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H%5E (worm-like-chain, WLC) #%!:

F = {kpT[1/[4(1 — L/Lo)?*] — 1/4+ L/Lo]}/A,

(2)

Hor AZDNA KR KE,; Lo & DNARREK

FE; L& DNAWEHL 7777 [ d K, F 72 DNA P Ui

() 77; MRIE A s i, X (2) AR T OF JOL w2

DNA 131 REL kpna. BEIMARBIRLEELE ) 7710 1
s/ (52) 6 A2

V(02%) = \/2ALo/(2+ (1= L/Lo)7%),  (3)

WA R U, 7E F [ € 5% T, DNATE S 75 [ f#
KR 7 5 DNA $6 B K B2 (197 7 iR B BT A
DNA K, FG000 75 (8] 53 Ak .

R R REBS T 9 b 1 UK 1) DNA SRIIE
DNA Fry B 5 (205260, [ 36 o A3 2% 00 5 5 2 2ok
TR R, AT 6 75 BB R 4 P 4 DNA BT
BRI BB AR (R RGBS : 4 e Bk 2 I 1E
(7] —AJ7 T U PR IRl B, 2 199 3 T LI U AR 1)
FAER. FR TGN BB T LA B Y DNA B8
Ji, BT LAE B2 () 23 Hr ] DASE i, E O ) BB
LK L AR FLAE (N A) B85 & Soo .
R AR 0] T B A0 388 B 0 15 B8 L, {HL 2 T A
) BE A S AU BT B — BU LMK B B X, 24
BRSO BE R AT I ARt 22 2 B4, P — B
SRV F SR B 5 4 ¥ DN A B8R (9 B Tfi & DNA
Al P D A 0 P AR, 2 [ 43 R SR AN, PR T
R .

TR R T B P XA ) R, AR S B A
PEHSE AR AR SR, WOBIE R UR, G At B 2R
£ 1) 55 R 5 R 0] B A S 1) IR Bk b AR
O R U R G IR BB, A TE BN b sk
7R, R RGBT 7, Sl T E
Pz [ e 7E B A0S M BE Rk g2, R )E, H
BN 0.5 pm 5 270 bp A KL (hairpin)
() dsDNA R 8 16.4 pm (19 A-DNA K58 7
RGP RENE. Bfa, XL T 37 RS i BEAE AN
Al DNA BREFE | R I/ %A R DNA g
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A 23 TR A ) B B B R D P 5 B ' 2 S Tl B
(R R A P4 B 1 (a) BT B0 2 B3t 1 v e
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T B V0 R — 2 FR 2. IR TR A T 4 R BR T
SR BRI 8 AE ST T 00 & AN 77 ) 1) AR FEAR ], W] DA
B —AOCR RN — A 5 AL B R AR TN
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TN P BE I REER 1. AR U (0 B 38 40 <
I, R B % (CCD, A58 GE680) -
FAL, FEAETHENL b K RE B 0 v S I R 1 Bk
(AT . B BRI REERAT T REER 1% 55—, XK it
PARZ A (pN) LI 77, # A FNBEERARIE ) DNA,
RNA B . WO RERFIREDI X 7 i l—
FELZR. B 1 (b) AR TR B ) B I e B
B, A BOE 8 T Ab R g 2 e B A R A A,
5 & 12 x 35 APCMD, M #£1100 6. — J7 i
R R R A, REBREUR IG5, SRAE 1)
G5 ks, I b RRR B e AR R v S —
i BT REER B RE EARIAE, AT —
WM EZ RN 2 WERR, T3 ZLORER R 08 1 BRI X 3. ¥
H 21k A2 P 80 mm AR THI 65 R £ ), W54
W 1 () B, HEmas (FWHM) 4275 pm
(B 1(d)), 3XANFE B v] LA — E F82 5 b e s FE A
MREHYE L 206 IR A6 48 3 IR G B fOK 44
FROREER L, A 453X b A [ i B 26 B R — A 3
HRBA, A B BR AR EC 2 A6, anlE 1 (e) A
N, J& CCD RS B AN 2.8 pm KRR
K15, 52z xF bR 1 () AR g i g A5 2 1
HH IR REBR IV P

