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BLM f# i€ G4 (13 72, 5 5% F RE BRI 75 1) 45 A
TEeE, WEAC T gk iAE BLM fi#ie G4 3R 5
Wi, 38X SR EE ATP N BLM i i G4 it 7 &

I BLM 7] PAFEfRTiE G4 Ja K [a) 5 B AE S 8E DNA,
X Ak — 51 55 BLM f# ig G4 RIALEE$R 4L 7 8T 10
Eik.

2 LI FEE 5%
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S BT B DNA R B W3R 1 BT 8, BT
DNA HEE#l A T & R &k glith. H e
FEER Y DNA B BO@E I & R R 40 6 10 e B 7 =X,
TE 1-(3- R FE 3L )-3- 2 p — W i 2R R i /N-
PRI BEIAWE W% (EDC/NHS) FIfEAL N &1 T 96
fEK (E42 200 nm, Invitrogen, F8811) K. fitk
B ie H i G4 Y B G4 DNA B4 F1XUEE DNA
FRELLL - 1 EL YR A 38 K% BT K.

®1 LI HBIASEREE RS

Table 1. Sequences of oligonucleotides for the experiment.

4 REAESC% DNA R (57 — 37)

G4 Biotin-AGAGGTAAAAGGATAATGGCCACGGTGCGTTAGGGTTAGGGTTAGGG
TTAGGGT1sACTTTTATATCCGCAGTGTG

Stem CGCACCGTGGCCATTATCCTTTTACCTCT

Beads stem

-NH2-12C-AAAAAAAAAAAAAAACACACTGCGGATATAAAAGT

ey i FRET 524 DNA 551 (5" — 3)
G4 GCGTGGCACCGGTAATAGGAAATAGGAGAGGGTTAGGGTTAGGGTTAGGGT (icy3) T14
stem TCTCCT(icy5) ATTTCCTATTACCGGTGCCACGC-biotin

2.2 SEEMESE

KHWEL (D) sk RE, 1£G4F5)
BT 718 nt K FLEE, PAORIE BLM 7] LA &%
5 G4 R B SIS HT IR 4 i (PEG) &1
() 5 3 A AR B A RCTHD R b A P I S =
0.02 mg/mL B 35 M 3R VA T B IR 22 v (& 20 mM
IR £L, pH 8.0, 0.9% NaCl) ¥ A H A1 4 # 10 min.
SR )5 T BERR 22 rh i, JF & 10 mg/mL A 1fiL
JEHEH (BSA) FIBERRZZ Ml IR . ok e
ZABMLF )5 R G4 RPIIR BEREE 1 - 1014,
B EIRACE 5 min, ¥EA/NE, HIFE 10 min. H
B TR 2% M L v 2B e 9 R 94 G TER F DA JIEH).
LT FH ) Lambda DNA(NEB 2 &) F- 48 fl R R
(Invitrogen, Dynabeads®M270 Amine, T4 4k 2

FRPUH R B R #4212 10 MR ELIR G, =
28 7% 10 min, M 10 mg/mL BSA [
PR 2 MPRURR R 4208 IRE, VEN/NVE, 1 F 30 min,
TR 2 v 25 T B8 B AR AT Lambda DNA. 247
SEA AN TS S, ] I BLM [ ) B
P T SR

SE U0 FH P v R P A B AR G R
e B AT T OO, KWL I R R I 4y
TE. HAr i BN 5 A e I e RS R g 5K
AHTE, 8 3 T SRRk AT B2 2 T 49 i R
=20 B 4 RO B SRR D R AR T LA
P X SR T A RS B R 1 43 TR 4
HEAR )5, T L AT LS RS A b DU B R K R A X
L.
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1

B1 (MRG0 (a) GAREE, M ALK 5 Na; (b)
R R 90 T R GUH

Fig. 1. (color online) (a) Schematic illustration of the

(a)

structure of G4, M represents K or Na; (b) scheme of
the single molecule experiment system of high resolu-

tion magnetic tweezer.

