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>:72! >0/! 716;/056741! ;16/;! 3;! /7I424H;! ;6! 3;! 6/01234541.! %0! 5A0n1;! >43C>;>6797P:;!

10722016;!>022;!034/2!9012! 3;!50103!;6!5W;26! 3WAC9/43C2;!9;!]"D!>4:/! 3WF341G06741!>0/! 3;!

/7I424H;!P:7!T4:/176!3WF1;/G7;!2:TT72016;!>4:/!3;!>0220G;!a!6/0O;/2!3;!50103!hT7G:/;!-.<i.!

%0!>/46F71;!;26!034/2!>/4G/;227O;H;16!/;>37F;!;1!>022016!9;!3W0:6/;!5b6F!9;!30!H;HI/01;.!

!

!

!"#$%&'()+%&%G/4K.6%46%1*+,-./0+12/,%0/31*+45012/,,6..6:%L6%-0>=7+%7/,1*6%.6-%42MM=*6,16-%

=1+86-%46%.+%1*+,-./0+12/,%0/31*+45012/,,6..6:%N1+86%!%&%<,16*+012/,%46%EOP%+I60%.6%8681246%

-2Q,+.% 46% .+% 0>+R,6% ,+2--+,16:% N1+86% "%&% <,16*+012/,% 45% 0/78.6S6% *2J/-/763EOP% +I60% .6%

*=068165*%767J*+,+2*6% EO:% N1+86% #%&% O6.+*Q+Q6% 46% EOP% 61% 2,16*+012/,% 45% *2J/-/76%+I60%

E60A!TE60FNU%61%1*+,-M6*1%46%.+%0>+R,6%,+2--+,16%4+,-%.6%0+,+.:%N1+86%$%&%)*+,-./0+12/,%46%

.+% 0>+R,6% 8/.V8681242956W% 0.2I+Q6% 45% 8681246% -2Q,+.% 61% *68.2676,1% 46% .+% 0>+R,6% 46% .X+51*6%

0Y1=%46%.+%767J*+,6:%N1+86%@%&%Z2,%46%.+%1*+,-./0+12/,%61%42--/02+12/,%46-%465S%-/5-35,21=-%

*2J/-/7+.6-:%h"@i%

Extracellular
space

Cytosol

Signal
sequence

SRP
receptor

SRP

Sec61/
SecY

mRNA

1

2

3 4

5

 "
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!

! !

!

2020: 3%-#4.&)-$*&#!5&4$L$%-'()$*&##/../!

!

,-&.'/&0'1$23%456&0'

!

'012!30!>3:>0/6!9;2!5;33:3;2V!3;2!>/46F71;2!2416!6/012>4/6F;2!0>/X2!30!T71!9;!3;:/!2C16AX2;.!

@;66;! 6/01234506741! >42686/09:567411;33;! :67372;! >3:27;:/2! HF50172H;2! 5A;B! 3;2!

;:50/C46;2!4:!3;2!>/450/C46;2.!@A;B!30!3;O:/;V!;6!>/4I0I3;H;16!5A;B!64:2!3;2!;:50/C46;2V!

30! 6/01234506741! ;26! ;TT;56:F;! ;1! 544>F/06741! ;16/;! (;5E-! ;6! :1! 50103! >/46F7P:;!

6F6/0HF/7P:;! 14HHF! (;5E=JE<V!H072! 0:227! 0O;5! :1;! >/46F71;! 9;! 30! 3:H7X/;! 9:!,&V! 30!

>/46F71;!$7DV!H;HI/;!9;!30!T0H733;!9W#"D02;2!9;2!q2>LR.h##i!%0!5A0n1;!>43C>;>6797P:;!

6/09:76;!;26!5419:76;!Z:2P:W0:!2C26XH;!(;5E-V!;6!24:2!T4/H;!9F>37F;!G/c5;!a!30!>/F2;15;!

9;!5A0>;/41;2!022457F;2.!\1;!T472!P:;!3;!>;>679;!27G103!;16/;!;1!716;/056741!0O;5!(;5E-V!

3;2! 5A0>;/41;2! 2416! /;30/G:F;2.! *3! C! 034/2! 716;/056741! 9;! 30! >/46F71;! $7D8#"D! 0O;5! 3;!