SCH B A G R B iR B 2 25 SR [28],
FA B 083 R SR R0 TR [ RESSEARL (). SR )
)N I R B A 8 0 B () UK A 250 100 <, N A
2 1.49, 3B BRI L T REIR AT 5 PR B £ 1 A8 AL R
s, FARZ2E0mR [29).
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Fig. 1. Schematic diagram of light sheet illuminative
transverse magnetic tweezers (TMT): (a) Light after fo-
cusing; (b) installation plan; (c) light after focusing;
(d) intensity profile along the width direction of the
light after focusing; (e) micrograph of a 2.8 pm diameter
superparamagnetic bead by the novel TMT; (f) micro-
graph of a 2.8 um diameter superparamagnetic bead by
the traditional TMT.

2.2 DNABIEH

SEIG I I DNA A P, — Mg 88 E K
16.4 pm 9 ADNA, 53 —F A BIKEH 0.5 pm
4 270 bp hairpin I XU5% DNA. H, \-DNA (J5F
NEB 2 #l) Wi 7375 % _EABMG 1AV (biotin) 5L
Hh 1y 3 (digoxigenin) Y 12 ANB /N v B (37 bi-
otin-cccgeegetgga 1 3" digoxigenin-tecageggeggg,
ATAEY TR (Bl REFRAA). 535h—1

0.5 um 77 A 270 bp hairpin 1] dsDNA il £ J7 ik
Loy 5 226 ST [30]. - 7E 1 hairpin JF H 3 K 2
90 bp LA 4 GCEF X, & FEAE 14 pN L
FTFF hairpin B JE4TFFRTZ 90 bp.

2.3 ZEHiR

PBS 2z ¥ (20 mmol-L~! NayHPO,4, pH =
8.0, 150 mmol-L~! NaCl) £ & i & & K 3 Ab B 5
AN 0.2 pm B P8BS 8. 40 22 i i (pas-
sivation buffer, PB) (10 mmol-L.=! PB, pH = 8.0,
1 mmol-L™! Z =&Y 2 (EDTA), 10 mmol-L~*
NaNg (&t e, B8, 10 mg/mL 4 1% &
1 (BSA), 10 mg/mL Pluronic F127) B # H fL1&
40.2 pm FIERE I g

2.4 SLIRIE

EHE TR B E LKL mm, BiLK
0.5 mm, & B 2150 mm. 75 5 P A B #%
Fr T H B (30 min) AR (30 min) i&EBEEBL4HE,
P N A8 900 (R R AN U2 K AR AR EE A 7 2 3,
95 °C7K¥# 120 min) ¥t — B iE¥E. 2R J5 H Sigma-
cote (Sigma A ], H#, 10 min) Xf B4 5 A At
TR IS, e ERAE B, B T BT
B (lEG) £ . A8 B0 BIA0 A — 7 T2 A
R R EJERE B, 55— 5 T A2 B0 S A8 9 e (] 1
PERE S, HARRAT LTS E TR B, nT LA
BRENSIWI].

S G T S A A S8 R AR U e LIS BE T
9, SR G B [ 8 ERE L BE b IR L kA
COATHFE . #E 0.2 mg/mL Ui & 2 (Anti-
digoxigenin, I T Roche Diagnostics, % & 1 h A
). B G v B $e Anti-digoxigenin R, ¥
H /030 min LA BT 1k S5 A0 AR R R . K
100 pmol-L=' DNA 5 R &M T #k A R EH
HI NG A /N Bk (M-280, )T Invitrogen A H]) A
20 min, { DNA 5#EERAHE; S8 5N B IR
A gk E Ik = R O R B B A I RE L
I 20 min, ATTE DNA 38 i 35 2 -t s ¥ 1
R S AR LA FHOELE BANE M BE. 5% J5 I WROK 4RE%
WO AR HRE D513, FH PBS 2Bty h A
IRGERAZ NS b . BT S0 1 R S 3R
25 1i/s.
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3 £RET®
3.1 HEIZEERIRMEIEMEMEE_EAIRETK

