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PUAEY R E A (avidin) 7EA YR TSI b #5772 F T DNA 581 R M K& #z, [F B avidin 8107 1
N—Fh DNA 0k FH T 5 G 7 . A SCRI A R 7 71 Bse (AFM). sh & 68U (DLS) . 4> FRESE (MT)
AR RGN FT T avidin 5 DNA Z [ A BAE A, PL K avidin 5142 DNA BERBHLEL. 15 518 id AFM X}
avidin-DNA £ &SRB T WL, KIMAEA avidin FEDNA R FKIFRIES, FR B avidin H 5 8
L5 A DNA BERILR, 0l B, RIFLEER TR/, 1724 avidin & AT 2 ng-uL~" i, ik
RIRF URIRAZ K. DLS L3645 A SR T [FIFE MR, FEREE avidin W 1T 51, DNA FIRLAR K/ K Z)
170 nm I/ E) 125 nm A 47, FHHEAGEERH -2.76(107* cm? V™ s™1) 2463 —0.1(107* cm? V™~ 1s™1).
PEAh, I MT BAR 1 1% i 264840, &I avidin 580 DNA #2585 A2 M AL, KEREL 2 )L
- RN, ABIRAEAE DTN R, X M AR A a4 5 2 2 1 AR A M 2 SEARBL. DRI W] DAL, avidin 3

HUDNA §t 52 H avidin 5 DNA [ LK 51 A avidin B 5 A PRI EAEH] 51 1.

REEIA: DNA KR, PUAEMREA, B, )51 71 Bst

PACS: 07.79.Lh

15 =

DNA J& A6l VMR AL AE B 7 TR 69,
T A 20 L v o v R R A 1, W R R AR
7E DNA ¥ M E dilp g B E g f2 1. 240y
B PRSP IR S AR — S i
235 B A% 1 DNA %t R A R 4 B dx
P L R 512 T AN [ A0 1 56 3 A 72 ), B 7R A
HAS RIS EG b7 I AR R DNA B R 2 o i1 7y
ORI, — BOR UL, DNA BER S HAER
TR A BT BUIRAS G %, DRI AT DUIE i SR AR VA AR -3
IR %52 7 FE OV Ok T g 3R FL AR R R £ T 0 A 1
i, AT DU 225 R BB 7 SR TH 5 DNA (13585
TR, P35 38, Manning-Oosawa, #t 58 £
WL fEDNA R LU RN 21 B 614 F, 4
H T DNA K fef (M2 EE 5 B 1 0 2 B A B A 2K
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H, XA FE R TEVE AR R DNA (1) H far i B M 2 R
R, WA B i O BT i 8%, Grosberg
5 DOT H 7 — ol (¥ e OGRS, P47 8 112
DNA ZRIHJE % T — 24l Wigner & 44 ) 38 < 5k
ARG R, P 2T R TS BUR G I, W DA R
() P LA B AE LR 5] S DNA Hfaf R R IR ST
J7 T, Besteman %5 '] F 3h 25 6 BUH (DLS) ik 5%
(MT) H# AW T 24P 47 5 5 5 BUK DNA Bt 5
A HL A 33 % 121 Murayama 5 11 0] I 6 8% (OT)
WHIE 1 2 0“1 851 0T AR DNA 43 FHIME A, J&@
NDNAERER S gi bl . £ E N, K
DA A% A 8 1 45 DO F s 0y 7 MT R 1 )
BB (AFM) BF 78 508 25 ) 55 4 DNA BER 1
2, FF H AR X (softening)- 3 (looping)-4f i
(shortening)-#t % (condensing) #&%! (SLSC #&7)
RAFRENEA F 207 DNA B, FATRAHIT 7 ANF
HEIGRN DNA BER 2 m. — 7 R 10T LB

* EFANRIEEE (kS 11274245, 11574232) H K B AR RS H EREIES ('S 11304232) WiTLA B AR AR 4
ETUH (S : LY14F050008) FHif N RS- QIHT A4 (fb#ES: 3162014036) BEHIAIURE.
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XF DNA 5 I g2, B ICUE BH B 5 7 1) o ) I
FaASMAELE DO BRAMEE 7T 7 5 Fh Bl 5 Al DAL 5t
RN B F 5w 4 8 &R, £V B+ 5] 2 DNA
R R N =4 B BA B A B o SR i
TR BE AR, 10— A8 5 S )X —
Rid e 07,

