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cadherin 22 #l protocadherin 15 4 A%, — SR LF B L0 & 71, SL B2 Bk R a m E A, Bl T O, X4
Pt T2 BE U ZURS, BT A AN LA IR B 2 AR A 2 A AT 2 AR AL ISR T BE IR () IR 22 (M 25 R 7R 1, IR 1Y dragline silk BT ]
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S FEREE EEAER; thSh, NCAM PR HA B 265 6 B 15 T4 i B 4] 8]

Fig. 1. Proteins functioning as biological machines: (a) In the bacteriophage $29, DNA translocation is accomplished by one
of the strongest biological motors ever known; (b) powered by the hydrolysis of ATP, the actin filaments are pulled inwards
by a conformational change, which shortens the muscle sarcomere, with this motion, the muscle contracts and generate force;
(c) proteins are of functional importance because they can resist mechanical force, for example, the spectrin, an a-helical
protein, gives red cells their charactrized flow-optimised shape and their elastic properties; (d) proteins can convert mechanical
signals into electrochemical signals, the sensory cells in the inner ear of mammals are equipped with bundles of large membrane-
covered cell protusions, so called stereocilia; they can be pivoted by sound wave; in the tips of the cilia, there are protein tethers
made of cadherin 22 and protocadherin 15, which are anchored in the membrane to an ion channel; when stereocilia deflects,
it pulls these tethers and leads to the opening and closing of the ion channels; such a process changes the ion flux across
the membrane; therefore, a deflection strong enough will eventually depolarize the cell and activate auditory nerve; (e) the
dragline silk of spiders has excellent mechanical properties, its tensile strength can reach a half of that of Kevlar; its toughness
outperforms both steel and Kevlar; such an exceptional feature roots in its structure; inside a typical fiber, crystalline regions
are connected by amorphous linkages; the crystals are S-sheets that have assembled together; (f) neural cell adhesion molecule
(NCAM) enhances the adhesion of neural cells and mediates the outgrowth of neurite, it plays an important role in memory

consolidation; in addition, NCAM and other cell adhesion molecules function as tumor suppressors.
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Fig. 2. The unfolding pathway of a protein depicted
in a free-energy profile. F represents its native, folded
state, T'S represents a transition state, U represents
a denatured, unfolded state. The distance between
native and transition state is described by (Ax). The
application of an external pulling force causes the free-
energy profile to tilt (dotted line). With (T'S) turns to
(TS*), the energy barrier (AG) to reach the unfolded

state (U*) is lowered.
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HBRRmEAN I FREE. BEROKME K
Y — 257 Il an itk MTX F1 NADPH 55 H
DHFR )45 42 KiR$e & DHFR [ /1558 5, it
4 Fe Al Fab 5 1 GB1 (45 & fE 2 1 5 GB1
WM SRz, W R, Bk S &R se T LY
Wi 2K 1 ) F1 2 MR NuG2 42— GB1 ) 52 48 14,
FHIEEE 400 nm /s g 7) 49 105 pN. {HAZE, 24
TgC PUIR I Fe Fr BEAZAERT, IXANER [ )2 e e M3
I 100 pN LA 4L PR A IR — b i/ 2 el
ARSI EE 10, BT DAk A8 e 4 1) 94 5 mT AN 2 i ¢ Fi
HEANMBE R 75— AR GBL Y
F—FRARR GTI8P, fERAE N ER A LM, Ik
AT IERG M. (EE SR i 2 5 ] Ll & 2
100 pN KIfAHT & 11 32,

IREA R, BofRm4s & 2B REA M A bR, B
KM B B RERDAECAR I 45 & BE. (HR, XA & REN
BEAR BN AN — 52 e 1A B 1 1) ) AT B i AR

5 700 R0 5L FEE T R R (1 1 I R e M
HEABIR R, KR8 1E NS R (A 150 %
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MBS R AT 2 U I A2 2
FS B IE KIS RISE. fln, @idfE GB1
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1717 184 5 1 1 A AR E 1

34 ERRANEFBRESHME R ZIE
HIX &R

HH R RE EAS RS e 1 B I Ih A,
7 B 19, 48 o A 7 [ 2 o R LGB R ) R P —
AN E B R R AE AN R I B A ) B R AN
R, Hl 2 & A, X EER R M E E )
M RN, B E AR T B —

