conditions.

4. Determination of the NN parameters in crowding condition

To obtain reliable NN parameters, it is required to obtain thermal data for dozens of DNA duplexes of various
lengths and base compositions. We applied linear least square fitting to the measured thermodynamic
parameters of the 36 DNA duplexes in 40 wt% PEG 200 with 100 mM NacCl using the computer program to
obtain the 10 NN pairs and two initiation factors (Table 1). All the 10 NN base pairs were destabilized
compared with the dilute solution having the same NaCl concentration, although at different extents. The
relative destabilization of NN with only GC pairs was considerably higher than that of other NN pairs. This
might be because in the environment with low water activity caused by PEG 200, NN pairs comprising only
GC are destabilized more as GC pairs require more water molecules for stabilization than AT pairs.’
Interestingly, initiation parameters were stabilized in the crowding condition compared to dilute solution due
to preferential hydration around the duplex terminal in the crowding condition. Cosolute molecules disrupt the
ordered water network around a DNA duplex. Nucleotides in the terminal pairs can interact more with these
disordered water molecules via hydrogen bonding as they remain more exposed to the surrounding

environment compared to the nucleotides of other propagating base pairs, resulting in a favorable AH® for helix
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initiation. However, the accumulation of water

molecules around terminal pairs resulted in an
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Table 1. NN parameters for DNA duplex formation in 40
wt% PEG 200 and 100 mM NacCl at 37 °C.

unfavorable AS°® for helix initiation under the | NN set AH® AS? AG%y
ded diti i buti ¢ (kcal mol')  (cal mol'' K')  (kcal mol!)
crowded condition. A larger contribution o d(AA/TT) 65+03 -192+08 055+007
unfavorable AS° than of favorable AH° d(AT/TA) —944+03 —2904+0.8 —0.28 + 0.05
rendered the AG°;; for helix initiations | d(TA/AT) —43+05 -133£13 -0.16+£0.14
unfavorable. However, the magnitude was | d(CA/GT) —13.1+0.1 -38.8+0.1 —1.00 £ 0.05
reduced as compared to dilute solution. The | d(GT/CA) -92+0.1 -26.8+0.1 —-0.89+£0.01
determined NN parameters (Table 1) predicted d(CT/GA) —34+£06 -79+16 —091+0.11
. d(GA/CT -49+0.7 -13.0+2.1 —0.87 £0.06
the measured thermodynamic parameters for 36 ( )
_ d(CG/GC) 64+07 -161£20  -1.38+0.12
DNA duplexes with an average error of 5.7%,
d(GC/CG) 42407 -93+20 ~1.31+0.06
o o 0 (e} 0 (o}
6.3%,4.3% and 1.0°C for AH®, AS®, AG®.and | 4 6/c0) 40+06 89420 ~1.25+0.03
Tw, respectively, —suggesting that these | pitiation per GC  —10.1£0.2 -351+05  0.76+0.06
parameters can precisely predict | Initiation per AT —2.9+03 —12.7+0.9 1.00 +0.07
thermodynamics of DNA duplexes in | Symmetry factor 0 -1.4 0.40
molecular crowding condition from the

sequence information.

5. Determination of universal NN parameters for diverse crowding conditions

Since the cellular conditions are different in each timing and local area within the cell, it is highly important
to predict the duplex stability in different crowding conditions. Based on the NN parameters in 40% PEG 200,
we expanded them to be applicable for different cosolutes at their varied concentrations. Among the
physicochemical factors affected by the molecular crowding, water activity mainly affects the stability of short
DNA duplexes, whereas factors like dielectric constant and viscosity have a nominal contribution.® The
relationship between duplex destabilization (AAG®37) under crowded conditions and change in water activity
AG®37, no cosolute)

against Adw (Adw = Gw no cosolute — @w cosolute) 10 different cosolute solutions of varying concentrations for a test

(Aay) is shown as a simple linear correlation. The plot of AAG®37 (AAG®37 = AG®37, cosolute —

sequence (d(ATGCGCAT)) having equal GC and AT contents showed different linear correlations depending

on the number and position of the hydroxyl groups present in the cosolutes (Fig. 3).

