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Abstract  Engineering RNA-cleaving DNAzymes (RCDs) and RCD-based molecular devices that are highly
functional in high content of organic co-solvents may not only expand the ability of DNAs as enzymes, but also
promote functional nucleic acids for novel applications. In this work, we have investigated the requirement of divalent
metal ions for a dimethyl sulfoxide (DMSO ) -dependent RCD (named E3) that we previously reported. The divalent
metal ions were proved to be crucial for E3 to function in 35% (volume fraction) DMSO, and the metal ions with the
ability to activate E3 followed the order: Zn*", Mg >Fe*>Ph**>Mn*>Co*". The rate-pH profile of E3 in Mg showed

a “bell” shaped curve with a plateau at the pH range from 7.0 to 9.0, yet a sharp peak at pH value of 7.0 in Zn*".
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Moreover, both Zn* and Mg®* bound to E3 at a number ratio of 1: 1. We also observed that E3 could be activated by

Fe™ in 35% DMSO, but quickly inactive by the rapid oxidation of Fe** to Fe*. This inactivation of E3 could be further
rescued by the addition of ascorbic acid. In addition, the catalytic activity of E3 in the presence of Zn** or Mg*" was
sharply inhibited with the competition of Cu*, Ni**, and Fe’. These results are helpful for understanding the
characterization and catalytical mechanism of the DMSO-dependent RCD.

Keywords RNA-cleaving DNAzyme; Functional nucleic acid; Organic solvent; Metal ion
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5T BB AT AL 2R Ak 2 SO0 16 1k A 8 AE A%l , AN R T RS R, AR MR RTR YT
ST HLER T B A YL RO RS I N . AEARZ AL, X RCD MR TRA . HET,
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Scheme 1 Sequence and secondary structure of 8-17(A) and 10-23(B) RCD, and the cleavage of the RNA
substrate by RCD(C)
The sequence of 8-17: 5'-CTTCCACCTTCCGAGCCGGACGAAGTTACTT-3';
the sequence of 10-23: 5'-TGCTCTCCRGGCTAGCTACAACGACCTGCACCT-3'. R=A or G, and Y=U or C in (B).

KEBS RCD HATHEAL SN RETS B M & @ & 71, 4@ B 7 0l 5 B RCD 37 8 TG P4 4o
80E 5K FEALE HIEA AT SCBRAEAE RCD Y] R i 3, BEEFICIR A, FF9E A0 B4 15 5
ZFANTTE M P F A S TG PE RCD™S 7 R FE & T AR RCD SR I AL SR i A, il Hoh
HYIAL IR AR EE 0 W S U R AL T 2Rk T L

H AT EL A48 K 250 RCD ¥R 8 4l K VA 9l & BRI N, B . A JRLT, A BILV R Ak 2 6
G BTG I A5 SRR ) RV 7). RS A AT ATLA 7R 5% o R AT AL R0 R /K 5 ¥ P 1) RCD AN AT LA
DNA 7> FAENEEE ST, Wl N H TR EA WA R T RERIR , AnteAa ALY A A A R fb 2 S g 1)
DNA ML S ASTEF /K 19 53 F B A2 R T 1R S5 1 i e A 98 $ R 20 30 11020, AR TR 2 20 e 5 ol fAR btk
A& 10 5 W TE 35% (PR R4 250 — B AR (DMSO ) Hh i 328 21— SR8 DMSO 1 | I =X U1 51 I 97 B RCD
(DR11-4) , Ak LR ok e RAE B RCD[E3, Scheme 2(A) ], X2 KA H T kT 24
ML 790 0 MO AR A2 T, I B 1 7 v TR P ML 391 ] DG i il AR 2Rk 1 36 i A5 1) 1L i v PR 1)
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: S S oo
5'F-|CPT'1“GAACTGACTrALQGACCTCACTACCAAG3 =S VESS S EE S QU
HENRNN
3' GATACT TGACT 30 TGAAS' (1 mmol/L)
| A TG— (G
30 Creal g—C-pg ‘ - <Cly
E3 G A2 2002 O BY 00 g
AA(’ e — Nt et et ot et ~t ~t < Unclv

Substrate binding (10 mmol/L)

arm

Catalytic core

- <« Clv
A 00 (5% 0 0 o 0 %l

Scheme 2 Divalent cations requirements for E3 to function
(A) The secondary structure of E3 and its substrate(5'FRQ30); (B) divalent metal ion requirement for E3 to cleave its substrate.
The concentration of the divalent metal ions was set at either 1 mmol/L or 10 mmol/L. The cleavage reaction was carried out in
50 mmol/L Tris-HCI buffer(pH=7. 5) including 300 mmol/L. NaCl and 35%(volume fraction) DMSO in the presence of the above-

mentioned divalent metal ions at 23 °C for 1 h. %Clv represents the percent cleavage of the substrate by E3.

