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Figure 0-1. Composition of the human genome
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Figure 0-2. DNA binding ligands developed in our laboratory and their putative binding motifs.
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Figure 1-1. Maturation process and function of miRNA
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DJ— T E AT OARFHEEERAL O 57K, 37 Ku Al 2 2 nEh 3 > T
2 2E LTz, pre-miRNAmutants 7 1 77 U —Zi%Et L7, ZTORNA A7 7Y
—% Dicer BGNMIHWD Z ETA, U, G, BLUC D 4FEHOHERE L 6 EFTDE
B DR IA D TEF 4096 BLA DR G & 72 > 7 RNA Z [RIRFIZEIT T X 5,
FEAEH# & L THWZ pre-miRNA136 M TX pre-miRNA mutants 7 4 77 U — O
TEREE 2 LU FIZRd (Figure 1-2), pre-miR-136 (%, & & O LLRTOHFSE T, Dicer
ICE VRIS UM ENDIETHD Z LRy ho> TV D 3* AKAFZE Tl Dicer
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pre-miRNA mutants 71 77 U —Z/FR L7, B=AFHE TV D pre-miR-
136 @ Dicer (2 X D FERUIWrEALZ R LTV D 9,



pre-miR-136 20 pre-miRNA-N6 library
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Figure 1-2. Sequences and predicted secondary structures of pre-miR-136 and pre-
miRNA-NG6 library.

AT FIE O & DL T (279 (Figure 1-3),  fEHTIZIE NGS 2V, ~of AL
— 7y = U A BT o T, ARG T DAFE T/FEAFAE FC Dicer ZLEE L 7= pre-
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Figure 1-3. Outline of the method in this study.

1-2-2 Pre-miRNA mutants 7 4 77 U —® in vitro Dicer )i

K537 £V Dicer UIWrhZB N ZALT DRI EZRET HICHTD, SKIENE / VU
Vb &7z pre-miRNA mutants 7 A 7 F U —% HW T Dicer HEIT> 72,
BOSIE~A 7 v 2—7F, 37 °C T 10 FefATVY, BUGHE T 1% Dicer stop solution



(Genlantis) ZMANEWACZAT > 1o, LTICROGE I L, BER Y 727 UL
7 X RTOVERIKEN (LLF, 21 PAGE) (2 CHIVESIKENRNT 21T - I i R %
79 (Figure 1-4), NA, NCD, ANP77 O W O(LAEW % RN L7ZEIC b Dicer
FOSIT BAFIZHEIT L, 56 LR O HE TH % pre-miRNA mutants 7 A 77 U —D
BT & £ 20 $EEE O miRNA OFEA DR T 7-,

- NA NA NCD NCD ANP77 ANP77 Comp
M- + - + - + - +  Dicer
!

100 nt  —

50nt Gy G w— G . . — <—JI[‘ZEIIC})

40 Nt w— substrate
30 nt .-

- —— s m™m

20 nt - - — = T,

products

Figure 1-4. Denaturing-PAGE analysis of Dicer cleavage reaction of pre-miR-136
mutants Library.

Conditions : RNA (2 uM), Compound (100 uM), with 10x Buffer (Gelantis), MgCl
(10mM), ATP (1ImM), BSA, and Dicer (180 nM) were incubated for 37 °C, 10 h.
Analysis : 15 % denaturing-PAGE, acrylamide: bis-acrylamide = 19: 1, 6 M Urea).

1-2-3NGS fiDNA 71 7 7 U —DfE#L

LB DIFAE FIFEAEAE F T invitro Dicer St %#1T - 7= D H,NGS (2 X 5 Bl 5 fiE
HrOT=DIZDNA 74 77V —DOfEf %217 > 7= (Figure 1-3), 77 A ~v—& LT
fEA LAY 2 X7 AT REFIZRT (Table 1-1),

Table 1-1. The sequences of DNA oligos used in the study.

# |Oligos Sequences

1 |pr-miR136 F BC2 (Fw primer) |CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGAGAACGATGCTCCATTTGTTTTGA

2 |pr-miR136_F BC3 (Fw primer) |CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGAGGATTCGATGCTCCATTTGTTTTGA

3 |pr-miR136-F-BC4 (Fw primer) |CCATCTCATCCCTGCGTGTCTCCGACTCAGTACCAAGATCGATGCTCCATTTGTTTTGA

4 |pr-miR136-F-BC5 (Fw primer) |CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGAAGGAACGATGCTCCATTTGTTTTGA

5 |pr-miR136-R-trp1 (Rev primer) |CCTCTCTATGGGCAGTCGGTGATAGACTCATTTGAGACGA
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PCR H#MEDEE, 7+ U — K77 A ~—|% pre-miRNA mutants 74 77 U —® 5°-
arm Fil 81 & 553 AR 72 Bl 1 & & de cDNA IZORFEET 5. T OFER, K
Wrd> RNA IZDOAIZKET D cDNA HNRIAYIZHINE 415, PCR FEW)IE Nano
View (GE Healthcare Life Science) T3 LZDOEENITE L7=D 5, Qubit dSDNA
HS Assay Kits (Thermo Fisher Scientificy ZEH LT, 74 77 UV —DIREZIRE
Uiz, WE LIiRE ZTls, £V T ARmREITV, £ VEKGKENC L > T
Z DHEDOMEFREAT > 72 (Figure 1-5),
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M - 4 - + - + - + Dicer
— et
—
—
-~ - &
= ol
e
-~
- -
-
- -

Figure 1-5. Denaturing-PAGE analysis of purity of PCR product.
Analysis : 15 % denaturing-PAGE, acrylamide: bis-acrylamide = 19: 1, 6 M Urea).
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1-2-4 B MY

55472 DNA 7 A 77 U —I%, Thermo Fisher Scientific #:® ion PGM THIAI|Ik
ExITo T, TNZENDOHERIZIL Dicer DFE, (K5 F+DAEIZL > T4 oD
VTIVOFRERNEENTWD, KL T, Z04F T VONDEEE L2 2
T TNDOREREE Y 7T v 7L, FRAIOTEAID £ a ST LT,
ABEIOFEFRITB W TR 128 Dicer BUG~EELY KT S oW b, Blam MK
Sy DEEEI X o THRARD EICEITECR2WTTTH S, LavL, EBICITY
VIV EZELOE NS, AL, TORTYXNMEREZ D ELLOTH
50, b LR FICL2FERETOLIONERTDHTFIEELT, BT Y
YDA ZFRE L H T (Figure 1-6), 7711 ZFME & 13 2 7 — & ICBHEME
DHDLNENEMENDDLTFIETHY, LFORT v 7 T{Toh b,

- BEHNOFEAEY Fw 7 va AEFRITY TED D,

« UTHE > THIFHE a~d 22RO D,

T L HFHE L OZE e~h (RO y ZFH) ZRD D,

ce~h ZRE LADE, y “HEELZHEET S,

<y FEEE p EICEWT D
UELDAT v 7 TRDOTCpELY, AEEDHREEIT 5. p E & ITHFHAIREIR
EIZBWT, IRIEGRO T TRERFENZDEE 2 5EOZ L THDH, OF
0, P EN/NSVIEE, REMETENEOEEL 22 LIEHEVEID 272N
EEBEWT D, I PAEN 5% 21T 1%L FOGA RG24 & LT
FEHIL, MR EEIRT 5, 2F D, PED0.05(5%) % FEI->7Z5A, 0P
EIZMEARRADETITE RN E WS 22 2EH®RL, BOTBELWI ENRETZ] £
i MWL DERRHLHEHRTHD (FEETHD) | ZeakT,
p HIZT —ZEMNL N TN T, BITEIEA 2, p MRS
BlE2siD 5, 2D, BT pEEMIELT () ZHWTEREIT I,
ARFERTE, T p EZHIE L72ME (q 18) 2o, fiiiElX Bonferroni £
[Z R DB EMREELIT T2 68,

A [ElE pre-miRNA mutants 7 1 77 U —IT3 415 4096 BLAIE L Z LI
T, WA ZFBREZITW, LW 2 YU T ABIICHEEEZRN D D%
(q<0.05) HHAETHE LT,
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Pearson’s chi-squared test

A

The number of reads of the
sequence a (ex. GGG GGG)
in the result of Compound-

B

The number of reads of the
sequence a in the result of
Compound+

A+B

The number of reads of the
sequence a in the two
measurement results

(o

The number of reads other
than the sequence a in the
result of Compound-

D

The number of reads other
than the sequence a in the
result of Compound+

Cc+D

The number of reads other
than the sequence a in the
two measurement results

A+C
Total reads of Compound-

A+D
Total reads of Compound+

A+B+C+D
Total reads of the two

measurement results

4

Expected values for each cell

a b
(A+C)x(A+B)
(A+B+C+D)

c d
(A+ C)x(C+D)
(A+B+C+D)

Chi-square values

=) _@A- —a)? (13—b)2 (C—0)? (D-d)?
X a b c d

(B +D)x(A + B)
(A+B+C+D)

(B + D)X(C + D)
(A+B+C+D)

Figure 1-6. Pearson's chi-squared test.

BEFNDOFEAID ARy FOFWCH LI RE 7 m Yy ML, UFIZRT
(Figure 1-7), 7'71 v b DERIZIE, HEET 545 0 7L DG BN R 5 Z
ExRBREL, MR A 10 TERD X0 ICHRILL, B DOTEAELY %
DENEEIEERE Lz, ZOFERE LK 2 ORBICER L, 79717 m v b
1o 7,

JROW:
I P P
N N N)H\
H
N |N\ o]
H = =

Naphthyridine-Azaquinolone

i

0 _N_N_N,
YY)
ow

Naphthyridine Carbamate Dimer 2-Amino-1,8-naphthyridine Dimer

(NA) (NCD) (ANP77)

o] x N x N
x X * | Down regulated X -
Lk S e ©) S e
S - N\ =
Y~ 00 - Q_OO* Q_w—
g %, %
Q(:\‘co— € > ©1
> RS °
Q < \ﬂ'f ~ Y
J = Up regulated =
?Nf \_N’ (O) \_Nf
~ Q | N
<Of OO EO*
o 2o Sl .

