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Abstract

Acylphosphatase (AcP) containing 98 amino acid residues is one of the smallest globular en-
zymes. AcP can catalyze the hydrolysis of carboxyl-phosphate bonds and plays an important
physiological role in the metabolic system of living organisms. The native state of AcP consists of
two a helices and a five-stranded anti-parallel f sheet. AcP is a typical two-state protein, which
has the characteristics of small size, simple topology and no disulfide bond in the molecule,
which make it a model protein for studying the mechanism of protein folding/unfolding. The
mechanical properties and unfolding behavior of AcP have been studied by atomic force micro-
scopy (AFM). In this paper, based on the stable magnetic tweezers, we measured the unfolding
rate of AcP at different constant stretching forces. Firstly, a recombinant protein construct with
two kinds of fingerprint signals from 127 and SpyCatcher-SpyTag was produced for single-molecule
manipulation experiment. The correct unfolding signal of AcP was identified through the finger-
print singles in the force-extension curve. Then we carried out stretching experiments of AcP at
different loading rates and constant forces to obtain the unfolding rates of AcP from 20 pN to 40
pN. The difference between our results and the previous AFM experiment was discussed, and the
result indicates that the unfolding transition state will change with force.
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R PR R A ariG s, A FURIFE RBE M AR T RE(E ] - o] e 2 IR bk A i A 3k
IMEBIY ARSI 2 IEE, FEJE 2 IREEE AT S AL R, ARSI AT AR AR B3t 8 o B AT
YRR R IR IR G, TR RN AR SRR SE DO RE I S8R o B LT B AR A R e R e M A5
A 240 B AN ALK BENS 7 A i 3 rh A et 2 REPE AR Bk . HR B B S R R e A A A e 5 e = 4S5 4 5
KT HZREE, AN RO R EZ —[1].

RN B RE T, FEEE R AR HOR M2 2 IR SO0 10D, SR BRI B2
i3 55 AR B> T A AR AR R A e H =4k sy . AR E ARG ENITEN AR, K2HAEILR
MELAeh N A 2], EARFENREEFW R, EIFECER, BT AFEVF2 & a5 aT LU
R EIREEE, B RUR R 1 I IRAS T A B . MIAR I BENLE -G A T S TGRS, RINIRESAL T2/
B R /IME IR SR, BT 0 SR G R AR AEAE TR 0 B RS/ OB BIFAL[3] -

RYIF LR AT &AM LI &1 EZOTER AR, W HNRE . W pH DURGIAAE
WL R S B A A, e AR PR SRR AR R 3, Il O Rk, KZ R AR A
LB - rBHAL[4] [5] [6], ARG ARG, Bk s 3L IR S5 TT 10 4 Bl 9 Bl R kAT E B3R
fit. ARSI, BNEARD TRTIHE - KB RARPRE, R0 H & 2538 A ERAE
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SHEIEGFEMNER.

JE RO TR AR, B4 )51 771 BB BRI RESE, BeA R ik A A A S 56 1 SR BR [ 7] [8]
[9]. =FH#TT LUEHE BN TIRTG R ) - 2k, HE R A X T B/ Z I 2 L. Sas
AR R, AH & R R BOG 2B BU/NER, TV AN 50 (i BE 23 X A2 93 7 AR AS (B R BB ) S
PRI ' 55— M RN 30 pN LA s 7)o T 70 S S g R FH e i Gt Bt 9 (9 2 F- kAT R, BT
HREAERE, IR BAREE LA /N T 10 pN Y 7 EAT RS BRI &, ELI =6 8] 52 BN UGS 1) 50
WS B A L pAssE v, B DAJF R 7 AR R SR, a7 DAEAT 18 e 770 & sl 1) () P A A I & th4h,
WEER AR SEIR T, BV T A2 BDCIRG AEAIT, ATSe i, e il & [10] [11].

Pk B 2 I (Acylphosphatase, AcP) 98 Mad BTk i:, =iE/IUBIREAEMRE. —. AcP T izt
FAE T BHEZN A M BT rh,  EAE DU L BERR IR I K A, CERETRMR . WENE (2B & s i R R IE 2
KELAEBMAUIER[12]. VR ZHLANZEE T, AcP AEAPIFNE TR &K, BEFCIIIAE AcP
M EHEE AP, H R RHE o BRHEM— N H 8 R TPATI B B4, PIAS f-o-p LLHESI R 1
BT AR . AP s2RRESHI R, RN TR, A MBS ERIER, BUILEOW R E A BT
Bl LA B R 2 A [13].