YA R E A (avidin) /& — Rl E A,
TEARBRIAEE N 2 IR, B0+ = 218 68000,
RAR avidin A& —Fh XS 5 43 25 753 21 1) 1Y 5K
AW E G, RS ARG 1 m R MR K
BN, XA BN avidin /E 84> T LB RIT K 2
T AKHE. avidin 7AW 5 TS TR AT H
T DNA 52402 M &4, [FIE avidin 4 0] 1E H
—Fh DNA # AR H TR E R . 50 TRt
A UE ¥ 2 B XS 8 [ AL avidin-i% B & A 4 18]
IR Z W7 19221 B2 F avidin-DNA H B.4E F #)id
avidin-1% FR 44K B H 250k (ANANAS) 1E NEY) 75
TR A A5 T B 9m 7 B 12 W Bk 55 N A T
AEBE BT T, X avidin S 2 DNA B KI5
HWHIRZ, Morpurgo 25 23 15 I h 7 6 B S Al Ha s
R avidin 5 DNA Z [8] [ FH BAEH, &I avidin-
DNA gk FREAR I R J2 50—100 nm, 245K
T AR RIIOIR 454, Pastré 25 P4 @ i 7 7/
S W %% avidin 5 DNA FI4E A, &K I avidin %
5 {23k DNA WP 7E = BF 7 F. Wang 25 9] thfig 1
F A5 DNA FIFHEAEH, iE N YIS 35 DNA
(e S VAT e S it 4 A, TR B O 8% 3 B TR 1)

KRB T H AW T DNA-avidin 4
WEIPERR, CAAEATZ R A AR R, DARE BT HAE
FAMLEE. BATRI avidin BEHE 51 2 DNA BEK, K
I avidin 54 DNA [R5 FE H BEARE B HUAH AR,
NAFEE AR R,

2 SEIIAE
2.1 # #®

S 56 %6 F A6 W T 4R \-DNA (48502 bp) (J& 4
W £ 500 ng-pL~1) 1§ 3£ T New England Bio-
labs 2v &), 3 o 85 85 A6 ] ) A-DNA K I & 1 1
12 bpfb A bric I B BE S R H R, R &
(NaH,PO4-2H,0, NagHPO,-12H,0), NaCl. 4 1fi
B HE A (BSA), avidin 1 Tris( = 2 B 2 2 3L H %)
W ST Sigma A ). 2B 7K (18.2 MQ-cm) £ 2

Milli-Q (Millipore, Billerica, MA, USA) i 4ift 5
GBI T HR L. AR R b EE =R, Y
IR —BUM AR,

2.2 FEFNEMRERFRGIESM

SEBG AN AR 3% A H AR B 1 SPM-9600 & T 7
BE, TAEBCHRmB KA 3 Hz 1HEH
R EIR, BUEREBR F 2512 x 512, @i
SPM-9600 #1F % 4t (1] off-line ¥ /£ 43 #t DNA &%
IR (R B SR, LRI = & A PRk
1em x 1 cm, HrARESEDA. 250 FH 2 i il N Tris
FW (10 mmol- L= pH = 8.0), FH HAECHI A [FH &
) avidin 5 DNA VRV, DNA FIHRZHREN
1 ng-uL~t. RAEWAZRFM TEHF 30 min j5,
AR AR HL 20 WL 1A VR 45 0030 76 3T Al 25 1 = BE R
[, # 5 3 min. )5, HEEF/KMEE10—15 K2
W 2= BE 2 T AR WL ) DNA 43 T F1 2% 5, FH &SR
T, BT ERAE 1—2 h e

2.3 EhASFEENST LIS

B 7 6 B X 28 K F Malvern 2 &) [#) Zeta-
sizer Nano ZS ¥ %, JiF & 2 M BEOL (K
A = 633 nm), R AN 90°. SZEGH AT T 2R MR
N Tris %% (10 mmol-L~! Tris, pH = 8.0), ] Tris
HE 1) AN [R1 3 B2 1 117 B8 15 DNA VR &9, DNA [
WEAWRERN L ngpuL . IREWAZRAL FRE
30 min, i /5H 100 pL FVRABEAN L AILF &
TBNFA U I DNA Bk 772242, L
1 mL AR & W N Zeta HL A7 B 41 5 FE & b I &
DNA HiEF %,

