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The folding and unfolding of nucleic acids (DNA and RNA) are essential for these functions in cells. These
behaviours are also widely used for various technical applications using nucleic acids. To understand the biological
mechanism of nucleic acids function and design materials of nucleic acids, the biophysical approach using
thermodynamics is highly useful and important. The stability prediction of duplexes of nucleic acids have been developed
and widely used. However, it has been also noted that such predictions cannot be always adopted to prediction in various
solution conditions, especially the cellular conditions, because the concentrations of cations and cosolutes in the
intracellular condition termed molecular crowding are different from those in the standard experimental condition.
Moreover, the crowding condition in cells is spatiotemporally variable. Therefore, it is highly demanded to establish the
prediction method available in cellular conditions for the stability of various structures of nuclei acids. This article
reviews the biophysicochemical background predicting nucleic acids stability and our recent studies for the prediction

of these stability in the cellular conditions.
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Fig.1 Factors determining the thermodynamic stability of a
canonical duplex structure. (Color online).
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Z T, RIFERMKEEE (1.987 calK'mol™), Cildtzedt
MRIgETHD, nix, “EHEHENSBMHHHNTHIIL 11T,
TEOLFANERECIHACHBH TONILZ 412D, G
DRRDEED T EOHENS, X (1) ZHAVWET—4
ATIZ LY, Z—EHOFARKKOZ 2L —tx bR
E—0DOZf (AH°PEAS®) WEHBND, S HIZAGENE,
(2) ZANVTRDDLZENTE D,

AG° = AH° — TAS® 2)

A ED X 51T, invitro TIEINBUC X 2 HERME % 45 65
BN D FIENTIRETH B2, TD & 5 ATk E
WCHEAT D2 L CRETH D, £ CTHEEILRD
DN, MR TOREEE O ENE THIT 2 FIEOR%
TH b, invitro TIETEREZITHOTIZ _EHELEAMEEDET]
) RT A =2 B TRT D RIERHEI LTS, ZOF
BTGB % (Nearest Neighbor: NN) 15 & FEIEHL, &
DI OLZEIED, T OHgHER & B st & oA
Mzl s TREEND EWIHIBERICIESN TN D, BifE,
NN VB ZE O AMEOEZ EMZ TR 572 DIZIR<
HnWbhTnsd, 2 BB ST CTlL, DNA/DNA,
RNA/RNA, RNA/DNA /A 7'V v R B OS2 T
A—% (AH°, AS°, AG°, Twm) % THIT HHFENT TICH
SLENTUNG, 239
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NN ET/WMZLE D L, “HEHPROBNZEN T A —X
X3 DOWENLMRD, 1 DEIE, “EHLEADRYIOHEI
KERKT 27200 L AMBOABT X VXL TH
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FNX—EILTH D, DNA/DNA % 7-1F RNA/RNA (21 10
> NN OFAEDENRH Y, RNA/DNA A T U v RiZ
X 16 [HOMAEDENRH D, H# 3L, B MR
T b —HEHERET A EICEAABRT R X2
Thb, LIEN-T, h—FILDAG (37 °C TO HHH
ko BHR= R LX—214) 1L, X 3) THzxLNRD,

AG;mmn::E:WAG;NN@‘fAG;mmy+AG;@m) 5
Z 2T AGyN 1E, ifE (DNA/DNA DA 10 #) 5
BT B TR O 7 AR = R VX —2LTH D
(B 2 1E, AG°3s7aN AG°37(AA/TT), AG°yiNN@) =
AG°31(TA/AT), 72 &), mi IXE RGOSR ¢ O MBI
AG®37niy IEBHEEIR - TH D, F72, AG°isymy X, _HIHD

