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ABSTRACT Objective: Bovine pancreatic ribonuclease A (RNase A) is widely applied as a benchmark protein in folding studies for
its stable structure and easy renaturation. And high performance liquid chromatography (HPLC) is commonly used in the research on
RNase A folding for its advantage of automation, effective separation and sample recycling. However, with the deficiency of
low-throughput detection and high-cost equipment, the application of HPLC is limited to a certain extent in the study of RNase A folding.
In this study we will introduce acetic acid-urea-Triton polyacrylamide (AUT) gel electrophoresis as a new simple technology into RNase
A folding. Methods: Reductive unfolding of RNase A and the folding intermediates with native disulfide bonds were detected by AUT
gel electrophoresis, enzyme activity and mass spectrometry. Intermediate monomers were separated and identified by HPLC and mass
spectrometry, respectively, followed by detection of AUT gel electrophoresis to match band positions. And the native disulfide pairing of
intermediate monomers were determined by detection of AUT gel electrophoresis to the partial reduction of 3ss with native disulfide
bonds and of mass spectrometry to trypsin digestion products of intermediate monomers. Results: AUT gel electrophoresis could monitor
the whole process of reductive unfolding of RNase A, consistent with the result of enzyme activity and mass spectrometry, and well dis-
tinguish disulfide-bonded intermediates of RNase A folding based on their difference in compactness caused by disulfide bonds and ef-
fective charges. Intermediates with native disulfide bonds can be divided into 13 chromatographic peaks by HPLC, and matched to 11
bands detected by AUT gel electrophoresis. Furthermore, disulfide pairing of intermediate monomers were identified completely and
matched to bands of AUT gel electrophoresis, which referred that entropy decrease caused by Cys58-Cys110 or Cys26-Cys84 is larger
than that by Cys40-Cys95 or Cys65-Cys72. Conclusions: As a relatively simple, rapid, accurate and economical technology, AUT gel

electrophoresis is competent for the separation of folding intermediates, complemented with HPLC and mass spectrometry, and must be
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promising in the study of RNase A folding.
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B 1 AUT kX 53 REMKZ RNase A
Fig. 1 AUT gel electrophoresis for fully reduced RNase A
N, K% RNase AR, iF R TS RNase A;R-AEMTS, AEMTS #7i2
HIIE R 27 RNase A,
N, native RNase A; R, fully reduced RNase A; R-AEMTS, fully reduced
RNase A blocked by AEMTS.
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1) :N ik shmth, R k318 , R-AEMTS 4 F N Fl R Z[d],
#E—2 X%} RNase A 7F 23°C .pH 2/6.5 .6 mol/L £ K .40
mmol/L TCEP 45 F i J5 A8 MR [ A [a] (0, 1,5, 10 min) , LA
it AEMTS 28 1E S0, #47 AUT HLiK MS B BgE A , 45
JNPE 2 fiizR . RNase A FaE 45 7E 6 mol/L FhR IR 1 451
TN AT AR S MR, A RO R B, SR BIGA R i TCEP

PRIUA L, TE 6 mol/L EhRRINIEMEFR I 1, pH 6.5 Z5#F T RNase
A B JFAEVE R B T pH 2, 1X -5 TCEP 27 S i s 35—

. 7 pH 2(F 2A) R4, AUT 5 878, )i 10 min
W B — RIS 4404, TR MS £ 8RB B
AEMTS #53#Ri2 /) RNase A, BG4 {b 5 AUT MS 4553
RIRA RNase A AL EH—F, EW,RNase A &R 5I8 J5AE
P AR T AR R AR, S5 R, AUT Rl gh i 5
MS | B E M 4E g VTR, AT A RLIX 40 A [/l 4124 T £ RNase
A SR JFARPERL AR T FL7E B 38 A0 SR AR T 2 fF T 0] LAY A A
W) HAZLX 5 AEMTS FRic i) RNase A i i A8 Ve B 47 &
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Fig. 2 Reductive unfolding of RNase A with GdnHCl as denaturant and TCEP as reducing agent
RNase A £ 23°C .,pH 2( A )/pH 6.5(B).6 mol/L EiE£AK.40 mmol/L TCEP &4 TE/RTMARR AFE(0.1.5.10 min), fINITE AEMTS £ 1E & 5,
LEA AUT NER, £ TEABEERNER, A TEARIERME R, N, KT RNase A;R-AEMTS, AEMTS #Ri2 #9iE R 1475 RNase
A, N#1R-AEMTS 7 itk B o IR iR it
Reductive unfolding of RNase A had been carried out at 23°C, 6 mol/L GdnHCl, 40 mmol/L TCEP and different pH (pH 2 (A) and pH 6.5 (B)) for
different time (0, 1, 5, 10 min), quenched by AEMTS. All samples were detected by AUT gels (upper panel in each group), MALDI-TOF-MS (lower left
panel in each group) and enzyme activity (lower right panel in each group). N, native RNase A; R-AEMTS, fully reduced RNase A blocked by AEMTS. N
and R-AEMTS are labeled with vertical dotted lines.