W ORL T B AK ) % 2 42 AT Stokes-
Einstein 5 F11515 2

kgT

i) = 32 0

R, kg RBURZEHER, d(H) 2RS¥ HE
1 (RAEBRAETAE N Y 8, 2K T DCF#EY
BRE), T(HEXIRIE), n BIAZIEE R E) IR AL
Ak, a2 O G B 6 5ER E A DGR B, R T
DA 2105 VP 53 1) o5 T 5 B0 R 1 SR AR I

2N

FR A 25 V5 Wi i FiL 2%, DNA LK B 2% o nl
i Id Hiickel 2 T 5HA5 2 (% F& Stokes A 0),
2e¢

p= gf(kr), (2)
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Horh ¢ N Zeta Y, e NIEFIRIA BLH B 0 NIEH
(M1 5 AR5, f (kr) 79 Henry pREL.

2.4 RIESRI

W 1 R 22 b (PBS, pH = 7.5, 140 mM
NaCl) FIFH = 4% 100 - 1R ELEHR & )5 S N3
A B W EE VKA T R E 56 h, T
Hby 5 3 ¥ 5 U AR AE B R GUORE 1R I B TS, R
150 uL 4= 13 & (BSA) Bl N ol b e
UKAE P E 30 min. KSR A I DNA BA3K
TRAT (30 uL PBS, 0.5 uL #4EK, 0.5 pL A& -
DNA), I PBS#R 2 150 uL J& i N\ 34 38 (ot o
JCE 30 min 5 R R AEE ISR, HERF, B
i DNA W1 1 s, BEBR 500 BE 2 8] (14 25 55 A
DNA P FE. ¥ AN [F 3R FE (¥ avidin W BE N O
SE IF I HAR DNA 2 FIE s b, 55 F 30 min
Ji, JE I SRR TR M % DNA BIK AL,

Bl S TR S N BE -DNA-RERR i R 451 1&
Fig. 1. The sidewall-DNA-sphere system in single

molecule MT experiment.

SE 5 R CCD SR AL AL S BR 1K 12 3,
M S AT AR o A B BEERTE I A
Mgz, R A Ax 581 F IR N

F=ksT (L) [ {(62)?), 3)

ke ABEIR 3R HH, T R FFIGIEEE, (L) N DNA %
THITHKEE, (62)2) NHERR 2 77 I RLRS Iy 2.

3 R 5iT#
3.1 Avidin &l DNA %Iz

Avidin 5 W DNA &t 5 1 7 G A2 4k v] DS i
AFM BEATHEIE. B 2 A AR FE avidin 5 & DNA
RSB E. K2 @), avidin IR E N
0.1 ng-puL =1, BB} avidin WA B E =B |, K
/NEJE), DNA A FAAHOIRA, DNA RTH4s & TR
DrIEA. B2 0) FERATIMA 0.5 ng-uL~tavidin,
I B8 % B 2 F F DNA 5 avidin 45 & %0 & 1 4

m, HRAAES), A EAASKERSE, H
FUE HBURRE R ILZS. 2 avidin (19K FE 14 n 21
1.0 ng-uL~ B (W 2 (c)), DNA 5 avidin 745 &
o LR E IR EER 45 1. B avidin KRB —
AR, AFM EGH I KEEBRR G, a2 (d)
FizR, X BT avidin F & FIRERTEL

0.5 pm |

E2 JR¥ABME T DNA-avidin & &4 5 &
Fig. 2. The conformation of DNA-avidin complex for AFM.
#1 AREWKE avidin 51#2 DNA RSB 1R S8 5

Table 1. The size parameters of DNA conformation changes

by different density of avidin.

avidin K& HiE
¢/ng-uL—1 d/nm
0.1 160.58+18.82
0.5 147.57+17.13
1.0 137.27+11.29
2.0 252.98+23.11