SE K 2 Ak b BEAT IR, B e N Ak 2 5 77 18] Btk E
f. BT AN AE 5] — AN 2 B B AN R 7 1) B A 7045
W E A AR R AR, BT i s e A
7T AN A R A s T B RIEE. ),
X T P R Rl Sl P — AN /NS R R E21ip3, A
(5] 7 16 o A ) S B0 R 5373 o 2 A4S 0L PO O X
— 5. [FIFE, X2 52 % (ubiquitin polyprotein),
fi# 3T & 79 200 pN, LI LA 75 17 O N 3 A C i
(B3 £ LysA8 Al C 3 (77 [l h A, 2 3 AR 2 1 0
BEARG 7 W A 7). AN [ 1 i 9T B B A E B 5 - Bl
T3S b A5 BE B U7 7E Rief 9F SU 4100 TAE
H, GFP EAN R AL RO SZ GOk, st 7 2 4
fil A S, FEHLAH T A B SR 2D RN T N/m F|
17 N/m A% (& 3) 1491,

() 117 N (b) g0 ' / / / () e e
R 400 40—
o i
. 0 M0 180 80 200 20 20 20 30+

GFP(3,132]

150

501

& ol KA AL AKAKA oAb

DA A AR AL AL 2

No. of events
:

Extension/nm

K3 GHESICE T (GFP) 1% 4R 5 50 5 1f () 5k [48)

4 )

00 0 W0 40 S0 0 700
Unfold force/pN
(a) XA [F) AL A7 2 D 2R HE AT SRR, o ) 5 B

GFP 5384t GFP BEEATRZAIM L ST H; (b) 3 AR T RERZR GFP £ REARIIE; (o) LU B (124)

5 Monte-Carlo HEEUIWrE )3 73 A7 i 25 (B (AS2Ee) AT HE

Fig. 3. The mechanical stability of GFP at different pulling directions!*8]: (a) By changing the location of cysteine

mutations in GFP, the points and direction of force applied to an individual GFP monomer in GFP polyproteins can

be manipulated; (b) SMFS profiles obtained by using GFP polyproteins that are linked differently; (¢) comparison

between experimental rupture force distributions (circles) and that of Monte-Carlo-simulation (black solid lines).

4 MREEREDTAFFENER
PR HOR IR AT B (0 008, 90077

IEANWT B, 3K L DR S . B A R
Fo: R T BB (AFM) . BESE Jet. Tl e

PR T EREE . T TI =R B BUAE BNz A
RIS (LI 4), EATTH 20 B AL BRI 18] 55 H5R 45
FEFIER 1 rp. BT AR T K 2 7 i AR T
JREIBIE T, I LT BT FC T3 R BE R £E 5. 03 1= 1T 48
AN THIVERT, PRI T R BUE Y 2 T HORS
AHITEBT. DU RS b = S 2 0 T A i Al ] 22
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(a) Magnetic tweezers

magnetic
bead

(b) Optical tweezers

(c) Atomic force microscopy
5
S

X
Laser Q‘Zy

Cantilever 7

B N

Surface tether )

i l Piezo

K4 HEEEO6EE LR T ) B 0 T AR SR B P

Fig. 4. Simplified mechanism of magnetic tweezers, optical tweezers and atomic force microscopy.

4.1 FIERTIENIE

1% FH 1% 5% (magnetic tweezers) 8 1 ik /7 X 5
AN EE 553 1 B BB 00N B IR (superpara-
magnetic) BL 1 #F 47 4E, B AT ) A8 5 52 )
(K4 (a)). BRI ) IE L T W 6 5, B
F = pVB, Hor s ks v e 3% B v i,
T i REEE A B W R A —/NE, ki
TR H AT DME 9 O . R R A B A
A LREFE BRI, 3 G 1 a0 AFM S5 B J 5t
BUECRFR1E ) 1 77 2. UKL 8 [0 32 2 AT i o
O FREEVE (centroid tracking) W a2, 18 i W8 i
WL HIU 6 5 AR BN DG 7E W 37 2 U8R (bright-field
microscopy) T &40, nHfieihmizs). H
WG 8 0 2% SUbF it IR32 B 1) 308 0T RS i =
10 nm. T MR, AP — AR R T REREE
T, 38 W AT IS s R SEE. T Bk sk
B _EAR 2T — > 2 BB ) ) I B #E B i 3R
¥+, HAim o8 F(X) /L, Fh FORREER BTS2 177,
(X) 9Tl 2R 100 32 3)) s 2 1 4 7 B B 9 1) e 1
YA, LARMHREK. HEgES s a8, TS
Wi i F = KgTL/(x?). 8% WM A+
0.05—20 pN[sl,

