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Abstract The critical step for the synthesis of disulfide-containing peptides is the efficient construction of one or multiple
disulfide bridges. Generally, the folding of disulfide bonds could be achieved by three chemical strategies, i.e. one-step
oxidative folding strategy, multi-step oxidative folding strategy, and one-pot oxidative folding strategy. Because few
comparative studies have been conducted on efficiencies of three strategies, the systematical research is desirable. Three
folding strategies were separately applied for the preparation of centipede toxin RhTx. The results showed that the isolated
yield of two-step oxidative folding strategy was higher than those of one-step and one-pot oxidative folding strategies. Besides,
the one-pot oxidative folding strategy may induce severe misfoldings. The circular dichroism (CD) and activity tests indicated
that disulfide bonds are critical for the structure and activity of RhTx. In addition, the efficient preparation of RhTx on tens of
milligrams scale was achieved, affording molecular tools for the further biological and biophysical studies of RhTx targeting
TRPVI. Overall, three mainstream oxidative folding strategies were systematically studied, which provided a valuable
reference for the synthesis of disulfide-containing peptides.

Keywords disulfide bond; disulfide-containing peptide; oxidative folding; RhTx; solid phase peptide synthesis; thiol
protecting group
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Figure 1 (A) Amino acid sequences of RhTx, (B) synthetic route and one-step oxidative folding strategy of linear peptide 1, (C)
two-step oxidative folding strategy of linear peptide 2, (D) one-pot oxidative folding strategy of linear peptide 2, (E) two-step oxidative
folding strategy of linear peptide 3 and (F) one-pot oxidative folding strategy of linear peptide 3
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Figure 2 Analytical RP-HPLC chromatogram of one-step oxi-
dative folding process of peptide 1 (1=214 nm)

(a)~(c) RP-HPLC spectra of folding solution for peptide 1. (d) RP-HPLC
and ESI-MS spectra of purified peptide 4. The spectrum gave an observed
mass of 2964.7 Da (calculated 2965.5 Da, average isotopes). RP-HPLC
condition: a linear gradient of 10%~60% buffer B (0.08%~0.1% TFA in
CH;CN) in buffer A (0.1% TFA in water) over 30 min (10% for 1 min,
then 10%~60% for 30 min) on a Vydac C18 column
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Figure 3 Analytical RP-HPLC chromatogram of two-step oxidative folding process of peptide 2 (A) and peptide 3 (B) (1=214 nm)
(a)~(c) RP-HPLC spectra of the folding solution for peptide 2 at 0, 10 and 45 min. (d) RP-HPLC and ESI-MS spectra of purified peptide 5. The ESI-MS
spectrum gave an observed mass of 3109.5 Da (calculated 3109.4 Da, average isotopes). (¢)~(f) RP-HPLC spectra of the folding solution for peptide 5 at
5 and 15 min. (g) RP-HPLC and ESI-MS spectra of purified peptide 6. The ESI-MS spectrum gave an observed mass of 2964.7 Da (calculated 2965.5 Da,
average isotopes). (h)~(j) RP-HPLC spectra of the folding solution for peptide 3 at 0, 10 and 45 min. (k) RP-HPLC and ESI-MS spectra of purified pep-
tide 7. The spectrum gave an observed mass of 3108.5 Da (calculated 3109.4 Da, average isotopes). (1)~(m) RP-HPLC spectra of the folding solution for
peptide 7 at 5 and 15 min. (n) RP-HPLC and ESI-MS spectra of purified peptide 8. The spectrum gave an observed mass of 2964.7 Da (calculated 2965.5
Da, average isotopes). RP-HPLC condition: a linear gradient of 10%~60% buffer B in buffer A over 30 min (10% for 2 min, then 10%~60% for 30 min)