N T T A AR ST DNA %5 G AR 1 R SF R
B, FATX DNA %51 AFM BHL AT 75 #7.
Kl 3 (a) i 2 avidin(1.0 ng-uL. ™) 5 DNAEH 5
() R g R AFM B8 48 49 #r 4 A W 2 45
g Rl 3 (b) Fizs, B DNA EAR KL N
147.48 nm#M% 4 233.24 nm. W42 N 87.36 nm. i
TR 73k, BATTEREL 20 4 72 A7 IFROIR 45 #4551
P2 &AM EE R DNA RSHE O (WK 1), J8id
FIZR, ATA LAE BIRE A avidin 3 B HI3E K, DNA
) EL42 M 160.58 nm 45 /N #1 137.27 nm /£ 4, 1568
DNA KA, 24 avidin (IR FEHEKE] 2 ng-uL 1,
DNA 1 H 12 R K #)252.98 nm /& 47, X &
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Bigavidin H SR E TR BERN K. K12
1 ng-puL~tavidin '~ DNA &t 5 R~ 4o it 2 i B,
FUE(ETE 138 nm /£ 4.

0.2 nm

3.88
nm

[l

0 359.88 nm
Width/nm Height /nm Angle/(°)

= 233.24 0.08 0.02

— 87.36 0.26 0.17

=] 147.48 0.27 0.10

K3 (MTIEE) AFM FHIE DNA 5 HRE T i ]
Fig. 3. (color online) Cross-sectional profile of toroid
DNA conformation for AFM.

14

Counts

50—-75 101-125

Size/nm

151—-175 201-225

B4 3% DNA HIRS 44 B
Fig. 4. The size distribution of toroids DNA.

3.2 DNARKNWEFEFXFZRBIXITHBE
=

i R T B DNA RSPt 30417

KU DNA HAZBE avidin ¥ B 138 KN,

4 avidin #K FE 4k 4218 K, DNA I E A2 B4 K.

F: 4 RATTF A DLS £ AR M 2 76 A [ avidin W B T

DNA 73 1 B A 77 2% - 42 F0 L VKGE B 26 (1 2 4L

A, SERUETERE L. SIS ZE A 5 iR, RS
M DNA >+ 82 HHERERE, Kk
2R LN 170 nm A2 A, BEAE avidin 9 FE K,
DNA IR J 25 24208 B gk /. 2 avidin (9
¢ =3 ng-uL ™' I}, DNA iR 7 5L 2 fain 1 —
ANFEEE, 29125 nm. XA R 5 O 1 SRS
A3 23 FH T avidin il DNA KA BEE, &
L DNA B RSFWS. T 249 B 4k S0 R, B
DNA itk J 2 PR sk K2 JLE ANk E A
EFYK, X5 AFM H DNA R F 28 4k 1 45 5 A
— 3, FEFRREIRE T avidin KA KL F
DNA RifZAF K.

190
180
170
160
150 |
140
130 | /}\

120 % %

1ot
100

90 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7 8

r/nm

Avidin concentration/ng-pL~!

5 DNA HJifE 151208 avidin R Z AL
Fig. 5. The hydrodynamic radius of DNA as a function

of concentration of avidin.

o
T

Mobility /pm-cm-Vs—1!
| | | |
[} = = o
o w o o
T T T T

|
N
ot

T

(13

|
«
o

T

0 2 4 6 8 10 12

Concentration/ng-pL—1

K6 DNA HITH M avidin i EEHIZ24L
Fig. 6. Mobility of DNA as a function of concentration

of avidin.

Kl 6 2 DNA HLJKIE#% A8 4. A avidin
DNA L HGER R EH —2.76 10~* cm? V- 1.s~1 1]
TN I T 0; Y avidin W EE F] 5 ng-ul !
Ja, BIKERE RN BT BT avidin A
TR 7 ) 1E L AT, avidin 5 DNA 4 745 & {843 DNA
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oy b BB R AR I A Bty 1) 67 P Amr A R R, AT
L DNA KT R 2298008, 1 DNA _F 1) 4 i ey B
HHOR G {8 75 Tl R AR ik [A] 2 1) () & B HE R 209800, A8
DNA 71 H 5261 B &7 RS AR N R R 145
¥, BT A 1S DNA B3 AE )5 A b . phscss
FeAR &5 B4R AT LI avidin fig 5 DNA K AEAE .