4.2 FIEBROTIENIE

Jt 8% (opitcal tweezers) K H % % 5K £ 1)
O SRS S L /N BRI 0 A S e R 4% /N BRI B B
(B4 (b)), 2RI —ImiE B0 1, 5051

R HLE I 0 2N 51 R /NERII AL, FLBT 2 1 77 1E B
TORERERE, IR F = oV, H, 1o A/NERF H
OGS EE, o A/NERBIAGZE D038 sk B R
AR5z . i, FRATT AT DL i B Bl s e % o)
T B R AR /N ERAE XSO RO R AL RS A
M VI kg1 77, A RGHLEE, 75 sz oh
Ji] UUgRE . RIS, AT R & kbR 5
XA 4 B s, AR GER B0 A8 ik
PN AL AN B, K2 HAE IR 3 B L
SEANAEAEMR M, [ A A 2R 0t 4 SR 25 B A
R G 51 RR KA T, S NERIIAL
BT /NEREUR BIEOE AT E . PRI AT A
Bk /NER AT B A2 B AR B G AL A R T e
MR . SR — /8 0.01—1 pN/nm, 7]
DAt AN /7389 4 0.1—100 pN.

4.3 BRETHEMENTIENIE

AFM HZ 0 #873 & —di [E 7€, 53— S e B 2R
(&S (cantilever), It FH S FIRE G 2 T A AH HAE
PRI i BTSN g 2 (B 4 (e)). ST 0 &
TUBEAS [F) T 4l P B, 8 4 SR T
FE b F) B 7 70, AN 2 o T RO BE B RN, (R e
RIS A] DU R AR, 0 S AL 2 R AR
A BFIAARRE AN, BEAMIURE S AR LA A
B RAETIRAR, BT e, B TEAR RN
IEEE TR RAMRE S ER 7). — RBOBRET &
B, BT 2B WIEAR, SO ROt R A4
¥, BEILARE SAERA R R BOCAT A RS TBOR
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T TRE RSO IR A RDI S, SR04 b DY R
BREIE AR Rk, GBR 2 T R I 22 ARG IE BT
WOCH) e, DR, JE i PRI A L s BT R R A AT 2R
ARE S PR 0. AR Rl i R (i A v, i
VAT BT ORANAE i A BELE, BATTRT BUR 2 (R FrET R |
e oE e, BURT /3 2R 2. AFM BR 1

F TR G 2 A, 36w DLEAT B 43 7 7 il i
R RERE KA B A, fE BB M L N3
BroR, (2 5FE R EAIOEH ST K, b5 R A2 3)
376 B AR SRR, TR AN R AT DLE I AR
25 R P AT BURE i 1 SRS B AFM INITE
1-—105 pN/nm, ATEEHENT) /128 2—10%pN.

Rl MR T ITERER A

Table 1. Comparison of three high-resolution, single-molecule measurement techniques.

ek sk SRR
Sy HEEE /nm 0.1—2 5—10 0.5—1
DR IE] /s 10~4—103 10—3—10° 10—3—102
Nt /pN-nm—1! 0.005—1 10=3—10-6 1—10°
FYEHE /pN 0.1—100 10—3—102 2—10%
frF% 36 /nm 0.1—10° 5—10* 0.5—10*
R 3D #4%, ZZHIHT R, DNA i BORWIHL T, 38 AT
ligeesit] LA AR I S A FLp sl AR LA R S R T B e
B ROV NGRS, SRR A o, BRAEE, B REA I A zﬁﬁf@‘i o
e Jebik, R, FREE  RTHRAT, RTKAT, Thgek o0 e, KRFIRER, R

5 2 Rk A 451, 1 BT B

5 BT HEMEES T
5.1 EFHEMEARNEEM

1986 4F, Binnig, Quate il Gerber & B T Ji ¥
JIRAEE. AFM B AR = 1 23 (8] 73 H 3 00 ) 2% R
B, RV, A S A T2 N . L
AR, TR 77 B AUER T CATE AR IR B R X AR
YIrE s AT W, SRS & HR i BR, AT DR SR
AR BRI AR DR A B AR ) AR S,
N4 i 25 A 2R 4B i SE. Rt AFM 2
PRI AP s B AN AT BRER 1) T B 55 4k, I 4Fk,
MR AFM N H T 857 A B a7, &
JERILT Vr 2 BAFFAIMER 7, e A=y 43+- (]
A EAEH . EE R R & B s T1E
FOMEH TR SRS, BT AFM 0] A= pN
Gl IAE R 77, PAE 505 4RI b B R R
FE. 54k, AFM E 2 68T e s 55 HAb M .5y 1
M EAXES, BA ) 2 2 a ], ] LA & A
+JLpN 2J LN W5 5, @& 0BT E K, Btk