94H071;8f!9;!(;5E<V!3W#"D!;26!AC9/43C2F!5;!P:7!>;/H;6!a!30!>/46F71;!$7D!9;!2W0>>/45A;/!

9;! 30! 5A0n1;! >43C>;>6797P:;! ;1G0GF;! 9012! (;5E-.! $7D! 716;/0G76! 0O;5! 3;2! >0/67;2!

AC9/4>A4I;2!9;! 30!5A0n1;!>43C>;>6797P:;!;6! 3W;H>d5A;!9;!/;>0/67/!O;/2! 3;!5C64243V! 64:6!

;1! 3W;16/071016! 0:227! O;/2! 30! 3:H7X/;! 9:! ,&.! %4/2P:;! 3;!H4:O;H;16! ;26! 2:TT72016V! :1;!

0:6/;!>/46F71;!$7D!O7;16!2;!T7`;/!2:/!30!5A0n1;.!@;!>/45;22:2!;26!/F>F6F!Z:2P:Wa!5;!P:;!30!

6460376F! 9;! 30! 5A0n1;! 2476! 6/012>4/6F;! hT7G:/;! -.Mi.! &1T71V! 3WF5A01G;! 9W:1! #'D! ;1! #"D!

>;/H;6! 9W4:O/7/! 3;2! >/46F71;2! $7DV! P:7! /;3c5A;16! 30! 5A0n1;! >43C>;>6797P:;! 6/012>4/6F;!

P:7!>;:6!2;!/;>37;/.!

!

 #



!!
@A0>76/;!-!l!",#S(DN,"!'&!D,N"^*S&(!'#S(!\S!S#SNDN,&!

!

! !

!

!"#$%&'()7%&%G/4K.6%46%1*+,-./0+12/,%8/-131*+45012/,,6..6%0>6[%.6-%650+*V/16-:%L6%-0>=7+%

7/,1*6%.6-%42MM=*6,16-%=1+86-%46%.+%1*+,-./0+12/,%8/-131*+45012/,,6..6%8/5*%.+%-=0*=12/,%46%

8*/1=2,6-:%N1+86!%&% <,16*+012/,%46% .+%0>+R,6%8/.V8681242956%+5%0/78.6S6%E60W%0/,-1215=%46%

E60A!%61%E60A"TE60A#:%L6-%0>+86*/,6-%+--/02=6-%\%.+%0>+R,6%8/.V8681242956%-/,1%*6.+*Q5=6-%

45*+,1%-/,%2,-6*12/,%4+,-%.6%0+,+.:%N1+86%"%&%'2P3])P%2,16*+Q21%+I60%.6%4/7+2,63^%46%E60A#:%

]8*K-%>V4*/.V-6%46%.X])PW%'2P3]?P%-6%.26%\%.+%0>+R,6%8/.V8681242956%.X678_0>+,1%46%*6I6,2*%

4+,-% .6% 0V1/-/.:% ;6% 8*/06--5-% 6-1% *=8=1=% H5-95X\% 06% 956% .+% 0>+R,6% -/21% 1/1+.676,1%

1*+,-8/*1=6:%N1+86%$%&%O=Q=,=*+12/,%46%'2P3])P%952%-6%42--/026%46%.+%0>+R,6%8/.V8681242956:%

h"@i%

!

,-&.'/&0'8%523%456&0'

!

@A;B!3;2!>/450/C46;2V!30!5A0n1;!>43C>;>6797P:;!;26!r!>4:22F;!s!9012!3;!6/01234541!G/c5;!a!

241! >0/6;107/;V! 3W#"D02;! 5C642437P:;! (;5#.h#$i! (;5#! 2;! 37;! 9W0I4/9! a! 30! 5A0n1;!

>43C>;>6797P:;!>4:/! 3W712F/;/!9012!(;5K&].!%;2!5A0>;/41;2!(;5$!2416!034/2!/;30/G:F;2!

9:/016! 5;! >/45;22:2.! (;5#! >422X9;! 9;:`! H467T2! P:7! G3722;16! 3W:1! 2:/! 3W0:6/;! G/c5;! a!