2.2 AUT Hik#&il RNase A & JE 25433 #2847 & rha) &k
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min, 12 h), AL & DTT™ i 10 min 28 1|38 R AR N, DL
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[ 3 RNase A iF [REMEITIZHT & E) A&
Fig. 3 Detection of native folding intermediates of RNase A by AUT gels and MALDI-TOF-MS
RNase A 7£ 23°C ,pH 2.6 mol/L FiE& A, 40 mmol/L TCEP £ FiE/E L EARRFAFE (0 s, 50 s, 5 min, 10 min, 25 min, 12 h), fINiTE DTT™ £ 1E K
B, RBR BB HEM RNase A BFEF M RTBREE, A BEH AUT IR BHFEFHEM RNase A EREF L RTEPEELER,B EA
AUT #&il] AEMTS #Ri2 /58 RNase A B[RS BT B R EEER,C BARERMNER, N, KA RNase A;R,IFEFE ML RNase A;
R-AEMTS, AEMTS #Ri2RIiE R TS RNase A, N #1 R-AEMTS 725 i B B B E LR o
Native folding intermediates of RNase A were prepared by the partial reductive unfolding of RNase A with GdnHCI and TCEP for different reaction time
(0's,50 s, 5 min, 10 min, 25 min, 12 h), and detected by AUT gels, blocked by AEMTS (B) or not (A), and by MALDI-TOF-MS (C). N, native RNase A;
R, fully reduced RNase A; R-AEMTS, fully reduced RNase A blocked by AEMTS. N and R-AEMTS are marked with vertical dotted lines.
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AEMTS #Ric /5 MS K], #5R WK 4B fin, IR 13
AMaiE, FE T, RNase A 8 JFAR M5 AT A=A R N 14 Fér
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AUT HARRL A 70 A (i EARAR (] SB ). 2ss-I1#E AUT Ji
TSRS N 23, 22 AEMTS $RI0J5 , 755 £ 15 HL A A 3K
B KSR LT No Bkfud JikE by AUT 2528 (F& 5D ) i
71, 25 R RS S BRI A2 ik i It , SR T HAES R B T e 454
X5 SCHRPI 2ss HA R PRPE R —K
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Time/(min)
N R-AEMTS N R-AEMTS N R-AEMTS N R-AEMTS
A y tAc 8 ’M 2 /{ ™
7 S~——](2ss) (3ss) — S——@ss+1ss) [—— (0ss/R)
Jl 3 )’L 7 "L 10-1 }LL 12
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/ l 2 )l 6 H\ 9-10 JJL 11
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& 4 RNase A iFRZE TS a1 R HPLC 4 B R EURIE 9 22440
Fig. 4 Chromatographic separation by reversed-phase HPLC (A) and classification by MALDI-TOF-MS (B) of species of native folding intermediates of
RNase A

A B2 RNaseA B [RE ST E P EFER HPLC B EE, 2589 13 A FiE5 3 ARAHFARE, Hd 9-10 FRoRIE 9 fig 10 EBES, 10-1 R
TUE 10 BIEERSY, 10-2 RRUE 10 58057 B B2 RNase A i E T B EF (RBIRIRS )T & — BB AN RIE S L4 R, Hh e
HIFRIEL A BEENL, 35S M A RRXT RIS B BRI KR nss( 2 n IR THE )o N, KIS RNase A; R, FEF I RNase A;R-AEMTS,