B CAEAE D SA 1T +0.43 keal mol™ (1 cal = 4.184 J) 1272
v, JEECHMMOEAIX 0 125,

NN /T A —H ZPRTET H 72D, NN OFLAAHE O
PEIZAR D D372\ K5 1Tk A ety 5% LIRS L, UV
fiflE72 EC, BEFLTEEYI OB BRI NT A —F B E T
Do INDOERRMEAELIZ, BBR/N RIEICESEHE
W2EkY, I A—=%%v  (DNA “ELHEADEE, DNA
/DNA ® 13HDRF A —% 10D T Vw27V v
NN sk, Rimxto 2 EOBBRY, B L OH ST
BeFI Ot FfE /T A —4 ; Table 1) Z{RET D,

Table 1 Nearest-neighbor parameters (AG°nN) for DNA/DNA
duplex formation in different solution conditions at 37 °C.

Nearest-neighbor 1 M NaCl in the 100 mM NaCl in the

set absence of presence of 40 wt%
cosolute® PEG 200°
(kcal mol™!) (kcal mol™!)
d(AA/TT) —1.00 —-0.55
d(AT/TA) —0.88 -0.28
d(TA/AT) —0.58 —0.16
d(CA/GT) —-1.45 —-1.00
d(GT/CA) —1.44 -0.89
d(CT/GA) —1.28 -0.91
d(GA/CT) -1.30 -0.87
d(CG/GC) —2.17 —1.38
d(GC/CG) -2.24 -1.31
d(GG/CC) —1.84 -1.25
Initiation per GC 0.98 0.76
Initiation per AT 1.03 1.00
Symmetry factor 0.40 0.40

aData obtained from the report of Santalucia.® *Data collected
from our recent report.”
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AREIFFECZA, NN > M3 EFEORSN & R D720,
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BRI &, k& 72 % A 7D DNA/DNA, RNA/RNA,
RNA/DNA A 7 U v FTHEH, BLONT T NE#E &
DNA TR SN D “EHEORENZ THT 5 7-Dic—i%
BNZEH SN TE 819 26 DIEAFIN S, NN ET /L
%, 5 BFEEHO " EMEDOLZEMAG S B X ORRIEE
(Tw) DIEMRTHIC RACHEFTED Z EBNRENT
W5,

d(ATGAGCTCAT) ! NN set y
5 e 37

ATGAGCTCAT AT TG, GA, AG, GC_ CT  TC ., CA AT
LTACTCGAGTA ™ Th P ACF &t fe F & Jo ko * 6 ¥ 1

AG'37 (otal) = 2AG a7 (atma) + 2AG 37 (1) + 2AG 57 (sarcT) + 2AG 37 (acre) + AG'37 6eice) + AG iy + AG (sym)
= 7.6 kcal mol!
Same NN pairs but different sequence
d(ATCAGCTGAT)
YATCAGETGAT
, TAGTCGACTA

O O 28 S

AG'37 (otal) = 2AG a7 (atrma) + 2AG 37 (aarre) + 2AG 37 (i) + 2AG a7 (arc) + AG a7 (6eice) + AG iy ¥ AG  (sym)
=-7.6 kcal mol' Same stability

Different NN pairs but same GC contents
d(AGTCATGACT)

5 e 3
AGTCATGACT AG, GT . TC, CA_ AT . TG  GA , AC_ CT
3.TCAG+ACTGA5,I:> fereatactartat acter et ah

AG’37 total) = 2AG 37 (acrc) + 2AG 37 (GTrcA) *+ 2AG 37 (6arcT) + 2AG 37 (caraT) + AG 37 (arrma) + AG ity + AG (sym)