2.3 smFRET sCI&

smFRET S 46 Fir F 55 35 v A3 3 R #4856 R
ik B AN T SR A ST VB0 e, AR AE i 3R 3R T [
5E 99% H M 2 —BF (Laysan Bio, Inc.) f11% [
W FEA TR £ (Laysan Bio, Inc.). #3EFE
(1 mg/mL) % T84 50 mM NaCl, 20 mM Tris-
HCI, pH 7.5 ey, hNSEH I i PEG [ 3
14 5 B8R ) SR A R it e, I E 10 min. H
RGBT A, RS I 2050 pM
WHE DNA [ 52 10 min. A [ & T 536 3% Fr R i 1
DNA W S BN G2 B i L. SR A FERE St In N &
LK) (0.8% Hi &) B (D-glucose)~ 1 mg/mL i %)
WEAALEE (glucose oxidase). 0.4 mg/mL i LA
B (catalase) F1 1 mM KiEME4EAE R E (Trolox))
SN GEML SEER  TAS B BR AR HdE e AT =

(@) p_18pN

I/nm

Time/s

i, FRET MR AN T /(Ip + 1a) WHEASH,
Forp Ip ORGARDE5R, Ta ARZIRRDE5E.

3 HRETI
3.1 G4SEWRMFHHIHE

B G4 & i g R 2 (a) s, 4
W1 BAB IR GA AT B E R, v UG 2
G4 e B LA 8 BPRES R BIBRER. 1 EA B
AT LAE L G4 R RIES, il 2 (b) Fras. B2 9l
LRI GAKEE. XUESE 7 B H () SE56 152 4% ] A
MELE| GARI S NAIFT. 7E8 pN EAF, AIMAKFE
W GABITF&. YR Z AT SCHR (7, 25] I0E, G4 %
P& /T E T pN Iy, BRI 2258 5 2 |/
P FOAHRT. X WHE 15 1 5256 i s FH ()
JIAEEIE 7 pN, SEBR LI I R R 70 I # A
2—3 pN{REFAAE.

G4 =& — MK 5E — W FH B 2 0E B 70 1 45 1,
—MOA A E TS T ERE G4 EERE
A, AR AR E R AR, RE WA LA
O Nat /E A fe e A, (AR FRATT I 5258 Hh R 3,
BB Nat Foe ZOR IR 2. Wl 3 Bow, fEHn T
2—3 pN /LA G, AKILRIEAE 150 mM NaCliEK
IR LR B GAAREM B K TF &R, 1M
IR AR F i 26 4F T 150 mM KCLVE AR &
G4 W] AR EAFAE.  [RI S EG A ik £ FH % 150 mM
KC1, 50 mM NaCl, 2 mM MgCI2 Fl1 mM —#i75
PEEZ (DTT) % F 20 mM Tris-HCI, pH 7.5 f{12% i
MR R, X MR FR T, G4 DU B A e 7
(i A7 AE 126,

(b) F=20pN
12

I/nm

4 L L |
0 20 40

Time/s

2 (MTIRR) (a) G4LEIRF T I8 - L3 &R R AR, (b) LITPERK G4 -RF &I

PR

Fig. 2. (color online) (a) The magnetic tweezer (MT) trace of G4 folding-unfolding; (b) multiple steps in

G4 folding-unfolding traces.
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16 | (a) F=2—3 pN 150 mM KCl1

12

I/nm

Time/s

150 mM NaCl

16 |- (b) F=2—3pN

12 -

l/nm

0 20 40 60
Time/s

3 (MFIRR) (a) 150 mM KCIZEMHET i G4 BESHR SIHIZ; (b) 150 mM NaCl it G4 BEHER B2

Fig. 3. (color online) (a) The MT trace with 150 mM KCI; (b) the MT traces with 150 mM NaCl.