ARG T A T AcP 3T 330 /1%, AcP 3T S8 A, 28°CHf AcP 7E/KH K
P& HF A 0.2 57 [14] [15] [16] [17] [18], J& T B 5 LA 18 (0 8 (9 B, X6 T B o I R AR AR 1
X 2% ) Fe e M 1 () B K . Arad-Haase 55 it Ji -1 77 2 8% (Atomic force microscope, AFM) i {152
A>T UL T AP AT ST, @ AN R h AT E R N R B R 1 b, AT
E T ACP FEANSZh S () Za 4t Bl A AN 2 4 B o YA AR AR [19], (R Ze AN B To R 2145 0 A 2
PEFEA R RNIRAUE . FEASCH, AR I AEE REE[20], TP T AN RIINEGEZ T s, Jrdad )
BRAZ S8 I & T AcP 7E S /MR I 1E T (20 pN~40 pN) ) 2 4 B %

2. MR A%
2.1. AcP HRAVHIE

AV IFE R T HisTag-AviTag-127,-AcP-127,-SpyTag & [ # @44 (1 35 K (G 7, ), R
HAGRNJTURL pET151 o ¥ FIR BRI (ZN 5 B R PUE) AL — AN B BirA JEDH (A4 3 %52 5) 1 S0k (5
FRPIME)VEEERIIRS, AREHAERATE B BL2L H, JE¥ R BL21 5] 378 75 [ fh i 77 J
F, BB RER . POk B AR IR F AR IEE, G M TR AR R G R A A SR ANEEE.
D-AMF)H, 37°C. 200 rpm REIREG IR R AAGE BEIAH] 0.6, S5 IINF: A JE-B-D-Bit AR L iR = LB
(IPTG)RZIKEH 05 mM, LUFESEMAEARIA, 7E 25 CRFRHEPRIE AcP FHH 12 ho FIAKIEE O
HLTE 4°C . 2500 g 2614 NULEE B 1R 30 min, FF7EZLARSE (50 mM Tris. 500 mM SEALEY. 50% H i« 5 mM
BRI, 5 mM 2-3iJk 21, pH 8.0)H A&k, A Ni-NTA Sefinose Resin (4 T., WE)4ifhEHEH,
FERR PR I A AE-80°C [21].

2.2. WREAIHIE

22 mm x 32 mm £l 22 mm x 22 mm (155 3 H Tl 8 O 2 o B o R P R BN LRD &5 55 AT Uk
BUBH G, BEITRN 1% 3-Z L 5 = A A (APTES, 185 A3648, Sigma) i) I 1 h,
SR 53 A FH PR AN 25 B 1ok e, b, TR A ik fb . ¥ —F 22 mm x 32 mm ] APTES JjfE
I 3 R A 55— Fr 22 mm x 22 mm 3 e 35 JE RO S, WRRKIR G B IR, SRR AR I IR A A AL
BRGNS, UM E . SREH BN 3.0 um (IR 2 IR MIR(5% 5 17145, Poly-sciences)id A
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JiE I E 20 min, A HORG PR LE G R RO, HAE S BR ULV BR S 72 7 i) 2% (2 A% . H 200 pL PBS
SRR, B 1% Sulfo-SMCC (595 247420, Thermo Science)t N il & 31 E 20 min. Fok
N-SpyCatcher & FIFBEAE PBS /i, MNEZIWFE 1 he S5 & &N 1% BSA (1] 1XPBS
Vel It & i R LLBAL K

2.3. BOFRRSCE

Yo B A LOE BIRFEMBETE & 58 1% BSA 1) IXPBS W, NG = 3 & 20 min. i Ji
S ON I B ) B AT R B R TR Bk M270, T2 RS FH - R Bt e 2 56 14 by B0 B 0 o 42 8 BB R T 11
WEEREEE . FRR A 1% BSA A 10 mM HTIR AR BN 1IXPBS St NS %, SR e R it = P i 4 111
Rl 1 AR A RE B A e . WA i AR B B R e 1=, ) 100X NS BERS HEFRIBEAT AR . RIET
FasE I B AR BE, AT 7 AR RAL A M B 1 s 0, T 00 AcP (0 0 O 1 253 B 3h 1122 [22] o

