Y] 32 2 3R Acta Phys. Sin. Vol. 72, No. 15 (2023) 158702

B A A EAENBH LN
B FREHR

KFMY Bk F VY

I i 12)

KB ED) R R U

1) (EIR¥FYER, AV R RTEEE, W8 FHETIREA R E 90, 7] 361005)
2) (ERHRINBEFERE, A BB, RN 325000)
(2023 4F 4 H 4 HIg#; 2023 4E 5 A 9 HUREMEDR)

TR S5 R SR B 3 1 B D 2 R e MR R L Bl ) s A WA i 2 S, O A i o SRR B £ 1 5
W AE BN PR TR S e R AR PO LA B, T L RE NS M4 ) B AR G ) 0 S0 T BOR BEAT RE i OF
JE. BEALGE A 455 E 1 (ACBP) 2—Fiit 5t & o BEELS M E AT & /LT S sl 12 B R E A, Hoh
86 > B R H LI B — Bl pht 4 A o SRS L AR MR BRE AR 2 4 . A SR TG 5 % ACBP AT 1 4 7 T i ik
(PS50, AR F T AR Ty 0 A (9 4 8 03 09 204 . AN RV 23 M 7 i8R s ACBP HAT K i L4
BEEEY. X H o> T8 A BN R A 255, ACBP B3 P2 T 8 N i o BRUBE AN AR 20 ) C i o WRE K 2R T 2%
Pr B AL ARWEIE LR B0 TR L 30 5 50 1 3h 1 A BN 25 & 2 48 7% 3 1 BOM R BE 7 19 73 1 LRI 9 T 5

T T

KEEIR: WL, EETITE, SR, 0Tl

PACS: 87.80.Nj, 82.37.Rs, 87.15.A—, 87.14.E-

1 3

T8 A= W 1 PN F B4 2% T A i 45 2l b SO
IEEPS i UY i RN S Wi = i e S mE s iibul
SR A AE—HE R Z IREE T, SR, A A AT
A=Y EBE, AU A 548 4577 A S
(= ZES5 . X LR IART ST | BRI VR
TR R A A RS R Y RS
FBL R TR RAG R, Sl fEE RS
ey U A5 AT ) i L SR 2 Alpha-fold 25
T RE T H (V2 BEAS DL T S50 00k AR JBE %)
AP TN 3 BB — R AR )
i, HAMGIFAE— AR, 8 A S 0T
AT R TR > R f R B A

-

DOI: 10.7498/aps.72.20230533

MR U WA & 5 R L, HAedE A
MAZHER L B 52 1 1, BB 1 Wi 1 2 A= i
AR ORI AL TR, S5 0h, E F RS R
B RELA AR TN, MBI /R 25T ERAE P! R 4
AR 10 2. PR T Bk — RS ek 2 2]
S EZUSWNATILPSES

MR H BRI A 20 M, — LB B L
SIS S, X R e 8 S, A7 AE
R MUY F BT RER . S RS R
S — R R A B g 2 R, B, o BRELE FAfE
g 7% 100 ns B [E] ) NIE IR, RV B I &/IE
I FE S T o BRSE, (HIE H I AT 1 ps YR
] ) 17 AR AL S | TR P S0 L RGH5
PUBIL A 285 58 b 7 DR ST B 19 2 15 mT DL AE s I
AR NS A& B, AL S 24> s BRIt H

* K A RRHERAS (S 118743009, 12174322) 1 111 T H (kS B16029) ¥ HIMKFA.

t iBfE1E#E. E-mail: chenhu@xmu.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

158702-1


mailto:chenhu@xmu.edu.cn
mailto:chenhu@xmu.edu.cn

Y] 32 2 3R Acta Phys. Sin. Vol. 72, No. 15 (2023) 158702

BRI R = eSS A A 75 2 ms S K AY
B A RRIE B, AP BR 2 F FRRER AL AA 0 2, AT
AR BT & AT DL 2 B R RE 500 Z)
[T B/ /NS D Rl & e Wit 2 N SR o ot N e |
GO S VAER R = o WA= @5 Rl B W i = T e s
FEPT B TRERY TP IS LA RRARAS TR Y
AE 22 5 B 5 07 AR R 00 4 JR i 2 11 B T g
AN &g ie 112,