AEMTS #RiZHIIEFE MRS RNase A, N 1 R-AEMTS 7E g E B E &R o

In (A), chromatographic peaks are labeled by Arabic numerals. In (B), classifications of species of native folding intermediates of RNase A are indicated in

brackets, corresponding to respective peaks. 9-10, the overlap of peak 9 and peak 10; 10-1, the former part of peak 10; 10-2, the later part of peak 10. N,
native RNase A; nss, folding intermediates of RNase A with n native disulfide bonds; R, fully reduced RNase A; R-AEMTS, fully reduced RNase A
blocked by AEMTS. N and R-AEMTS are labeled with vertical dotted lines.
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BATR B S5, X 5 30k 1ss il T —30
2.5 RNase A B[R IR E A EFHFIELEE

RNase A A7 & B 597 & PR 09 6 4 o % oy

O EHARCD, i — 2Ll it 3ss 478 AR 58 208 IR VE Y
AUT BRI AL TR I 6125 B AR IR U1/ TS 1A , Xof I 64+
RNase A i J5 A5 o A5 47 28 8] SR A T 00 B e xo 7y =X
LB 1R, A TERIR, PLX-Y) R ZHif# CysX-
CysY, LUX/Y )R itk CysX-CysY #iif it
SRR, 3ss- (V) P E BRI i 53 51 A Cys6s-
Cys72., Cys40-Cys95 ,Cys26-Cys84 . Cys58-Cys110, 5 Fif i 1 il
S5 —H0, AUT kgl BEARK RIS 5 2ss-(1-VI) HOR B 9 i
g 4y 5 R Cys40-Cys95 Fll Cys58-Cys110.Cys26-Cys84 il
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Cys58-Cys110,Cys65-Cys72 F1 Cys58-Cys110,Cys40-Cys95 1 AUT Hryk sl BRI A 1ss-1~ 1ss-111> 1ss-11>1ss-1V, flf

Cys26-Cys84 Cys65-Cys72 fll Cys40-Cys95.Cys65-Cys72 7 KSR _HisdAY RNase A 18P E){f&7E AUT Ho )ik ohid B

Cys26-Cys84, AUT 1 yk 3l 3 B2 HE Ikl 2ss-IT >2ss-1> IR A N> 3ss-1~3ss-11>2ss-11>3ss-I11>2s5-1 ~ 3s5-IV >

258-1V >2ss-111 = 2ss-VI>2ss-V; 1ss- (I-IV) AR BB B #5587 2ss-IV >2ss-IIl =~2ss-VI >1ss-I =1ss-Ill >2ss-V =1ss-1I >
5 & Cys58-Cys110,Cys40-Cys95 ,Cys26-Cys84 Cys65-Cys72, 1ss-IV>R,

4ss 3ss 2ss 1ss 1ss 0ss
3 8 9 10-1 10-2 M 7 10-2 11 12 13
Mg VA Vit Ui =F h Wi w5
1L IV/e i IV/i R/k
B iN/a Vb b i — g.' : "
psn— —_— -
Ch—a—=— Be=——— PE=="
pjg - CF3 l““ jrenwy
R-AEMTS R-AEMTS N R-AEMTS
jl: 8 E}E 10-2 j/\c 13
3 JL 10-1 JL 12
]{L 2 JL 6 J‘L 10-2
23523423579, 75575, 23523, 23,419, 49,5%s, 2323, 23,519 5 %4545,

Mass/(kDa) Mass/(kDa) Mass/(kDa)

5 &RBR TSR RNase A & EIMETE AUT Bk R E AL B 5 76 B
Fig. 5 Distribution of species of native folding intermediates of RNase A in AUT gels
A BEAERATFRERE RNase A 1 & HEIETE AUT Rk PR EEGCES 7 E(M),B EASRAZMEN RNase A T B P EMF A KT
AUT ikl R B8, C B8 AEMTS #REEH & RA ZFREA RNase A $f & E) B4k 7E AUT Bikte RGBS E, D B ARk
MEREHIE RBR SRR RNase A 1B EF BT AUT kN P ES R E L E B ABIRIRE G & KA ZHEN RNase A Hi & H1E
R FRIEHRNER, b, MAASFEITNE 4 186, EXFBITM AUT BikRREHIE, T IHFRAEGHITEREESE, N, X%
75 RNase A; R, iFJF TS RNase A;R-AEMTS, AEMTS #RiCHYIE R T4 7S RNase A, 37 & AR nss RIREHE n W KA TS, N
R-AEMTS ZE[RiZ E s A B E&IRH
(A) Discrete bands of native folding intermediates of RNase A displayed in AUT gels are labeled by lowercase letters (a-k), respectively. After

