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B, Had B30 (overcharging) Jz ifi 3 i) 55 4L
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PR, AP E SRURTE DNA e A G B,
EHMKES G=C FTREIEMHCTEMiRRE M, (Bt
KIZETR S 51 & 177 BB, BEATHE G ) TR e 4ok
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ORI Csp R A A 0 1 U LA &l
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T S ELAA e/ T R TR RS e I i i PG
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TAER TR BAARRIRFEEN: Csp RITEE Y
DiRefisrie, ARG DNA &3, 435 1
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RIS A7 B AN LA S A, 38 DR
A, 133 T DNA LFInF I8 L, MIRSE Csp
X DNA & Jefa et rs2m. WF5% &k 38 DNA &k %
FIHCHR ) 3T B R BEE Csp TR B 1) 388 17 R
MY Csp IKBN—EWE G, kI EFrEHEER
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FATBEH T 3 40 DNA & Je 45 ¥ ] T w2
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(& 1(b)) 55 15-bp FEHUTHIZERS (GC &t 60%),
WAL 7 A 3 AR RE ; & Je-19R52T7
(5 1(c)) i A ATTGG FHAEF S EE 19-bp ZE7
(GC & 52%), FRERE 7 A M fR g g,
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Bl 1 =FDNA RFREH  (a), (b) 255 BEHLFHIHY & -
15R60T7 (a) Fl & Fe-15R60T3 (b); (c) &4 F 4 ATTCG
HEIY (HEAAE) 1 & Je-19R52T7

Fig. 1. Three DNA Hairpin structures: (a), (b) Hairpin-
15R60T7 (a) and Hairpin 15R60T3 (b) with random stem
sequences; (c) Hairpin -19R52T7 containing the specific
ATTGG motif in the stem (marked by a dashed box).

SR S e W S S REBR | BB R R 1 B AR FE
SR B, A K I 25 R P i ) A OBUE DNA T4
(handle): i1 A “-DNA ., dNTPs, 5 f# £ DNA %
ARG 4, 8t R A B R NG A DNA
T4, H v Handle-1(372 bp) i A 1E [ 51 ¥ 5-
CCACGACACTAGCTGCTGCATTACCATCT
GCCTGGTATCAGGGCAAC-3"FIEY EARICIHY
1 519 5-Biotin-GCTCCGCCGACACGTTA
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TGG-3' #4715, 1 Handle-2(240 bp) i F 1E [
514 5"-thiol-AAGCGGGGATTTCCGTCGGG-3'
R 18519 5-GGAGTCTGTGCACAAGTAAT
ACCGCCAGCGAGGTGGCC-3' 7E% 4 mmol /L
DTT my& & ™34 LABH 1E B . e
1 ORR) DNA T4 43 5 28 3o 3 18 B 58 e i Uk
(95 V, 35 min) Uk &2k,

J VLTS A Je it AT, i BstXT BRi
PN DI EG AL DNA FARLEAL™™ 9 (37 °C, 2 h) 4k
A A, BE Y DNA RIEFHIHA 95 C 7K
Wi AR I B SRR KAEEE, ISRIE ssDNA
WU IEE5HE. A FYEAR Y DNA T4, DNA
% Je M ssDNA 4% (flank) %5 BE /R W 55 T4 £
A TR . T4 DNA SRS, T 37 C KK
J%E 30 min. M E 16 C 1T S
N, B2 JER T R 4E U RE LA DNA & Jett)
#Y.
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T, T g T R I

5
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2 DNA K Iy @dn 2. BRI Py U0 A b 51 10 )
DNA F4l (£148) &, it T4 DNA % $eRf 55 % Je | D455
AyiE R AP EARIC K Handle-1 1) 53 15 B BR 3 1M 14 4 75
MR AR, 51 HAE M (Y Handle-2 (9 573 5 808k i & hi
Sulfo-SMCC AH % . #4 m) K £k 715 44 W 1 5L X, R 3 pm e
L ] 225 11

Fig. 2. Schematic of DNA Hairpin construct. The DNA
handles are specifically cleaved by restriction endonuclease
(red lines), followed by T4 DNA ligase-mediated junction
with the Hairpin and flank segments. The 5’ end of biotin-
labeled Handle-1 is conjugated to streptavidin on the sur-
face of magnetic beads, while the 5-thiol-modified end of
Handle-2 is conjugated with Sulfo-SMCC-coated glass sub-
strates. Dashed diagonal lines represent omitted base pairs.