3WAC9/43C2;! 9;! 3W#"D! hT7G:/;! -.?i.! @W;26! 5;! H4:O;H;16! P:7! >4:22;! 30! 5A0n1;!

>43C>;>6797P:;!a!3W716F/7;:/!9:!50103.!%0!5A0n1;!>43C>;>6797P:;!2;!/;>37;!>;676!a!>;676!;1!

24/67;! 9;! 50103V! ;6! :1;! T472! 30! 6/01234506741! 6;/H71F;V! (;5#! 2;! 2F>0/;! 9;! (;5K&].! ';2!

6/0O0:`! 9;! 27H:306741! 416! F6F! ;TT;56:F2! ;1! =RRE! 2:/! 30! 9C10H7P:;! 9;! >0220G;! 9;!

D

D

T

T

D

ADPT
DPi

+ ATP

Chaperones

Preprotein

Signal
sequence

BiP

Sec62/63

Sec61

J-domain

1 2 3 4

ER lumen

Cytosol

 $
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!

! !

>43C>;>679;2! a! 6/0O;/2! 3;! 54H>3;`;! (;5K&β.h#@i! %;2! 6;H>2! H;2:/F2! 9012! 5;66;!

27H:306741!2416!6/X2!F347G1F2!9;2!6;H>2!/F;32!9;!6/01234506741.!@;66;!F6:9;!H416/;!P:;!30!

H;2:/;!9;!6;H>2!9;!6/01234506741!>0/!27H:306741!1W;26!>02!>4227I3;!;6!P:W73!C!0!:1!/F;3!

I;2471! 9W;`>F/7;15;2! >4:/! H;2:/;/! 5;2! 6;H>2.! \1;! 036;/1067O;! ;26! 3W:6737206741! 9W:1;!

0>>/45A;!G/42! G/0712!>4:/! 30! 27H:306741!P:7!>;/H;6!9W055F9;/! a!:1;!F5A;33;!9;! 6;H>2!

>3:2!341G:;h#A8#Ci.!

!

!"#$%&'()9%&%G/4K.6%46%1*+,-./0+12/,%8/-131*+45012/,,6..6%0>6[%.6-%8*/0+*V/16-:%L6%-0>=7+%

7/,1*6% .6-%=1+86-%46% .+%1*+,-./0+12/,%8/-131*+45012/,,6..6%8/5*% .+%-=0*=12/,%46%8*/1=2,6-:%

N1+86% !%&% E60]% 2,16*+Q21% +I60% .+% 0>+R,6% 8/.V8681242956% 61% .X2,-K*6% 4+,-% E60FNU:% L6-%

0>+86*/,6-% 0V1/-/.2956-% E60'% -/,1% *6.+*Q5=6-% 45*+,1% 06116% =1+86:% N1+86% "%&% U*`06% +5S%

0V0.6-%4X>V4*/.V-6%46% .X])PW% .6-%7/12M-%46%E60]%8/5--6,1% .+%0>+R,6%4+,-% .6%0+,+.:%N1+86%#%&%

a,6%M/2-%.+%1*+,-./0+12/,%+0>6I=6W%E60]%6-1%.2J=*=6:h"@i%

!

2020< "#$,+%-$*&#!'/!5%&$,*#/4!8/89%-#-*%/4!5-%!M/)F2NM/)O!

!

%0! >3:>0/6! 9;2! >/46F71;2! H;HI/0107/;2! 2416! 716FG/F;2! 9012! 30! I754:5A;! 37>797P:;!

>;19016! 30! 6/01234506741! 5486/09:567411;33;.! %;2! 2;GH;162! 6/012H;HI/0107/;2!

2W716XG/;16! 2FP:;167;33;H;16! 9012! 30!H;HI/01;! G/c5;! a! :1;! 4:O;/6:/;! 276:F;! 9012! 3;!

50103! P:7! ;26! 97/;56;H;16! ;1! 5416056! 0O;5! 30! >A02;! 37>797P:;h#b8$"i.! %4/2P:W:1!

Periplasm

Cytosol

ATP ADP + Pi

SecB

SecA

SecY

Preprotein

Two-helix
�nger

PPXD

Signal sequence

+ ATP

Clamp

1 3

2

 !
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!

! !