3. SLIOHER
3.1. 1RA) AcP WIEEMEITEBES

F T RESE AP S50 1) B I - REBREE R Q0] 1(a)FroR,  JE I BE B SR 25 1 N-SpyCatcher &5 44 4514
N AviTag(biotin)-127,-AcP-127,-SpyTag ) 5 41 &5 (I IE B EREBR AN 5 3% 1 2 (8] o WAk = A2 R REy,  Xoh G
BN B B, s PR R B RE R ST RN, DU R RABE AR S5 . ] 1(b) s, AE 1.5
pN/s [FITE E PTG R R, /700 pN 384 80 pN, i /) - MK Mt 7 =FAREAME S .
HJ6AE 26 pN Abidsk T —AN) 26 nm [ EATB(E S, it SR EE (worm-like chain, WLC)BLRY 734, &
FRAC BRI BRI 14 36 nm, XFFEIRATME ME S AcP IR L& 0K, AR AcP LTS
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Figure 1. Sketch of the structure of the protein tether and typical force-extension curves. (a) The recombinant protein of
AviTag(biotin)-127,-AcP-127,-SpyTag was attached to the brown magnetic bead and the silanized coverslip through
streptavidin and N-SpyCatcher protein, respectively. The paramagnetic sphere was pulled vertically upward. The gray bead
was used as a reference to eliminate mechanical drift during the experiment. The inset shows the crystal structure of AcP
(PDB: 1APS); (b) At a force loading rate of 1.5 pN/s, the force-extension curve recorded transition evens of the unfolding of
AcP, the unfolding/folding transition of the SpyTag/SpyCatcher complex, and the unfolding of four 127 proteins,
sequentially

E 1. &K - #EkEEN SR RERMBERRR S - Micthik. (a) ELHER AviTag(biotin)-127,-AcP-127,-SpyTag
SRR HEEFFEF N-SpyCatcher EEERFFEHMBKMERUNZERE £, #KZEER EMRIA, &RE/NEK
RESE LUEMSI SR b TEER, HERRT AcP BRALEH(PDB: 1APS); (b) 7 1.5 pN/s BORI MEIERR
T, L1 - KB CRIER T AcP BIEITE, SpyTag/SpyCatcher E &I ELIT BB, TN 1271 EAMERNR

BNES
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127 $AL R RHEFR UG 5 H TR BB E R R AN R G P sE, DAL TR AcP S50 B0 iR 14

3.2. FRIAINMEEZRTH) AcP KL BN E

N T RAAFRL I TINEGEZR T AcP 247830 /1%, FATRE 1 0.25 pN/s. 0.5 pN/s. 1 pN/s. 2 pN/s.
4 pN/s HAAE MR a2, P R SEs, it A FER L& 1. TR
gt RRZE, BAVER MINBOER T AT T 2GRN, Hd 3% 7 DUAR SRS & 14 8 A 5 2 1 140
FASMBGEZ T Bt Gitid 150 AN =@ FF, FHE TN MBGER TR E . s 2 fr
N, FRATRI A LR 2 2O ot mdt AT A
« kT rx

Fr=_t |p_u_ 1
“x koK T @)

u

Hoh, R RORAFINEE R T AT JL 2 T8 (95 4 R R LR T8 1 5 T R4S e
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5 ARIRE RIER 7 ] LR %), k)RR B 4T MR . i 0.25 pN/s £ 4 pN/s [X 1]
P L ANAS R B0 00 R ) S B 4 SR AT L& A B k) = 2.0x107° st M x, =1.3 nm. ZERRATMIMIE A,
DEFT 247 B8/ AFM BYSERREL)S, SEIRZ R b Ly B BE B LE AFM SERH9 0.6 nm 4R EEK,
(e B S B 22 R D I A B £ 4T Bl R L ARM 145 BN . IX R B AP 7E 5 /N R IME B,
H LA B AT e 5 KB AN
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Figure 2. Mean unfolding force at different loading rates. We averaged the unfolding
forces under different loading rates. Error bar is the standard deviation of the recorded

unfolding forces. The unfolding rate at zero force k°=2.0x10" 5! and unfolding
distance x, =1.3 nm were obtained by fitting the data points with Equation (1) (sol-
id blue line)