on a Vydac C4 column
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Figure 4 Analytical RP-HPLC chromatogram of one-pot oxidative folding process of peptide 2 (A) and peptide 3 (B) (1=214 nm)
(a)~(d) RP-HPLC spectra of the folding solution for peptide 2 at 0, 15 min, 18 and 24 h. For peptide 9: the ESI-MS spectrum gave an observed mass of
3109.0 Da (calculated 3109.4 Da, average isotopes). (e)~(f) RP-HPLC spectra of the folding solution for peptide 9 at 30 and 60 min. (g) RP-HPLC and
ESI-MS spectra of purified peptide 10. The ESI-MS spectrum gave an observed mass of 2964.8 Da (calculated 2965.5 Da, average isotopes). (h)~(k)
RP-HPLC spectra of the folding solution for peptide 3 at 0, 15 min, 18 and 24 h. For peptide 11: the ESI-MS spectrum gave an observed mass of 3108.5 Da
(calculated 3109.4 Da, average isotopes). (I)~(m) RP-HPLC spectra of the folding solution for peptide 11 at 30 and 90 min. (n) RP-HPLC and ESI-MS
spectra of purified peptide 12. The ESI-MS spectrum gave an observed mass of 2964.8 Da (calculated 2965.5 Da, average isotopes). RP-HPLC condition: a
linear gradient of 10%~60% buffer B in buffer A over 30 min (10% for 2 min, then 10%~60% for 30 min) on a Vydac C4 column
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Figure 5 (A) Analytical RP-HPLC and ESI-MS spectra of peptides 4, 6, 8, 10 and 12 co-injections and (B) circular dichroism (CD)

spectra of peptides 1, 4, 6, 8, 10 and 12

The ESI-MS spectrum gave an observed mass of 2964.8 Da (calculated 2965.5 Da, average isotopes). RP-HPLC condition: a linear gradient of 10%~60%
buffer B in buffer A over 30 min (10% for 1 min, then 10%~60% for 30 min) on a Vydac C18 column, 1=214 nm
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B IWCR E T — R B s A — ik A T B R
W, — RV A AT S TR T R 2 T BUROR LU )
i &, 1.3-Cys(Acm) R I PEIK(2) 5 2.4-Cys-
(Acm) PR 1 2 PR R (3) TE 5 VAL 3T B do i o 1 S 4 A
R BRI B2 5

— AT B SRR R, RIS — IR i 4y
HAL SRR RIS B B AR 2K, &G R B SR
ZAKIE STV (HIEE — R AT B RS R B AR 2
FEJa, 0BRSS A B g M
S D RIETE M Z IR 450, — RS T B SRS
R R, RRa—IRERE S Eaib R R H R
JUk, AR PR R T g 2 5 SRR HL ) 1 S R R AT
&, MLLTZHT BN R e Z IR AR 2 IRE
1T B SRS AR TR Ay D M e DA 2 ik il oy
SO, SRR B, H AT DURA OR R B Y 1A T
XF, AR R AL R E 2 KA O
3 LIRS
EE 55
IX2%: AT et & A RP-HPLC AR LC-20
AT; Creatrust & & “KEQUE” BHETEENL; Bl
CHA-S 1EiE 4% #%; Thermo Scientific LTQ Orbitrap XL
HE A HHR U A AR BH R 2 A R A A
J-815 [ i, 2 RIMRLAAE AL A R A R H
TR BRI TS s A PR A SRR 7R R
& WRRE-HER 2R (R E) A F pH i BUR (P ED)
HIRA B AKAL H N HER R AR HH-2 8
THIL/KIHA; S5 Thermo AR 4HAE;F74E; 4 IKA
A PHB 2 S25 Wi 734125, 35 Axon 2 H]JE Fr 4k
KA AER RIS /RACERHIE A R A 7S TR, W

3.1
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Je R A E IR A PR A A% 3038, 3£ Thermo A H
—80 ‘CUKFE; £E Axon AFHFEFEHES; EE ALA
AT ENEERARY; EE Sutter A P-97 AL H A il
1% 3% [ Sutter 2 F] RAMERI\ 45 1 E Eppendorf A F] i
HESOHL, RS AR R & A RAF T84, £E
Axon AF|BIETAEES; 5E Axon A FWIEERR Eh I8
We; HAS ALP A &) 7H 5 = .