3.2 {XRE ATP TBLM 9SS #KEG4

£ ERIE 1K H smFRET #F 78 BLM 5 G4 11
FHEAEHSZ36H, e BLM fRFF G4 i f2E 2 4
W, AT S 2N R RIE ARG S, 5l
TR, 7£10 nM BLM AL uM ATP FJ52
Itk R AR SR B T GA T4 B il lie, Wi 4 (a).
Bl 4 (a) A B PR ATREN G3 3, X—IRE
W G4 I — 26 BRI T RO E HOIRAS, TTLLE B, JRY)
15 GAFI G3 A AR A 2 (B R [ ¥R 9% . 76 7] BA%a
EAAEMSLIR AT, GARA S HRITFEG3E
. XL BLME S G445 &5, SEHEGL -
IR ), AT A T IX IR, N T ORIEIX P
G A BLM I I, A4k 2E PR 17 BLM H#k
%, £ BLM B3 E R 2 nM i 7] LAE B e M & 1E T
%100 s, W 4 (b) Fion. 71X — BLMKE T, [
BETT LA WL AE K 43 e 1] Ak T G4 A G3 I1X
AN IE). XEWE BLM S G445 &), ol LLE
BATE G4 LB K 18], X —45 % BLM 5 G4
A A SN R], T HLAE X B A Y BLM %
A B G4, B8 BLM 1 G4 A 5K 45 A ).

M ATPIRBEEH] 20 M, s236 i B4 A
TEE B AR, LA BLM 7£ DNA E s
HEMRIE. WDNAKE DM LRE, X—dEd
I G3BEAAN R, fEASLF, [T
DANLER 23X — 1 A2 0] DARFSRIR K AR ], Wil 4 (d)
FioR.

3.3 =iKE ATP T BLM ##5F G4 i) /&
S~ETE

ERFIBLM 5 G4 [ [ BT, T WS H]
SONE AT, R 22 H R FRH B 1 ATP 4TS24
AR SR R T T DA B[R] 43 3 2 (50 Hz)
TSR ALK IR (300 s), FATTHEAT T =ik BE )
ATP T~ BLM i Jig G4 925, Sie v 3 A 1) ATP
WBE N 200—500 pM, X —¥KE L& #L T BLM
5 G4 NI A ATP 3R B Ul O 7 RAE AT LA
KR HABLM 5 G4 1 [ 87, SE56H 4f FH i BLM
W25 nM. LI R RATHER R T H A A E
SO R . — R v AR ) B R e R R,
KI5 (a) fTs. TESEES R, BT ATP MK L& 4
I VAN, TR v AR (1 E ST A e R AR BN TR K
[Fi) o 3% P I, R A R TRy G4 TE R 43 T) 4k 4T F
M REPIRES. X — I GBRFT A RATTUH.
17 57— S0 G 0 T A mORE, g R T
BLM {Ef# T G4 )5, G4 K] Ab7F IR S, X
—IEFEH AT LARESLE] 50 s LA L, Wi 5 (b) FR.
X R R E BLM ZE i g G4 5 I % A 18 8 72 il g
WEEDNA —FE4k 228530, O A1) BLM ff Jie 15 54
#INHN ATP A8 5 BLM 276 gk R85, miFkd]
MR T X REIR. ERWR LG LR 3A]
FEAIRIR B ATP 1) S5 45 SRR v] 1 H — S 4518,
B BLM £ ATP 25 F 5 G4 It e B it F2 H #i R 1
H5 GARERIER Dy, X5 S0k 20, 22) FI4RiE
—5.
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10 nM BLM; 1 uM ATP

Normalized count

40 50
Time/s

(a)

2 nM BLM; 1 pM ATP

Normalized count
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Time/s

100
(b)

2 nM BLM; 20 pM ATP

Normalized count
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40
Time/s

60

0.08 4
G4
0.04 G3
0 T T
0 4
I/nm
0.08 | G3
0.04
0 i
12
0.12
0.08 1
\
0.04 \
. ,S¢
0 4 12
I/nm

5 nM BLM; 20 uM ATP

(d)