2 0 2 4 &6 &8 10 12 2 0 2 4 6 8 10 12 < 2 0 2 4 6 & 10 12

NA (-) / log,RP100K*
*RP100K =reads per 100,000

NCD (=) / log,RP100K* ANP77 (=) / log,RP100K*

Figure 1-7. Reads number of sequences of detected corresponding to N = 6 in the RNA
library. Circle : sequences of q<0.05. Square: sequences of ¢>0.05.
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7' 7 OREEN IS & I Dicer SR 21T - 2B D R GIWBEW) O 35t 7
B %%, #eshi 354 % i L T Dicer UG % 1T - T2 BEORE ALY #A4 K LTV
%o fER LV ,NCD Z WA BEZDO O ARSI DBl sz, L L—FT,
NA & ANP77 Z W= BCIIHBEZOH DRI R N RET LV, A
EZDR O NCD OfES % 10 FEHICREAT L, MEtE T o e R a7,

1-3 NCD % A\ 7= BL 5T

1-3-1 ECHIMEHTRE SR

AHITIE 3 2OMEBIOER (LLTFEBRHL #2, BLXOH3 &795) %ML,
NCD OBIMNNRT A 7 F U —0D4% pre-miRNA Z KD Dicer UIHGIZ & D X H 128
A DN EHR LTz, =y IO R%A2 £ &6, Tablel-2 1OR”7, gk
TR« KRB & B P SRR BEREAD K 0 TRz perl 227 U 7 (i
BEEN 2 LT, 50, 30, BXONEOEEREBICESIC BT D &
FeE U7o, FBRE1 CTlE, —EL7aBiA 0 803, NCD (-) > 7 /LTl 584,738,
NCD (+) > 7V Tid 484,051 TH Y, EHL o b aFHmAIY O 50% Th -
2o F72, 3EIOEBRONYYIL, NCD (-) 4> 7 VD4 510,942, NCD (+) >
TIDEGE 442,566 ThoTz, —HL7=V — RETXTD 4,096 £ ERKIZONT
17> L, NCD (-) ¥ 7/Le NCD (+) o 7/ THE LK ERIEDHEE
DEDHE M Z, T Y O A ZFfRiE & Bonferroni fiiEZfiH L TIT-o
776

Table 1-2 Summary statistics for the high-throughput sequencing data.

Experiment #1 Experiment #2 Experiment #3 Average

NCD — + — + — + — +

584738 484051 485458 387013 462631 456634
Matched reads 510942 442566
(52.1%) i(45.6%) [(54.5%) i(49.5%) [(53.0%) i(54.4%)

537127 576637 405952 395258 410202 383587
Non-matched reads 451094 451827
(47.9%) (54.4%) [(45.5%) i(50.5%) [(47.0%) i(45.6%)

Total reads 1121865 i1060688 [891410 (782271 (872833 R40221 (962036 i894393

FFTIILDIT 4,096 FEOL ARG R TIZHONWT, v~ v F LV —FKE2hho bL,
oI 7 % 1ogoRP100K (#RFEAHD %2 10 H{E&H 72 0 OFEAIY #) fE
(ZEH LT, KFEBRD NCD (-) & (+) V7LD 4,096 ZHEAKD log-fold-
change (logFC) EDEE /3 AR & bl T 572901 A N 77 A& {ERk L7 (Figure

13



1-8), Ehr#l L#3 TH LNt A N7 T A, 1ogFC OBEE A AFELIL TRV,
REELDIEFARDI-1 <1ogFC < +1 OHFIPHNIT/FAE L TV /o (1-8A, 1-8C, 1-8D),

400- Experiment #1 400 - Experiment #2
350 350
3004 300
3 3
c 2501 c 2504
() [}
T 2001 & 2004
o o
- 1501 L 450
1001 100 -
50+ 50
0 04
-4 -2 0 2 4 -4 -2 0 2 4
LogFC LogFC
400- Experiment #3 6r
X: Average
350+ 4l
300+ o
> 2r E 8
8 2504 &) g
% 200 S Of | —
(0] - - g
— -
& 150 1 é !
1001 ¢ é
4L
50- ’
0 T T T T T T 1 -6 1 L 1
-4 2 0 2 4 #1 #2 #3
LogFC Experiment #

Figure 1-8. Frequency distribution of log-fold-change (logFC) values for 4,096 mutants.
The logFC values were calculated by subtracting the log2RP100K values in the NCD (-)
sample from the log2RP100K values in the NCD (+) sample in (A) Experiment #1, (B)
Experiment #2, and (C) Experiment #3. (D) Box-plot representation of the frequency
distribution of logFC values.

—J7, FEB#2 O logFC EDOBEE X, OEBROZT LR L T, ¥—7 NAIIRH
S TERIRW A & 7o T (1-8B), 72, IZIEFETOLRMKIZI VT, NCD
IIMKEDH > 7N DFEHEL Fs b LT Y, logFC EITADE L e -7 (1-
8B 15 KUY 1-8D), 3 DD FEBRH T logFC DB AN R/ 572, [F CHEEHLER
THATT % LRHIEIC SRR 5> TLE 9, % 2T, 10gFC D 5 b, i 50%
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DF— & & T, 1ogaRP100K EDORIEIEIFE T 247\, B bh =Rtk - T
NCD) AL (H)DH > FNDEERT — % OIEHLEIT -7 (Figure 1-9).
EHYEE D NCD (-) XY (+) OV 7LD 1logRPI00K fii%z 7 12~ k L, Figure
1-10A-C (2773, EBE L7 1og:RP100K fE % #tAHL 0 #IZE L,NCD (-) & (+)
P TNTHONTERERROBEEDZEIZOWT, fifi L FRERICET Y Dh
A T IE & Bonferroni 1EIC K 5% EIEMREMIE % I\ CHEEHIENT 24T - 7-.,
FBR#1, #2, #3 ITBWT,NCD (-) & (1) OH P THE (9<0.05) ZR
LT BB IR A, 224 70,110, 14 fE8[FE LTz, ZAUDOEEEKD S B, 67,105,
11 OEFRIK (ZNENFEH#L, #2, #3 1A L) 13, NCD (+) > 7 LTk
N %< DAY B AEFT-, Ziux, 2o OEEKD Dicer (2 L 5 EIEAY NCD
FEETEVBFETFTTHRISHEITL VD ZEERLTWS, ZRLHOE
BR % ARG CIXBLERLS & MRS (1-10A-C, ARH), —J7, FEBR#1#2,#3 1 DT
NENGESHNT- 3,5,3 DEEIKIL,NCD (-) 7Tl %< oFiaE D &
BFon, s OERKD Dicer 2 LUK, NCD JEfFEF LW LIFE T T
L VNRMITHEITL TWD ZER LTS, TS DERIREZ(EHERS] &
SZEIZTDH (1-10A-C, FH), 3 BIOEROZNZFITHE LI HERS] &2
RIS DR A % 2 1R, 3 MO ERT R CCRE S ERSE 11 8, (2
HEES1E 2 H T3 > 7= (Table 1-3),

>
w
O

<1 Experiment #1 <1 Experiment #2 <1 Experiment #3
o | (= (=
5" N 5"
9 0 | 9 © - 8 o -
o 55 o ™ o
mN © + mw © mf\l ©
je2) D D
o o o
=< = < S
* * *
5 g g~
=z =z 2 z
i K o
o y = 1.001x — 0.1981 o y = 1.004x — 0.7842 o y = 0.9888x + 0.0269
2 0 2 4 6 8 10 12 2 0 2 4 6 & 10 12 2 0 2 4 6 & 10 12
NCD(-), log,RP100K NCD(-), log,RP100K NCD(-), log,RP100K

Figure 1-9. Scatter plots depicting log,-transformed normalized read counts in NCD (+)
samples (y-axes) compared to NCD (—) samples (x-axes) for (A) Experiment #1, (B)
Experiment #2, and (C) Experiment #3. Black dots represent the data for the middle 50%
mutants of the logFC distribution. Light gray dots represent the data for the other mutants.
A linear regression analysis was done on the logaRP100K values between NCD (—)
sample and NCD (+) sample using the middle 50% mutants of the logFC distribution for
each of three experiments. The regression lines (orange dashed lines) and the equations
obtained are shown on the plots.
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w
(o]

<4 Experiment #1 <4 Experiment #2 &1 Experiment #3
¥ 2 x 2 . ¥ 21
o o o
S C 2w
o o o
© 4 4

N © o N © N © o

(o) (o)) o
o ke] o
=~ <A =<
* ) X
O« el o el
4 z =

1 o4 o4

('}I, (}‘7000 ® e o (\Il—

2 0 2 4 6 & 10 12 2 0 2 4 6 & 10 12 2 0 2 4 6 8 10 12

NCD(-), log,RP100K NCD(-), log,RP100K NCD(-), log,RP100K

Figure 1-10. Scatter plots representing the normalized log>-transformed read counts for
4,096 pre-miRNA mutants obtained from the reaction in the absence (x-axis) and
presence (y-axis) of NCD. Red dots represent the inhibited mutants, and light blue dots
represent the promoted mutants.

Table 1-3. Summary of the number of mutants that showed significant difference in
the frequency obtained for NCD (-) sample and NCD (+) sample.

Experiment Inhibited Promoted Total
mutants mutants

#1 67 3 70

#2 105 5 110

#3 11 3 14

Identified in #1, #2, and #3 11 2 13

ZO 11 BN 2 BeS DR &2 £ &b, T X MU ORI DOFIEEIE &
v—tru v 7 a 3ATRT (Figure 1-11)

11 FEOERSNE, 7 & LLH
RLUTE (1-11A), 7 > % MMEFEIIC 3

RICHBWNT T 7 = I~ DB e 78 i %
W B 7T = IO EH FRIT 2K T 70%LL

ETHY, MOBEEOEAERLD 0720 @V N (11 2R 10 28K, 91%),

N2 (11 B B4R 9 28K, 82%), N4 (100%) DALE T, ARl
NS, £72, 7T VMIENG N (11 ZRAKRT 7 285K, 64%) |
— 5T, T X AMLEkIC
3% &RV

F L7,
X, TNEN 5%E
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IZBWTCRBEDES (5°-CGG-3°/5-AGU-3" & 5°-CGG-3°/5’-AGC-3") # A L T
BY, TOEWNEINMLOERRER (U730 25 ThrZ EnbhroTz (1-
11B),

A Down-regulated B Up-regulated
Nl NZ N3 Nl N2 N3
WS
<U U A

Ng N5 N, Ng N5 N,

Figure 1-11. Sequence logo of the randomized region for (A) 11 inhibited mutants and

(B) two promoted mutants identified in all the three experiments.

W T, BB INTEBIKOBEEDOEALN, A2 Dicer KNI HkF 5 NCD i
MOHFEANZ LD HDTH Y, WHEFLPCR 72 E DD AT~ 7 1Z%t4 5 NCD D
DWRIZED DO TIE W T & 2R T 5 729DIZ, Dicer YIHTIZ 27 7712 NCD THL
P L7z pre-miRNA mutants 74 7 7 U —{Z DWW TCEAIENT 21T > 7= (Table 1-4,
Figure 1-12), EE#3 [ZB W T, NCD(-) & () OV U 7V ETHEZ (9<0.05)
ZoR LTz 1 DR 2 W L7272, Z OB RAKIT Dicer VI 241727
JNZENWT ERLCTHER LW TNOZERIK L b [E—Thiro T,

Table 1-4. Summary statistics for the high-throughput sequencing data obtained
from three experiments without dicer cleavage reaction.

Experiment #1 Experiment #2 Experiment #3 Average

NCD — + — + — + — -+

508838 (557527 [431330 469051 (472932 490388
Matched reads 501033 1505655
(57.6%) i(55.5%) [(52.4%) i(52.6%) [(56.6%) i(58.1%)

441712 446665 [391989 421909 (363200 353247
Non-matched reads 398967 407274
(42.4%) (44.5%) |(47.6%) i(47.4%) |(43.4%) i(41.9%)

Total reads 1040550 1004192 823319 890960 [836132 843635 (900000 912929
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>
w
o

<1 Experiment #1 <1 Experiment #2 <1 Experiment #3

(= (= o
v - v - é -
§ © ‘8 © S
o o o
%o X o o]
(=] ()] ()
Ke] o o
~= Y1 = ~ ¥
* : E
0O~ [alVE! 0O o
(@] (@] (@)
z o z o z o

& & &

2 0 2 4 & & 10 12 2 0 2 4 & & 10 12 2 0 2 4 & & 10 12
NCD(-), log,RP100K NCD(-), log,RP100K NCD(-), log,RP100K

Figure 1-12. The libraries were prepared without subjecting them to Dicer cleavage. Scatter plots
depicting log,-transformed normalized read counts in NCD (+) samples (y-axes) compared to
NCD (—) samples (x-axes). The light blue dot in the plot for Experiment #3 represents the mutant
that yielded more reads in NCD (—) sample with g < 0.05.