R77: Rink Amide AM # fg T4 T K id: me - & kb
HIRAF; HT M AHZ KA R Fmoc-Cys(Trt)-OH
Fmoc-Cys(Acm)-OH %5 Fmoc ' IZEER. HCTU %5
A5G R T 5 R ARG (B A IR A NN-H L H
W (DMF). & H % (DCM). Ei=fi. DMSO. Z.%
AP SRR T [ 2 4 A 253X 77 A FRA B ; DIEA.
Ky EJFERGMHE . AR SMHERL. Tris. 1.2-
OB KRR SR, L PR IER. B
OB = 3 CBR(TFA) SR T Eilg R IR I A
FRATE. F12 359780 F 3£ [ Gibeo A #]; faZF MLk
M PAN A7), HER/BHER. G418, UK. JHiE
Ffi. PBS. HEPES. &Ab#N. SALER. SACLER. 4
B FUAbEE. ERE. EGTA AIESELEIY T 3£ Sigma
IR
3.2 [EHZMKERK

BRUAEE R RhTx MIE LT 59 LNNPCNGVTCP-
SGYRCSIVDKQCIKKE, XH Fmoc [f4H £ k& B 1%,
PA Rink Amide AM 4 fl5 #8044, f#H HCTU/DIEA 4i &
WF&, MZIEM CimZ N b AT & . FREX 160 mg Rink
Amide AM # f§(0.05 mmol, EUYE A 0.32 mmol/g) & T
ZIkEE T, PR —(DMF ¥t 2 X, DCM ¥t 2 X,
DMF ¥ 1 ¥k, DCM ¥t 1 X, DMF ¥ 3 %), #ifi T, A
DMF/DCM JE-&WEHI(V 2 v=1:1), T 28 CIlEIERE
AHIEILFAE 60 min, ARAEDE—IR. IIAURNE/DMF %
WV v=1:4), 28 CHHIEIRY 5 min, DMF JHEHIX,
FRRAINNTREE/DMF AWV - V=1 : 4)¥EW R 10 min,
PifEsE— o, R, BUbEME, H Kaiser iRX7I7E
ISR TR 06 (. BB ER 46 Ak R NEIETR(S
equiv.)HCTU (4.5 equiv.)/DIEA (10 equiv.). 4 g =
ANEH 107 mg Fmoc-Glu(O'Bu)-OH (5 equiv.). 93 mg
HCTU (4.5 equiv.)~ 90 uL DIEA (10 equiv.)HJ 2 mL DMF
Wi, BT 28 CHEEBRG T RBL 1 h, FrfEsE—k. B
DRI, Kaiser AN G (0, 78 28 CHEIEIR % I %A+
N, R E AR IR SE/DMFE RV L V=1 1 4,
Jii R4 SN 5 min, DMF PPk, BV IR g /DMF
W 2 V=1 HEW, BARP B 10 min, FRETE—
. BULERE, Kaiser MNRE . HE RS 577,
T MR IR 7 50K T BRI AR, W kG &

2806 http://sioc-journal.cn/
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J&i Kaiser il 2 1, FHEHEEHA K.

AWFFILE R T =LA 2 B 3), B
IR FEIR 1) 7 51— 2, A e Pk R 0 e 5 5 P (R 4 2 4]
ANE. AR, LK 11 4 A Cys MIBESR 5
Bl Trt FEFLRY. LRPERK 2 B9 1.3-Cys # Acm JEFfR
1, 2.4-Cys ¥ Trt FEHIRY. LRPERK 3 19 1.3-Cys B Trt
FHRY, 2.4-Cys Bl Acm JEFIR-Y. MFTE RIEIRIE R
SEEESE, MRk A — MR IR I 2 A Fmoc fR4715E,
FRUEDE—X, DCM 3 5 I, KIEHE 2 3 min, JHIRHHE
210 min. 5 B4 AE O ON D5 BK AR R (TFAY 2K By /K /
thioanisole/EDT, V. VIV .V :V=825.5.5.5":
2.5, VIMKRGI 75 e prvkin B, T 28 CIERIRG #
R 2.5~3 h, R SEEEE, M Ea s S ikgE 2
SRR 2~3 mL. UK ZBEDTEE, 76 3000 r/min (%%
PEFE 2 min, 725 BIEW, REUUE, HPERES =
. A9 B IR BR 7R =R P R 2 T AR AR R K
RP-HPLC %, Ik 1 B4l 56%, Ik 2 [ nkal
JER 49%, Rk 3 M ETEAE S 48%.