PESEHIE A 4558 H (acyl-CoA binding pro-
tein, ACBP) J&—Fh 81 1) o B2 AR S5 (1) B
T 1983 4EAE /N R I b e i I Ok B, FERR
[N SR S B BN b E el A i ) L RB I 7 g
MFf € 18 i T EAA A RS, ACBP A
REFE A o BRTEAS H4) B 2R 5 A B0 T A R B A —
DECEBAE . R4S &I ACBP &
HEER, TR RS AT N gl C ¥mi o IR
TEHR O 28T BT 38 43 i /K AH B R 45 G 7 —i 1.
A TOEER SIS iR ACBP 76/NT 10 pN (4L
ER Pl A ZAr &R, X F 2Rl THE
HA®MRZTE, ACBP i HARIR S S5 755 &
A BRI AR A 5 et YR 285 19,

BRI, CHE T | RS AN T 77 A
BEE, JEBIFIEER BT A e L ) B S e T B (1618,
RAEORA HIE A S A EH. BT ACBP
B 2R M, REBERARTE /N1 T R K ]
A EARRE SRR 18 & T ACBP Agbe 1L
ARSCBEEE T IS A BRSO A ) E A A A A
&, FIFHREER AR ACBP & A, W& T AR
I## AT ACBP 12478 J1 0534, i DR
B e A A B 25 R AT TG, 58] T
ACBP AT & . AR IERHTH S T3
JI2EREY T AR RO, 45 8] T FSL i s R —20r) ACBP
TERLIERT KT8 A iy S 454 .

2 MR
2.1 ACBP #ER#l&

AT AT HisTag-AviTag-GB1-ACBP-
GB1-SpyTag & 1 #4 &R 1 5L K75 (4 Bk,
), Hr GB1 A C &80 730 RGBT
o, FRHEAE 5 AT LURR X 43 B bR 1 5 H A =5
520220 % H Y HBEHER A pET151 24K (&5 5

EYUE) b, SR HALE] BL21 KIBHFFE, B HER
PSR IRAER N T 2 N EH R B LB B9 5
H, FE 37 CHEIRIEFRAE TP RO . PRiE SIS
BRVE R RN N R LB A S IR,
T 37 °C, 200 r/min Y5 IR 85 5% 2O0% EIA 3
0.6, FifiJ5 7EREFEEE A 50 pmol/L [#) D-biotin
VWO TFAREERT 37 30 min. el FINA— 2 MRk
41 mol/L 55 HE-3-D-wif ki -3 (IPTG)
VAR, (M B HEI7E 0.25—1 mmol /L, KRR
JEREARE 18 C T EAE A RE, X—id ¥k
R 12 h. WS AT SR R AA, (T VR s o BILAE
4 °C, 5000 r/min 0 N HATELOIFBER EIEWR LA
PAFHR, (71 30 mL AYZfFR (50 mmol /L Tris.
500 mmol /L S fL#h . 50% H il . 5 mmol /L kM |
5 mmol /L 2-5i % £ %, pH=8.0) {ili ;& {& B V%, bl
i 7R L P O 200 L 14 S A T R AR . 1 N
NTA Sefinose Resin (2E TAE9 T2 (i) B
ARRAF], ) wE 2 8 e T AR 2. BE
VK s H 8 i A e 8, W R R
ST SR (WANTEATEHA ST (online)). ¥4k
PR J5 R B TR AR, JHABAFE-80°C VK4S
T H.

2.2 WHREHE

T == il a8 P e O a3 R B A I AD: 22 mm x
22 mm 22 mmx32 mm. E5eH 22 mmx32 mm
YRR TR AR AL R, RS AR
BTG VEN LI — TR TR A R T, 7 SN 58 B
Ja, BA 1% 3-&= NI = 2 H Ik bE (APTES,
B2 A3648, Sigma) 1Y EEFK 1 h, SRJ5 HI
OB TE 2—3 YR T (8 55 D1 BB TR iy
Parafilm ¥ APTES HhHE{L Y 22 mmx32 mm 3
¥R 5 22 mmx22 mm PIEF YR TS, IEFE
R st A FH 3 1 e A 5 /K IR . R T8, vhA
HEHA 3.0 pm MR OIHSFEER (5355 17145, Poly-
sciences) J-0F A 15 min, {1 HBEHLEE 2 3585 A
FM. ] 400 pL 9 1xPBS 22 mhilk (BhmR 2% vh4h
7K, phosphate buffered saline) My ARIEFENSH
BR, B A 1% Sulfo-SMCC (25 247420, Ther-
mo Science) I F 30 min, I A RLE 1xPBS
ZZ PR ) SpyCatcher 25 1R E 1 h. I H 5L
Ja, &8N 1% BSA (G HEM) /Y PBS 22
MR BERR A E MR M, JFT 4 C rhal i g L

158702-2


http://doi.org/10.7498/aps.72.20230533

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 15 (2023)

158702

Bk Y e B AR R AN LA .