75 B4 TS T B AR 149501,

5.2 RFNEMRRED THIEMIER

FERy AV ERRT FU T, KAt T A
731 (EEfn DNA B B A 50, MR E. 4
SRAET K H R 1 vh B Ak 23X A v 71 9F Hotb s 7>
TP 9 AR R S A LA 3 B g B T R AR
o — i B T AR I E S e A R A ek T
IR B — 2@ T i Jpig it 22, B 1 K&
(extension) M 73§ 7 A2 4% 77 (force) 5% FR I
715 Pl 28 (force-extension curves). 1l 5 fr
N, X AR IR T A A S5 R I
AR, HERT MG MBI AN EAR—
s, RS ARR AR BAE ), B BT AEEHAR b,
K5 (a) B, ZJaBEA B Liaim s AR, RE W
MR AR, e E P L g B A AR A5k
R (B 5 (b) Frar), e S EUE A B — A 45 kg 4k
S, MR B R B S T IR B BN T
(BB A 37 B AL 5 A 3 1) 22 IR BEAR 1 1 oL i
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BORE TR ), XK 3 BCh i 1 2URI R B, BRI T A
— AT B U, XA UL B I A G M R A B
T (B 5 CHR). BEJE & A2 T KR R IE &
SRR I 7 AR ORI L 77, PR 28 3B 4
S IT B, 70 B IRSRIT BE R AR A 3
B, WA A SR & 1. BEEET R
PR SRR, DO A S R R A R S, 2
IR T 4k S 4 7 4 (B 5 D). Fe 2% 2 R 2% 1 A
B AT, 2 ko 0 B BT R lid Ja — 4> U
(E5E). N #or 7 J5iEw] LIAS B & A g & 7,
X T S A, AT S B R 4
g PEAT E B RE T 115 2.

i

>
Extension

5 HAMPSTHELEREE BEPREARA 4
ANERIR, A, B, C, D, E XA FHL B BT B 77
e e 28

Fig. 5. Schematic of single-molecule force spectroscopy
on a polyprotein The protein here has 4 domains. A,
B, C D, E represent different states of the protein be-

ing stretched and the force spectroscopy.

5.3 NAZREBNNE

PR b, AFM FI#REHEF IR 5 3R L R
FEARS, BRI — > A& S M
TEH. KE LT, BERm & T RE R #1588
HAM—&, HEATRROLAZNE. K, 5
RE IR EE BE A HACE — B 200 & 0 B IR
Pr & M7 B E AR R ARIR . BhAh, $R4HE
BT HAMR L RE R, 5 & B ATk, W
REHE fR B R I A LS 0. IR R 3K R B
LV 2 B LR, X AFM 7738 i AR (4
PRIXE. Qo] 5 SRR 2 1 ) 0 5 TR e 5 B
R E IS ?

Xk, FATAT LN A B 2 HE A (polypro-
tein), IESRET F3E R A R S AR IR T s
SR, BT EE AR, 2 REATHEER
SRER IR, B8 R AE 1 Bl N A2 A6 AY
PRI T £ F IR IT I AR B REALE, TS5 A A
S RAERF I, @A — R EE RHE
e, ZREAS TRATE Z IR HEA
SE AT B S AT Bk BEAh, ZREA
BEAT b i SR AR R RIS 4R L T R A I
BEHL B, i Rk 5 EA R BOER, BAf
SERIRAGR AR R, PRI G 75 A SR SE B AR R
B BRI, geAh, 2R E E AT Lol
L DEY AR & QW NITE ot = E A IR N R 3 23
771 G52 1K TE IR .