3.3 DNAEROMKENE

N T 9T avidin A& WA f DNA & 42 &t 5% 1,
TR AR B R AL, FRATR A B4y T MT A 5
T avidin 5 DNA Z [A I AH ELAE . 76 il b4
FEAE IR DNA 1, SR 5 A F 9 FE )
avidin VA S A BB HAE T, 8id — AN K AR
i St AR R R/, TS B R4 DNA AR A
DNA $7 1 (1) 7 3 i 28 40 & 7 o, avidin (199 B
N3 ng-uL ' N, DNA Fifi il 2 J1-F 2 AR AL,
AR LBk ER. 8 W E7R T avidin B FEHN
5 ng-pL~ I DNA Sy o i 2, o fe ith 25 5 B 7 3%
AR5, IXAE AR KNG ST RN avidin #REE R IR
FERTLAMELZZ 2. A 9 o DNA U4 th 26 vT LA
i, avidin-DNA JR G 46 7 th & F12H 2 H -DNA
TRE Y0455 M 26280, AFTE R J LA 0 %
ARFEVRE. 524008 74 e P avidin S 501
DNA %t J K J7 0 f 28 Bk D B> NS 2 &
1 1 i 28 5 41 2R 19 5 S0 DNA B3R BT 73
fh 28 AH 2oL 81

16

15

14

13

Length/pm

12

11

10F

0 200 400 600 800 1000
Time/s

7 DNA K BER T & 50 fh 28, avidin 99K & Jy

0.3 ng-pL ™!

Fig. 7. DNA condensation form tensile curve, the con-

centration of avidin is 0.3 ng-pL 1.

WL PR EOAR, KB avidin 5 AR A
BT ARLL, KR AR i 2 L 2 e AR 4k, /R
AT/ BR, XA AR % 5 4 8 A A

el 26 BE AR PR, AT RA4EEI, avidin 53 DNA
EER B IS FE R AR 2 PP A5, R R IR
AR G5 Je avidin AR 5] R M BRAIR 2544, X AN AT
) AFM 4 S AR RF G, BROIR 2589 B F2 F 7 B 32 22
X A MT it i 28 R 7 2204k, FROIR &5 74 (1) F FF
XA MT i 26 o ik kA 4k, 1 Bk R A R
BE BALHE avidin 55 DNA {5 B 5] Fl avidin H
SRER SRR, HAMEAFRIRE R avidin /275 T,
XF DNA F7 - [F) 4 K B2 BT 75 ZE I T AN 6], ] 7 o
I DNA A 5 pm BT FH IS 18] 25 5 600 s, 11 181 8 £
1300 s, Xt B avidin ¥ 2K DNA BE 5 bl 50,
$2 7T DNA Fr H BB [, S T 3 — 25 e w5t
avidin 5 2 DNA %t 5 (1) 45 /R P FRATT X 7 e il
AR R AT G, i 10 s, KIS THEL

13
1o} \
11-
ol

9+

Length/pm

8+

Il

6
—200 0 200 400 600 800 1000 1200 1400 1600
Time/s
8  DNA f ¥kt R &5 B i 28, avidin 9K & Jy
5 ng-pL 1!

Fig. 8. DNA condensation form tensile curve, the con-

centration of avidin is 5 ng-pL~!.

13

12

11

10

Length/pm

9

St

200 400 600 800 1000 1200 1400
Time/s

9 DNA HHKBEBERT (] 1932 4k, BER avidin KN

5 ng-uL =1

Fig. 9. The length of DNA as a function of time, the

concentration of avidin is 5 ng-pL*I.

7 1
—200 0
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& A WEARLE 160 nm /e A7, X5 SR A PRBR o 2
A2 geit A NP, AT RERR MR G5
A 5e AT B MR B Z R LA —
(SEVSIDTES

12

10

Counts

0
100 — 140

181 — 220

261 — 300 341 — 380

Step pitch/nm

E110 DNA ffifth 220 #7347
Fig. 10. The step pitch distribution of DNA stretching

curves.