=-6.9 kcal mol' Different stability

Fig.2 Scheme of prediction of the duplex stability by NN
methods. (Color online).
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Fig.3 Intracellular environments and helix formation of nucleic

acids depending on the solution physical properties. (a)
[lustration of intracellular environments related to nucleic acids.
The ionic environment is dynamically changed, and numerous
macromolecules are present. (b, ¢) Schematic illustrations of
counterion condensation and (de)hydration upon helix formation
of nucleic acids. The excluded volume caused by crowders also
affects helix stability. Reproduced from Ref. 1 with permission
from the Royal Society of Chemistry. (Color online).
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R ARHT L 72,729 Fig.4(a)ld 100 uM @ d(ATGAGCTCAT)
D 40 wt% PEG 200 (F-¥)5r18:200) OIEF/E TE L OMF
fEFTOD UV ANT 4 o THEBERLTWD, BAREE
(Tw) 1IFHERA T 464 CITx L, 77 U5 4 v 7 RKE
TD 343 CIZIETF Lz, T OFERIE, EiE D PEG200 O
X570 707 4 v BREETIE, DNA ZHEHHAITK
ELLREENTH L EZRLTWDS, HWT, HF7 TV
T4 Y TREICBOTH NN ET AR N0 E )k
BEtT 5720z, B2 THINFEL NN vy h&FH
9% DNA —EOLHAOLEMEL LI L7, Figd(b)ix, 40
wt% ® PEG200 777E T T®, d(GATCCGGATC)(6a)F & OV
d(GGATCGATCC)(6b), d(ATGAGCTCAT)(7a) & £ W
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Fig.4 (a) Normalized UV melting curves of d(ATGAGCTCAT)
(7a) in 0.1 M NaCl- phosphate buffer in the absence (black) and
presence (red) of 40 wt% PEG 200. (b) Normalized UV melting
curves of d(GATCCGGATC) (6a), d(GGATCGATCC) (6b),
d(ATGAGCTCAT) (7a) and d(ATCAGCTGAT) (7b) in buffer
containing 0.1 M NaCl, 10 mM Na:HPOs (pH 7.0) and 1 mM
Na2EDTA in the presence of 40 wt% PEG 200. Oligonucleotide
sequences are mentioned in the legends. The concentration of
these oligonucleotides was 100 uM. (Color online).

4. DNA ZELHABEDREMEHRALGBRIREH
TTRT 5=HDREMETRDIEER

% Z T, PEG200 FIEF DN+ T 0T 4 v JREIC

KI5 DNA “HHEAD NN NT A —FHZEHL-
(Table2), 7 FHIRIET DO NN /8T A —% (AG®7) &L
LT, 917777 4 TBREE TS NN ST A — 4 )
L, —RRICREEL LT, B\ oMAehE TR
BEICDESWTEN L2, ZOHTEH GC DHDT
572 % NN (d(CG/GC), d(GC/CG), d(GG/CC)) DFERIAI7R
REEACIE, DO NN T K0 072 0 &ivoiz, 2,
GC X7 IE AT RTIHA_RTLEELDT=DITE L DKy
VB L5728, PEG200 (ZX W KDIEEMET Lz
BTFTIE, GC OANGLR%D NN X7 ILL 0 RERREE
WERLEZEDTHDEEZLND, D &5, RLEF
RBEWVIIBIMBARFIZ R S, PEG200 &4 £/ AR &
LT, 727707 4 7RETTO _ELEAFMN
BT 2 AHPE L OASPIZ KR E BV A 5T,

S HIZFHk A 1L, PEG00 OFMFTHR LN T A—2 %
WEIRL, a7 70T 4 VBRETHHAWL Z N
TEXANN/RF A—ZORRIZIY AT, = 2T, 37°C
TORTEEEX H 120 OLENE (- A G 1, R
[FlDKEREERLAZ v JTHAERCEED Pt
— (OD+@+®), HFA Ik DFEL (@), BLIUOSYF7
TUF 4 L DK EOBREDEE (®) DTk
Exiz (@),

AG®37, NN = AG®37, NN (0+@+@) T AG®37, NN @) + AG®37, NN (6)

)

EEOERIHIE, LFREROO+O (F—H) 1@ (GF
TIH) BLOO® GBI ICENNENEENELE LTE
ENDZEND, GOXEANDZ ERE,

%)