54 HREBHIE

TG, KRR AR B R 8 S5 A 8 A I B IR B
XTI E DNA F Bl 70+ A0 2 J7 AR H
K, BIFTE R Al N (PCR) 519, #& L
PCRAX AT LUK F R 45 & DNA JF 51 ¥ in 21 5 ki By
XoF I B Bl 7D AT 8] 5K B A 38 U] -4l
1, BRI $RAS FTiE A “insert™. [RIEF, f 5¢ 38 5L 1
ATV ZRTS “vector”, Z J5 141 DNA ZE 421, 1P
ARG T I R O R PR DDA A
B RO IR, RIAT 2 h)F s 45 1 48000 3 2 I Bk
RN FH AT H. 5 TR A N R A,
LB FR, (AP H S 6 I E R e S R R
KRN ZREA T, 25— Eilkdgaift.

5.5 # & % B & B (chimeric polypro-
teins)

MATE & 2K — &84 5 3 S5 MW ) A
AL B SR 1 3 ——“48 40 Bk, I
CL 30T B RE S8 45 M35 A R i 9T IR 45 R B A
B, At BRSO SRAE A ) 25 h 3 () sl 4. 491 ) 2
wmEe () iaike 2 REH, HhaaiiEy
o £ (5] P 23 AR AR DU 25 A 3l A L n 25 h ds. B
ME BRI E6 (b) i 713 B, KA A4
R a0, 2 J5%HE— B A &R & 7] (peak
unfolding force F,) BITE2E, HH G AT 4 b 25 7 45
BAR ORS00 ) 22 5m EE. [R B Rk
B AERT TS5 1) 7 5 0m B, ARG B B T B 705
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FABRIR, B w T4’ 6 () Bros, 58—
R PRV U X 7 AR5 D00 22 R sy g, L O [ ) i
LR R4S USSR, AR AR S Fe B
HA MR 7758 B, B ain i igdh & 71 CARE
A RIS E, B o rigla . k7 (a) i
7, Ferp 2L T HE b S 10 B B 23 ) AR A 45 A 3
MOmais, Mhpragninea 2 REA R
K7 (b) Bty /33, T BENLRIMEST & I, SEPR
S R IR 2 A 2R, 1B T (b) URR H AT g
13 Sk Lk, JEIL Mg R R, A&l 7 (c) Hh B
NIRRT E S S E R BRI OCR. ik, AT A B
ARp U 225 R B R AT e LR S 3 N I R B A B
PRI, T MR R L ) A 4 88 1 P 0 90 o 455 0 45
PRI RS L bR L, HATIRABT L. G 2 RE H
DR TR R A, BARTR W T AR S A Okt
REFITEER, A R e T sE 3ok P

(a)

Force

Force

Extension

E6 maZTREANMEAIE () riitlEEE
FIZE R, 2060 75 HE 55 43 000 3] Bl 2 S AR A5 U 45 Ay A 2
GRS (b) 2T (4 BB T AR, Foyg
R (o) ML AL IR AA BRI 58N, J Fun
IV i

Fig. 6. Chimeric polyprotein and its theoretical force
extension profiles: (a) A simplified Chimeric polypro-
tein, green circle and red square represent well-known
domains and the domain under probe respectively;
(b) suppose the red domain is mechanically stronger,
the domain is likely to unfold last and its peak un-
folding force(Fun) should be higher than the red one;
(c) if the red domain is mechanically weaker, the do-
main should unfold first and its Fyn should be lower

than the red one.

Extension

A (c)

Fun

»

K

Peak to peak distance

K7 ka2 REARBLW R ER B () JT
Bt A2 R ARG, O TTHE S SO IR 2 AR
DL R IR C nEER 4 (b)) F 43 b BEATL AR ST B X P 53X
I T 0l (o) WA BELS 4T 2 71 55 A IR ]

Fig. 7. Chimeric polyprotein and its theoretical force

extension profiles: (a) A simplified chimeric polypro-
tein, green circle and red square represent well-known
domains and the domain under probe respectively;
(b) possible force extension profiles result from a ran-
dom unfolding sequence; (c) scatter plot of the peak-

to-peak distances against the peak unfolding forces.