Structural dimensions are not proportionally scaled.

2.2 Csp HEm#l&

R EA HisTag-Csp B E2 A 78
) 3 F Csp 5E K ¥ 51 43l 4 A 2 204K pQE-60 52
LAY, B 2 wL Csp-pQE-60 20 ki 3 5o #s vk
$ALZ 50 pL BL21 FRRIEZ B0, A T&H

AR ERMN LB BRI, 37 C & FRE
PRIBCA TR BR300 mL 2 SRR LB 1
FREE AE 37 °C, 200 r/min YRH BB IL 0.6
(10—12 h), AR IE-B-D-Frf ki - 2B (IPTG)
FAHE 0.25 mmol /L, W B &R 25 C,
200 r/min 4k£L1% S %A 8—10 h. M5 4 C,
5000 r/min 250 WCEE TR A, 1 TR AR B2 T 24 92
& (50 mmol /L Tris. 500 mmol /L L4 . 10%
H . 20 mmol /L BKIE, pH = 8.0). LA MERE)R,
Hr 8 H i Ni-NTA Sefinose Resin (4:T.) fll
Superdex 200 (il Y7 #E1r4lifl, gifh s i
HZ A RS PR T80 C R IIR VKA.

2.3 MINEHEF

B 22x32 mm 23 A5 2020 mm 553
AMRRE T8 5% BRI 28Ky g el i
IR UE, BEE I £F B TS, BA 1% 3-
HILN I = ZE I rE b (APTES, Sigma) f H %
W, FEIRAEEL 50 min J5, FHEEE . L5 1K
PRI HCE AR AL T AN AR D B B
ST EG, I B M s I E B K. =R
THEZE 1 h )5, AL 1xPBS 28Ry 3.0 pm
R LIHHER. 25 b A 1% Sulfo-SMCC I &
20—25 min. ¥ 3E ) DNA k&Y 2 1x
PBS 2% MR B A B sh = b, #HE 30 min
J&, EA 600 pL 1xPBS 22 il bt A% 82 DNA
BE, BeJa A 1% BSA 19 PBS R P, T 4 C K
FEIE A LR 3 2R T AR R A AR .
Wi, B AR AR B I REER T AT Bl =, 0%
B 5 min, THEET YRR MR T T
Y ER AR A .

3 EHAgEXR
3.1 WWEDNAAFEES

T HiE DNA &I (15R60T7) (RHIEM: T1
SN N, B SR Csp 8 I 9% vh i Hhoxt
DNA Z 4 jifi il 3.0—70.0 pN Z£ 47 Wz 11 (14 3).
ML AT 9.4 pN FI 10.2 pN W, 43 51 4 B 4
K4 12.2 nm A1 13.3 nm N EFEES. 7F 9.4—
10.2 pN JEHE M, DNA % 3 & = 3 & M & 5%
e, Xt R & Je 5 F T 15 4> bp R RUE- 4% 4 2 A8
e, MRS N#EF] 65.0 pN 24 B, WEE DNA F
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WA B BRI S BURAE G iE A | HLE K B2 R 4
70%(612 bpx0.34 nm/bpx70% =~ 145 nm), %}
A0 R R S R TN — 3, vT LA TR S 1E
& H#HR DNA 737

300 >

mmgmmi
1 11
~145.0 nm

200

Extension/nm

100

0 2IO 4IO 6I0 80
Force/pN

Kl 3 DNA % Je-15R60T7 Ak 1 ) -4 it 7n B2 1. 54
F1BE R, DNA & A6 K2 9.4 pN 4L 12.2 nm A K %=
Pr &, B LT & W& 7629 10.2 pN &b R BB R £
B, K 13.3 nm, 1 I #§3A T DNA KRR DEMT &
Fig. 3. Representative force-extension curve of DNA Hair-
pin-15R60T7. As the force increases, the DNA Hairpin un-
folds at approximately 9.4 pN with a step size of 12.2 nm,
followed by a refolding event. A second unfolding event oc-
curs at around 10.2 pN with a step size of 13.3 nm. The in-
set illustrates the force-induced folding and unfolding trans-
itions of the DNA Hairpin.