The stability parameters for each NN base pair under crowded conditions can be expressed as follows:

(1

where AG°37 NN, [cation] a0d AG®37 NN, [crowder] TEPTESent the portion of NN parameters determined by cation and

AG®3788 = AG®37 NN, [cation] T AG®37 NN, [crowder]

crowder concentrations, respectively. Since destabilization is linearly related with water activity, we assumed

that AG®37, NN [erowder] and initiation factors are linear functions of Aay as follows

2

where m. is a prefactor for cosolutes, which is equivalent to the energy parameter for NN base pairs in the

AG®3; NN, [crowder] = Mlcs ® Aaw

presence of a cosolute, that depends on the NN pair and the nature of cosolute. Fig. 3 revealed that PEGs and

1,2-dimethoxyethane (1,2 DME) maximally destabilized, whereas ethylene glycol (EG) and glycerol (GOL)
11



minimally destabilized, and 1,3-propanediol (1,3 PDO)
and 2-methoxyethanol (2-ME) destabilized to an extent
between these two. We calculated the contribution of
different classes of cosolutes to each NN parameter.
Subtracting AG®37 NN, [cation] from the parameters shown
in Table 1 provided AG®37nN, [crowder] fOr 40 wt% PEG 200
(Table 2). The m¢ values for PEGs and 1,2 DME
(mpec1 2 pme) were calculated from the AG®37 NN, [erowder]
values using equation 2 (Table 2). The m.s values for the

other two types of cosolutes were calculated as follows

3)

where Scs and Speg are the slopes for the cosolute of

Mes = mpeG * (Scs/SpeG)

interest and PEG, respectively, in the AAG®37 vs. Aaw
plot (Fig. 3). The AG®37 N, [erowder] fOr different cosolutes
at their different concentrations can be calculated by

multiplying ms (Table 2) and Aay. Water activities under
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Figure 3. Plots of AAG°3; vs Aaw for

d(ATGCGCAT) in the presence of EG (red
circles), GOL (black circles), 1,3 PDO (purple
triangles), 2-ME (orange triangles), 1, 2 DME
(cyan squares), PEG 200 (blue squares), PEG
2000 (magenta squares), and PEG 8000 (yellow
squares) at 1 M NaCl and in the presence of PEG
200 at 100 mM NacCl (green squares).

different crowded conditions can be found in the literature or determined by osmometric measurements.

Parameters for any other cosolute can be also determined following the similar procedure as we shown here.

Thus, the parameters listed in Table 2 may be considered as universal parameters for the DNA duplex stability

as the parameters can predict DNA stability in any crowding condition of cosolutes from their base sequence.

Table 2. NN parameters for 100 mM NaCl and 40 % PEG 200 with prefactors (m.s) for different cosolutes®.

NN set AG®37N\N, [cation]  AG°37 NN, [40wt% PEG 200]  7MIPEG/1,2 DME MEG/GOL M1 ,3PDO/2-ME
(kcal mol ") (kcal mol ") (kcal mol')  (kcal mol'))  (kcal mol™")
d(AA/TT) -0.65 0.10 2.0 0.7 1.3
d(AT/TA) -0.60 0.32 6.4 2.2 4.2
d(TA/AT) -0.36 0.20 4.0 1.4 2.6
d(CA/GT) -1.23 0.23 4.6 1.6 3.0
d(GT/CA) 4120 031 6.2 22 4.1
d(CT/GA) -1.11 0.20 4.0 1.4 2.6
d(GA/CT) -0.93 0.06 1.2 0.4 0.8
d(CG/GC) -1.85 0.47 9.4 33 6.2
d(GC/CG) -2.05 0.72 14.4 5.0 9.5
d(GG/CC) -1.69 0.44 8.8 3.0 5.8
Initiation per GC 0.98 -0.22 -4.4 -1.5 -2.9
Initiation per AT 1.03 -0.03 -0.6 -0.2 -0.4

aSymmetry factor for AG®37is 0.4 kcal mol™! for all cosolutes as it is independent of the crowding environment.

6. Validation of the universal NN parameters in vitro and cellular conditions

To verify the predictive nature and versatility of the universal parameters, we predicted the measured stabilities

of several DNA duplexes in the presence of different concentrations of NaCl and cosolutes using parameters in
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Table 2. The average difference between the predicted and measured stabilities for the studied 9 sequences was
only 4.4%, indicating accuracy of the parameters in predicting stabilities in diverse crowding conditions. We
then investigated whether these parameters could be used to estimate DNA stability in cellular compartments
also. Nott et al. reported destabilization of DNA duplexes d(ACTG); and d(ACTG)s4 to be 3.0 and 2.3 kcal mol
!, respectively, in the crowded medium of disordered Ddx4 protein that mimics the nucleolus (membraneless
compartment of the nucleus).” Using DNA quadruplex sensor our group recently shown that molecular
environment in nucleolus is similar to PEG 200.'° We calculated destabilization for d(ACTG); and d(ACTG)4
in different PEG 200 conditions using the universal parameters and found that in 50% PEG 200 at 100 mM
NaCl destabilizations were 2.0 and 2.8 kcal mol’!, respectively, that agreed well with the reported values.
Reported lower destabilization for d(ACTG)4 may be due to greater stabilization by excluded volume effect for
longer sequence. Therefore, the NN parameters in 50% PEG 200 with 100 mM NacCl are suitable for predicting

DNA stabilities inside the nucleolus, suggesting applicability of the parameters for intracellular organelles.