1 SEIGERSy

1.1 XK E5LEE

= 5 PR R G 5L B (Tris) . DU HH 3 20 2 (TEMED) . PR 45 Tk Jie . B SCORU TN 4 TG i . — FRY 56 7
(DMSO)FITJCK 2, o B ali, dbat B RIEEHE A FRA B BEME . JRE L BIER . PUIF LR (Ascorbic acid,
Ve). 2-(N-THENE) 2 R (MES) | i BRBR E(APS) . NaOAc., Z —JliZPU Z FR(EDTA). MgCl,. CoCl,, MnCl,
NiSO, . ZnSO, . PhOAc. FeSO,. CuSO,., CaCl,Fl FeCl,, 734k, 28 Ak 2# A BR A F .

DNA ¥ 8 i B A T A A R dl 4 s aife,, BAKFESIUF : E3: 5'-AAGTGGTGCCCG-
GAAAGGGTGACTCATCAGTTCATAG-3"; 5'FRQ30: 5'Fluorescein-CTATGAACTGACTrAQGACCTCAC-
TACCAAG-3', H:H Q=DABCYL-dT, $&§ DABCYL&1fi M R mE e , 2481 S48 RNA IR U B S 1) 3
fLE, X E3 A ) E A TG E o,

UV-2550 B4 L HR-A] BLA3 66T (UV-Vis) , H AR Shimadzu 23 F] 5 Amersham Typhoon F3#E 8 H1 7K il
1225, I Cytiva(GE) A H] 5 Allegra 64R HY 5538 v % 250041, 32 [ Beckman A ] ; DYY-7C AU I 5 HL
WAL, AEFAS—E MR AT BN ] 5 VC-15S/SP B ELZS B0 4R, AR Taitee 23 7] 5 Milli-Q B 4fi 7k
2455, fEEERTE/NE] ; Thermo Orion Star A111 %Y pH i1, SEEFEE KRB A A .

1.2 LEHE

1.2.1 DNAFE & 86| & FEBAKEE DNARE S, ) 260 nm &b (14 W' FE (B RN I 41 04 8 R T 0%
FEOTEAR PN WS . T A DNAFESTE SOV IF IR AT 28 90 ‘CAEPE 1 min, A5 TEIR R EERE
A

FIH NaOH 40 FE 5’ FRQ30, Hil 45 I IR ™= #153FHric¥ . 7€ 10 pL 100 pmol/L ) 5'FRQ30 Hl
A1 pL 2 mol/L NaOH, F 90 CHI# 10 min, FEF A 2 wL 1mol/L HCI HFIS R . il & 5 FAnic T
4 CORAE, 0 P 7
122 ANTER KA BT AVLERS %P RIRS PR UB 1R A W R pHAE
PR A3 I pH (B 5 S PR A fT W IR G R, 75 S 22 s W15 21 4535 1 pH A, ﬁk}‘bn
AB YR — T, FRRAE MG HEE R, TR A B SEER pHAE . SC5 i A
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HL-ZK TR A A 22 258 R 0 =GR R pHLEL.
1.2.3 RCD MRV E R BREFFRBEIISN , 5206 72 i RCD A0 JiC U051 Y SOy 478 B i 2%
PR (LEVIS]=10: D) #17. AR, RCD(E3) 5IEY) (5'FRQ30)FZEE/R LA 10: 1R A, 4290 CHIlk
VE 1 min, WAV EZRIEREG- Y E &Y. SLR ) VAR 2 1000 nmol/L E3+100 nmol/L 5'FRQ30+
50 mmol/L Tris-HC1(pH=7. 5)+300 mmol/L NaCl+30 mmol/L MgCL,+35% ({AF1/3%0) DMSO. ¥4 10 pL Fik
SR Z T 23 “CRN 1 h, AiTA T WL 0. 5 mol/L EDTA £ 1153, FEJE A 1 WL 3 mol/L NaOAc F140 L
WA TR ZHE, F-20 CHLTER NI 2 h. 7E4 “CT, LA 15000 r/min A3 B 250 20 min J5 L2458 [A]
WS =4