4 avidin 2 8 DNA % F £ A

455 AFM AR AN B 43 1 R W5 777 T 1) 2 5
g5, AR — D BROIR -FR BB (Globule-
Toroid, GT #57%) 5K fi# B avidin 5] 2 DNA %t 1)
R, WE 11 R, BT DNA BN, avidin &
SEFR A BV FH RE 05 5 DNA 455 T8 OAROIR 25 44,
WE 11 (b) Fiow, 1 avidin (R ER =, avidin H

RESFEORNBOIRE M, W 11 (c) B, £
AFM EIE (2 (c)) H, FRATTAT LLBA S 33X Fhak
RFNFAR R G 450, (ERLER i 2 b, K AE
A A 0T N T BRCR B B PR R B T, T
LRI B RS T AR 5 48] )T RGBT

TRIREER
BRI //

avidin ﬂ‘_Q"

e 2 (b)

A BRARBESE

o RO/

~&

(c)

El11  (MTIEM) DNA R GT R
Fig. 11. (color online) The GT model of DNA conden-

sation.

5 % i

AKX RGN T avidin 55 DNA [a] A HAEH.
R T ) BB M %2 avidin 51 DNA #2138
fb. R avidin 5] #2 DNA ¥t 58 45 14 3 B TR 45
P RSB BERIR G . SIS U Mgt 1
.3 B avidin ¥ B H 3 K8 DNA BI3AE 77 5248
J HLPKIT A% 2R N s T — AN REE. %
JiR PRl 2 avidin F LR A A8 DNA OB e 25 74 1)
Tk TR R 32 [ %) Ly 2 R R T S 3 DNA R A
Rl By T RS R R T avidin T 2 DNA Bt
R EARNLEE, A B AR A il 42 A 4R 2 1 (1 AR
T FIIR D Bk ER AR 4K, B avidin F U DNA #E 5%
() e 4 M E B i A BAEF R EE AR EH &
R TE.
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Abstract

Avidin is a common basic protein, widely used for connecting DNA and modified surface in single-molecule techniques
of biophysics, and it can also be used as a DNA vector in gene therapy. Avidin is highly positively charged and can
condense DNA in solution. Understanding the physical mechanism of its condensing DNA is a key factor to promote
avidin-DNA complex to be used for many purposes, such as a probe of biomacromlecules, signal enhancer or carrier of
disease diagnosis.

In the present study, we use atomic force microscope (AFM), dynamic light scattering (DLS), and single molecular
magnetic tweezers (MT) to systematically investigate the interaction between DNA and avidin and the underlying
mechanism of DNA condensation by avidin. The conformation of DNA-avidin complex is observed and measured by
AFM and we find that the condensation includes two types: one is toroidal condensation of DNA induced by avidin, the
other is the condensing structure by avidin compaction. Quantitative analysis shows that the size of avidin-DNA complex
decreases monotonically with the concentration of avidin increasing. However, when the concentration of avidin reaches
up to a critical value of 2 ngvpL_l, the size of complex begins to increase suddenly with avidin concentration increasing.
The phenomenon is also confirmed by the corresponding DLS measurements. For example, when the concentration of
avidin increases from 0 to 2 ngpL*l, the size of condensed avidin-DNA complex reduces from 170 nm to about 125 nm.
In the mean while, its electrophoretic mobility changes from —2.76 (10~* em?V~'s7!) to —0.1 (107* cm?®- V1571,
The negative charge of DNA is mostly neutralized by avidin. From their force spectroscopy measured by MT, it is
found that the extension of DNA varies almost linearly and a few stairlike jumps appear occasionally. For example, its
characteristic trend is quite similar to the one by histones. The condensing force of DNA by avidin grows up with the
concentration of avidin increasing. The statistics of force-extension curves by MT shows that the peak of unraveling
steps of avidin-DNA complex is around 160 nm, which corresponds to the typical toroidal structure of DNA.

In DNA condensation by avidin, electrostatic interaction plays a key role due to the neutralization of negatively
charged phosphate groups of DNA by cationic avidin. From the comprehensive data by AFM, DLS and MT, we conclude
that the process of DNA condensation induced by avidin consists of two mechnisms: the predominant DNA-avidin

electrostatic attraction and the ancillary avidin aggregation.

Keywords: DNA condensation, avidin, magnetic tweezers, atomic force microscope
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