1-4 NGS TH O 7= Bl D EEE DR DR

55 1-3 HilZ BT, ionPGM & W2 f#HTIZ K 0, NCD 23 FFE DELSI D pre-
miRNA @ Dicer UIWi S =R 2 2840 STV D ATREME S RIB S v, AREiI T
T DR Z FERTHEDN D D <, BIERD R T2 fd s 2 F2ERIZ VY, Dicer S
SN SPRIZ K A G Rl A2 1T > 72,

1-4-1 Dicer ST & 2 FREE

FPIL U HIZ, Dicer UIKFIC LAY —2 2o AF— X ORIEFEITo 7. FHERLS]
EARHERL S (Table 1-5) % Z 3L FUE RN HEfi L, NCD OTFEE F £72I13IEFEE T C
Dicer |2 X AU E &2 T 7, £72,3 BIOFERT X TTEW qEE/RL7Z (NCD
RINC X DB EZEN LN - T2) T DO OZE AR Z [ ¥R L, Dicer YK
D hr— bl LT LT,

Table 1-5. List of the inhibited mutants and the promoted mutants.

Experiment #1 Experiment #2 Experiment #3
Sequence log;RP100K log;RP100K log;RP100K
5’-N1N2N3-3°/5’-N4NsNe-3°  NCD(-) NCD(+) LogFC NCD(-) NCD(+) LogFC NCD(-) NCD(+) LogFC

Inhibited mutants

GUG GGU 6.71 8.68 1.97 5.93 9.64 3.71 6.87 7.73 0.86
GGU GUG 7.11 8.78 1.67 6.21 9.91 3.70 7.17 7.94 0.77
GGU GUA 6.64 8.78 2.14 6.13 10.02  3.88 6.91 7.78 0.88
GGU GGU 7.33 9.14 1.81 6.56 1045  3.89 7.56 8.19 0.63
GGG GUU 7.34 9.07 1.73 6.92 10.12 3.20 7.68 8.28 0.60
GGG GUG 6.51 8.14 1.64 5.94 9.07 3.13 6.69 7.50 0.81
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GGG GGU 7.18 8.73 1.55 6.54 9.83 3.29 7.28 8.11 0.82

GGG GGG 6.20 7.55 1.35 5.27 8.68 342 6.35 7.31 0.96

GGC GGU 6.77 9.13 2.36 6.26 10.57  4.30 6.99 7.93 0.94

GCA GGU 5.93 8.25 2.31 5.46 9.25 3.80 6.17 7.16 1.00

AGG GGU 5.96 8.36 2.40 5.70 9.62 3.93 6.28 7.33 1.06
Promoted mutants

CGG AGU 7.53 562 -1091 6.95 6.10 —0.85 7.63 524 240

CGG AGC 6.12 420 -1.92 5.39 4.51 —0.88 6.13 4.08 —2.06

Dicer U hintk, BUSERM) % 25077 )V CREAT L, SYBR Gold T VA2 Yeta 95 Z
& TRNA N> RZ&E A L L7z (Figure 1-13A-C), " L L7z N> RiZT v b
A N U =M &> TER L, Dicer St ~? NCD U3 G £ sl & ARl i
BHOMEICHEL G2 5008 5 &<, (1-13D-F), HSHrofER, T
DORAFERLSNZ BT, NCD OAFTE T CARUIWTIEE O/ REEE L Gk A 12
R DEEINAEBEICHEM L (1-13A,1-13D), il 213, 5°-GGU-3"/5’-GUG-3" 28 B
R CIE, NCD FEMFAE T CRUIMEE ORI E N 7.2% £32% Th o7 b D)3, NCD
EAE T TIE 88.4%+3.0% & 123 f2I2HIML TW5, F7- 5°-GUG-3"/5’-GGU-3’
BHEIRTHRERIC 118 5 DEEMMN A 5, RUIKTEEE OFIE 1L NCD IEFE F T
6.6%*+2.1%, NCD f71E F T 78.6%=*3.0%Cdh 7=, HERIID S H, 5°-GGG-
3°/5°-GUU-3’, 5’-GGG-3"/5-GUG-3’, 5°-GGG-3’/5’-GGG-3"2 BAR TII R UINT L E
DOFEIGOELIT I/ NS <, ZNEI L5 65, 145, 1.5 G0N Tth o7, =
UL, 26 OEFRKITIB W TIE NCD FEFE NI W THEE D Dicer 12X 5
I NN CThoT2lzd Th D EEZBND, LLED X 51z, BHERSNZ SO
THLNTET =21, 2 OZEEMRITK L, NCD 7 Dicer (2 & 5 Gz %t LEH
EHREFLCNDHZ EERLTND,

—J5, BHERCS] & 3R RIS, (RERLS O Dicer (2 X 2 YIKTIZ X NCD IO %)
RITA SN2 ~>7- (1-13B,E), 5-CGG-3’,/5-AGU-3"Z H{K¥ L 5-CGG-3°
/5-AGC-3"E BARORUIM FEE OEFEI A 1L NCD 177 F CRE S Zee T, £h
TN LIEBLIR1L0EOENTH S Z & DR ST,

Flz, arybe— e L THERALEESY] O—F v T THEEBEENRD
Lo 2Bl 12635 NCD ORREfER LT2E 2 A, T bidEN T A
PR T BN D R SN (1-13C, 1-13F), ERICHWZ 7 >OERED H H 4
DOEFRIKTIE, NCD HINC L 2 RO EE OFEOFBERZ(LIT R SN0
S77e ZAUEL,NCD N2 b DEFARD Dicer 12 L HUIWHZIE E A ERELE KT
SRNWZEERBTHHDTH o7, —J7,NCD IEMhd 3 DD EIRD Dicer Y
Wikt U CREIHIRAEZEZLZ b o TREZKIT LT, T FA MY =20
fER, 5°-GGC-3°/5-GUG-3"Z HAKF LT 5°-ACA-3/5’-GCG-3"Z AKX NCD 1%
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1E T CRUIMEE OEIR N ENENSE L LORFITHML TEHY,5-CAC-3/5-
GCG-3"ZERIINCD ORI LY, REIEE OFIG A 0.4 58V LT, fieste
BlglE a2y br— e LCHERALZESNICBT LAY —7 v U IR &
PAGE DR ORICBIE SN R —FITHOWTIE, AR 143 TELEL 77,

A GUG GGU GGU GGU GGG GGG GGG GGG GGC GCA AGG

UGG GUG AUG UGG UuG GUG UGG GGG UGG UGG UGG

- - + - - + - - + - - + - - + - - + - - + - - + - - + - -+ — — + NCD
M-+ + M-+ + M-+ + M-+ + M-+ + M-+ + M-+ + M-+ + M-+ + M-+ + M - + + Dicer
(nt) ] h

100 — &= . - - - - —_

|- = = - el o s \
30 — w— A - - - - w -
] - - = - = m }r
20 - == Ao - - - hed
B CGG CGG C UGy UAA GGC Gee CGA CAC ACA
UGA CGA GUA GAG GUG CGG CAA GCG GCG
- - + ~— = F NCD - - + = - + = - + - - + - - + - - + — — + NCD
Y M - + + M — + + Dicer () M-++ M-++ M-++ M- ++ M-+ + M-+ + M- + + Dicer
100 — = = 100 — == - - - i -
L 50 — 55 et - | U et | o/ || 8 — s
50 — e S WS 2018 —— - - = — - i }
-— - = - - - ]
40 — - B | 30— - e - o o
30— w- . I L T T ™ | Fe
0 WS w m=TP - e
D E F oo
o2 o2 100 o 100
g 25 & %; 80 N
3w 8T 60 3T 60 *
22 2% £ 40 1
58 52 545 N
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NCD — + — + —+ —+ —+ —+ —+ —+ —+ — + — + NCD - + - + NCD - + — + — + — + — + — + — +
GUG GGU GGU GGU GGG GGG GGG GGG GGC GCA AGG CGG CGG UGU UAA GGC GCC CGA CAC ACA
Fold UGG GUG AUG UGG UUG GUG UGG GGG UGG UGG UGG Fold UGA CGA Fold %UA (iAéS (;U1G C1G1G %A;\ GOC‘C‘E G1CQG
increaseﬁ's 123 70 93 15 14 26 15 48 26 85 increase1‘1 1.0 increase - E - . . . »

Figure 1-13. Denaturing-PAGE analysis of Dicer-mediated cleavage in the presence or
absence of NCD of (A) the inhibited mutants, (B) the promoted mutants, and (C) the
nonresponders. Densitometric analyses were performed on SYBRGold-stained gels and
the fractions of uncleaved substrate (%) in the absence (light gray bars) and presence
(dark gray bars) of NCD are shown as bar graphs in panels (D) the inhibited mutant, (E)
the promoted mutants, and (F) the nonresponders. NCD concentration: 100 mM, S:
Substrate, I: Intermediate, P: Product. Data are represented as mean = SD of three
independent experiments. *p < 0.05 and **p < 0.01 versus the sample without NCD

addition (paired t-test).

* 72, 5°-GGU-3"/5’-GUG-3* £ B IKE L ' 5-GUG-3’/5°-GGU-3> £ Ak, 5°-
AGG-3°/5-GGU-3"Be Izt L C, Dicer YIEro> NCD DB EZhRITIREKA TR T
bHDH L EER LT (Figurel-14), FE RNA2 pM, Dicer 200nM % {#H L, NCD
DIRFERFIEDOMER ZAT - 1245 F, NCD @ 1C50 fEIZZNZEH 45501 pM B
LN 52404 uM, 3.8+0.4 uM & HEE S L7z (1-14B),
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Figure 1-14. Concentration-dependent effect of NCD on the inhibited pre-miRNA
mutants. (A) Representative gel images showing the inhibitory effect of NCD at various
concentrations. S: Substrate, I: Intermediate, P: Product. (B) Plots showing the fraction
of cleaved products (intermediates + products) against the log concentration of NCD.

Data are represented as mean £ SD of three independent experiments.