6 BT 7R HE LR R E
(REREE B AHE FTL
% & . m i AFM)

B 7 AR S Gk Ak, IEER, AFM A B AE
FiR VLR IT: A T E RIS, — 7, XL
B AR AFM AR E MRS I REAS 21 T B0R
HI$e s, A— 77, BT AFM A A4 &,
AMEFE T T AFM J) 3l I & i &, 2k A A5 4N
= [P 8] R R PR, BE4b, B Toshio Ando #H % #H
) AFM 51 I R AR AE 15 AFM BUR 33 B2 KR
FERE S, AT ] AR T — 2B Ko 130 7
SRR R E A &
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8 EKRREHEIEX AFM [ R85 FORS 1 520

zo/nm

Integrated force noise/pN

0 1 1 1 1 1
102 101 100 10t 102 108

Frequency/Hz

(a) PIFREFIR I 1% RIBUZ IR EE; (b) PIFhER I E I TER X L,

2.5 kHz I =0 5 300 IR 30K, 10 Hz R Bk G380, (o) #HRIGFI IR (PSD), 2T 5 ML 100 s 19 54%;
(d) 1 () BB PRI RIN % oy e B (ol 288 TA70E S 0 R M0RTAR, W €l 2R AR 3 S W Rk 2 PR 0 %1% 152)

Fig. 8. Comparison between gold-coated and uncoated cantilevers in sensitivity and precision: (a) Sensitivity

between gold-coated and uncoated cantilevers; (b) time scale of zero-force position (z¢) of gold-coated and uncoated

cantilevers. High-bandwidth 2.5 kHz data are represented in dark colors and 10 Hz data are in light colors; (c) an

averaged power spectral density (PSD) records of five consecutive 100 s data; (d) integrated force noise based on

records in (c); the gold profile represents gold-coated cantilevers while the blue represents the uncoated one. This

figure is reprinted from Ref. [52] with permission from the American Chemical Society.

Tom Perkins /NH I A 50 H — 0T pN K
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N AT DU & 5 B AR 1O TS s
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PAAR PR 3 o 22 A 2 19 7 2% 9 52 R 4T RS #E (9 I &
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R, To1e e BB A8 S SRR it e I 4 /0 77
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BRI G BA YK 7> T S5 1) 3 353240 A K
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FRR L B L E R A HESIAE . 534k, Bl AEvE
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B B Ok 2 (15T AFM [ 5050 12 05 1
FRARBOT A IR, RIRZE B K ) BL Rz
J15VE AT B 45 1 2 A ) e 2 1 MR 2 445
Wi, JEHRIEE R AFM 5 T % E AR RS T
EORE D, AE L H 28 BA R 7R T B, Rk
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9 SmIERASE M AFM S EIIES I 1 (CaM) FUSCINUR  (a) SC00HS B 2R, 383 {0 £ 40 /3 54 ME RO flamin 25
BAEN BT ¥ CaM [ 24 AFM 4R 5H0E; (b) 76 10 mM 45 85 T3k 5 5 5L T CaM [ N %545 #4% (DomN) Al C
Ui 25 MR (DomC) 4T M L B M B, P4 2%K DomN, LR DomC, Midif REEM & (BL) ko
# DomN Fll DomC. (c) 7 10 Mm 585 7IKEE T, 7B th 1584 DomC T B I A A K R (d) A S 4 &
AR AT, NAARRRE, TS R, UNRKRERES DI

Fig. 9. Experiment data on calmodulin protein by using low-drift AFM: (a) Schematic diagram of the AFM in this
experiment, the calmodulin protein (CaM) is connected between cantilever tip and surface by using filamin domains
as handles; (b) sample force-time profile of CaM at 10 mM Ca?*, red lines represent the transition between folding
and unfolding state of N-terminal domain of CaM (DomN), and those of DomC (C-terminal domain) are shown in
blue, worm-like chain fit curves (black lines) are used to determine the contour length increase upon unfolding (AL),
which enable the identification of individual domains; (c) force-time profiles of the transition region of individual
DomC at 10 mM Ca2t; (d) possible energy landscape for the folding of DomC at 10 mM Ca2?*. N represents native

state; TS is transition state; U marks unfolded state (531,

DNA Microfluidic b Surface In vitro Protein  Single-molecule
@ microarray chip (b) chemistry expression © microarray AFM

m _ ﬁ y PDMS chip .jjt_)_ oo

DNA
T7 promoter
RBS
ybbR tag Neck
His(x6)

Silicon
nanoprobe

“&

TIRF
alignment

chamber

Force assay
valve

Gene
of interest

Dockerin
T7 term.