TER ST, A& it 1% BSA 19 1xPBS
SE RO AR IR R SIS W vh AR R, %
A 25 min. M IMABERFMRGERIRER M270
FFE 5 min, $F5 1 1% BSA 1 1xPBS £& ik
HIA 10 mmol /L BHTIR I FREHH- A i 2 LA
B 1126 AR A i 2 B RORs i == 2
DABI IEZE %, A T SR 1 B A T R 4.

DFENNFEREH

% A Gromacs 5.1.4 {4 * i) Amber99SB-
ILDN {1 R 433 J1 5 B4Ry 113771 % SPC/E
KR AT R R A, 23R 141951 A4~k
gy TEMRARR R BB L P AT ER T, A
100 mmol /L Y NaCl, RGHmL A 90 NhE ¥
H1 89 A T SR mBENE T FRLH RS RE =
s/ MERISL. S #E1T 30 ps AER 4058 455
TR EET-r, EBAREAE 300 K IRE T (55550
W —20). EBHUIT AT, 75 00 P8 H BT N-C i
L) 5 R AR 5 1 AR W), B S U A R Rk =
600 pN /nm (1) K 813 55 $ A &5 B N-C P b,
R S T BN v = 0.01 nm/ps, FILTEL
JE PRI i B S i A R 4 24,

2.3

(a) 80

Magnetic beads

Extension/nm

Force/pN

Glass surface

P1 BT B S0 Y AR 7 T I B R (A i 2%

3 LR
WEENRES

FEVETE IR By T 25 b, ACBP W i 45 58 2
—A~ GBl1 & FE N8 LUE S, C Uil SpyTag fE
% 55 3% 35 3R 1 1Y SpyCatcher ¥E 17 45 5 1 % 4% |
N i ) D-biotin B 5 5 25 2% 1 28 6 Bk 1 I e 2k
M270 #Hi%, M B ¢ 54 19 B0 T R &R, AN
Kl 1(a) PR,

FERGESR A h, REBR LR it ) 2245 B F 10
BRI ARG HE B BERE Y. 7F 30 pN F 1 LLF,
$I 75 0 A B R b 1 S 2 OO G R 9L, X
FE—, HE RN 3 = B R i ] i X4k
PR, AW I B e AT L5 R (PR R AT 2
PERZR. AEH RIS EIN, $ 5 B R S B
FRECRBUM MBI OC R, [RIAE AT A il ki B
B, SCHEE ) g, ek 1 pN /s
FAEE ST InERHCR, Fehi 71 0.5 pN gL E 40 pN,
FEX—id R, AT DR O B 3 4N HLER B R i &
Pr&fEs, WE 1(b) Fis. Hd 9 pN 7 & H B
14 nm A&, SiEHREE (worm-like chain,
WLC) fRIXTF ACBP A KSR —2, & F

3.1

40

20 F

[(b)
60 f

45

40 pN/16 nm

29 pN/15 nm

9 pN/14 nm

30 F

15

0

40 50 60 70 80

Time/s

10 20 30

(a) BEBRALAP L5 H /R 218, H NS 11 ACBP (PDB ID:2ABD)

3 43 ) 2 — A OB 2 IR MR AE AR 5, a2 T30 0 1 R m 5 B0 1 b 094 775 (b) ACBP 8 1A 4t A 1y L 2 47 g (e K iy
2, BL UL 1 pN/s 148 2 N EGE 2R M 0.5 pN 3 i 2] 40 pN I PR FFAE 40 pN, 38 33 A4 114 900 1 BB A% 4 vk WL 42 1] ACBP F1 2 > GB1