1-4-2 [A7E & 172 RNA & NCD OfE 4 il

RIZ, NGS TlRE SN2 b OEEMRIZHT D NCD Ot Al & & 77
RE 4 (SPR) 7 v A 2L > TTo72, £THIHIC NCD OtV —F v
TRIE~DOEE(LEIT > 72 (Scheme 1-1), FEHRIZHEV ©, NCD % 4-((tert-butoxy)
carbonylamino)-N-(3-oxopropyl) butanamide CTiEjL7 I /b5 Z &Ik, 73
J T NF VY o d—% NCD IZAHINE 7=, Boc OB #ER, BHoi(bEYW
NCD-link % [EELIZEA L7z,

VT SPR BV Y —F v T ~DEEILEI T T2, TTF v TERHD I ILRF
FTX¥ANTUOHNVARF A NHS (N-Hydroxysuccinimide) & EDC (1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide) (Z & U M L L THEME= 2 7 L2 L,
T H 7V 7 ERET Amino-dPEG4-acid A L7z, WIZ, REGSOTEM:
TAT)NETZE ) —)VT I NIV Ty v BT LT, KEE{ET Y T ALK
WRIZ KD, R ) — VT I ZE LIz, W T, PEG OBV ¥ v iz
NHS & EDC (Z X 0IEMAL L TIRME= AT VL, TI vy U o T HRET
NCD-link ZEA L7z, &EZIZ, REISOEEZAT NV EZZ ) —LT I T X
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DXxx 7L, KEEILT MY U LKBRICEDERRED Y ) — LT I &2k
H L7, LEOFIAT,SPR £ ¥ —F v 7 ~D NCD OEENEZITo T

LIS
o o] N '\CICN%H LY ”JLO/\L i
p A~ A~ B e N N
N MeOH-CH,Cl,, rt H J H
. o NN N\n/o
(Current Protocols in Nucleic Acid | o R = Boc

Chemistry 2008, Unit 8.6, 1-21.) NF

0GR = H (NCDHink) =

o~ o~

T% Tﬁ

NHS o 00 0 o,
EDC \ v Amino-d(PEG), ﬁ

N
o0 © 0,0 0080 © 0 _NH 0y _NHOg_O
COO- COO- COO- COO” — coo- -
I I I I Activation ﬁ/ L Y Y Addition of j/ 7°° j/ j/
hydrophilic spacer

0, 0,
J(‘go j‘(“go J<£§o © o °
o 0 OH NHS o 0 OH

Ethanolamine ? P\ H EDC ? P\ H

) O _NH _ 0 _NH Og_NH ) O _NH _ Oy _NH O
Capping ﬁ/ (I:oo ﬁ/ §r Activation ﬁ/ (l:oo j/ §I/NH

2 "l

0 0 OH 0 OH
T8 NCD-link (\“ (\r H Ethanolamine Pﬁ H
E=—) o \H _ Os_NH Og_NH E———) o NH O NH o NH
Coupling Y oo *l’ Y Capping *r coo ﬁ’ ﬁr

Sensor surface

OH

Scheme 1-1. Immobilization of NCD onto a SPR sensor surface. An aminoalkyl linker
was attached to NCD by reductive amination with 4-((fert-butoxy)carbonylamino)-N-(3-
oxopropyl)butanamide, followed by deprotection of the Boc group. (i) 4 M HCI/Ethyl
acetate, CHCls. The carboxy groups of the dextran surface of a sensor chip CM5 were
activated with NHS/EDC and coupled with Amino-dPEG4. After capping the residual
activated ester with ethanolamine, the carboxy groups of Amino-dPEG4 acid were
activated with NHS/EDC and coupled with NCD-link to produce the NCD-immobilized

sensor surface.

GNT, B LIz —F v 72T 0.01~1uM D 5 DOREETE
—RE~DERROREA S L OWEBEO B E 5 % fisk L7 (Figurel-15), 11 &
DOLERSD 5 B, 8 DDA FIKIINCD % B &b L=k Y —FKmEIIxd 5 SPR
T FANFEEICEM Uz, —J7,3 DOERK (5°-GGG-3°/5°-GUU-3’, 5°-GGC-
3°/5°-GGU-3’, 5’-GCA-3’/5’-GGU-3") (o> 8 D& Ll T 2 L FHWER N A LI
7= (1-15A), FEEEHE 11 LUE LT3 EE B D FHE Uiz T Ol E Kk
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(Kpapp) TEL Y, 26O ERSNIZT / /LM (15.5-110 nM) @ NCD ~®D
BRMEZ > 2 & S ST o 72 (Table 1-6), 2 > DOAEHERE S X NCD [&E &1L
o —RKmICK L THEHFHWIEEEZ R L (1-15B), BHERESTEZ D bEn
Kpapp % 7% L7~ (Table 1-6), =2 hu—Lr UCHA LIRS (v —47 vy
TRENT CH BN RO o Tofildl)) 1220 THE b7z SPRIGE T, 5°-GGC-
3/5’-GUG-3’ A RARZ RN T, BERY THONZIEE LV /NS o7z (1-150),
F 2D OB TEHE 472 Kpapp 13 65.50M 705 23.1 uM £ TL A% TH
©7-= (Table 1-6), FEF%EF L5 L, HERSITHE LN SPR IGEIT, (EiEAL
oz b e —EHITE LT SPRIGE LV Ero7-, Lo, NCD OfEitk
FFe 2> b o — VIS~ ORE G TN T 5472 Koapp fEIE, BHEALS] 5°-GCA-
3°/5-GGU-3 CHELNxEETH D 110 nM D 4 fFLINOETH 7=, L
L,2o0 =z ba—/ 4] (5°-GCC-3’/5-GC-3" & 5°-CAC-3"/5’-GCG-3") MIEH
2 Kpapp TEZ 7R LTS Z &R0, 1-4-1 FillZ B 1 21855+ D Dicer YKL ERE
EAREICBIT DS T OFEAREDOMICIEOFEN A SN2V & 235, Dicer 1)
Wr D HIFEIE, pre-miRNA ~DFESE DR S DAIZHAFI L TWDH D Tid/e <, #HED
R BIZ L > TRESND o Tz,
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Figure 1-15. SPR analysis of the binding of NCD to (A) the inhibited mutants, (B) the
promoted mutants and (C) Non-responders. RNA was added stepwise at 0.01 (yellow),
0.03 (green), 0.1 (blue), 0.3 (purple), and 1.0 uM (red) to the NCD-immobilized sensor

surface. Insets are higher magnification views.
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Table 1-6. The Kkinetic parameters of the interaction between NCD and pre-miRNA mutants

were determined by SPR analysis. Eleven inhibited mutants, 2 promoted mutants, and 7 non-

responders were evaluated. k,: association rate constant. kq: dissociation rate constant. T :

residence time. Kpapp: apparent dissociation constant.

Sequence
5°-N1N2N3-3/5>-NaNsNe-3"  k, (1 x 10*/ Ms) ka (1x1073/5) T(8) Kpapp (nM)

Inhibited mutants
GUG GGU 3.16 0.948 1050 30.0
GGU GUG 3.29 1.33 752 40.6
GGU GUA 1.62 0.251 3980 15.5
GGU GGU 1.70 1.04 962 61.1
GGG GUU 3.17 2.81 356 88.6
GGG GUG 3.97 1.52 658 38.2
GGG GGU 3.21 1.09 917 34.0
GGG GGG 4.72 0.736 1360 15.6
GGC GGU 1.38 1.16 862 83.9
GCA GGU 1.03 1.14 877 110
AGG GGU 1.92 0.507 1970 26.4

Promoted mutants
CGG AGU 1.14 2.49 402 219
CGG AGC 1.09 1.76 568 161

Non-responders
UGU AUG 0.565 0.626 1600 111
UAA GAG 1.11 2.70 370 243
GGC GUG 1.63 1.07 935 65.5
GCC GGC 0.00744 1.72 581 23100
CGA AAC 0.922 3.19 313 346
CAC GCG 0.0469 1.56 641 3320
ACA GCG 1.99 6.67 150 336

1-4-3 >—7 2 v 7HER E PAGE M OF SPR OFER DR —EIZHW\ T
BHLEELS O — kMG E 5 /1L (Figurel-16) 75, NCD OFE &I/ 2 72 RNA £ F
— 7L TFOESICTHT S, 11 ORERSID S B, 4 DOERMKITT 7 2L
FEIRIC GG R A~y FEZALTEY, 21 >0z ha—LElsl (5-GGC-
3’,/5-GUG-3") OB, OZERKITITR S8 h > 72 (Figure 1-17),
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GG X A~ v F DN EIX Dicer WIWTERNLIZ % L CIHERSIF THWZIE > TR
D, ZNHDOERIKD Dicer 240 L7-YIKTHZ KT 2 NCD fEE DORERE 5V )3 B
IRDAREMRH D LB Z D,

—J5, 1eEE 5D Dicer BIWiIX, PAGE THEAT L7= & Z A, NCD OFMIZ L > T
REREBELZT RN DR SN ARERS D — 7 = AR & PAGE fi#
$E@T 1%, NCD (—) & (+) DI O 2 T IAZEIT D AR5 72di B0 K

LEDHDICTIEHARWNEEZSND (Table 1-7), 2156 OMEERLSIIE NCD

%lmﬂ: L7z SPR & ¥ —RE~DFEEZR LD, ZOBFMEITHERS
THEONZHIME L VIR o7z, 2D Z LI, PAGE #HTICB W T, 26 DfE
RS O Y)W 2 (L9 % NCD @Hﬂﬁ?ﬁfﬁﬁ%# oAb TEL NS L
N E e, ERRIZEHR Loy ba— B lBoiF s A B, NCD (% @ Dicer
BN LU B %2 5.2 2o T-, LovL, WL OO ZERIKOUIWIL, NCD
DI L > TREZZT, ZHITESIREDRKRETFETHLOTHoT, £
7o, 22 b a— A EANZOWNTHE BV mE AR 23 NCD ORIICEL 534
TA72< (Table 1-7), Z D=y — 7 = ZAFERICBWT, ZhbOERKD
BEEEZRERT e B BEIX R oo 7o, REERLSI & =22 b e — LEd D > —
7 v AfER & Dicer YIBTIG D PAGE fi#fT ORNZ R iz A —EiE, q [EO R
EICMZ T, BRARZRINT 272D OHAR EICET 0 v M4 7EEO L
FERBTHHLOTH-oTZ, Lol, &KE LT, KAFEL, Ky Hbadmo
WIMZ XV Dicer 1T X 2UIWrNHE 415 pre-miRNA ZEHARZ, (A5G 72 <
RET 52 LTkt L,
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Figure 1-16. Predicted secondary structures of the inhibited mutants.

The structures were predicted by the program RNAstructure Dotted squares indicate the
randomized region.
(https://rna.urmec.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html).
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Figure 1-17. Predicted secondary structures of the promoted mutants and the non-
responders. The structures were predicted for (A) the promoted mutants and (B) the non-
responders by the program RNAstructure Dotted squares indicate the randomized region.
(https://rna.urmec.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html).
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Table 1-7. Comparison of RP100K values between NCD (-) samples and NCD (+)

samples for the selected mutants. The black triangles indicate a negative difference.