K FAS MR N I TR R BE AL HL UK (APAGE) A3 ATt Ab S i 74 . A4tk s 17 0 T 20% (5t 73450
dPAGE[7 mol/L bR Z +1XTBE+20% PN R - . FF B0 N I e e (292 1) JHR b A 7Bk A0 . FRL K 2% vh i
9 IXTBE (89 mmol/L Tris-Bif%+2 mmol/L EDTA, pH=8.3), T400 V& J& T 28 i H1 vk 30 min. &5 7E4)
PrETE THREAK , AR Z AP IRESE A [ 100 mL ISR AUSE 20 g BEME . 28 mg —HIZEF | 1 mL 10%
(BT 4340 SDS . 10 mL 10XTBE #1110 gJRE ], T°90 CAETE 1 min. SRATEEM LR R GEK U W) 5500 1
eSS, F Image) FEE5 BT =PI IK S5 965 B (LUK BE(E R ), RS i D&l
R, DB R & i RS I E 38 (%Clv, %) 3R

%c1v=¢xloo% (1)
F + F

K F o  FR IR 2 DO CIRIE 5 F o RS AW HI Y SE REWI DO GIR

1.2.4 RCDEWE M E 20 7% #lllE RCD 78 R4 2544 T AR P D10 ) 2 WA Ak o (k)
SR gE 1% . E3MEAL S FRQ30 VI #I B 44 1. 2. 345 5 ik AT, OBt ] »5 8822 4 0, 10, 30, 60,
120, 240 #1420 min. XS0 R BCHTR] 7y 228 1k . B03EFIHL UK A0 AT . ARG 6 B0 1077 38 68 S5 vy B[] 4
F, HR i A — 2 s v Bl g 2 1 B 48 K50 72 (One-phase exponential equation ) 451575 21| 52 L8R 5 £
(k,,., min):

substrate product

Y=Y, +(Y, =Y, )X(1—eo") (2)
o VRREE SO BT ] E3 AL TI R 22 5 V2R =0 min B35 SUTRISES Y, ORI #IR  SCh
RGN 20 3 RS SEER I, TR 22 bR vER 22 (SD) R .

2 #FR51TR

21 E3x”ZMERBEFHIEXK

SEBGIEAL T E3 ALY D) I B 45, R BUILAE 4 ~ 23 "CYa Bl A i i, (AR I 27 °C
A, T PR (AR SO R BRI S ). 58 T E3 X 48 B PRk, BBEVD M IHE 1, E3 1
RS 1) TR R 2. 73%107° min! (OLAR SCSZHEAE BB S2) , AR JEE W AR A Ak S g o B (k, ~7. 0107
min™) 2 3. 9f%, I M PHIE T E3 ML TG PR oG B . DO e i O ) 5 S AR IC )
5'FRQ30VEMIRA, P4k T4 WL AN 4 & B8 X% E3 AL IE P A5 i [ Scheme 2(B) |, & BLR Mg ASH,
E37EZn*, Fe*, Pb*, Mn* Fl Co™ fA7E NI UIFIEE 3 X 2o 4@ 8 FHpl SR YER L hili24 h, 0K
REMEAL IR YI R, A A E3 A BEM AL IR D D) (LA SC S HE (5 B S3). Bb4h, Ca, Cu®Zk Ni*7E
50 pmol/L E1] 10 mmol/L ¥ 7 FEl P 35 R LEZ B0 8 74 [ Scheme 2(B) A S H545 BLIK S41.