EEDOIE D NaCl ([ZF1F 5 AG°37 NN (cation) X7 A —H 13,
& NN HEE O[Na R FHEIZ DN T Tlicfsr S TR b,
FRIAIRREE F COMEDRT A—=ZNBEE BT 5 Z LR

AG037, NN = AG037 NN (cation) + AG037 NN (crowder)
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TE D, ®AG NN (crowder) 7XT A —H X, 7T 05 4 TH|
TF1E FIZE VT, DNA " HE LB AMED RLEELR 17
TUT 4 TR N COKOIERE(L & EARANIHEEET S
Z &0 (Figs), 2(6)Dil 0 I /K DIEREbAaw 13T 5
BB N OROD Z LN TE D,

AG°37NN, [crowder] = Mcs ® Aaw

(6)
ZIT mes (X7 TUT 4 v TR OGRS 2155 TH
, PEG & 12- A hFT =X (1,2 DME) I3fd K&
< (ROUARLENT D), =F L7 Ya— (EG) &7V
tu—/ (GOL) Ik b/hEL (BE Y ALZEL LR,
1,3-7m 04— (1,3PDO) L 2-A Rk ) —)b
(2-ME) 1%, Z® 2 >OHFEELE/R L (Figs BI W
Table 2) . K DIERITIZE ERE CHRWFT 5 Z LN TE 5,
5

AAGE, [ keal mol”!

006 008 010 022

Aay

0.04

0.02

0.00 0.14

Fig.5 Difference in AG°37 between crowded conditions and
those without cosolute (AAG®37) vs. Aaw for d(ATGCGCAT) with
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 with PEG 200 at 100 mM NaCl (green
squares).” PEGs of different molecular weights and 1,2 DME
belong to the same group. EG and glycerol are also in one group,
whereas 1,3 PDO and 2-ME are in another. Reproduced from ref.
7 with permission from the National Academy of Sciences, U. S.
A., copyright (2020). (Color online).

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

NN set AG®3; AG®3; MpEG2  MEGIGOL  M13PDON-
NN, NN, [40wt% DME (kcal ME
[cation] PEG 200] (kcal mol™) (kcal
(kcal (kcal mol ™) mol ™)
mol ") mol ")
dAATT)  -065  0.10 2.0 0.7 13
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) -1.20 0.31 6.2 2.2 4.1
dCT/GA)  -L11 0.20 4.0 14 26
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 0.98 -0.22 -4.4 -1.5 -2.9
per GC
Initiation 1.03 -0.03 -0.6 -0.2 -0.4
per AT

aSymmetry factor for AG®37is 0.4 kcal mol™! for all cosolutes as it
is independent of the crowding environment.
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LIeBoT, DFAVRE, WEHEOME, S 5I213KkD
ERENTA—ZNTDIET, BRABRFIITUT 4~
JEREEIZIIT D DNA ZHHLEADLZEMNL TRITE DI
MEDEmNTHEZRET D Z LN TET,

5. MIRRMNIRZORICX HHMERAIRETTO
DNA—ELBADREMLTFH

EEROMMNTO " FESEAMBEOZEW T 21T -
O, MBENEREZFRNDILERSH D, TDDIZITR
WHHOKDIEEIZE U TEMTE T e —T RN EL D,
ZFZTHANERLT-DIZ DNA O 7= (G) WEH
HAEETH D, G UESEA DNA IE, BIREREIDSL
THRRD MRuYV—~ilEER b E T eBnmenT
W5, N AETEMLI-Z-GUELEAD bR Y —0
A& dtm r L ¥ — LR E) (FRET) CBMf+2 2 & T,
WO Z T+ 5 Z N TE 5,2 ZD XL 57 FRET
M7 —T7L LT, ~"TEUEEGEEE FTEATHEKD G
WELEABEZEESIEZT A L, TRENOE
IZ Cy3, Cy5 OHtass TEAMi L7z (Fig6), £ b7 AT
DNA 241 NaCl I th ¢ 7 v F 235 LV, KCl ik
TAA 7Y v R X512 KCLIZ 20 wt% PEG200 & #00 L
TR IR T LA AR TR T 5,