(MTIRE) AR E ATP T HESRE A R B4 5

Time/s

200

(a) 10 nM BLM, 1 uM ATP F BLM f#iE G4 i) th Ze At

434ii; (b) 2 nM BLM, 1 uM ATP F BLM fi#jiE G4 19 i Z A4 53415 (c) 2 nM BLM, 20 uM ATP '~ BLM f#
JiE G4 I A 24 (d) 5 nM BLM, 20 uM ATP F BLM fiftfig G4 [ i £&
Fig. 4. (color online) (a) The MT trace and histograms the length distribution with 10 nM BLM and 1 uM
ATP; (b) the MT trace and histograms of the length distribution with 2 nM BLM, 1 uM ATP; (c) the MT
trace and histograms of the length distribution with 2 nM BLM, 20 uM ATP; (d) the MT traces with 5 nM

BLM, 20 uM ATP.
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0
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B RN 1 2—3 pN BI/NIHL 77, (H2FRATIA
N W R INAE RS P RGBT W SR B 45 R
e B IR, FRATT LA FRET SE 56 K 55 B i
g AT b R R X R s G U vk, AT LA Ak
R 3—8 nm (AR L 28], O TR SR R G4 1
Ak, HE 76 (a) BB DNA. B0 G441 P4

3 nM BLM; 500 pM ATP

8

I/nm

0 20 40 60 80 100
Time/s
12
2 nM BLM; 500 pM ATP
8 —
g
g
e
0 —
] ] ]
0 20 40 60

Time/s

5 (MTIRE) mkE ATP T RABEI SR 45 R

A 21 nt I DNA K, RS TS K AR
N 6—8 nm, [HRAE TG ILIR B B RS 1 R i 42
B, XABAKLA R H0.8F]0.2. EIIAN GATLIE
FeE LR g2 pPi e, WL 2 G4 B RIT &, N
K6 (b) flToR.

0.12 4

0.08 1

Normalized count

0.04

I/nm

0.21

0.14 —

Normalized count

0.07 4

ﬁ
0 I T 1

(b) 0 4 8

I/nm

(a) 3 nM BLM, 500 uM ATP F BLM fiftig G4 i & F i

43455 (b) 2 nM BLM, 500 uM ATP T BLM fi#tlig G4 i) i 2R o A
Fig. 5. (color online) (a) The MT trace and histograms of the length distribution with 3 nM BLM, 500 uM
ATP; (b) the MT trace and histograms of the length distribution with 2 nM BLM, 500 uM ATP.

3.4 fnEM AR BLM f25E G4 BIE2

smFRET SZ5 4 BLM fi# i G4 11 ) b & 5
WS S5 — 3. W6 (c) Fiow, 721 uM 1) ATP
T, smFRET 45 R 5045 BEAR - £
smFRET 5246 th ATt W %2 31 7 BLM 73 45 i Jie
G4 [ 3 78, [F] B H90 %2 2] 1 K N Ja] 1Y) 22 52 A e
W6 (d) Frow, £ ATP R FEIAF) 20 pM i, BLM
i E G4 1 Ik 72 B S 0 R, B A iR 1 R B
B, A smFRET 45 1 5FTIA ) smFRET 45
SoE . BB gh 5 U B LR R S 58 R D Ak
2—3 pN HIHL J10F BLM i E F 50 18 R 35 52 1.

N T B EIREE ATP N IR E S, AT

K 7 smFRET 5250w (UK O 08, X AE— @2
EPEIS T smFRET 75 (6] 73 #428, (H A A] DLAE KA
s 1E]. 4nlE 6 (e) A 6 (f) Fizr, 75200 uM ATP
() S g 5 SR [RIARE UL 52 31 1 P AN () f i T T
L o [T =2 o s T s S R 25 I A7
FE B BLM, BT LAFE SRS T G4 AL T4 B, FRAT
WA BLM A TAE. XPMILR S0 25 R
SR, =R E ATP () smFRET 5256 45 5 F VCE
T 23 pN 1775 BLM fi# i FIs2 A K. [FiS, 76
Fd B 45 31 1) S 1) BLIM K I 8] 452 B T BB 1 B
SAL R IRAE BT3B X RIS E
Rit—SH.
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10 mM KCI; 50 mM NaCl
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o ¢
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FRET
=}
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0 | 1 I 0 I 1 1
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Time/s Time/s