>0/6;107/;!9;!30!6/01234506741!;26!;1!716;/056741!0O;5!3;!50103V!5;6!F50/6!2;/076!4:O;/6!;1!

>;/H01;15;.!%;!HF50172H;!;26!9415!27H>3;t!>;19016!P:;! 30!5A0n1;!>43C>;>6797P:;!;26!

6/012>4/6F;V! 3;! 2;GH;16! 276:F! 9012! 30! >A02;! 0P:;:2;! 9:! 50103! ;26! ;`>42F! a! :1!

;1O7/411;H;16!AC9/4>A4I;!9u!a! 30!>/F2;15;!9;!5;66;!4:O;/6:/;V!5;!P:7!>;/H;66/076!9;!

/F>0/67/!5A0P:;!2;GH;16!2;341!3W;1O7/411;H;16!AC9/4>A73;!4:!AC9/4>A4I;.!

!

2020B P94/%7-$*&#!,./)$%*?(/!'/!.-!$%-#4.&)-$*&#!

!

[XO/;!61%+.h$#i!4I2;/O;16!;1!-UUR!>0/!9F6;56741!F3;56/7P:;!9;2!5010:`!H7645A419/70:`!

722:2!9;! 3;O:/;2!P:7!2416!/;5412676:F2!9012!:1;!H;HI/01;! 37>797P:;!;6! 3;! 6/012>4/6!9;!

>;>679;2.! @W;26! (7H41! ;6! $34I;3h"Ai! ;1! -UU-! P:7! 416! ;TT;56:F! 30! >/;H7X/;! 4I2;/O06741!

F3;56/7P:;! 9;! 30! 6/01234506741! 5486/09:567411;33;! 9W:1;! >/46F71;! a! 6/0O;/2! :1! 2C26XH;!

/;5412676:F!(;5E-.!';2!H75/424H;2!>015/F067P:;2!416!F6F!T:27411F2!0O;5!:1;!H;HI/01;!

37>797P:;!>301;!2F>0/016!9;:`!54H>0/67H;162.!&1!>/F2;15;!9;!>:/4HC571;V!:1!71A7I76;:/!

9;!30!6/09:56741V!732!416!>:!O47/!:1;!0:GH;1606741!9;!30!5419:567O76F!9:!50103!022457F;!0:!

9F605A;H;16!9W:1;!5A0n1;!10722016;!9;!>/46F71;.! *32!416!0:227!H416/F!P:;! 3;!/7I424H;!

;1!716;/056741!0O;5!(;5E-!>;/H;66076!9;!G0/9;/!3;!50103!4:O;/6.!@W;26!30!>/;H7X/;!T472!P:;!

3W41!0!>:!54//F3;/! 30!6/09:56741!0O;5!:1!HF50172H;!9;!2F5/F6741!9;!>/46F71;2.!v7/6A!61%

+.h$$i! /;5412676:;16! ;1! =RR<! 9012! :1;! H;HI/01;! 37>797P:;! 3;! 6/01234541! (;5E-.! &1!

=RRMV!v443A;09!61%+.h$@i!H416/;16! 3;! /;>37;H;16!>0/! T3:4/;25;15;!9W:1;!>/46F71;!>0/!

>0220G;! a! 6/0O;/2! 3;! 6/01234541! ;6! P:;! 3;! /7I424H;! 716;/0G76! 97/;56;H;16! 0O;5! 5;3:7857!

>4:/!3;!6/012>4/6.!

!

 "
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! !

20: 3%-#45&%$!'/!5%&$,*#!"#$#%&'()!%%!#*!#%+#,-%'(.%!#./01.!!'-#4!(#!

#-#&5&%/!

!

%;2! ;`>F/7;15;2! 9;! /;5412676:6741! 9W:1! 6/01234541! 9012! :1;!H;HI/01;! 37>797P:;! 2416!

6/X2!97TT7573;2!a!/F0372;/!;6!a!716;/>/F6;/.!\1;!>/;H7X/;!0>>/45A;!>3:2!27H>3;!>4:/!F6:97;/!

3;!6/012>4/6!;6!3;!/;>37;H;16!9;!>/46F71;2!;26!3W:6737206741!9W:1!>4/;!>0227T!>/46F7P:;!4:!