3.2 Csp Xf DNA ZEFEHHMBFMERE
N ER R

MR AR AR SL g v, DNA & Je 2tk 3 3
AR S M 23 S AL . B T RESEE
ARA] LA B[] 48 70 i 9 P a5, RGEARFE T Csp
H X DNA KIS S 15 5200 . SE8 T 5
TETC BeCsp 45 F T #EATHH I3 P 2500, Bl ) 3
1 5% i B AR UE A 50 nmol /L, 500 nmol /L
A1 5000 nmol /L BeCsp RO 2 (B Uk B e ik
200 pL). Bl 4 BoR, VA4S DNA A IGE
A A3 A 7 B S IS 53 A5, XF I DNA R Je i
TEBHEIES.

TETCHARZAE T, DNA & Je7E )y 5 # vh i
Wi L&A WM. 24 BeCsp ¥~ 50 nmol /L
B, PRI AR A I AR A, R
A RAMEA-BRE Y. HREENZ, 4

BeCsp % JE # 7 £ 500 nmol /L 1 5000 nmol /L
i, DNA A& JeAEAH RIS VR T 2 B0 I i) 25
Praa Sk, M HALHET BeCsp XF DNA &
Je KPS BB FER LS G EH. R BLGUE s
Csp ML AR W EFEIL DNA K pyid#ta
FETE.

BT B IR AT RAK R A S A U HESE,
XA Je-15R60T7 Byl th Ze it A T4 & A1 L4
BAMEN AP, 58 T IS MEERESHE
Ay RS R A8 BOR BN A T AR BeCsp
WeRE (0—5000 nmol /L) Fi% k& Je g5ty 48 M
BRBHAEE R (K 5), BRI HIr S ML S m
FTE 9.04 pN HH I &M T, WREME S R &
Je-15R60T7 J7 481 i 41 B o 2 i 5 BeCsp W
AR Z W/, 24 BeCsp ¥ 15 %] 500 nmol /L
I, 378 R 0 REAIL, FRIR A A B 4.
2T B R 0 2 B R A AE BeCsp Wk
5000 nmol/L B, 3X A] BEJ& FH T~ & I Ui S et B
R FEIY) ssDNA X3, A& Ry Csp AL T
PR S G 0, BT 255 2R FR 1Y ssDNA FEIR T 2
PrEhes.

DNA k& J& S {31 B R ke F K37 & il
oy PN EUE S I B R . TR 22 vl
3 3E A 0 nmol/L (9.04—10.73 pN), 50 nmol /L
(9.04—10.73 pN), 500 nmol/L (8.62—10.31 pN)
H1 5000 nmol/L (7.25—9.04 pN) BcCsp A, Sk
A AT B RN 25 4T B o R AT LA i DR BB AL 5

b () = Rewp (152) 0 ke() = oo (~ 150,
Hrr £ DNA KIFrZ 40 T1; ke 1 ke, AT & AN
EIr R, KRk AR N 3T
MBS A weflle, HITEMEIEIEE, 705
NEPES . HRRE S SR 05 17 A
225 ks WBIRZE S AT TRAXRE. Jris
AT B BRI L B s Y ST R DNA
RIEHEFT] fo . SIS DNA %J6-15R60T7 71
BeCsp # 4 0 nmol/L, 50 nmol/L, 500 nmol /L
1 5000 nmol /L W HIEF 143510 10.09 pN, 10.09
pN, 9.44 pN F17.98 pN([& 6(a)), ZH BcCsp WIE
FR3 K i 2 AR DNA e iy HLBRRS E P, 3RBLA
fAEBEE AW BT E T FE. 24 BeCsp WM
0 nmol/L }4% 5000 nmol /L i}, 7£ 9.04 pN T, DNA
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120 0 nmol/L, 10.73 pN
105 Force
90
0 nmol/L, 9.88 pN
105
90
75 . .
105 0 nmol/L, 9.04 pN
90
g
~ 75
o
2 . .
g 105 50 nmol/L,
g
]
A 90
75
105 | (e) | 500 nmol/L, 9.04 pN
90
75 F
105 L 5000 nmol/L, 9.04 pN
90 BcCsp
75 concentration
0 10 20 30 40 0 0.05 0.10 0.15
Time/s Relative frequency

& 4 BcCsp #EERSE T DNA kI VM 2580 1R (a)—(c) DNA &k J-15R60T7 75 JC BeCsp 4 F Hh 14 B 7] - 28 fif it 28, 43491
XFBE 10.73 pN, 9.88 pN F1 9.04 pN FHE J7 I &t 55 145 (d)—(f) & 86 BE#k B BeCsp (50, 500 FI 5000 nmol/L) i, 9.04 pN J73% T DNA
R By T W I A 0 TETASE Ay K 107 1 S 580 R AT A3 A1, 1 RIS 3 A1 e iE (R (8 JSUIR B SR AE R 200 Hz, 21 (3 R 4
0.1 s B B) B 117 b 7))