6 (MTIRMH) (a) FRET S5 th G4 7, G4 SRR G4 NI, cy3 (546) Al cy5 (L) 4 BIFRE G4
BE_EAVEANYAEE B G4 ISR EEAN BAME T OB RS2 4E, AV BOK DNA 8 T A 8 MR i M _E; (b) 78 10 mM
KCl, 50 mM NaCl ¥R 5H cy3 Fl cyb 1966 imm th 2k (1Z) M1 FRET #iZk; () 2 nM BLM, 1 pM ATP Fcy3
Heys MFetaRM iz (L2) B FRET #h4; (d) 2 nM BLM, 20 uM ATP T cy3 fl cy5 M3 esm ik (L2) F
FRET #iZ%; (e), (f) 2 nM BLM, 200 uM ATP F cy3 il cy5 f5 e ik (1)2) f1 FRET #h4k

Fig. 6. (color online) (a) Schematic diagram of cy3 (green)- and cy5 (red)-labeled DNA construct (G4) with G4
having three G-quartet planes, the G4 strand and the complementary stem strand are annealed to form a duplex
stem, biotin is used to immobilize the DNA to a streptavidin-coated coverslip surface; (b) traces of fluorescence
intensities of cy3 and cy5 (upper panel) and FRET trace (lower panel) in 10 mM KCIl and 50 mM NaCl buffer;
(c) traces of fluorescence intensities of cy3 and cy5 (upper panel) and FRET trace (lower panel) of G4 with 2 nM
BLM and 1 pM ATP; (d) traces of fluorescence intensities of cy3 and cy5 (upper panel) and FRET trace (lower
panel) of G4 with 2 nM BLM and 20 uM ATP; (e), (f) traces of fluorescence intensities of cy3 and cy5 (upper panel)
and FRET trace (lower panel) of G4 with 2 nM BLM and 200 uM ATP.
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Abstract

G-quadruplex (G4) is a DNA structure which commonly exists in human genome, and it is considered as an
important structure in DNA metabolism such as replication, transcription and homologous recombination. The G-
quadruplex helicases have been widely investigated these years. Of them, the Bloom (BLM) helicase is most thoroughly
studied. However, there are some basic problems that are still unclear. Most of previous studies of G4 are performed by
single molecule fluorescence resonance energy transfer technique. The G4 is in a free state in these experiments, which
is different from the physiological environment in cells. The traditional magnetic tweezers have a limitation of spatial
resolution in a low force circumstance. Thus here we use high resolution magnetic tweezer under the illumination of total
internal reflection fluorescence to study the process of BLM resolving G4. Our modification of magnetic tweezer is to
separate the measurements of force and distance of magnetic tweezer in order to improve the spatial resolution, which
allows us to observe the unfolding process of G4. With a 2-3 pN force we find that the process of BLM unfolding G4 in
low ATP concentration is stepwise, and the G4 is mainly in the state between G-quadruplex and G-triplex. We also find
that the BLM could interact with G4 for a long time. Our apparatus is also able to obtain the long time observation
results compared with the single molecule fluorescence technique. So we perform experiments with a nearly saturated
ATP concentration. We find that the BLM has two ways to maintain G4 dissolution in this condition. The BLM could
unfold the G4 repetitively in a long period and it could also keep the G4 in unfolding state for a long time after it has
opened the G4. Finally, we also perform single molecule fluorescence resonance energy transfer experiment in the same
condition, and we find that the 2-3 pN force in magnetic tweezers has a rare influence on the process of BLM interacting
with G4. The results of single molecule fluorescence resonance energy transfer experiments are corresponding to the
results of magnetic tweezer in the same conditions. All of our experimental results show that ATP dependent BLM has
a high affinity with G4 and BLM has a different way to resolve G4 in high ATP concentration. These results could
provide new ideas of the mechanism of BLM resolving G4. Our modified magnetic tweezer shows its capacity in G4

single molecule study, and it could be a useful tool in the future single molecule studies.

Keywords: Bloom helicase, G-quadruplex, total internal reflection, magnetic tweezer
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