FAR L 780 7 0 — T IOV THIEIE T T Cy3 1o+ 5%
CyS OH L% FRET )= & LCET L7z 25, £
NENE/ D FRET 2%/~ L7 (Fig.7(a), ZiLHOHE
R, BREIC X > TAEMT 2 GUELFAMED bR
U—DiEWE FRET RN LI TE 5 2 &R E T,
£/, G UESEAMEIZUESHICENI T D HF A2
roTLEILEND, £2T, GWELYAMEEDOLENE
ZEALEE D20 FRET #ROHEEEKRAM 2 KK
FRET 23 D532 72 DHEIRE (i) & LTHER LIz & Z
%, KCHPEG200 H1The b4 720> Cip T FRET #3013 KK
Lot (Figd@), £72, BAed0T7 797 4V THIN
1EAET DHETI% PEG200, Ficoll70, BSA (YFIjE7 /L7
V) DIAIZ Cip DERKREL o7 (Fig7(b)), L7z
NoT, MARBY—nTF 7T 0T 42 7 OBREIZGNTT
T35 G IUE S AR DL EPEIZOWT S FRET 2%
DEFEWVTIHMECE 5 2 & 2R LT,

FEWNT 7 m—7 DNA ZMEANIZIRIL, %@ FRET %)
ROBENEFNTT 52 LT, 7a—7 DNA FHEOS T2
TUT 4 VT BREBEA AT LTz, 7'1m—7 DNA % HeLa #tifg
PIZsI L, HESEEMEEE AWV ClAENEFT O FRET
R ZE L8, PO FRET RITHIWE LY b
VMEIAIRABIE STz, 2O Th, BENOE/IMETIIFRC

(a) s (b) % (c) s

Cy5

o

%

L Ny
Fig.6 G-quadruplex structures of human telomere sequence and
possible conformations of the DNA probe H-telo with the
following G4 topology: (a) anti-parallel in NaCl solution, (b)
mixed in KCI solution, and (c) parallel in KCI solution with
concentrated PEG. (Color online).
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Fig.7 Changes in FRET efficiency of DNA probe in response to
(a) salt (NaCl, KCl, and KCI with 20 wt % PEG200); and (b)
crowding (20 wt% PEG200, 20 wt% Ficoll70, and 20 wt% BSA).
The solution was buffered with 30 mM Tris-HCI (pH 7.0), and the
temperature was 37 °C unless otherwise indicated. Reproduced
from ref. 29 with permission from the American Chemical Society,
copyright (2020). (Color online).
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Fig.8 FRET analysis of living HeLa cells injected with DNA
probes at 25 °C. Reproduced from ref. 29 with permission from
the American Chemical Society, copyright (2020). (Color online).

&V FRET 2% %45k L= (Fig.8), L7-23> T, B/MENES
I PEG200 % iR OWMIETHE TCELNF 7TV
F a4 TBREICH D ERHEE S,

FEBEIZ PEG200 % & TeBR BT CH/IMEIN TOIE D2 ENE
P TE AT 572012, B TS LR O
FEEMET R NS A—F 2 ANT, B/MRIZEITS DNA O
LEMEEMRNT LTz, Nott DI, B/MRER L 7= RIKRENE
& X7 B Ddx4 DR D IR 73 BRI H T o> DNA
BEOHABEOREEE N LTS3 Z 2T, M8
DOFEEREE & i L C DNA “H# dACTG): B LV
d(ACTG)s DAREE(L (AAGs) 1, FNEIN3.0FBLTN2.3
kecal mol™! TH D L#MEL TS, 2T, dACTG) B L
N d(ACTG)s D PEG200 N COREZEILEZFHAE LI L Z 5,
50 wt%PEG200, 100 mM NaCl TOARZENIL, ThTh
20 BLU28 keal mol™! £, MESINTVDHMEE K<
—F L7, b Z LD, 50 wi%PEG200 & 100 mM NaCl
ZHW 2 NN RT A—=21%, B/MERN D DNA O&EME%
THIFT20IZ8LTRY, HEN/NRE~O®EH N FEET
HDHZENREE T,