Sandwich valves

DDM 2 PEG-CoA @ Cohesin éﬂ% Dockerin % o?irr?tt:igst

10 AR BIE [ SR M SEae i Il BRI R AN FRIE ARG &, DAL AT LB R A E A RIS
TR KA, BRI PO IR E AL, AR AFM %R A #ET 5 5]

Fig. 10. A new process from DNA sequence to SMFS. By combing the use of microfluidic chip and DNA expression
in vitro, researchers can now perform selective surface modification and express gene of interest in vitro directly. By
using total-internal-reflection fluorescence/atomic force microscope (TIRF-AFM), the cantilever can be positioned

in the center of the fluorescent rings in the protein array, performing SMFS measurements [9°].
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Fig. 12. Bottom-up approach can be used to rationally engineer the mechanical properties of elastomeric protein-
based biomaterials: (a) Schematic of the sequence of an artificial elastomeric protein GRG5sRG4R mimicking the
sequence of muscle protein titin, G represents a GB1 domain and R represents the resilin repeat; (b) three typical
force-extension curves of GRGsRG4R, the initial low-force spacer corresponds to the stretching of unstructured
resilin sequences, and the sawtooth peaks correspond to the unfolding of GB1 domains; (c) three force-time traces
for stepwise unfolding of GRGsRG4R under a constant force of 80 pN, each stair corresponds to the unfolding
of a GB1 domain; (d) a picture of a ring-shape hydrogel made of GRGsRG4R protein and its proposed network
structure; (e) and (f) the stress-strain and stress-relaxation curves for the hydrogels made of GRGsRG4R [23].
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Abstract

Elastomeric proteins are a special class of proteins with unique mechanical functions. They bear, transduce me-
chanical forces inside cell, and serve as biomaterials of high elasticities and strengths outside cell. Depending on their
functions, the mechanical properties of elastomeric proteins are very diverse. Some of them are of high mechanical
stability and the others are of high extensibility and toughness. Although many elastomeric proteins are engineered for
the applications in the fields of biomaterials and nanotechnology, the molecular determinant of the mechanical stability
remains elusive. In this review, we summarize recent advances in the field of protein mechanics studied by using single
molecule force spectroscopy. Force spectroscopy enables people to probe the unfolding properties of protein domains,
thus paving the way for building special proteins with characteristic mechanical functions. To begin with, it is necessary
to clarify the factors and their relations with the unfolding force, which is deduced based on Bell’s expression. It turns out
that the unfolding force is proportional to pulling speed when the speed is relatively small, and has a logarithmic relation
in the high-speed approximation. After the external determinant of the force probe is clarified, some intrinsic factors are
to be discussed. Hydrogen bound and electrostatic force, rather than covalent bond, contribute to the mechanical perfor-
mances of proteins. Those interactions rely on the topology structures of protein molecules. By changing the structures

of proteins, researchers now manage to change the mechanical characteristics of certain proteins. Since single protein
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is unable to be detected by traditional optic microscope, three devices used to observe and manipulate single protein
are introduced in the present paper. These include atomic force microscopy, magnetic tweezers and optical tweezers.
Among them, a more detailed explanation of atomic force microscope (AFM) is provided, which briefly describes the
basic mechanism and structure of AFM and possible explanation for the formation of force-extension curves. After that,
several recent advances for improving the AFM based single molecule force spectroscopy techniques are highlighted.
For example, Tom Perkins group [Sullan R M A, Churnside A B, Nguyen D M, Bull M S, Perkins T T 2013 Methods
60 131] has discovered that the gold-stripped tip gives more accurate and reproducible results than a gold-coated one.
Matthias Rief group [Schlierf M, Berkemeier F, Rief M 2007 Biophys. J. 93 3989] has managed to increase the resolution
of AFM, pushing it in pair with optical tweezers. Hermann Gaub et al. [Otten M, Ott W, Jobst M A, Milles L F,
Verdorfer T, Pippig D A, Nash M A, Gaub H E 2014 Nat. Methods 11 1127] combined the microfluidic chip and DNA
expression in vitro to increase the yields of interpretable single-molecule interaction traces. Toshio Ando et al. [Ando
T, Uchihashi T, Fukuma T 2008 Prog. Surf. Sci. 83 337] have developed methods to increase the imaging speed of
AFM. Finally, the rationally designing the mechanical properties of protein-based materials pioneered by Hongbin Li
group is highlighted. They have discovered direct relationship between the mechanical properties of individual proteins
and those of the protein materials. To sum up, with AFM, scientists now can explore mechanical properties of a wide

range of proteins, which enables them to build biomaterials with exceptional mechanical features.

Keywords: single molecule force spectroscopy, atomic force microscopy, poly protein, biomaterials
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