Fig. 4. Equilibrium measurement of DNA Hairpin in solutions with different concentration of BeCsp: (a)—(c) Extension time course
of DNA Hairpin-15R60T7 in the absence of BcCsp under constant force measurements at 10.73 pN, 9.88 pN, and 9.04 pN; (d)-
(f) dynamic responses of the DNA Hairpin at 9.04 pN in solutions with BeCsp concentrations of 50, 500, and 5000 nmol/L. The
right panels show relative frequency of the smoothed extensions, exhibiting two peaks. The raw data (black) is recorded at 200 Hz
and smoothed over a 0.1 s time window (red).

1 BcCsp 1 BcCsp
® 0 nmol/L ® 0 nmol/L
50 nmol/L 50 nmol/L
& 500 nmol/L z 500 nmol/L
;; ® 5000 nmol/L ;—é ® 5000 nmol/L
el Q
o o
- =
=7 o
E E:
s s
- -
= ]
N g1k n
0.1f
@) : . . S . : .
10-2 101 100 10! 102 102 101 100 10! 102
Folding time/s Unfolding time/s

5  7£ 0—5000 nmol/L BcCsp i [Fl 4, DNA & J¢-15R60T7 7£ 9.04 pN T L4 &ZE (a) MPTEDS (b) MM, Hoh ik
IREE BN G LI E ke B K,

Fig. 5. Survival probability of folded (a) and unfolded states (b) of DNA Hairpin-15R60T7 at 9.04 pN in solutions with
0-5000 nmol/L BcCsp. The solid curves represent the exponential fitting to determine & and k.

K IE-15R60TT W11 5 5K keq = ke/ku M\ 58 J8/1N i JEAH A J7 %, BE9E T BeCsp X DNA &
) 0.04, IR 3 A EEEH, XWBL T BcCsp Je-15R60T3 PS5 s S~ # . [ 6(b) R Tk
A A PR - 1) £ S S L. Je-15R60T3 7R F & 47 0—5000 nmol /L BeCsp
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Folding: ® 0 nmol/L @ 50 nmol/L e 500 nmol/L e 5000 nmol/L
Unfolding rate m 0 nmol/L = 50 nmol/L = 500 nmol/L = 5000 nmol/L
b 10 F
100 () 10.09 pN 101 f(P) 9.92 pl-\f/. (©) °
9.44 pN /T .\.\ T \’ r/
T 100 g T o100k 7.37 pN \S/\. n ./ /
w 7.98 pN n 8.73 pN / e ” 8
} 10.09 pN E [ € 9.47 pN } 100 F /_/* ,
= = / 5 ANG
~ W ~ 4 ~ va 20
10t i 10-1¢ // H
2 L L L 2 L L L L 107! L L L L
10 8 9 10 10 6 7 8 9 10 11 8 9 10 11
Force/pN Force/pN Force/pN
6 DNA % JefE Csp W B Wil P KB IT B MBI EER  (a), (b) DNA K J-15R60T7 (a) Fl K Je-15R60T3 (b) 4 HI1E

0—>5000 nmol /L BeCsp M 5 28 wh il o F K H B 37 & AL 3 & 3K (c) DNA & J¢-15R60T3 #£ 0—3000 nmol /L BsCsp 5 2% vl i
RIS AT B R 22 4T B R WSk RN YA AT T DNA R AR R E Csp T WY I 5

Fig. 6. Force-dependent folding and unfolding rates of DNA Hairpin in solutions with different concentration of Csp: (a), (b) Force-
dependent folding and unfolding rates of DNA Hairpin-15R60T7 (a) and Hairpin-15R60T3 (b) in solutions with 0-5000 nmol/L
BcCsp; (c) force-dependent folding and unfolding rates of DNA Hairpin-15R60T3 in solutions with 0-3000 nmol/L BsCsp. The in-

tersection points indicated by the arrows give the critical forces of the DNA Hairpin at different concentrations of Csp.
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Fig. 7. Representative force-extension curve of DNA Hair-
pin-19R52T7. The DNA Hairpin unfolds at approximately
12.0 pN with a step size of 17.6 nm, and the DNA double-
stranded handles overstretch when force is 65 pN.
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B 8 i BkERSZ 5 0 55 TmCsp 5 5. BUEE DNA 25 4 3h 712, (a) 0 nmol/L, (b) 100 nmol/L 1 (c) 500 nmol/L TmCsp 7 7E i},
DNA & 3-19R52T7 247 & M7 & Ay ILA S A 25 (a)—(c) Z2MAYEE 1A J1 8RR 5040F TmCsp J& 55 dsDNA 2545, Z M5 2