6. EBHYIZ

AT, EICESHA DNA #EOLZEHTHEIC
ONWTO A DERITOE Y A EFFN Lz, —HEHLEAIZ
B L Cix DNA 7217 C72 <, RNA —H 5t A< RNA/DNA
NAT Yy RZELFABTFET S, Fx L RNA/DNA
A7 Uy NIZBLTYH, MIENEREZZE L2 ZEMETH
NI RA—=HEFRFELTEY, Uk 57 NRESID
EEFLETEXHEHME LTINS —F, “ELH
HALSDOIE_ELHAME CELEACHUELTAR

Netsu Sokutei 49 (1) 2022



HANEPN T DRERR D 268 2 B 5 323 2 B 2 ERfigdT

L) OLEETFINC O TITREZFFEDEA TV ON
BRTH D, 5 OHEITEE T I A 4 5 68X 23
HY, DASCHRIERZ EORIEIZE D Z LB 5T
Y oobb, LER-T, EEHLEAMEDOHIENE
RCOREMETHOMBIIRBORECTCH DL, S5, M
JEOBREEE, MIENORBATAY 2 22 g7 0 CE&<, HiE
& o T L2 T 5, SRITIN O DR TITON
THRTA—ZET D52 LT, HIENTOREEOZRE) %3t
M TR TE AL BEEZLND, ESOHMan
FOANART I FUR—EORDERDT=Z & T, 5%T
g E OB T E i AR ER L, ISHEhTw
< DIEFFEW R, 20 & 5 725 2 AR N T IEME I HERE
SEDH7OIT, HKRNTOKEROZEZ B 5T 2807
L, ABRAEERZERME LTMESTONDES S,

#

ARAFFRCHF LIS s, W KRZeu A T2t
FeFTD Ghosh Sarptarshi FHTAFICBIE Z 1L U &3 HATR
HEBLOWER, W ONZALRE K7 KPPk mE
WHEREDEIRBEEZSR, AT EIGEAT, 6 X OEEEINRE
WFFERT DO ILARGE RSO FEFTRIC LD b O TH D, F
ToARTFTEIE, BRFEE - K%, 720 CICRE e b4
DOXFIZLHHDOTHY, EIEHH L LT 5,

X ™

1) S. Takahashi and N. Sugimoto, Chem. Soc. Rev. 49, 8439-
8468 (2020).

2) 1. Tinoco, Jr. and O. C. Uhlenbeck, and M. D. Levine, Nature
230, 362-367 (1971).

3) P.N. Borer, B. Dengler, I. Tinoco, Jr., and O. C. Uhlenbeck,
J. Mol. Biol. 86, 843-853 (1974).

4) M. Andronescu, A. Condon, D. H. Turner, and D. H.
Mathews, Methods Mol. Biol. 1097, 45-70 (2014).

5) L Tinoco, Jr., P. N. Borer, B. Dengler, M. D. Levin, O. C.
Uhlenbeck, D. M. Crothers, and J. Bralla, Nat. New. Biol.
246, 40-41 (1973).

6) J. SantaLucia, Jr., Proc. Natl. Acad. Sci. U. S. A. 95, 1460-
1465 (1998).

7) S. Ghosh, S. Takahashi, T. Ohyama, T. Endoh, H. Tateishi-
Karimata, and N. Sugimoto, Proc. Natl. Acad. Sci. U. S. A.
117, 14194-14201 (2020).

8) K.J.Breslauer, R. Frank, H. Blocker, and L. A. Marky, Proc.
Natl. Acad. Sci. U. S. A. 83, 3746-3750 (1986).