Sequence

Experiment #1

Experiment #2

Experiment #3

NCD(-) NCD(+) NCD(-) NCD(+) NCD(-) NCD(+)
Diference Diference RP100K RP100K Diference

5’-N;N2N3-37/5-NsN5Ns-3° RP100K RP100K

RP100K RP100K

Inhibited mutants

GTG GGT 105.0 410.3 305.3 61.1 800.0 738.9 1171 2120 94.9
GGT GTG 138.5 4411 302.5 73.9 961.7 887.8 143.8 2448 101.0
GGT GTA 100.1 439.8 339.8 70.2 1036.7 966.4 120.2 2205 1004
GGT GGT 160.9 563.6 402.6 942 1399.4 1305.2 1888 2919 1031
GGG GTT 162.0 5369 3749 1213 11111 989.8 204.6 309.9 105.2
GGG GTG 91.1 283.0 192.0 61.3 5385 4772 1034 1813 77.9
GGG GGT 1451 42477 279.6 93.0 9100 8171 1558 2757 1199
GGG GGG 735 186.8 113.3 385 4111 3726 81.5 158.3 76.8
GGC GGT 108.9 558.4 449.5 76.8 1516.2 1439.4 126.7 244.0 117.2
GCA GGT 61.2 304.3 243.1 43.9 609.5 565.7 71.8 1434 71.7
AGG GGT 62.1 328.3 266.2 519 7891 737.2 776 1614 83.8
Promoted mutants
CGG AGT 185.1 492 A 136.0 123.2 685 A 547 1983 37.7 A 160.6
CGG AGC 69.7 184 A 513 41.9 22.7 A 192 70.1 16.9 A 53.2
Non-responders
TGT ATG 45.1 47.9 2.8 30.2 39.3 9.1 57.4 39.3 A 182
TAA GAG 8.7 8.9 0.2 5.9 8.8 2.9 10.3 88 A15
GGC GTG 971 109.5 12.4 604 101.8 41.5 97.6 101.8 4.2
GCC GGC 2.2 21 A02 2.3 3.1 0.8 5.2 31 A21
CGA AAC 7.0 70 AO00 41 7.8 3.7 8.2 78 A04
CAC GCG 124 12.8 0.4 6.6 10.1 3.4 11.6 101 A 15
ACA GCG 6.1 7.2 1.1 2.3 3.6 1.3 4.3 36 AO07

1-5 PNTEYE miRNA ~D )i H

1-5-1 WNAEME pre-miRNA ~7 & (2

miRNA HlEAR %9

FET D00 E 9 ekt Lz, BIEE TIS,

BT BRIE S 72 RNA EF— 7 OEEHE

1-1 HiTih~_7= X 912 miRNA IR/ AEZETL < OHIIEN 7 vt 2 (ZBE L
TWbH10, 1&/‘%4%%@ X o THIED miRNA OAEAKREZER L35 2 i
BB DOIRERS & L CHIfs T 5,
% 2T, [AE X7z NCD #EE RNA EF— 7 BNFEM: pre-miRNA ~7 & Z

34,675 @ pre-miRNA ~7 £° > OELF|

73 miRBase 7 — & ~X— A (https://www.mirbase.org) (|ZEEFKIILTWNDL, ZDT —
B R—RNEEFEINTUWD preemiRNA ~7 B ORY|Z# X7 a— KL,
ViennaRNA /N 7 — 2 C kiEEZ TR L7Z 70, 11 OFLERSTRE Iz
RNA EF —7 % A7 LBCTHREL, €0 RNA EF— 72502 L boo
72 premiRNA ~T7 B %2 > b Lic, ZOFRE, 11 0 RNA EF—71%, &
FHTT —H _—ZH D pre-miRNA ~7 D 738 f&FT, b b pre-miRNA ~7 £
VT 41 EETICENENGAET S 2 E2VHH L7- (Figure 1-18), 11 @ RNA
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F—7D 9 b, 5-GGU-3’/5’-GGU-3>ETF— 773, b b pre-miRNA ~7 & Th
H %< AnWEEh, 5°-GCA-3°/5-GGU-3’ & 5°-GGC-3°/5’-GGU-3’ N ZF N ZF i 2 &
H,3FBIZZ BRI NT, EEOIFHERSEF—7ICROND 11 OFF—
7D 95 1 DL % ETe pre-miR-216a, pre-miR-3689¢, pre-miR-6073 @ 3 > D pre-
miRNA Z8EIRL, 2156 D pre-miRNA @ Dicer (Z L 5 EIWrZxf4 % NCD D32
E 2 ~7 (Figure 1-19), NCD Z /4 % &, pre-miR-3689¢ & pre-miR-6073 ™
G pER DEIE D3 L=, —J7, pre-miR-216a D& TIE, NCD 2L Th,
Ol S T B R L BT STV R WEE OFISIIRES B L 2o T, 2
7 NCD DR DEME, miRNA BIBRAIZ I 5 NCD fE&EBALONALE & BILR L
TWHAEEMEDR SV, I EOWFETBIE INT /MR E B L TWnD 7,

Sequence 16
5,-N1N2N3-3’/5,-N4N5N6-3, Count 14
GUG GGU 2 B4y
GGU GUG 1 n
GGU GUA 1 €810
GGU GGU 13 9 g 8
GGG GUU 3 = E 6
GGG GUG 1 22 4
GGG GGU 1 £ 5
GGG GGG 0
GGC GGU 9 0
GCA GGU 12
AGG GGU 6 000
total 49

Figure 1-18. Motif search in the human pre-miRNA hairpins. The RNA motifs in the 11
inhibited mutants were searched in the sequences of human pre-miRNA hairpins in the
miRbase. The table of counts for each motif that were found in the human pre-miRNA

hairpins (left), and the bar-graph representation (right).
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A Q pre-miR-216a pre-miR-3689c ® pre-miR-6073
CU N —-—-A U G G A G G U
O A o S A A AR v O A i ni ||
3= ‘[‘JJ\C‘;(‘;(‘;L‘]C‘ é[llé [|J(|3A(|:Aétlj(|j le(ljzlx A 3'—U IGUUAUA( U GAGGGUCCUU GUGC A 3'-C UCGACUAUU AGUGAUG
U -U G Cccua U G G U -A
pre-miR-216a pre-miR-3689¢c pre-miR-6073 120
— — +NCD — — +NCD — — +NCD &2
() M — + +Dicer (M) M — + +Dicer (M) M — 4+ 4+Dicer o °
100 — 100 — 200 — = S o
100 — — 13
7 60 -
—-S 50- °
50 — L 50 — w= p— S g) 40
[
(0]
S 20 A
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20 - ¥ 20- TP 0 -
20 — P NCD — + —+ ~—+
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Folg 216a -3689c -6073

increase 0.8 26 1.3

Figure 1-19. The effect of NCD on the Dicer-mediated cleavage of endogenous
miRNA precursors. (A) The secondary structures of miRNA precursors used in the
Dicer reaction. For efficient initiation of in vitro transcription by T7 RNA polymerase, 5’
-end base of the RNAs were replaced with guanine and made the corresponding change
near the 3’ -end to maintain the predicted secondary structure (shown in circles). Dashed
squares represent the one of 11 motifs found in the inhibited mutants. (B) Representative
gel images showing the Dicer-mediated cleavage reaction of the selected miRNA
precursors in the absence or presence of 100 uM NCD. S: Substrate, P: Product. (C)
Densitometric analysis of uncleaved substrate bands (%) in the absence (light gray bars)

and presence (gray bars) of NCD.

1-6 FDA AFRIK & = D BEFEA~DEH

INETIS, KFECL > TR ST 25 RNA B A MR I A#AT T RE
ThodZEEiH Lic, A% OMEIIARFEND L EMANRT —2 2 BGT
HZ b, T2 EELIEHTHZETH D,

AHEITIL, preemRNA DARAT T A L T aMlT 280 08" HL5 EmbTn5
FDA 7K #3E To 5 risdiplam 5 L VR AR O 20 B3 Wi £ S 40 T 2 FH PR
branaplam, SMN-C5 ~t K FiEZAZBEA L, ZOEALE7RY 95 RNA EF—7 0D
HufG 2 ATz,
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1-6-1 ECHIMEHTRE SR

ATEEO NCD Z MWt & FERIZ, EFE 3 DDIR DA HET pre-miRNA
mutants 7 4 7 7 U —® Dicer |2 X D UM SIS E1T72 > 72, 5BV ISEY D
5 NGS fi#tit o DNA 74 77 U —%{FR L, 55472 DNA 7477 U —
illumina HiSeq 3000 77 v b 7 — A CEFIWRE L7z, DNA 74 77 U —D1E
OB T TA~—L L THEHA LAY X7 AT REFRIZRT (Table 1-8),
DNA 74 77V —0OFEE 1-2-3 i & FERIC, RNA OWHERERL & AR LT
cDNA @ PCR HiEIZ L » TIT7e 572,

Table 1-8. The sequences of DNA oligos used as primers during DNA library
preparation.

#|Oligos Sequences

[

pre-miR136_F illumina (Fw primer) |TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTCCATTTGTTTTGA

2 |pre-miR136-R-illumina (Rev primer) |GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGACTCATTTGAGACGA

BEHNOFHE Y B AR T OF T LR RE 72y ML, IFIZRT
(Figure 1-20), X2/~ & 9 (2, risdiplam TiX 1 SO [HEE S, branaplam TiX 19
DOMEHERSI], SMN-C5 Tl 10 D ORIERLSI A3 R E S A7z,

F
0.

X N

1 2N
e - Ege: o T

|
XN Y OH (\N\N
o HN

risdiplam branaplam SMN-C5
x N L ¥ bl
x x
Se Se| Se
- = -
g1 % go
S >
g)“” 9 oA §>@,
< g <
';_\vf tq-f ?q,
N— E ~
§Nf g o~ A l(f)I)Nf
%of 8 T oA PE-
% S = ot
Ty S .. O
2 0 2 4 6 8 10 12 2 0 2 4 6 8 10 12 2 0 2 4 6 8 10 12
risdiplam (=) / log,RP100K* branaplam (-) / log,RP100K* SMN-C5 (-) / log,RP100K*

*RP100K =reads per 100,000

Figure 1-20. Scatter plots representing the normalized logz-transformed read counts for
4,096 pre-miRNA mutants obtained from the reaction in the absence (x-axis) and
presence (y-axis) of FDA-approved drugs and their derivatives. Red dots represent the
inhibited mutants, and light blue dots represent the promoted mutants
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1-6-2 {RAERLS D FRFE

1-4 8iTI%, NCD Z F W72 BRITARHERL S8 2 B RAREE S hviz— 5T, fEnlic
AR LT 2 W72 BRIT IS Dicer BIBTROGIT 31T DR ERN R ITMERR S 170>
ST, & T, AHEITIX SMN-C5 % W= BRIC I’Jiékbfdﬁiﬁéﬁaﬁu%ﬁﬁw e
O R 2 BVES NREIT E T > B A B U =81 X o THERR L7z
(Figure 1-21),

fEg & LT, SMN-C5 & W T2 BRIC & 4 BARIZ XT3 DK 551 D Dicer YIS
O IR 72 HERN A THERE S 72 o 72,

A B 120 -
GGC GCU GUC
UuG UGG UGG 100 -
Comp. — — F — — ¥ — —
Dicer M — + + M- + + M- + + 80 -
(nt)
100 - i 60 -
40 -
[ N Spap— | ——— . ———
404 - 20 -
30—— - -
20 - - - 0 =% T+ =+
GGC  GCU GUC
UUG UGG UGG
Fold 19 09 1.0

increase

Figure 1-21 Denaturing-PAGE analysis of Dicer-mediated cleavage in the presence or
absence of SMN-CS5 of the promoted mutants (A). Densitometric analyses were
performed on SYBRGold-stained gels and the fractions of uncleaved substrate (%) in
the absence (light gray bars) and presence (dark gray bars) of SMN-C5 are shown as bar
graphs (B).
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Figure 1-22. Scatter plots representing the normalized log2-transformed read counts for
4,096 pre-miRNA mutants obtained from the absence of Dicer condition in the absence
(x-axis) and presence (y-axis) of SMN-CS5..
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Figure 1-23. Classification of compounds with significant differences
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Figure 1-24. Sequence logo of the randomized region for (A) inhibited mutants and (B)
promoted mutants identified by analysis of an in-house compound library.
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Experimental section

(most parts of experimental section was taken from ACS Chem. Biol. 2022, 17 (10),
2817-2827)

Preparation of the pre-miRNA mutant library.