MHAKERRT IEKWV 2 V=1 4, B EHERE N
0.1%FF) TEAVR AT, AT, 1531 2 Ik E A
WIEMET CIEOKV 2 V=1 4, B EER5%90.1%
1 TFAYR AW, AHH il 4 2 RP-HPLC 4> B 44k,
alifh J5 10 2 IR A A TR G A R 42k RhTx
B4k, —20 CH&MFNEEGAL. FHSITAE RP-HPLC
A1 ESI-MS X175 21 (1) 2 K FEARE T 20 4.

33 BB MEE

Iy T B i HE N Grace Vydac 214TP C4 (250
mm X4.6 mm). Agilent 5 TC-C18(2) (250 mm X 4.6 mm),
OREAE Y 1 mL/min. i 8 3544 Grace Vydac
“Protein C4” (250 mmX 10 mm), 4hifk 1) 8% 4% 14 -
10%37 2040 B 1 min, #XJ5 10%~60%iz4H B 30 min,
ERERE N 4 mL/min. 3TN A B85 A R
5808 0.1% TFA [ HyO, Jishfl B $8 5 A WE %
N 0.08%~0.1% TFA HIZNE, LAMGMERHER 214
nm Fl 254 nm XA AT A,

34 FHIERIE
341 —REBAIT E R

Befil 0.1 mol/L Tris Z2H¥ ¥, F 1 mol/L NaOH %
WA pH B 7.5, EA, Wi fEIRG MM N Tris
SRR A BTN ST H.0 WEARMZEPERL 1 (23 mg,
VRN 30 pmol/L). B JE R A B H Ik (AR E 5
mmol/L). AL Bt H K (LW E 0.5 mmol/L). T
25 CHEIRIRG 28 h B 12 h, f#H 4 #7175 RP-HPLC 1
ESI-MS W& Mt 2. S 5ErJs, 1 RP-HPLC 4y

Chin. J. Org. Chem. 2021, 41, 2800~2809
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B, difk 52 KRR A AT RA R H B
RhTx(fIk 4), —20 CHAF FHEERAE. 2 BB B
W43 #r% RP-HPLC A1 ESI-MS 73 M4 €.
342 WAREAI B R

aifbE LR ERK 2 (24 mg, BHWKEAN 50 umol/L)
VT 80 mL I ZIE/K(V : V=1 : 9)&Wth, Hitk TiE
TN ZEAARR K 20 mmol/L ) K3[Fe(CNe) (7T 0.1
mol/L Tris ZZMR). H LERIAT pH £ 7.5. 7£25 ClHEIR
P& s SN, A F 4347 8 RP-HPLC Al ESI-MS I &
PEIEHE. 45 min 5 E TR, £/ RP-HPLC 7 &40k,
13 BT — R A B i 2 BRI V(K 5). BHE T, #5E
FAR) 10 mmol/L B R (R[5 44 15 % T HoO/TFA/ iR
EVEFIT, HyO/TEA/Z B, V2 V2 V=78 © 2 : 20)ZiH N
ARG ) 2 IR . 538 RP-HPLC 1 ESI-MS
SR 0 HREELE 15 min WA SERL. BEEET, S
PRI R ISR MR K S R (BUIA LR 3.3 mg $E AT
it T 3.3 mL S HE BN 0.1%[ TFA K ),
i s AR Rt B SE RS, A RP-HPLC
srEsaifh. 2ifh)E I 2 BRIE RS o VR T RS 2 B bR
RhTx(JIK 6), —20 CHAM FHERAE. 7 B3R 0IRE 5
Jit 4 #r A RP-HPLC £ ESI-MS Zh#r%sE. 2Pk 3
(24 mg, EMEWEA 50 umol/L)id it A R 7 ikidtir &
P& R B aliAk, 23 45 min 5Ek T 5 X R
FIRE(IK 7), 433 15 min SER% T 28 06 i Ba i e i (K
8).
3.43 —4hik LI B R