A 1 BEAE B IE TmCsp J& 755 ssDNA # H 1E

Fig. 8. Force-jump experiments to investigate the binding kinetics of TmCsp to ssDNA and dsDNA. Representative force-jump
measurements of DNA Hairpin-19R52T7 in the presence of (a) 0 nmol/L, (b) 100 nmol/L, and (c) 500 nmol/L TmCsp. In

panels (a)—(c), the first force jump (left) determines whether TmCsp binds to dsDNA, while the second force jump (right) assesses

its interaction with ssDNA.
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K9  DNA % 3¢-19R52T7 5 TmCsp 45 & 3l J1 2% B2 (3 8 A 2597 & i AR B 2E 2387 (a) 100 nmol/L 1 500 nmol/L TmCsp

VT, DNA & Je-19R52T7 7€ 8.0 pN T i LT &S AFE LR, Hh L4 B BIE, M THE&E %, (b), (c) 16.0 pN i)y
T, BT ESFE IR X DNA K J7E 8.0 pN T (&% (b) M4 SR (o) B0

Fig. 9. Analysis of protein concentration and unfolding time dependence in the binding kinetics of TmCsp with DNA Hairpin-
19R52T7. (a) Survival probability of the unfolded state for DNA Hairpin-19R52T7 at 8.0 pN in the presence of 100 nmol/L and
500 nmol/L TmCsp. The solid lines represent exponential fitting to determine the folding rates. (b), (c¢) Effect of unfolded state

dwell time of DNA Hairpin at 16.0 pN on the folding rate at 8.0 pN (b) and the binding probability (c).
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Effect of cold shock protein on DNA hairpin stability and
binding characteristics by single molecule magnetic tweezers’
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Abstract

Cold shock proteins (Csps) are a class of highly conserved nucleic acid-binding protein composed of 65—70

amino acids that form a compact (3-barrel structure with five antiparallel B-strands. As nucleic acid-binding

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12474200, 12174322) and the
111 Project, China (Grant No. B16029).