Fi 206 B (10 7 A IR it A R L A A
FEBR RO St 2, W b R L At A B AN BB, P
DA A A4 0 T B8 T A L 12068 B W PR 38 5 40 ) e
R, AR 2B AL B R R BLIE SR T4
2 (a) B B REIREER, X b7 18] Dy 3 BT 0] B
(75 TR B A BN G ST B T3 1A, Y 5 TR AT B
J7 1) SRS R BT O HE B AR T T B T L LU
SR ZNGAERE S G M EE L AOREER (K1 (e)).

IBERIXAMERAA BE S, BT X RETER Ty
[ A& FH - B DNA (R[5 17, BT BL X5 1A
B R A DNA RKFZRIHERA . B 2 (b) FEoR T HEER
FE X J7 ] E— B2 100 s B, 36 BRI Y g 7S
REE oA, B K/ 8 4 nm.

(a) g

ek

XHhMEE R /nm

o=4nm

el

Bfi) /s

2 WNETME RIS (a) WEREEAT
M MEER) R, (b) BEERTE X Bl L0 s

Fig. 2. Noise of the magnetic sphere on the capil-
lary surface: (a) Schematic diagram of the experiment;

(b) noise on the X axis.

3.2 IBIFIAITE DNA EEREK

NT HE— PR IR P ' R A R [ R, K AE
B BE N 0.5 um (A XUEE DNA 5l N SEBR &R, 4
3 (a) Fizs, XA AUEE DNA 454 — B 270 bp hair-
pin. DNA FJIX Fl = 2% 45 # 2> 7£ 14 pN [ i & 4
“Pr&-RP a7 HHRE KPR B i 3 (b) By

7N, $8hairpin P36 1L 77 NE) 14 pN, HIL T hair-
pin ) “¥r & L& L, HPREQRITES,
REQRENESE. BWENERAR270 nm, 5
7E PBS 5V HL 2 x 270 nt #55 DNA (ssDNA) )
KL 270 nm 54 P2 BR T “se i@ Ml ese s
EW B EXWMHARE 2, S TR B L
1/3 hairpin ¥ B )47 B H I — A K FE B R
A @). [FK, & hairpin 9 K EIX ML EH
— K GCHFE X, #15 hairpin DNA fE1X /M & Lt
BARE, FEAE 14 pN 4TI hairpin B 7£3X 4> 7 B
I — AN ARES. XA 5 N RS 1S 1S
BEae—.

(a) DUEE

DNA

0.7F e
0.6 F NN~~~ ~"""""""TTTmTm wrm '@i‘fﬁ%ﬁ&
g o
Q 0.5
................. - \' m—————————ete(] fazs
- ; @Ik

- Y RODG=25

50 100 150 200
1] /s

3 hairpin B LIS (a) #IEKEL 0.5 pm,
£ % 270 bp hairpin ) dsDNA F1 il B 3% £z 1) 7~ = K;
(b) 270 bp hairpin 781237 E (K A1 528

Fig. 3. State transition of the folded and unfolded
hairpin: (a) Schematic diagram of a 0.5 pm dsDNA
with 270 bp hairpin between the bead and the lat-
eral surface; (b) length vs. time curve of the dsDNA
containing 270 bp hairpin.