7. Summary

We determined the universal NN parameters for DNA duplex stability applicable for diverse crowding
conditions. Our results indicated that thermodynamic parameters in any target region of a cell could be
estimated using our universal NN parameters in the presence of a cosolute that can simulate the target region.
Therefore, our developed parameters will be useful not only for developing novel technologies but also for

investigating biological reactions controlled by specific intracellular crowded conditions.
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Nanocaplets for drug delivery
applications

~siRNA-templated polymerization~
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Abstract: A novel and versatile approach of biomolecule-templated oxidative
polymerization to prepare ultra-small nanocaplets for delivery application is discussed in
this commemorative review article. A water-soluble Gu® monomer bearing two thiol
termini undergoes disulfide polymerization upon oxidation in the presence of a
biomolecule (e.g., siRNA, protein)-template to form polymer-siRNA/protein complexes
(nanocaplets). The disulfide polymers obtained by oxidative polymerization can be cleaved
in a reductive medium. Due to their small size, the nanocaplets can enter into living cells
and release the payload in glutathione (GSH)-rich cell cytoplasm. The nanocaplets also can

be functionalized with targeting ligands for site-selective delivery applications.

1. Introduction

Disaster diseases such as cancers, viral infections, and Alzheimers affect millions of people worldwide
accounting for several million deaths [1]. Sadly, treatment strategies and drugs available for treating these
diseases are highly limited and also have several limitations, for instance, widely used chemotherapy via
administration of a small-molecule-based drug causes hair loss of the patient due to non-targeted interactions
of the drug with hair follicles. Genomic medicine is an excellent alternative that uses a 'gene fragment' as a
pharmaceutical agent and applies to any disease. However a 'delivery carrier' is essential to protect the gene
from enzymatic degradation upon in vivo administration [2]. Importantly, the 'carriers' can be manipulated
artificially either by biological or chemical methods considering few factors such as adhesiveness, surface
charge, size (nanometer range), and degradability (pH, reductive, enzyme etc). The outstanding discovery of
small interfering RNA (siRNA), which selectively cleave target gene during protein transcription, lighten up
the research area of RNA drug [3]. This brief review discusses the design and construction of polymer-siRNA
complexes (siRNA-nanocaplets) smaller than 10 nm, which have the characteristics (size, charge, and
degradability) of a 'small molecule drug'. A 'template-assisted oxidative polymerization' approach, where a
water-soluble Gu" monomer bearing two thiol termini undergoes disulfide polymerization upon oxidation in
the presence of a siRNA-template to form polymer-siRNA complexes (siRNA-nanocaplets) (Figure 1) [4]. The
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disulfide polymers obtained by oxidative polymerization can be reductively cleaved in glutathione (GSH)-rich
media such as cytoplasm. The nanocaplets can be functionalized with targeting ligands for site-selective
delivery applications. I also discuss the generality of the 'template-assisted oxidative polymerization' approach

to prepare nanocaplets using any templates having an anionic surface.

2. Synthesis of reductively cleavable siRNA-nanocaplets via ‘template-assisted oxidative polymerization’
For the siRNA delivery purpose, carriers based on lipids, polymers, or capsids have been developed [5, 6],
however, the siRNA/carrier conjugate was mostly in the size range of 100—200 nm. This size regime may be
good for enhanced permeation and retention effect, which is one of the biological methods of drug/carrier
accumulation at a diseased site. Small size drug/carrier conjugate is advantageous for tissue/cellular
internalization especially to a remote area such as brain, however, the design of a small size drug/carrier
conjugate is extremely challenging. 1 recently
developed a method 'template-assisted oxidative
polymerization' that can produce siRNA/carrier
conjugate with a size of 7 = 2 nm [4]. Previously,
template polymerization has been exploited to prepare
molecular weight-controlled polymers. For template
polymerization, the monomer units are organized on a
template by non-covalent interaction and they are
polymerized in the presence of an initiator.