# These authors contributed equally.

1 Corresponding author. E-mail: 19820200156654@stu.xmu.edu.cn

1 Corresponding author. E-mail: yhliul@gzu.edu.cn

11 Corresponding author. E-mail: chenhu@xmu.edu.cn

128702-9


https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1111/febs.13307
https://doi.org/10.1111/febs.13307
https://doi.org/10.1111/febs.13307
https://doi.org/10.1111/febs.13307
https://doi.org/10.1111/febs.13307
https://doi.org/10.1111/febs.13307
https://doi.org/10.1111/febs.13307
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1006/jmbi.1995.0530
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1016/j.jsb.2004.03.007
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1103/PhysRevLett.89.248102
https://doi.org/10.1038/s41467-024-55404-6
https://doi.org/10.1038/s41467-024-55404-6
https://doi.org/10.1038/s41467-024-55404-6
https://doi.org/10.1038/s41467-024-55404-6
https://doi.org/10.1038/s41467-024-55404-6
https://doi.org/10.1038/s41467-024-55404-6
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1006/jmbi.1993.1217
https://doi.org/10.1093/nar/gkt1089
https://doi.org/10.1093/nar/gkt1089
https://doi.org/10.1093/nar/gkt1089
https://doi.org/10.1093/nar/gkt1089
https://doi.org/10.1093/nar/gkt1089
https://doi.org/10.1093/nar/gkt1089
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1134/S0006297920140011
https://doi.org/10.1074/jbc.274.47.33601
https://doi.org/10.1074/jbc.274.47.33601
https://doi.org/10.1074/jbc.274.47.33601
https://doi.org/10.1074/jbc.274.47.33601
https://doi.org/10.1074/jbc.274.47.33601
https://doi.org/10.1074/jbc.274.47.33601
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1016/0014-5793(94)80355-2
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1073/pnas.97.14.7784
https://doi.org/10.1074/jbc.M111496200
https://doi.org/10.1074/jbc.M111496200
https://doi.org/10.1074/jbc.M111496200
https://doi.org/10.1074/jbc.M111496200
https://doi.org/10.1074/jbc.M111496200
https://doi.org/10.1074/jbc.M111496200
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.362897.x
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1111/j.1365-2958.1994.tb00359.x
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1080/07391102.2014.907747
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1093/nar/gkx1284
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1016/j.molcel.2018.02.035
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1016/S0079-6107(00)00014-6
https://doi.org/10.1126/science.1439819
https://doi.org/10.1126/science.1439819
https://doi.org/10.1126/science.1439819
https://doi.org/10.1126/science.1439819
https://doi.org/10.1126/science.1439819
https://doi.org/10.1126/science.1439819
https://doi.org/10.1126/science.1439819
https://doi.org/10.1073/pnas.1300596110
https://doi.org/10.1073/pnas.1300596110
https://doi.org/10.1073/pnas.1300596110
https://doi.org/10.1073/pnas.1300596110
https://doi.org/10.1073/pnas.1300596110
https://doi.org/10.1073/pnas.1300596110
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1103/PhysRevResearch.6.023170
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1038/s42004-021-00592-1
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1103/PhysRevE.111.014413
https://doi.org/10.1016/j.jmb.2021.167207
https://doi.org/10.1016/j.jmb.2021.167207
https://doi.org/10.1016/j.jmb.2021.167207
https://doi.org/10.1016/j.jmb.2021.167207
https://doi.org/10.1016/j.jmb.2021.167207
https://doi.org/10.1016/j.jmb.2021.167207
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1103/PhysRevE.108.014406
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1110/ps.0219703
https://doi.org/10.1074/jbc.M010474200
https://doi.org/10.1074/jbc.M010474200
https://doi.org/10.1074/jbc.M010474200
https://doi.org/10.1074/jbc.M010474200
https://doi.org/10.1074/jbc.M010474200
https://doi.org/10.1074/jbc.M010474200
mailto:19820200156654@stu.xmu.edu.cn
mailto:19820200156654@stu.xmu.edu.cn
mailto:yhliu1@gzu.edu.cn
mailto:yhliu1@gzu.edu.cn
mailto:chenhu@xmu.edu.cn
mailto:chenhu@xmu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 12 (2025) 128702

proteins, Csps play an important role in bacterial response to cold shock, yet their precise working mechanism is
still unclear. As is well known, DNA hairpin undergoes folding-unfolding transitions under small constant forces.
Magnetic tweezers technique has obvious advantages in this kind of research, especially its capacity for
extended-duration constant-force measurements at pico-Newton force level, which makes it very suitable for
characterizing the conformational transition dynamics of DNA hairpin at low forces of several pico-Newton. In
this study, we first stretch DNA hairpin from its N- and C-termini by using magnetic tweezers. Then, we
sequentially introduce Csp buffer solutions with increasing concentrations into the flow chamber and measure
the folding and unfolding rates of the DNA hairpin at different Csp concentrations. It is found that within a
certain concentration range, increasing Csp concentration can significantly reduce the DNA hairpin folding rate
while keeping the unfolding rate almost unchanged. This behavior occurs because Csp only binds to single-
stranded DNA (ssDNA), and interacts with the ssDNA region of the unfolded DNA hairpin, thereby hindering
the folding process. As Csp does not interact with double-stranded DNA (dsDNA), the above-mentioned effect
on the unfolding process is negligible. Furthermore, the critical force of DNA hairpin progressively decreases
with the increase of Csp concentration, demonstrating that Csp effectively destabilizes the hairpin structure.
When the Csp concentration reaches sufficiently high levels, the DNA hairpin’s unfolding rate increases
considerably. This phenomenon may be caused by the rapid binding of Csp to newly exposed ssDNA regions of
partially unfolded DNA hairpins, which prevents refolding and accelerates the unfolding pathway. In force-jump
experiments using Csp-containing buffers, the binding preference of Csp for either ssDNA or dsDNA can be
directly determined by analyzing whether the delayed response of DNA hairpin extension occurs. In force-
increasing jump experiments, no extension delay is observed in the DNA hairpin unfolding process. In contrast,
force-decreasing jump experiments shows significant extension delay in the folding process. These single-
molecule measurements provide direct evidence that Csp only specifically binds to ssDNA, further
demonstrating that its binding kinetics occur very rapidly. This study delves into the molecular mechanisms by

which Csps maintain normal cellular functions in cold chock conditions.
Keywords: cold shock protein, DNA hairpin, magnetic tweezers, single-stranded DNA
PACS: 87.80.Nj, 82.37.Rs, 87.14.E—, 87.14.gk DOI: 10.7498/aps.74.20250504
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