H— 5 T ER LR RESOE E3 LAY 1 (Mg™, Zn*, Fe®, Pb*, Mn®* Fl Co® ) ¥R VL I .
TE Mg, Mn® Fl P> fEFE T, E3 [T 1 Bl L vfe F3 398 I 1T 8 a7 34 0, Y 8 -V 18 43 30l v 1 30, 2 1
2 mmol/LJii , HGPERFRR 2 [ 1(A), B 1(C) FIA S BRI S5 ], M1 3 Fh 7 Lk Fif fnik
FE . SR, FEFe, Co™ FIZn fFEAE T, E3 G M B A 25 W B3 R Je I s ook 55, a1 ok 32 40 3ol A
1 mmol/L(Fe* 1 Zn*) F10. 5 mmol/L(Co™) , FH 3 Fh 2 43 my v FE PN &30 . 2 B4 76 V) # DNA
B4 8 SRR it T-R 312 D)1 RNA A9 JUA 8 SR Bt IR Al e 25 7 (U0, ) Y 5 2R il 39 2 vt ] SR
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E| . U AR T DNA AR S B000 S0 T 110 715 2 235 A AR D T 8 2 o i L9 H’JJEL
Kz —2420 B3 AL YY1 E 7 28 AE Zn> (1 mmol/L) Fl Mg® (30 mmol/L) fE7E T fie i (4 70%) ,
w1 Mn®, Ph*, Co™ Fl Fe* %5 (20%~30%). A T HERATEAS L _F 428 B 7345 E3 LIS EE T, 43 ”IJ
1 30 mmol/L Mg™, 1 mmol/L Zn**, 10 mmol/L Pb*, 2 mmol/L. Mn*", 0. 5 mmol/L, Co** LA} 1 mmol/L Fe%ﬁ
FE TN T E3 A fbs 2 [ 18] 1 (D) FIASCCRHE B IE S6 ). 255K, 76 Mg, Zn™, Pb*, Mn il Co™*
FAER , B3RP D)5 BERT R 25 Ak B — L BLFRAE , K, 535124 0. 026 min™ (Mgl Zn*) , 0. 0095
min~' (Ph*), 0. 0063 min"(Mn”)ﬂl 0. 003 min™'(Co™). A ANZEAMIE, 24 Fe” fA7ERT, HI 10 min P E3 fi
P RSN, (HAR PSR, BB E3 TR IS T 45 5 00 . dlad AR E37E N &8 B FAAE T 1N
Y1177 % [Scheme 2(B) , K 1(A)~(C) JFk, [EI1(D) ], HHAEMHF R : Zn*, Mg™>Pb*>Mn*">
Co™; Fe RIRBEFRAFAERG MR T HL, MRS ; RA B Ca®, Cu B N1 E3 AL

A
100 —( ) 100 -(B)
Mg?* - Zn*"
80 80+ -+ Co
< @
5 60 %
z Q
X 40F S
20
G 1 1 1 1 1
0 20 40 60 80 100
Concentration/(mmol-L-1)
© D)
100 - 100 |- g Kow/min~h:
. 80 | 80 © %ng 0.026
< S : = Zn® 0.026
< Pb? < |/ 5
T 60f .- Z 60+ g & Pb™ 0.0095
Q —a Mn O i
SETe 3 40 -o-Mn*" 0.0063
| & ~Co™ 0.003
20 - 20 f 52 ¥ -+Fe ND
1 1 1 1 1 0 ,, 7 | |
0 2 4 6 8 10 200 400 600
Concentration/(mmol-L-1) Time/min

Fig.1 Catalytical cleavage of the substrate by E3 in the presence of divalent cations at different

concentrations

(A—C) The percent cleavage of E3 in the presence of different concentrations of these divalent cations;
(D) the cleavage rate constants of E3 in the presence of different divalent cations. The concentration of Mg®,
Zn**, Mn**, Pb**, Co**, and Fe?* were set at 30 mmol/L, 1 mmol/L., 10 mmol/L, 2 mmol/L., 0.5 mmol/L, and
1 mmol/L, respectively. ND in (D) indicates not determined. Fig. S5 was the dPAGE images for the analysis of
the %Clv in (A) and (B), and Fig. S6 was the dPAGE images in (D). The cleavage experiments were carried
out in 50 mmol/L Tris-HCI buffer (pH=7. 5, including 300 mmol/L. NaCl) supplemented with 35% (volume
fraction) DMSO under single-turnover conditions (1000 nmol/L. enzyme and 100 nmol/L substrate) at 23 °C in

the presence of the indicated divalent metal ions.