The double-stranded DNA (dsDNA) library was generated by PCR using a synthesized
oligonucleotide containing 6-nt random nucleotides (5’- GCT CCATTT GTT TTG ATN
NNG GAT TCT TAT GCT CCN NNA TCG TCT CAA ATG AGTCT -3°, where N
represents any nucleotide) as a template with Platinum™ Pfx DNA polymerase
(Invitrogen), followed by purification with NucleoSpin® Gel and PCR Clean-up
(Macherey-Nagel). The primers used for the PCR amplification were: forward primer (5°-
TAA TAC GAC TCA CTATAG CTC CAT TTG TTT TGA -3’ [T7 promoter sequence is
underlined]) and reverse primer (5’ - A*G*A CTC ATT TGA GAC GA -3’ [*2’-OMe-
modified nucleosides]). The dsDNA library was transcribed in vitro with T7 RNA
polymerase (MEGAshortscript™ T7 Transcription Kit, Invitrogen), followed by DNase

I treatment. The resulting mixture was separated on an 8% native polyacrylamide gel, and
the RNA band similar in size to the wild-type pre-miR-136 was excised and eluted from
the gel. The gel-purified RNA was treated with 5> RNA polyphosphatase (Epicentre) to
convert triphosphate to monophosphate at the 5’ end, and purified by denaturing

polyacrylamide electrophoresis.

In vitro Dicer reaction.

RNA was incubated with the in-house-prepared recombinant human Dicer’? in the
presence or absence of the compound (NCD, 100 uM) at 37 °C. The incubation time
varies with different RNA substrates (10 h for the pre-miRNA mutants library and 3 h for
the individual mutants). A typical reaction mixture contained 2 uM RNA, 74 nM
recombinant human Dicer, 1 mM ATP, 10 mM MgCl,, 0.5 mg/ml BSA, and 1x Dicer
Reaction Buffer (Genlantis) in a 10 pl-reaction. The reaction was stopped by adding Dicer
stop solution (Genlantis) and was analyzed by 15% denaturing polyacrylamide gel
electrophoresis (acrylamide:bis-acrylamide = 19:1, 6 M urea). The gel was stained with
SYBR® Gold and the RNA bands were visualized using a LAS 4010 system and
quantified using ImageQuant (GE Healthcare).

Preparation of DNA libraries for sequencing in ion PGM platform.

After in vitro Dicer reaction, the reaction mixture was reverse-transcribed with
PrimeScript™ II Reverse Transcriptase (TAKARA) at 42 °C for 1 h using the primer (5°-
AGA CTC ATT TGA GAC GA -3’°). The cDNA was amplified by PCR with the primer
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as follows: forward primer (5’- CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG
XXX XXX XXX XGA TGC TCC ATT TGT TTT GA -3’ [ XXXXXXXXXX denotes a
barcode sequence for multiplexing]) and reverse primer (5’- CCT CTC TAT GGG CAG
TCG GTG ATA GAC TCATTT GAG ACG A -3’). The PCR products were cleaned with
NucleoSpin® Gel and PCR Clean-up kit and quantified by Qubit™ dsDNA HS Assay
Kit (Invitrogen). The DNA libraries prepared above were pooled and diluted in nuclease-
free water to obtain a final concentration of 8 pM. The library solution was subjected to
emulsion PCR with the Ion OneTouch™ 2 system using the lon PGM™ Hi-Q™ View
OT2 200 Kit (Thermo Fisher Scientific). After recovery and enrichment of ion sphere
particles, sequencing was performed using The Ion PGM Hi-Q View Sequencing Kit on
an Ion 318™ Chip V2 (Thermo Fisher Scientific). The primer sequences used for the
library preparation are shown in Table S1-1.

Table S1-1. The sequences of DNA oligos used in the study. The #1~#3 oligos were
used for preparation of the pre-miRNA mutants library. The #4~#8 oligos were used for
preparation of the libraries for high throughput sequencing. The sequence shown in bold

italic in the primer #4~#7 represents the barcode region.

# | Oligos Sequences

1| pre-miR136_N3x2 (template) GCTCCATTTGTTTTGATNNNGGATTCTTATGCTCCNNNATCGTCTCAAATGAGTCT

2 pre-miR136_T7-F (Fw primer) TAATACGACTCACTATAGCTCCATTTGTTTTGA

3| pre-miR136-R_2'0Ome (Rev primer)| A*G*ACTCATTTGAGACGA (*2’-OMe-modified nucleosides)

4 pre-miR136-F-BC2 (Fw primer) CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGAGAACGATGCTCCATTTGTTTTGA
S pre-miR136-F-BC3 (Fw primer) CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGAGGATTCGATGCTCCATTTGTTTTGA
6| pre-miR136-F-BC4 (Fw primer) CCATCTCATCCCTGCGTGTCTCCGACTCAGTACCAAGATCGATGCTCCATTTGTTTTGA
7| pre-miR136-F-BC5 (Fw primer) CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGAAGGAACGATGCTCCATTTGTTTTGA
8 pre-miR136-R-trp1 (Rev primer) |CCTCTCTATGGGCAGTCGGTGATAGACTCATTTGAGACGA

Preparation of DNA libraries for sequencing in illumina platform.

After in vitro Dicer reaction, the reaction mixture was reverse-transcribed with AMV

Reverse Transcriptace XL (TOYOBO) at 50 °C for 1 h using the primer (5’- AGA CTC
ATT TGA GAC GA -3’). The cDNA was amplified by PCR with the primer as follows:
forward primer (5°- TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GCT
CCATTT GTT TTG A -3”) and reverse primer (5’-GTC TCG TGG GCT CGG AGA
TGT GTA TAA GAG ACA GAG ACT CAT TTG AGA CGA -3’). The PCR products
were cleaned with Ethanol purification. The resulting DNA libraries were sequenced
according to the protocol of the illumina HiSeq 3000 (illumina) platform.
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Analysis of sequencing Data.

Sequence reads obtained from each sample were first filtered to remove reads that do not
have the 5’-side (GCT CCA TTT GTT TTG AT), 3’-side (ATC GTC TCA AAT GAG
TCT), and internal (GGA TTC TTA TGC TCC) fixed sequence. The reads that perfectly
matched these fixed sequences were sorted to count the number of reads for each pre-
miRNA mutant. Chi-square test of independence was performed to determine whether
there is a significant difference in the frequency of each mutant between the library
obtained from NCD (—) and NCD (+) samples. The chi-square statistic (y*) was calculated

for each mutant using the chi-square function in R (version 3.6.3) as follows:

NCD (-) NCD (+) Total
Mutant 1 N N2 N1+ N2
Nonmutant 1 ni n n; +np
Total Ni+n N2+np Ni+Nz+n;+n

XZ =(Ni +N2+n; +n2) (Nin2 — Nznl)z/(Nl + N2) (N2 + n2) (n2 + n1) (n1 + Ni), where N
and N are the number of reads for mutant 1 obtained from NCD (—) and NCD (+) samples,
whereas n; and ny are the number of reads for nonmutant 1 obtained from NCD (—) and
NCD (+) samples. The probability of the chi-square test (p-value) was calculated by
applying the R function p-value with one degree of freedom. The resulting p-value was
adjusted using Bonferroni’s method to obtain the q value by multiplying the p-value by
4096 (the number of pre-miRNA mutant sequences).

Binding analysis by SPR

Interaction between NCD and RNA was evaluated by surface plasmon resonance (SPR)
with a Biacore™ T200 SPR system. Chemically synthesized RNAs were diluted to 1 uM
in HBS-EP+ buffer (GE Healthcare), heated at 80°C for 3 min, and then slowly cooled to
room temperature for annealing. The resulting RNA solutions were injected in increasing
concentrations (0, 0.01, 0.03, 0.1, 0.3, and 1 pM) to the NCD-immobilized sensor surface
with the regeneration step between each concentration. Injections were done at 30 pl/min
with a contact time of 180 sec, followed by dissociation with running buffer for 180 sec.
All sensorgrams were corrected by subtraction of blank flow cell response and buffer
injection response. The obtained sensorgrams were fitted to a 1:1 binding model to
determine the association and dissociation rate constants for RNA-NCD complex using
BIAevaluation software (GE Healthcare).
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Motif search in endogenous pre-miRNA hairpins.

The sequences of pre-miRNA hairpins (34,675 sequences) were downloaded in FASTA
format from the miRBase miRNA database (https://www.mirbase.org/). The secondary
structure of each input sequence with the lowest free energy was predicted by ViennaRNA
(ver.2.4.14). The dot-bracket notation of predicted secondary structure was used to
determine the stem region and the terminal loop in each sequence. The RNA motifs
identified in the 11 inhibited mutants were searched in the stem region determined above.
The hairpin miRNA precursors that were found to contain the RNA motifs were counted

and extracted by an in-house script.
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Fig. 2-1 Single-molecule counting of base-ligand aggregates. a, Molecular interaction
modes between guanine and NC. b, Ligand molecules used for aggregate formation. ¢,
The principle of the single-molecule counting method. Tunneling current flows between
electrodes via single guanine, ligand, and aggregate using nanogap electrodes fabricated
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Fig. 2-2 Electrical pulses obtained in single-molecule counting. The current-time
profiles obtained when analyzing a guanine and b NC solutions. ¢ and d are enlarged
views of a and b. One current-time pulse is characterized by the average current value
(fp) and current duration (¢4). e, Energy correlations for guanine, ligand, and gold. The
energies for guanine and ligand are the HOMO energies. The gold energy indicates Fermi
energy. The phase pattern of the HOMO of each molecule shows isovalue = 0.02 e'A-.

Table 2-1. The average values of each molecule’s peak current (/) and duration
time (¢4).