3.3 BIFRITK DNA EERHEK

P, 0.5 um K% dsDNA ##/% 16 um
KA A-DNA K56 7 26 I8 B O RA [ 6 (181 4 (a)).
$2 R B R B /NIRRT X A-DNA BEAT T i fif sz 5.
ik 4 (b) for, Wik dE RN, —ILAE 11 M B
W, BALE T T 200 s A, BEE LTI
/0N, AR RLE A-DNA FE X J7 0] bR, HAE X
FNY J7 1] L PR P AR AR
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K4 16 pm KEEM A-DNA MR ME  (a) BiBRIE
I A-DNA AU EEE R R & B (b) DNA i ih 2%,
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Fig. 4. Stretching test of a 16 pm M-DNA:
(a) Schematic diagram of a 16 pym A-DNA between the
bead and the lateral surface; (b) stretching curve of
DNA; (c) fitting of the worm like chain (WLC) model.

R i A A 70 £ (3) 2% DNA (052 A 0 7 K
SR BT A, AR PE TR/ F, DNA 25
(ORE 7B A 3Ny 139

F = kgTL/(5y?), (4)
Horp (oy?) BRI R E T A0 Y J7 1 baRsh )y %

P 2448

2 (4) Aok 5, WEBRAE B8 1 A0 B WG R
27 pN, B & 1 i 8 A B i ) v
10 pN 261 T @ BRAE 55 11 AN B 40 42 i B B
an FE N BE R TH, PEOER ) F AR, HET
199 2H H 8 FH i H B A5 6F DN A 1152 77 R B oK i
AT LA, WEE R4 (o) i, &R
2 99.94%, LTS HITE PBS PR 26 1F T, MU
DNA )5 84 K B A& (4742) nm, 5 C#k E 15 3
(gt S — 55 B4,

3.4 FLEAENLEMFH THIRS

BT 1 20l 8B PR R ) 10 B B 6 R B R
W B 1) 6 48 0 BE I () R R B FH ASEH 11 DNA,
RNA 88 B R M REER, BT AR (3) =X n] 41,
SN S VAL

BI5 (a) 78 T1E 1 pN 2644 TG ERME S . X
F 0.5 um K[ dsDNA K PE, F 2 ' HE B 1R B 17 ik
BEIAS BNk 5 A 19 nm, A2 FH B 8 5% G ) G
IB¥R 16 pm B A\-DNA B (100 nm) 9 1/5. X ¥t
W15 DNA R IE SRS 52 & TSR, A, AT
M CHEERA RSN E 0.5 pm K dsDNA 1E
1 pN A4 T B ERME S 09 20 nm, A1 26 HE
(AR [l RGBS Ve A I 6 X . X U AE N I 44 R,
2 M HE B (R [ o R A A ) B B G J DN ()30
SR AR, A RS B T RE 8 DNA, [tk
R FERFTHr40.

M 7E12 pN K 77 2 4 Byl & 25 R
BI5 (b) Fron. 2 BB (9 18 o) iR % 0.5 pm
(8 52 AsDNA 175 1) 8 75 B SRk /1N, 824 15 nmy;
1 AL SR A BEAT T 16 um K (19 \-DNA 73 (1)
M 7 B AR /N AR N R 20 30 nm. —F AL, A
DNA FIFESA SR W] LASE i Il B RS B o —
J5 1, F AR BEBRAE 12 pN 24 0.5 um ) dsDNA
D75 e 7 A B R R, B0 7 nm. BT ALZE KR )
FAET, 2 6 RE [ 1R RE SRR T LU e A
ZE. MR, YN R A T B IR TBOR AR EUR 100 x|
N AAH N 1.49, T F 26 HEEH f% m REE F (4 s
JRRFEEUZ 40 x , NAMER 0.6, K LI\ REEEAS
ZE ] NERAR Y. S5 — 5 T, XA U8 v E Ok R
(RS [P BB AT F T 25 1)) Bt 40 x B 25y
TR TSRS, 16K T4~ F A BLAR Bk
B OB R RERR N A
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gi EPmA: R0 I R 1) WA B RE 08 R I
FL 5 DNA HIREBR, AT B SR 52 i 1 A% G [v) fi Bt
FRRE 2, AE /N JIFIR I3 %A T R AR T Gt
WB B, AN R BB EE, v J2 ' R T s 1) B AE
ANTITTNE LS 2RI, TTAE R 0 464 R L2 1 1 B