2.2 E3WJELEZRE pHEE Mg”fl Zn* K ERX &R

A LA RCD SR CRRBAE AL AL, pH ELXT FLE M52 ma 4R 2028, B Ak H i v oA BH A 3
R BUZ R W, (HAE 5 35% (RFL43%0) DMSO Ml Mg i {k & , HAEK RCD 7E pH<S B ¥ A i ik
Wk, 2 pH=6~8 i HA i, R pHARHIPE™. % F M M Zn> BTG PE R s, 6 & 40 5
AET, 52 T E3 MR S5IEM pHEMI R . 45 R B, M (F7E T, E3 1Y pH- R i 28 4 “#hE”
[ 2 (A) FIA SC S 575 BRI ST(A) |, 7E pH=7. 0~9. 078 Bl N 3 HAT w5 36, 76 pH=7. 5~8. OHq‘iE%EEE'z
K, HHAELRRCD WA AL SR, A Zn fEA4E T, pH-BUR M & IR B “WEIE ", Hok, &
pH=5.5~7. 0y il N PR 3G I, pH=7. 0 B 35 B AR, SR 5 sl T B, pH=9. 0 B JL-F- Jo A b 1 1
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[E2(B) FIA S5 BB ST(B) |, Zn® K ff A2 B 5 T Mg™, 1 mmol/L Zn™ 7 pH~6 B 4L, 1M 30
mmol/L, Mg*7E pH~9 IiH R4 . [Ht, 5 Mg Mk, Zn® BTG M pH B B ABURR . B4R Zn® B /KA R 17 H:
Vst (A Zn> 5 DNA VERIE B M-DNA ™A FI T HAE Ry i [ 70 iff DNAzyme (AL 520, X AT g2
E3 7E pH=7. 0 Fil 1 mmol/L Zn* M /5 AT S AL R A I IR . SRR AE M Zn™ 9 1-R3 DNAzyme H1411
AP E], H 702 R 03k 1 mmol/L HARAE A pHAAEIAE] 7. 02, F5 46, A BTk pHAE 2%
F , RCD T35 () Zn® ¥ B 15 ) mmol/L 35 Bl , Zn> B9TE PR S5 M 104 v] R = 2 2 6%, BV RCD ik
ST B A In* ),

0.03F (A) 0.03-(B) )
iz 4 } * MES ¢
Iy — .
= 0.02f H = 002k s & L ATASHC 05
g & i 2
E = 5 10
0.01F ® MES 0.01F
. a Tris-HC1 N -15
0 L L 0 hd 1 1 A 2.0 1 1 1 1
5 7 8 5 6 7 8 9 sS4 30 22 4
pH pH lge

Fig. 2 pH-rate and metal ion concentration-rate profiles of E3
The pH-rate profile of E3 under 30 mmol/L, Mg** (A) or 1 mmol/L. Zn** (B). The buffers in (A) and (B) were made of 50 mmol/L,
MES for pH=5. 5—7.0, and 50 mmol/L Tris-HCI for pH=7. 0—9. 0. The dPAGE assay for the k of E3 in 30 mmol/L Mg* or
1 mmol/L. Zn** at various pH values were in Fig. S7. (C) Double logarithmic plot of the concentration of Zn®* and Mg®* against the

rate constants of E3. The plot of the concentration of Zn** or Mg** vs. the rate constants of E3 were illustrated in Fig. S8.

R T AL PR M I Zn* X E3 AL AT B VE L FE 7 35% (IR FR 43400 DMSO B IR A 1 AR &
PR T E3 7E 0~1 mmol/L Zn>H1 0~30 mmol/L M 7E7E 1Yk, AB (LA SC S 1015 BRI S8). hy T sE
THE S EIMNLEA L, KRR RS B R A B R RO, N R =k [ M ] (K A R R,
M3 Zn 5 Mg, n M FECH ), DOSHEE AR 2] A& RRE N n, BB FECH . oA A
[ 2(C) AR RN LR RS 9128 0. 91 (Zn® ) F10. 73 (Mg ), WA E3 454 Mg Fl Zn> FO%L H 0 1.
M, FER NIRRT, Zn W8 Bk E mmol/L, HIEYELSSHn BN REZEZ AW, IR R THE T
23 Fe*RESHITEIRLFENZM