Molecule I (pA) ta (ms) LV (pS)
G 43.4 5.1 430
NT 24.1 3.8 241
Quin 39.8 19.7 398
Naph 15.2 17.1 152
NC 40.5 8.0 405

NCM 32.8 4.7 328
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Fig. 2-3 Current-time profiles. a Guanine, b adenine, ¢ cytosine, d thymine, e NC, f
NCM, g naphthyridine, h quinoline, and i naphthalene j guanine-NC, k adenine-NC, 1
cytosine-NC, m thymine-NC, n guanine-NCM, o guanine-Naph, p guanine-Quin, and q
guanine-NT r adenine-NCM s adenine-Naph t adenine-Quin u adenine-NT v cytosine-
NCM w cytosine-Naph x cytosine-Quin y cytosine-NT z thymine-NCM aa thymine-
Naph bb thymine-Quin c¢ thymine-NT solutions were analyzed using a single-molecule
counting system.
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Fig. 2-4 Quantitative analysis of base-ligand binding and selectivity. /, histograms
obtained by analyzing solutions of guanine and a NC, b close-up view of a, ¢ NMC, d
Naph, e Quin, and f NT aggregates. In the histograms for each ligand, the black, red, and
blue lines correspond to solutions of guanine, ligand, and guanine-ligand, respectively. g,
Machine learning flowchart for extracting the electrical pulses of guanine-ligand
aggregates from electrical pulses obtained from guanine-ligand solution analysis. PUC
indicates a positive unlabeled classifier. h, 2-dimensional maps of /, and ¢4 of the electrical
signals classified as guanine and NC (red) and guanine-NC aggregates (blue). i, Guanine-
ligand binding properties. Values on the vertical axis indicate the percentage of aggregates
present. j, Base molecule selectivity of NC. Again, the vertical axis indicates the
percentage of aggregates present.
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Fig. 2-5 t4 histograms of guanine, ligand, and guanine-ligand equimolar solutions.
Histograms of equimolar solutions between guanine and a NC, b NCM, ¢ Naph, d Quin,
and e Naph. In each histogram, red, black, and blue indicate histograms of the ligand,
guanine, and equimolar solutions, respectively.



Table 2-2 Ratio of G-ligand signals to the total obtained signals for the base
molecules. The analysis was performed ten times under the same conditions, and the
average value was calculated. The number of associated signals was determined by the
PUC method. N and P indicate the number of signals classified as negative and positive,
respectively.
Base NT Quin Naph
N P N/(N+P) N P N/(N+P) N P N/(N+P)
716 4461 0.26 670 749  0.54 742 300 0.65
1334 3843 0.27 761 658 0.54 682 360 0.68
1391 3786 0.26 767 652 0.55 712 330 0.69
Number 1359 3818 0.12 774 645 0.44 723 319 0.71
of 636 4541 0.17 625 794 0.57 735 307 0.59
signals 874 4303 0.19 803 616 0.60 616 426 0.61
961 4216 0.16 850 569 0.55 639 403 0.65
808 4369 0.27 778 641  0.60 679 363 0.62
1412 3765 0.18 848 571 0.56 646 396 0.66
906 4271 0.26 792 627 0.54 690 352  0.65
Average 1040 4137 0.20 767 652  0.54 686 356 0.66
Base NC NCM
N P N/(N+P) N P N/(N+P)
2729 822  0.72 3997 1574 0.67
2572 979  0.75 3754 1817 0.77
2675 876  0.67 4305 1266 0.59
Number 2371 1180 0.69 3297 2274 0.76
of 2465 1086 0.74 4234 1337 0.63
signals 2639 912  0.75 3486 2085 0.73
2665 886  0.67 4077 1494 0.75
2376 1175 0.67 4186 1385 0.81
2382 1169 0.74 4494 1077 0.73
2632 919 0.72 4090 1481 0.67
Average 2551 1000 0.72 3992 1579 0.72




Table 2-3 Intensity of the binding energies for the aggregates. Gaussian09 Package
performed all calculations. The experimental results gave the average values of each
complex’s peak current (/) and duration time (#1). The figures show the HOMO electronic

state of the aggregates.

HOMO HOMO Binding I, ta
alignment Energy
/ eV / kJ-mol! /pA / ms
o‘;‘ ?
1.‘ ‘J
NC ’ > 4 b -5.144 -112 30.7 6.8
.‘ ‘J "
e ] 9
o
D o e
NCM . . e e -5.113 -113 31.6 5.1
9 <
4:‘.‘
g‘
4‘ i‘ 9
1,8-Naph ’ s 059, -4.896 =79 20.2 42
" " .J‘ ‘J
33y

)
Quin "‘-. b -5.173 -45 50.5 6.9
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1.161 eV (A), -1.223 ¢V (C), -1.157 eV (G), -1.192 eV (T) T 7= (Table 2-5), =
DRERIZ T T ==V B REGEREITRLRY, A XV —DIEFITEA
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Table 2-4 Ratios of base-ligand signals to the total obtained signals for A, C, and T.
The analysis was performed ten times under the same conditions, and the average value
was calculated. The number of associated signals was determined by the PUC method. N
and P indicate the number of signals classified as negative and positive, respectively.
Base A C T
N P NN+P) N P N®N+P) N P  N/(N+P)
4 195  0.020 12 971  0.012 7 90 0.072

22 177  0.11 160 823 0.16 15 82 0.15
22 177  0.11 12 971 0.012 10 87 0.10
23 176  0.12 12 971 0.012 23 74 024
Number
) 22 177  0.11 12 971 0.012 10 87 0.10
of signals
22 177  0.11 27 956 0.27 21 76 0.22
68 131 0.34 12 971 0.012 54 43  0.56
30 169 0.15 11 972 0.010 27 70 0.28
56 143 0.28 22 961 0.022 18 79 0.19
11 188 0.055 315 668 0.32 14 83 0.14

Average 28 171 0.14 60 924  0.061 20 77 0.21




Table 2-5 Optimized structures and binding energies of NC between A, C, and T. All

calculatio ns were performed using the Gaussian09 Package.

Base Structure Binding energy (kJ mol™!)

A -112
C -118
T -115
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Fig. 2-6 Microscopic hydrogen bonding modes of aggregates. a, Estimation protocol
for the number of different aggregates. The features extracted from the signals were
clustered by Gaussian mixture model (GMM) clustering, assuming the number of clusters
(k). Bayesian information criterion (BIC) was calculated from the model. The
minimization of BIC determined the most appropriate class number. b, BIC with mixed
guanine and NC data. ¢, /,-t4 plots of signals divided into the number of clusters giving
minimum BIC. Black, red, and blue correspond to base current, NC, and guanine. d, BIC
of the classification with each class number for the aggregates between G and NC. e, /-
ta plot of G-NC aggregates divided into the number of clusters giving minimum BIC. f,
Five candidate structures of the G-NC aggregate. Density functional theory calculations
optimized the five structures.



Table 2-6 The five clusters’ average peak current I, and duration time #4. Each color

code corresponds to the color code in Fig. 4f.

Cluster I, (pA) t4 (ms)
Blue 23 3.2
Red 18 4.1
Green 14 35
Orange 12 5.7
Violet 12 1.7
a b c d
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Fig. 2-7 Relation between BIC and the number of classes in GMM clustering. BICs
and GMM clusters for a, b Quin, ¢, d Naph, e, f NC, and g, h NCM. i The number of
classes that provides minimum BIC is 3, 4, 5, and 8 for Quin, Naph, NC, and NCM,
respectively.
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Experimental section

(most parts of experimental section was taken from J. Am. Chem. Soc. 2023, 145 (2),
1310-1318)

Reagents. The reagents and solvents for chemical synthesis obtained from the usual
suppliers were used without further purification. Quinoline, naphthalene, and
naphthylidine were procured from Sigma-Aldrich. Additionally, 7-methyl-naphthyridin-
2-yl-carbamate (NC)!'® and 5,7-methyl-naphthyridin-2-yl-carbamate (NCM)!!'” were

synthesized following the procedure reported in a previous study.

Single-molecule electrical measurement. A 0.6 nm electrode gap was prepared in a
dilute sample molecule solution in Milli-Q water at 1 uM concentration. The gap size was
set at 0.65 nm for all measurements and tuned finely using the piezoelectric
element. Nanofabricated mechanically controllable break-junctions (MCBJs), fabricated
using the procedure described elsewhere (S1),'*° were employed to construct nanogap
electrodes. Base molecule solutions were used in single-molecule counting using nanogap
electrode devices. The gap distance was maintained via the feedback control of the piezo-
actuators during the measurements, which could be estimated using the following direct
tunneling current equation:I < exp(— 4\ 2mwl / h), where /4, m, w, and / respectively
represent the Planck’s constant, electron mass, work function of the gold electrode, and
gap distance; m = 9.1 x 103! kg and w = 5.1 eV (work function of Au(111)) were used.
A customized current amplifier boosted the current across the electrodes with an NI PXIe-
4081 digital multimeter and an NI PXI-5922 high-resolution oscilloscope (National
Instruments) at DC bias voltage = 100 mV, measured it at 10 kHz and 100 kHz. The
MCBJ sample was replaced with a new one after each hour of measuring /-z. All

measurements were performed at 298K.

Signal pickup. Signal pickup was automatically performed using Python. First, the start
of the signal from the estimated baseline was considered the signal-rise time, having a
value more than six times greater than the threshold noise value. Thus, the signal began
when the noise level was exceeded. Next, the signal was considered to have ended with
the appearance of a data point below the noise level, as revealed by the estimated baseline
post-signal beginning. The baseline can be described as a moving average filtered signal
of FFT (Scipy 0.24.2) current data. Signals with a maximum current (/) in the range of
7.5-500 pA and a duration (#4¢) of 1.00 ms were used for the positive and unlabeled data
classification (PUC) analysis.



Data analysis. The discrimination analysis of aggregates constituted the processes of
signal pickup, feature extraction, and PUC analysis. First, single-molecule pulse signals
were extracted from the current raw data described in the next section, followed by the
conversion of each current signal to a 13-dimensional feature vector. The maximum
current in the signal (/,), average current value (/ave), signal duration (z4), and ten-
dimensional shape factors are the elements of the feature vector. The definition of ten-
dimensional shape factors is given in “Signal Feature Extraction” (Experimental
section). A positive and unlabeled classifier was used to classify the feature vectors, as
described in a later section. Python 3.9.7 with libraries, NumPy 1.20.3, SciPy 1.7.1,
npTDMS 1.4.0, and scikit-learn 0.24.2 were used to perform the analysis.!?®

Signal Feature Extraction

Before signal machine learning analysis, we extracted the signal characters as follows.
Each signal was converted into the following feature parameter values, which contain the
peak value of the current signal (/,), average signal value (/..), duration time (¢s), and
ten-dimensional shape factors (S, = /I, (n = 1, 2, ..., 10), where the average current

value for each time region (11, Io, I3, I, I5, Is, I7, I3, Io, and I10) was calculated.
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Figure. S2-1 Definitions of features (S;, S2, S3, S4, S5, Ss, S7, Ss, S, and Si9) of signals
used for machine learning. We used thirteen feature parameters, including the following:
the peak value of the current signal (/,), average signal value (Zu.), duration time (#), and
ten-dimensional shape factors (S;—Si0). First, the average current value (blue circle) for
each time region (/,—[;9) was calculated. Then, each current value was normalized by the
maximum current value of the signal (/,), and the values in each region were defined as

shape factors (S;—S10).



Positive and unlabeled data classification for single analysis: PUC analysis was
performed to discriminate the associated states, which is suitable for detecting the signals
in a single group. Elkan and Noto’s method is the basis of the PUC algorithm.!3° The
Gaussian Naive Bayes was used as the internal classifier in the scikit-learn program
(library version 0.24.2). The signals for the base-ligand solutions can be due to the base-
ligand aggregates, base, and ligand. While the training signals from the base and ligand
solutions were discriminated as positive, the aggregates signals were discriminated as
negative. The signals were randomly extracted for training and classification ten times.
The existence ratio of aggregates is the average ratio of 10 times PU classification. The
number of signals used for PUC analysis is listed in Tables S1 and S3 (SI).