ultrafiltration, species of native folding intermediates of RNase A blocked by AEMTS (C) or not (B), or treated by pulse reduction (D) were all tested by
AUT gels, and all ultrafiltration samples were verified by MALDI-TOF-MS (E). Informations related to species of native folding intermediates of RNase A
(represented by Roman numerals), including peak numbers of HPLC, numbers of disulfide bonds, and band positions in AUT gels, are indicated in detail.
M, markers consisting of native disulfide species of folding intermediates of RNase A; N, native RNase A; R-AEMTS, fully reduced RNase A blocked by

AEMTS. N and R-AEMTS are labeled with vertical dotted lines.
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* 1 EXAEHEM RNase A B EE BRI A RXNEEREE AUT k&N PR E Sk
Table 1 Distribution of native disulfide species of folding intermediates of RNase A in AUT gels

Position of bands Component (monomer) Disulfide bonds
k 0Oss (R) (65/72) (40/95) (26/84) (58/110)
j Iss-IV (65-72) (40/95) (26/84) (58/110)
i Iss-1I (65/72) (40-95) (26/84) (58/110)
i 2ss-V (65-72) (40-95) (26/84) (58/110)
h 1ss-IIT (65/72) (40/95) (26-84) (58/110)
h Iss-I (65/72) (40/95) (26/84) (58-110)
g 2ss-VI (65-72) (40/95) (26-84) (58/110)
g 2ss-111 (65-72) (40/95) (26/84) (58-110)
f 2ss-IV (65/72) (40-95) (26-84) (58/110)
e 3ss-IV (65-72) (40-95) (26-84) (58/110)
e 2ss-1 (65/72) (40-95) (26/84) (58-110)
d 3ss-1II (65-72) (40-95) (26/84) (58-110)
c 2ss-11 (65/72) (40/95) (26-84) (58-110)
b 3ss-11 (65-72) (40/95) (26-84) (58-110)
b 3ss-1 (65/72) (40-95) (26-84) (58-110)
a 4ss (N) (65-72) (40-95) (26-84) (58-110)

Note: Native disulfide bonds are highlighted by the grey background.

3 3tid

B RIR RN RNase A $r&H K EA £ 8 KRR
T B XTI AR EAE RNase A 54 538 1R A
JewEZE, HREHEAT, BT X des [65-72]1%2 des[40-95]
U5.182021.325] Jeg[26-84]15181920 des[58-110]05 18192041 28 r [a] (AR pE AT
TERFEANTIR Z A0, o KR s 0 & R R 5
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T AR DL R 5 A B AT HE R AR AR A B B v [l
IRAFAETIMELAA R0 50, 54 SUAH HPLC MS iR, St
T X RNase A AR #4128 rfy A4 45 B A 9 53-8 AR S P A
W, 122 v R4 B A R B BC X A AR, R IR X F0F 5T RNase
A P&t R (s rh AR B AR M-

M\ RNase A iR A Md #2104 A58 Tl & Rk
TRk RNase A #r & Hra, AT T HAR Zmidizml py 4
FE o AUT BRI E TomARPEIREE, ol DL i W48 AUT Bk 4%
BT RMRIG A A8, 8T EC A RN BRI 5 | AR 4R
(conformational entropy ) BRI A/E T , T 5T A [R] K4k — 1%
FEXF RNase A 254 (1 5Pl eV R P IRl AR eV o iAoy
A B R, LT & S | A GRS G 0 ) 5 R
KN, HG AR G E K

AT EARALE AUT Hr i 43 A 00 (3R 1) 4387 2 X 1ss 171
TSR T (R 0 B R BN K
(58-110) = (26-84)>(40-95)>>(65-72) ; %} 2ss M & , & H1[A]
PR s U RV 5 LA BORS S005 08 1 B R 30/ NI 2 (26-84,
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P RIVE TR SR8 R E)/MBT - (40-95, 26-84,
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