Bl 2. NEMBERRETHFHIEREN. BRNEHTTRMBERTHEFENH
STHEEHE, REERREMBANRERE. FIAR DUEGBRES(EEX
%), BENATRHIETEERRK =2.0x10° s FERBER x, =1.3 nm

3.3. NBEESLIIRZ AcP ERRIR A THILTBIRER
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Figure 3. The force-jump experiments measured the unfolding rates of AcP under different forces. (a) The
unfolding process of AcP was recorded by a typical force-jump experiment. It shows five force-jump cycles
on the same protein tether. The AcP unfolding was recorded at different forces for different times. Before
each cycle, AcP folded to its native state at a force of 1 pN for 20 s. The inset shows the zoom-in unfolding
process of AcP; (b) Survival probability of native state of AcP under different forces. The unfolding rate of
AcP under different forces is determined by exponential fitting (red solid line)

3. DTN EARR AT AcP FIEMBIEER. (a) AERAHRTLIGIER AcP FIEMBTIE.
EERTHER—IREARRE LHITIRNRERR, EFENNDTHRFAERIATEIRIZR AcP B
ENMBEIE. EEREIHZH, RITB/NE 1 pN HAREF 20s, 5 AP TBRBARS. BEERT
THARH AcP UL BIZIE; (b) AcP MBRRESERAB N THFERZE. AP ERRNTHERER
RIS T E (L B L)

3.4. NRBEGEAT BREAIRIL AT
S IBES I E AP FEARF S T IR AT R, A4 H LU BARAHITE ] 4(a)h . JURBALTT
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iy ERIRBE RS (WLC) T LA FH SRt 3 2 BRBE AR 432 70 77 1) _E AR 41 3 f i
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K a)Fs, GHEAFT LT B RIFBCFME. O 2RoR i WLC B 5E 1T AcP fEANF i
1T B AR Xy » ACP FE HARIRAS I N-C B0 2.5 nm, FATH L8 4 5 WLC LR 5E (1 2 i
EMAYE, 2 PIEN] T IRATSL 50 Kol R 1 -

(a) (b) *
10!} © Unfolding Rate
Bell's Model 25
_
£
~- £ 2
Y Y
10°F N
: > 15
&
< =
&~ i 10
107 X,=11nm 5
[zon]
0
15 20 25 30 35 40 45 0 10 20 30 40
Force (pN) Force (pN)

Figure 4. Force-dependent unfolding rates of AcP and unfolding step size. (a) Unfolding
rates of AcP under different forces were obtained from force-jump experiments. We fitted
the unfolding rates from 20 pN to 40 pN by Bell’s model and obtained the unfolding rate at

zero force k®=4.0x10" s and the unfolding distance x, =1.1 nm. The error bar in

force comes from 5% uncertainty. Error bars for unfolding rates are standard error of the
mean lifetime; (b) The average unfolding step size of AcP under different forces was ob-
tained by force-jump experiments. The error bars for the step size are the standard deviation.
The blue curve represents the WLC fitting with contour length of ~35.8 nm and persistence
length of ~0.8 nm

E 4. FERATH AcP IERBREMFZT LK, (2) BT HIRETLRFE AcP £
AERATHERBERE. FHANELDUREEE 20 pN 2 40 pN I X BRE, 5
BHATRMERBRERK =4.0x10" s MEFBES x, =1.1 nm. HWIRERE
SR AEOESI NI R TEN, £ BEENRERRTHERWIRERE; () &
EHREIREBFREAT AP HTFHETBSK. TTBSKMIRERRITERE.
B ARBRRENE, BEKENN 35.8nm, FAKELHN 0.8nm

4, SCIREED
A, AT EAE A AviTag(biotin)-127,-AcP-127,-SpyTag 1 J& 1 BESEHHHISEEE . 9286 s
i SpyTag-SpyCatcher 7E 30 pN Z& 45 [ #L7 3.5 nm {5 5 A0 127 12 K1 F 2B MES1EARSUE 5, o]

AR HERA (9 X 7> IEWR A SN B U - WERREESR 5 e R k. BARE A 127 METBE ST
RMHELUE S, HEEINBONHEIL 100 pN 4/ DERAE SRR A AL £, £ AKRKERAT
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