Signal Clustering: After PUC analysis, the signals were discriminated based on the
prediction results. The number of clusters £ was set from 1 to 10 range. The signals
predicted as negative were clustered using the Gaussian mixture model in the scikit-learn
program (library version 0.24.2). The same 13-dimensional features utilized in PUC were
applied for clustering. After clustering into k clusters, BIC was calculated using the
Gaussian Mixture class method. The best class number was determined from the

minimum BIC.
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S2. Perl script for sequence Counting

#!/usr/local/bin/perl
use strict;

if(@ARGV !=3){
print "perl $0 in.fastq outputl(count_result) output2(alignment_result)¥n";
exit(0);

H

my $in = SARGV[0];
my $outl = SARGVI[1];
my $out2 = SARGVI[2];

my $c1 = 0; #for matched reads

my $c2 = 0; #for non-matched reads

my %count= ();

open(F,$in) || die "Cannot open an input file; $in¥n";
open(Fo2,"> $out2") || die "Cannot make a output file(2)¥n";
print Fo2 "ID¥tKeyNucleotids¥tStartPos(Obased)¥tHitSeq¥n";

my $fix] ="GCTCCATTTGTTTTGAT";
my $fix2 = "GGATTCTTATGCTCC",
my $fix3 ="ATCGTCTCAAATGAGTCT";

while(<F>){
chomp($ );
if($_=~/"¥@/){ #Seek a header line
my $key =""; #for 6base nucleotids
myS$l1=§ ;
my $id = substr($11,1); #Remove initial character
$id =~ s/¥s.*//; #Remove after space
my $12 = <F>;
chomp($12);
<F>;
<F>; #Throw away 3rd, 4th lines from the header. They are lines for sequence quality scores.
if($12 =~ /$fix1(JATGC]{3})$fix2([ATGC]{3})$fix3/){
Scl++;
Skey =$1. $2;
$count{$key}++;
my $start = length($");
my $hit = $fix1 . "[". $1."]". $fix2 . "[". $2."]". $fix3;
printf Fo2 "%s¥t%s¥t%d¥t%s¥n",$id,$key,$start, $hit;
telse{
$e2++;
H
H
H
close(F);
close(F2);

open(Fol,"> $out1") || die "Cannot make a output file(1)¥n";
my @nuc . (NT"’HGH’HCH’HAH);

printf Fol "KeyNucleotids¥t%s¥t%s(Frac)¥n",$in,$in;
foreach my $nl (@nuc){
foreach my $n2 (@nuc){
foreach my $n3 (@nuc){
foreach my $n4 (@nuc){
foreach my $n5 (@nuc){
foreach my $n6 (@nuc){
my S$key = $nl . $n2 . $n3 . $n4. $n5 . $n6;
printf Fol "%s¥t%d¥t%.4f¥n",$key,$count {$key},$count {$key}/Scl;
h
H



SO NGNS,

printf Fol "¥n";
printf Fol "Total Matched¥t%d¥t%.4f¥n",$c1,8c1/($c1+$c2);
printf Fol "Total Non-Matched¥t%d¥t%.4f¥n",$c2,$¢2/($c1+$c2);

close(Fol);



S3. Python script for sequence Counting
#!/usr/bin/env python3

# -*- coding: utf-8 -*-

from natsort import natsorted

import pandas as pd

import glob

import re

import itertools

folder = #fastaq folder pass name

outputfolder =#output folder pass name

file_ names =[]
target = ".fastq'

for name in glob.glob(str(folder)+'/*'+target):

file_names.append(name)

file_names = natsorted(file_names)
#print(file_names)
outputnames =[]
for ff in file_names:

sep="/"

t = ff.split(sep)

r=t[9]

#target = 'fastq'

idx = r.find(target)

q =r1[:1dx]

outputnames.append(q)
print(outputnames)
base ='GCAT'
sixbase = itertools.product(base,repeat=6)
key =[]
for xx in sixbase:

key.append(xx)
seqlist =[]
for yy in key:



nuc = yy[0J+yy[1+yy[2]tyy[3]+yy[4]+yy[5]

seqlist.append(nuc)
total = pd.DataFrame(None,columns=['name', 'total Matched', 'total nonMatched'])

for file name, outputname in zip(file names, outputnames):
with open(file_name, "r", encoding="utf-8") as df:
list = df.readlines()
new_list =[]
for ii in list:
word = ii.split()
new_list.append(word)
index=[]
data =]
for number in range(1,len(new_list),4):
index.append(number)
data.append(new_list[number])
print(outputname +' is in progress.")
match =[]

nonmatch =[]

for df in itertools.chain.from _iterable(data):
keyl ="GCTCCATTTGTTTTGAT"
key2 = "GGATTCTTATGCTCC"
key3 ="ATCGTCTCAAATGAGTCT"

try:
s1 = re.search(' GCTCCATTTGTTTTGAT(+)ATCGTCTCAAATGAGTCT',df).group(1)

try:
s2 =sl.replace(key2, ")
if len(s2)==6:
match.append(s2)

else:

nonmatch.append(df)

except AttributeError:

nonmatch.append(df)
pass

except:

nonmatch.append(df)

pass



basecount = []
for seq in seqlist:
basecount.append(match.count(seq))

seqcount = pd.DataFrame(zip(seqlist,basecount),columns=["Keynucleotide','read number'])

nonmatch = pd.DataFrame(nonmatch)

total = total.append({'name":outputname ,'total Matched' : len(match),'total nonMatched':
len(nonmatch)},ignore_index=True)

#print(seqcount)

seqcount.to_csv(outputfolder+outputname+' _matched count.csv')

nonmatch.to_csv(outputfolder+outputname+' nonmatched seq.csv')

print('finish")

print(total)

total.to_csv(outputfolder+'result.csv')



S4. Python script for normalization
import numpy as np
import pandas as pd
def hosei(xx, yy):
LogFC=[]
for XX, YY in zip(xx,yy):
logfc = np.log2(XX) - np.log2(YY)
LogFC.append(logfc)
df= pd.DataFrame({'xx"xx,'yy"yy, LogFC":LogFC})
df s=df.sort_values('LogFC")
df h=df s[1024:3172]
a,b = np.polyfit(np.log2(df h['xx']),np.log2(df h['yy']),1)
log2xx1 = [a * np.log2(df['xx"][nn]) + b if df['xx'][nn] != 0 else O for nn in range(len(df]'xx"])) ]
log2yyl = [np.log2(df['yy'][nn]) if df]'yy'][nn] != 0 else O for nn in range(len(df]'yy']))]
xx1 = [2**log2xx1[nn] for nn in range(len(df]'xx"]))]
yyl = [2**]log2yy1[nn] for nn in range(len(df]'yy']))]

return xx1 , yyl



S5. Python script for Analysis and scatter plotting
import numpy as np
import pandas as pd
import 0s
import glob
from natsort import natsorted
import matplotlib.pyplot as plt
import scipy as sp
from scipy import stats
from hosei import hosei
font = {'family": 'Arial',
'color': 'K/,
H
Comp_minus='A2 None'
folder = "#H#'
outputfolder = str(folder)+'/analyzed res'
file_ names =[]
for name in glob.glob(str(folder)+'/*+'_matched'+"*'+'.csv'):
file_names.append(name)
file_names = natsorted(file_names)
outputnames =[]
for ff in file_names:
g=os.path.basename(ff).split(".', 1)[0]

target ="' matched'
idx = q.find(target)
q=q[:idx]
outputnames.append(q)
print(outputnames)
df=pd.DataFrame()
for file,outputname in zip(file_names,outputnames):
df2 = pd.read_csv(file,usecols=['Keynucleotide','read number'],index col='Keynucleotide')
df2 = df2.rename(columns={'read_number': str(outputname)})
df = pd.concat([df, df2], axis=1)
#print(df)

print(df)



xx=df[Comp_minus]
XX = (xx / sum(xx))*100000
Down=[]
Up=]]
for outputname in outputnames:
if outputname==Comp_minus:
Down.append(0)
Up.append(0)
pass
else:
fig, ax = plt.subplots()
yy=df[outputname]
YY =(yy / sum(yy))*100000
xx,yy = hosei(XX,YY)
xx = pd.DataFrame(xx,columns=[Comp_minus],index=df.index)
yy = pd.DataFrame(yy,columns=[outputname],index=df.index)
XX =xx[Comp_minus]
YY = yy[outputname]
qvalue=[]
sigdef=[]
for nn in range(len(XX)):
AA =XX[nn]
BB =YY[nn]
CC =sum(XX)-AA
DD =sum(YY)-BB
df cross = pd.DataFrame([[AA,BB],[CC,DD]])
try:
chi2, pp, dof, ef = sp.stats.chi2_contingency(df cross, correction=False)
qq= pp*4096
if qq<0.05:
if AA<BB:
sigdef.append('Down')
else:
sigdef.append('Up')
else:

sigdef.append('F")



qvalue.append(qq)
except ValueError:

qq="'NA'

qvalue.append(qq)

sigdef.append('F")

pass
qvalue = pd.DataFrame(qvalue,columns=['qvalue'],index=df.index)
sigdef = pd.DataFrame(sigdef,columns=['SigDef'],index=df.index)
df3 = pd.concat([ XX, YY,qvalue,sigdef],axis=1,names=[Comp_minus, outputname,'qvalue','SigDef'])
if folder+'/qvalue/":

if not os.path.exists(folder+'/qvalue/"):

os.mkdir(folder+'/qvalue/')
df3.to_csv(folder+/qvalue/+str(outputname)+ #H E#'+.csv')
print(outputname)
x = df3[Comp_minus].to_numpy()
y = df3[outputname].to_numpy()
X = np.ravel(x)
y = np.ravel(y)
sigdef = sigdef.to_numpy()
sigdef = np.ravel(sigdef)
print('Down regulate')
print(np.count_nonzero(sigdef == 'Down'))
print("Up regulate')
print(np.count_nonzero(sigdef == "Up"))
Down.append(np.count_nonzero(sigdef == 'Down'))
Up.append(np.count_nonzero(sigdef == 'Up'"))
AR
temp = (sigdef == 'Down")
plt.plot( np.log2(x[temp]), np.log2(y[temp]) , 'ro', alpha=0.8)
temp = (sigdef =="'Up")
plt.plot( np.log2(x[temp]), np.log2(y[temp]) , 'bo', alpha=0.8)
temp = (sigdef =="F')
plt.plot( np.log2(x[temp]) , np.log2(y[temp]) , 'ko', alpha=0.8)
plt.xlim(0, 10)
plt.ylim(0, 10)
plt.xlabel('$¥it{Compound —}$ / Log$ {2} $(RP100K)'", fontdict=font)



plt.ylabel('$¥it{Compound +}$ / Log$_{2}$(RP100K)', fontdict=font)
plt.title(str(outputname),fontdict=font)
plt.show()
R R AR
if outputfolder:

if not os.path.exists(outputfolder+'/'):

os.mkdir(outputfolder+'/')

fig.savefig(str(outputfolder)+/+"fH1E.d ¥ _"+str(outputname)+".png", dpi=200)

print(’ ")



S6. Data sets and Python script used for the analysis in Chapter 2

The data sets, analysis results, and computer code used in the studies in Chapter 2 are
available on Zenodo by collaborator Yuki Komoto (10.5281/zenodo.7069764).
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