KPR 2 (24 me) ¥ fiRAE 24 mL ] DMSO//K(V -
y=1: 2y, /£ 25 CNERRG IR, /58T
A RP-HPLC J% ESI-MS Wil 55 — X —fi B iR T R 1 L.
24 h JEE—X IR SRR 9), SR 4k
SRR I 2 BRVE (14 mg AR T 24 mL ZF&H),
25 CMERIRZ & h k8 M. 4348 RP-HPLC #
ESI-MS #4538 8, Acm F& B4R B FR IE7E 60 min
ARSI AR S . AR R, KPR L
R 1K (3.3 mg HLA MR E T 3.3 mL & H
R 0.1%I1) TFA BI4E K HR )& in 28 i, £
SMEBEB RO R, I RP-HPLC 73 B 4tifk,
alifh 5 10 2 I 4 VAT 145 3 B A RhTx(IK 10),
—20 ‘CHMFTEIRAT. 415 B 14 RhTx S
i/ A RP-HPLC A1 ESI-MS 23 #r %58, YLK 3 (24
mg) il A [F] 1) 7 AT SR & K s Ak, &l 24
h SERR T 28— X R A (B 11), £3d 90 min 52K
TE N ERE A R (K 12).
3.5 Btk

¥ Z ik RhTx (1 4+ 6+ 8- 10 F1 12)A 1~1.5 mg/mL
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H e LR FBE AR T PBS (1X), IOAE] 1 mm B4 L
mH, {1 J-815 CD eSO S AT IR, (RS
BAE N WK 170~260 nm. 45 % 1 nm. F3H5#EE 100
nm/min, BMERERNE 3 KIFPCFIIME. Fra e
FE A PRI 15 Jasco ArifE o BT AR .

3.6 JEMMK

3.6.1 mpadEic

FaERIA TRPVI IE ) CHO 4MfffE 37 C TR
SN 5% COL BiFoff hds g%, $5FRB LAl F12 1
TR IR BN 10% IR 2E I35 & 1% 5 5 57/ 5E 5
%, WS HEWE RN 250 pg/mL ) G418 & 1 pg/mL HIY
R, MpNEEEAEK 2~3d JG, FRANRE ARl 80%~
90%Mf, FEFEIEFEIE, ] 2.5 mg/mL HIBEE AEENAL 3
min, JIA 2 mL 5g4EFRFE& I, 1000 r/min &0
J&i, A0 AR TR DMK B (1 X 10* N/mL)SHTE B AN
12 mm WIEEI% A F. fF 48 h .WHEAT HLAE PO %,

3.62 WwAIILE

18 F A= 40 MBS A B AR Sk AR e RIA T CHO 4iig
1) TRPV1 . f# FH MultiClamp 700A J§ K #% Fil
pCLAMP 10.6 3 ff-(Molecular Devices, Sunnyvale, CA)
KAEHE. P-97 FEAR b il A FL I B H ), T MF-830
FEAOI#A . FEAR 7 HE N A N BRTE 2~4 MQ
ZVE]. A G AR R S0 B FH 40 M AR 73 4 NaCl
(137 mmol/L), MgCl, (1 mmol/L), KCI (4 mmol/L), Glu-
cose (10 mmol/L), HEPES (10 mmol/L), | NaOH ¥ pH
{EHZ 7.4, H sucrose ¥4i51% AH JH % 300 mOsm. 41 /i
W4 N: KCI (65 mmol/L), KF (75 mmol/L), MgCl,
(2 mmol/L), EGTA (5 mmol/L), HEPES (10 mmol/L), H
KOH ¥ pH {HIH % 7.2, H sucrose #5335 E{HIHZE 300
mOsm. 4 i AT 5, K d AL R 72 — 60
mV, FFE 2 s & T M —100 mV £+ 100 mV [¥)TEH;
B, FFSR s, Jo 1R 20E ) %

3.6.3 HIEALFE.

AR H BT B 1 A Clampfit 10.6 (Molecular De-
vices, USA)SH, f#H OriginPro 8.0 (Origin Lab, USA)
Fll Adobeillustrator 10 (Adobe, USA)EAT /T E K. K
BRI Z o WTiAT Gt 2 a8, p<0.05 IANA it

4 BI#1kL (Supporting Information) % ik 1. 2. 3. 13.
14 1 15 (PRSI Hepr Rl AT DL 2 AT N
ufi (http://sioc-journal.cn/) b N #.
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