The key design in this approach is a water-
soluble telechelic dithiol monomer ("®SGus) carrying
multiple guanidinium ions (Gu") [7]. In the presence
of siRNA as a template "®°Gus monomer can form
multiple 'salt-bridges’ with the phosphate ion parts of

SiRNA and undergo a disulfide-mediated Figure 1. (a) Oxidative polymerization of ™*9Guys with
siRNA as the template. TEGGu4 adheres to siRNA via
salt bridge interaction and undergoes oxidative
polymerization to form siRNA-nanocaplet. PTE6Guy
The alkoxy spacer between two adjacent Gu" ions, depolymerizes under reductive conditions. (b) A
cryogenic TEM image of siRNA-nanocaplet. (c) A
confocal laser scanning microscopy image of Hep3B

cells after a 24-h incubation of siRNA-nanocaplet at
'template' effect. Gus monomer without the ethylene 37 °C in culture medium.

polymerization via terminal thiol moieties resulting in

a thin layer of polymer around the siRNA template.

number of Gu' in a monomer, and ethylene glycol

segment of the monomer are important to achieve the

glycol segment, "ESGu, with only one heptaethylene
glycol moiety between two Gu' ions did not adhere to the siRNA template to form nanocaplet. The nanocaplet
contains multiple disulfide bonds that can be cleaved by reductants. In the presence of glutathione or
dithiothreitol, siRNA was quickly released from the nanocaplet due to the breakage of disulfide bonds.

The average diameters of siRNA-containing 'nanocaplets' were 7 + 2 as evidenced from the dynamic
light scattering, fluorescence correlation spectroscopy and transmission electron microscopy experiments
(Figure 1). The small size of the nanocaplets was advantageous for their cellular uptake. To visualize, a dye-

appended siRNA-nanocaplet was incubated with Hep3B cancer cells and imaged by using confocal laser
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scanning microscopy, where it showed intense fluorescence originating from the dye (Figure 3c). As the
intracellular environment is highly reductive due to the presence of glutathione (8§ mM), the nanocaplet can be
cleaved off inside the cells to release siRNA for knocking down a target gene expression. An experiment using
Luciferase expressing Hep3B cells confirmed the knockdown activity of a target luciferin gene by the delivered
siRNA. The small size siRNA/carrier conjugates have huge potential for delivering siRNA into place where
conventional drug delivery system cannot access. Towards this direction, one plausible design is glucose-

containing siRNA-nanocaplet that can target glucose receptors on blood brain barrier (BBB).

3. Synthesis of transferrin-appended nanocaplet for transcellular siRNA delivery into deep tissues
Tissue-permeable nanocarriers for small interfering RNA (siRNA) are essential for the realization of RNA
interference (RNAi)-based gene therapy for diseases that develop in deep tissues at depth of >40 um from the
vascular endothelium. For instance, metastatic cancers often spread over tissues at depth of up to ~300 um
from blood vessels [8]. For the purpose of achieving transcellular delivery of siRNA into deep tissues, the
carrier is preferred to be as small as

possible and needs to be reductively

cleavable in the cytoplasm. Furthermore,

it should be active for transcytosis

(consecutive endocytosis/exocytosis

events). Combining all these

characteristics into a single delivery

system and achieving siRNA delivery

into tissues deeper than 40 pm is

extremely challenging. For this purpose,

together with a student colleague, I

developed a siRNA-containing

nanocaplet appended with transferrin

(Tf) units ("™Nanocaplet), which can

deeply deliver sIRNA into tissues at Figure 2. (a) Synthesis of a siRNA-containing nanocaplet

depth of up to nearly 70 pm, appended with transferrin (Tf) units ("Nanocaplet). (b) Permeation
unprecedentedly (Figure 2) [9]. of ™Nanocaplet into cells located in a deep area of Hep3B spheroid
via Tf-mediated transcytosis. CLSM image of the spheroid after

To synthesize "™anocaplet, we ; 4
incubation for 3 days with "™Nanocaplet.