XFFAEAIE R TAER 17E RCD, Fe Bl Fb Mg 5 21 552, (B4 1 35% (IR FL3£0) DMSO
TAEM E3 UL, Fer AR IR 7, (HSMR PTG B 1(D) ] B EE] Fe* A /KW 25 5 w5 db
B Fe™, M E3 R IG AT e 5 Fe R E . N T PR Fe TE AR ZS T4 RCD TG MERIVE R, 7ERONAA
ZHEI AR Ve KBS Fe* FUEA . B IS T Ve 78 AR Z A (50 mmol/L Tris-HCI, pH=7. 5+
300 mmol/L. NaCl+1 mmol/L Fe*+35%DMSO) %} E3 {& P2 [ 3(A) 1. T Ve fA7ERT, E3 VIR
7R AR 2 20%; 5 Ve W BEHS 12 2 mmol/L B, Y1) 323K 3| £ KAH (29 50%) 5 24 Ve We i
3 mmol/L I}, E3 YIEI R FRE. SUMAARIRIREE Ve A Fer, E3ABEVIEIRY) [ WA S R
HEEISO(A) ], BJS, 1% 2 mmol/L Ve (VAR R FWFSE T E3 1 Fe* fE4E T LRIV EI =5 5
A OE R . 25 W], E37E 1 mmol/L Fe> (2 mmol/L Ve [RIBFFELE T, V) E] P 2RI ] 4+ 7t
T K YTE R BEIT 80% , FALA Fe* KAl Ve BUUA Ve A F Fe B B AR [ 3(B) FIA SC 7 #5745 BLE
S9(B) J. DA EEREI, In AR AT ] ke (AL, (i E3 PREFIEALIE L . AT E3M £y poniX
#]0.015 min™, /NF Mg* 1 Zn*, RFPb*[E 1(D) |. VL EZ5RFEH, Fe iYL TT RESE E3 2RI R
¥ Fe i Fe It E3 A6 PR & B, 7E 0~2 mmol/L ¥ EJE I Y , Yok W90 &) 7= [ 18 3(C) 15
A 2 mmol/L Ve J& , JC Fe™ B USSR BN U EI ™ 1) 5 BE Fe* WG Y@ @kg i, Fe " WRIEH 1.0
mmol/L B, YIRIHE A 2088 & Fe MR B, Sy R R R 225 R UL Fe AN S 4F E3 1ML )
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Fig. 3 The effect of Fe*"and its oxidation on the catalytic activity of E3
(A) Effect of Fe** on the cleavage reaction of E3 in the presence of Vc. The concentration of Fe** was set at 1 mmol/L.
(B) Kinetics of the cleavage reaction of E3 in the presence of 1 mmol/L Fe*+2 mmol/L Ve, or 2 mmol/L Ve only. dPAGE
images for (B) were presented in Fig. S9. (C) dPAGE assay for the cleavage products of the substrate by E3 in the
presence of Fe?* or Fe**+2 mmol/L Ve. (D) Effect of Fe® on the catalytic activity of E3 in the reaction buffer (50 mmol/L
Tris-HCI, pH 7. 5+300 mmol/L. NaCl+30 mmol/l. Mg**+35%DMSO0). The concentration of E3 was at the range from 0 to

400 wmol/L. A cleavage reaction of E3 in various concentration of Fe** and 2 mmol/L Ve was used as a control.
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RIE , Cu S5 G RETRINBE I IE IR T Zn™ I Mg™, Ca™ 45 S TRIVEE 1 5 Mo 4 24 , A S04 %1 Ca™,
Fe™, Ni*Hll Ca* NAEVE A E3MEAL SR, HEMIXS T45 A R R 10 4 8 1 1, WA REI TG |, )
PO PO RE 0 AT BB 5 1T SRS & T M &8 & F XTI TS R i/ . DL RgE REH, 7
AR Z N RCD B, B T I A . — 42 Jm B F AR, IR PPAl A [R] 8 2L A7 X RCD it ki 1
FRIFZ .

3 &

WF9E T A &8 B 15 T B A WL A BE TAER RCD—E3 LIS MEf5em , & B Zn>, Mg™,
Mn*, Pb*, Fe I Co FI LAE Ml 7306 E3 AL M, Forb Zn™, Fe?* Ik Co Fe B HY Ry vk BE T il 2
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