(a) (b)

o =100 nm

o=29 nm

{55
16 pm dsDNA

e | [ A

=100 nm

BT ) 55
16 pm dsDNA

H—feihit4

SHER A )
0.5 pm dsDNA

o =20 nm o="7Tnm

YNl B
0.5 pm dsDNA
T
T

-0.2 -0.1 O 0.1 -0.1 O 0.1 0.2
DN A TS EACE /pm

K5 B B A B I AN RS FZ R dsDNA 78/ 3

KITFHIEERS  (a) 61 pN &M FHIERS; (b) 7£ 12 pN

ST T A

Fig. 5. Noise of short and long dsDNA at weak or

strong force with transverse magnetic tweezers and
longitudinal magnetic tweezers: (a) Noise at 1 pN;
(b) noise at 12 pN.

4 % @

A 50 W 17 B B AT LG 2 ) BB ) — AN AR AR
Fe ST B, A AR, (ER B B SR R
(RIS B P 22, 3K T B DR DA it (0 0 B 1 R AR
I 7 B 9 5 20 8 e B I REER AR ™ AT 4R,

PR T < 368 T B R RE R 4K DNA AT B )
LB R. ASTNH T —F R 206 IR B A i
BB OB R 2 ot R R 1 B T DAL B
SR B R B PR REER, T DL R LA BRI
DNA, RNA BUE 5, 0B 1 B 17 B B8k (14 I i
PRI, oot A B R G A /N T 2% P R
WY S 58 e B AR 2% BN R R BT, KT RS
FHZEANK. P LA A fi] (58 A48 i R B8 T A — e R
EBRRE AR, ASOR R R Z IR
R TR0 T BB AE K 0T FRORS ARG T 9 1o i BB A 22
B, KRB ST 1.
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Abstract

Magnetic tweezers are a high precision single-molecule manipulation instrument. A gradient magnetic field is used
to generate a force on the order of pN, acting on biomolecule-tethered superparamagnetic beads and to manipulate them.
By tracking the bead with an inverted microscope, an imaging system and an image process software, one can obtain
the extension length information of the biomolecules, thus can study the mechanism and dynamics of the molecules at a
single molecule level. Magnetic tweezers include transverse magnetic tweezers (TMT) which are cheap and simple, and
longitudinal magnetic tweezers (LMT) which are expensive and complicated. As the traditional TMT can only track
the long biomolecule-tethered beads and their spatial resolution is poorer than that of the LMT according to the error
theory of magnetic tweezers and the experimental results, the TMT is not so widely used. To solve this problem, we
utilize a light sheet to illuminate the beads only in TMT, and then observe the bead sticking on the lateral surface. The
tracking error on the extension axis is 4 nm, which is very small. Then we track and obtain the “folding-unfolding” state
transition trace of a hairpin DNA. The hairpin DNA is inserted into a 0.5 um dsDNA. This experiment proves its ability
to study short DNA, RNA or protein. Instead of the fully folded and unfolded state, we observe a semi-stable state at
the 1/3 length of the hairpin. The semi-stable state is precisely at the place of the CG rich area of the hairpin, so the
CG rich area should be the reason for the semi-stable state. Then we use the 16 pym A-DNA to further test the novel
TMT system. Having obtained the stretching curve of the dsDNA, we fit the length-force data with the worm-like-chain
model. The fitted persistence length of the dsDNA is (47 + 2) nm, which is consistent with the result in the literature.
Finally, we compare the noise of traditional TMT, novel TMT and LMT with that of short and long dsDNA at weak and
strong force, and we find that at weak force, the novel TMT distinctly enhances the resolution to the LMT level; while
at strong force, the resolution of the novel TMT is about half that of the LMT. The results above prove that (1) the
short DNA, RNA or protein can be studied by the novel TMT, which extends the application scope of the instrument;
(2) the resolution of TMT is enhanced distinctly under weak and strong force, making the novel TMT competent of

more experiments.
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