LSRG

Fig. 1. Schematic figure of a single molecule magnetic tweezers experiment and typical force-extension curve. (a) Schematic figure of
magnetic tweezers setup to stretch the designed ACBP protein construct. ACBP (PDB ID:2ABD) is sandwiched between two
GBI proteins which provide fingerprint signals to identify correct protein tether. Vertical upward force is applied through the top
magnetic bead. (b) Typical force-extension curve of ACBP protein construct. Force increased from 0.5 pN to 40 pN with a con-
stant loading rate of 1 pN/s, and kept at 40 pN. The extension time course shows the unfolding signals of ACBP and GBI protein

domains sequentially.
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Fig. 2. Results of step size and unfolding force at loading rates of 0.25 pN/s (a), 1 pN/s (b) and 4 pN/s (c). Upper panel shows
scattered data points of the step size and corresponding unfolding force. Solid black line shows theoretical curve obtained from

worm-like chain model of polypeptide. Lower panel shows relative frequency (Rel.Fre) of unfolding forces.
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Fig. 3. Analysis of ACBP unfolding force at different loading rates: Distribution histograms of ACBP unfolding force for loading

rates of 0.25 pN/s (a), 1 pN/s (b) and 4 pN/s (c), respectively. Red and black curves are fitting curve of Gaussian function and Eq. (1),

respectively; (d) most probable unfolding force obtained by fitting of Gaussian function is a function of loading rates. Red dashed

line shows fitting curve of Eq. (2).
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Fig. 4. Force-extension curves in molecular dynamics simulations and conformational snapshots during unfolding process. (a) Force-

extension curves from three independent molecular dynamics simulations are shown in three different colors. Black symbol and

black line show the average extension. At the beginning of stretching, force increases gradually. When extension exceeds 9.0 nm,

force drops abruptly, which help to identify the transition state with extension of about 9.0 nm. (b) Snapshots during unfolding pro-

cess of ACBP. Unfolding begins at N-terminal a-helix. Transition state has completely unfolded N-terminal a-helix and partial un-

folded C-terminal a-helix.
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Abstract

There are significant differences in mechanical stability and unfolding dynamics among proteins with
different structural compositions. Compared with proteins with (-sheets and subjected to shearing forces,
proteins that are composed entirely of a-helices often undergo rapid unfolding under low stretching forces, thus
requiring quantitative studies by using experimental tools that can precisely control forces on a pico-Newton
scale. Magnetic tweezers with intrinsic force-control capability and great stability for long-time continuous
measurement are suitable to measure force-induced conformation transitions of protein subjected to low forces
of several pico-Newton. Acyl-CoA binding protein (ACBP) is a model protein used to study the folding/
unfolding kinetics of complete a-helices protein. It is composed of 86 amino acid residues, forming a helical
bundle of four a-helices. When its N- and C-terminal are stretched, the first and last a-helix are subjected to
shear force in parallel. Previous biochemical studies showed that ACBP folding and unfolding in a two-state
manner. In this paper, we use magnetic tweezers to stretch ACBP from its N- and C-end and obtain the
distribution of the unfolding force at different loading rates ranging from 0.25 pN/s to 4 pN/s. The most
probable unfolding forces are all less than 10 pN, which confirms that ACBP is not mechanically stable. At a
constant loading rate, the unfolding force distribution and the most probable unfolding force as a function of
loading rate have well-defined analytical formulas based on Bell’s model. Therefore, the experimental results of
unfolding force can be fitted directly to obtain the important kinetic parameter of unfolding distance which is
defined as the difference in extension between the native state and the transition state. Data analysis shows
that ACBP has an extraordinarily long unfolding distance of 7.8 nm. Steered molecular dynamics simulations of
ACBP stretching gives the transition state with N-terminal o-helix fully unfolded and C-terminal «-helix
partially unfolded, which is consistent with the long unfolding distance obtained in the experiment on magnetic
tweezers. According to the simulation results, the unfolding of a-helices is less cooperative than that of (3-sheet
structures. This characteristic makes a-helix proteins sensitive to mechanical forces, rendering them suitable as
force sensors in cells. This study shows that single-molecule stretching experiment combined with molecular
dynamics simulations is a reliable method to reveal the molecular mechanism of protein conformationtransitions

under stretching forces.
Keywords: magnetic tweezers, protein folding, transition state, molecular dynamics simulations
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