first prepared a siRNA-containing

reactive nanocaplet (*“Nanocaplet) by oxidative polymerization of #*Gu, an azide (N3)-appended telechelic
monomer (Figure 2). Then, ““Nanocaplet was allowed to react with a guanidium (Gu®)-appended bioadhesive
dendron (Glue-alkyne) followed by a benzophenone (BP) derivative (BP-alkyne) to obtain an intermediate
conjugate. Subsequently, this conjugate was incubated with Tf and exposed to UV light for covalent
immobilization of the attached Tf units by reacting with the BP units. siRNA encapsulation within the
nanocaplet and its release in responds to a reducing agent were confirmed by agarose gel electrophoresis. The
average hydrodynamic size obtained from DLS and electron microcopy was ~20 nm (see TEM image in Figure
2).
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TNanocaplet efficiently enterd living cells as evident from the confocal imaging of "™anocaplet-treated
Hep3B cells with an Alexa 488 dye labeled "Nanocaplet (""Nanocaplet®*®). When the Tf units in
TNanocaplet***® were replaced with bovine serum albumin (BSA), the fluorescence emission from Hep3B
cells was negligibly weak despite its comparable size and surface charges of BSA or Transferrin appended on
the nanocaplet, indicating the transferrin receptor-mediated endocytosis mechanism for the cellular entry. To
investigate transcytosis mechanism, we prepared a 3D-cultured Hep3B spheroid with an average diameter of
~500 um (Figure 2) and incubated with ™™Nanocaplet**®8. After 3 days of incubation, the spheroid fluoresced
throughout its cross sections of microscopy (CLSM) imaging at depth of 50 um (Figure 2). Importantly, even
at depth of 70 um, ™anocaplet***® reached the central part of the cross section, indicating the deep permeation
of TNanocaplet**®. Moreover, ™Nanocaplet eventually transfers siRNA into cytoplasm and causes RNA
interference and gene knockdown, as evidenced from the suppression of target luciferase gene expression in
Hep3B cells.

4. Generality of the 'template-assisted oxidative polymerization' method

a) Polymer coating of a DNA-origami template

'DNA origami' involves the programmed folding of single-stranded deoxyribonucleic acid (DNA) into ordered
nanostructures using smaller staple strands via Watson-Crick base pairing. Nanostructures derived from DNA
origami can potentially be used as drug delivery systems (DDS) for diagnostics and therapeutics applications
because of their tunable three-dimensional (3D) shape and excellent biocompatibility [10]. In principle,
hydrophilic or hydrophobic drugs can be encapsulated during the origami process and released at the diseased
site. However, recent reports heavily discuss the instability of DNA origami nanostructures in the presence of
biological enzymes [11]. Hence the poor structural integrity of nanostructures in physiological conditions
must be addressed for the practical application of DNA origami as DDS. As discussed above, water-soluble
telechelic dithiol monomer carrying multiple Gu* can form multiple 'salt-bridges' with the anion such as
phosphate ion/carboxylate ion of a template. DNA origami nanostructures have several exposed phosphate
ions, hence the method of 'template-assisted oxidative polymerization' method could be applicable to prepare
a polymer layer on their surface. We have tested 'template-assisted oxidative polymerization' of a Gu" ion
monomer by using a 6-helix DNA bundle and found interesting results.

b) Polymer coating of a protein template

Many of the diseases are directly associated with protein malfunctions [12]. One plausible way is to deliver
active forms of proteins that replace the diseased one [13]. However, most of the protein’s surface is highly
anionic and cannot permeate across the negatively charged cell membrane. Hence for the delivery applications,
proteins first need to be conjugated with a molecular component, for instance, lipids or polymers that cover
the protein surface and helps its migration into the cells [14]. We investigated whether protein could act as a
template for oxidative polymerization of Gu'-appended monomers bearing thiol termini. After careful
optimization of monomer design, we succeeded in the synthesis of a polymer shell around a target protein

(protein-nanocaplet) [15].

5. Summary

I have briefly discussed the design strategy of 'template-assisted oxidative polymerization' to prepare ultra-
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small nanocaplets for the delivery of siRNA. The strategy comprised of non-covalent adhesion of a water-
soluble Gu™ monomer onto anion surface of the template that undergoes disulfide polymerization in the
presence of an oxidizing agent. The polymer/template conjugate was a nano-sized caplet, and the polymer
layer was able to protect the siRNA template against enzymatic cleavage. The nanocaplet containing siRNA
was efficiently internalized into cancer cells, underwent depolymerization by cellular glutathione thereby
deliver siRNA for gene knockdown via RNA interference. The nanocaplet was functionalized with transferrin
targeting ligand for deep tissue penetration via transcytosis mechanism. Moving forward, 'template-assisted
oxidative polymerization' method can be potentially used for several applications that cannot be achieved by

other methods such as brain targeting delivery carriers, DNA-origami coating etc.
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