9) S. M. Freier, R. Kierzek, J. A. Jaeger, N. Sugimoto, M. H.
Caruthers, T. Neilson, and D. H. Turner, Proc. Natl. Acad.
Sci. U. S. A. 83, 9373-9377 (1986).

10) N. Sugimoto, S. Nakano, M. Katoh, A. Matsumura, H.
Nakamuta, T. Ohmichi, M. Yoneyama, and M. Sasaki,
Biochemistry 34, 11211-11216 (1995).

11) N. Sugimoto, S. Nakano, M. Yoneyama, and K. Honda,
Nucleic Acids Res. 24, 4501-4505 (1996).

12) J. Santalucia, H. T. Allawi, and P. A. Seneviratne,
Biochemistry 35, 3555-3562 (1996).

13) H.T. Allawi and J. SantaLucia, Jr., Biochemistry 36, 10581-
10594 (1997).

14) T. Xia, J. SantaLucia, Jr., M. E. Burkard, R. Kierzek, S. J.
Schroeder, X. Jiao, C. Cox, and D. H. Turner, Biochemistry
37, 14719-14735 (1998).

15) N. Sugimoto, N. Satoh, K. Yasuda, and S. Nakano,
Biochemistry 40, 8444-8451 (2001).

16) G. A. Hudson, R. J. Bloomingdale, and B. M. Znosko, RNA
19, 1474-1482 (2013).

17) R. 1. Ellis, Curr. Opin. Struct. Biol. 11, 114-119 (2001).

18) P. A. Srere, Trends Biochem. Sci. 5, 120-121 (1980).

19) P. A. Srere, Trends Biochem. Sci. 6, 4-7 (1981).

Netsu Sokutei 49 (1) 2022

20) A. B. Fulton, Cell 30, 345-347 (1982).

21) S.Cayley, B. A. Lewis, H. J. Guttman, and M. T. Record, Jr.,
J. Mol. Biol. 222, 281-300 (1991).

22) D. S. Goodsell, Trends Biochem. Sci. 16, 203-206 (1991).

23) S. B. Zimmerman and S. O. Trach, J. Mol. Biol. 222, 599-
620 (1991).

24) K. E. Handwerger, J. A. Cordero, and J. G. Gall, Mol. Biol.
Cell 16,202-211 (2005).

25) S. Nakano, D. Miyoshi, and N. Sugimoto, Chem. Rev. 114,
2733-2758 (2014).

26) S. Ghosh, S. Takahashi, T. Endoh, H. Tateishi-Karimata, S.
Hazra, and N. Sugimoto, Nucleic Acids Res. 47, 3284-3294
(2019).

27) E. Rozners and J. Moulder, Nucleic Acids Res. 32, 248-254
(2004).

28) J. M. Huguet, C. V. Bizarro, N. Forns, S. B. Smith, C.
Bustamante, and F. Ritort, Proc. Natl. Acad. Sci. U. S. A. 107,
15431-15436 (2010).

29) S. Takahashi, J. Yamamoto, A. Kitamura, M. Kinjo, and N.
Sugimoto, Anal. Chem. 91, 2586-2590 (2019).

30) T.J. Nott, T. D. Craggs, and A. J. Baldwin, Nat. Chem. 8,
569-575 (2016).

31) a) D. Banerjee, H. Tateishi-Karimata, T. Ohyama, S. Ghosh,
T. Endoh, S. Takahashi, and N. Sugimoto, Nucleic Acids Res.
48, 12042-12054 (2020). b) D. Banerjee, H. Tateishi-
Karimata, T. Ohyama, S. Ghosh, T. Endoh, S. Takahashi, and
N. Sugimoto, Nucleic Acids Res. 49, 10796-10799 (2021).

Sl N
Shuntaro Takahashi
E-mail: shtakaha@konan-u.ac.jp

A EHL
Naoki Sugimoto
E-mail: sugimoto@konan-u.ac.jp