0/67T757;3V!a!>0/67/!9;!H;HI/01;2!24379;2!>;/5F;2V!>4:/!H7H;/!3;!50103.!'012!5;!502V!73!;26!

>4227I3;! 9;! 2:I2676:;/! 3WF1;/G7;! 1F5;2207/;! a! 30! 6/01234506741! 2,% I2I/V! >0/! :1! 5A0H>!

F3;56/7P:;!2,%I21*/.!

%0! 9F6;56741! 9;! >43CHX/;2! ;6! >43CF3F56/43C6;2! 2C16AF67P:;2V! I74H43F5:3;2V! ;6! 9;!

54H>3;`;2! H43F5:3;837G019! a! 3WF5A;33;! 9;! 30! H43F5:3;! :17P:;! >;/H;6! 9WF6:97;/! 9;2!

>/4I3FH067P:;2! 0:! 17O;0:! T4190H;1603! >4:/! 30! I7434G7;! ;6! 30! >AC27P:;h$A8$Ci.! %0!

2;127I7376F!9;! 5;66;! 6;5A17P:;!0!>;/H72! 3;!9FO;34>>;H;16!9W4:6732!9;!I7480103C2;!;6!9;!

970G14267P:;h$b8@!i.! D0/H7! 3;2! 97O;/2;2! 6;5A17P:;2! 9;! H43F5:3;! :17P:;! 9FO;34>>F;2!

54HH;! 3;! [,&"h@"iV! 3W#[)h@#i! 4:! 3;2! >715;2! 4>67P:;2h@$i! ;6! H0G1F67P:;2h@@iV! :1;!

14:O;33;! 6;5A17P:;! 0! F6F! 9FO;34>>F;! 5;2! P:71B;! 9;/17X/;2! 011F;2!l! 3W:6737206741! 9;!

1014>4/;2!>/46F7P:;2!4:!0/67T757;32.!@;66;!14:O;33;!6;5A17P:;!;26!54H>3FH;1607/;!9;! 30!

6;5A17P:;!9;![,&"!P:7!1;!9411;!>02!055X2!a! 3W;12;HI3;!9;2!541T4/H067412!;6!9415!0:!

>0C20G;! F1;/GF67P:;.! &33;! ;`>34/;! 0:227! :1! ;2>05;!9;! 541T4/H067412! 97TTF/;16! 9;! 5;3:7!

;`>34/F!>0/! 30! 6;5A17P:;!9;2!>715;2!4>67P:;2.! *3!1W;26!>02! 5;/6071!P:;! 3;2!>/45;22:2!9;!

9F>37;H;16!;6!/;>37;H;16!4I2;/OF2!0O;5!3;2!6;5A17P:;2!9;!T4/5;2!247;16!3;2!HdH;2!P:;!

3;2! >/45;22:2! 4I6;1:2! 34/2! 9;! 30! 9F106:/06741! 6A;/H7P:;! 4:! 5A7H7P:;V! 4:! 34/2! 9:!

/;>37;H;16!2>41601F!9;!30!>/46F71;.!%;2!1014>4/;2!>/46F7P:;2!4:!0/67T757;32!4TT/;16!9415!

:1;!0:6/;!036;/1067O;!>4:/!3WF6:9;!9:!9F>37;H;16!4:!/;>37;H;16!9W:1;!>/46F71;.!

 #
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20:02 Q%*#)*5/!'/!',$/)$*&#!,./)$%*?(/!

!

%0!HF6A49;!9;!9F6;56741!F3;56/7P:;!9;!>0/675:3;2!a!3WF5A;33;!:17P:;!1076!9012!3;2!011F;2!

-U?RV!0O;5! 3W71GF17;:/!v.!q.!@4:36;/h@i.! *3!I/;O;66;!;1!-U?<! 3;!54H>6;:/!P:7!>4/6;!241!

14HV! >;/H;66016! 3W0103C2;! 7197O79:;33;! 9W4IZ;62! 9W:1;! 60733;! 9;! 3W4/9/;! 9:! 97`7XH;! 9;!

H7337HX6/;!;1!243:6741.!%;!>/7157>;!;26!I02F!2:/!30!H;2:/;!9;!O0/706741!9;!30!/F2726015;!

F3;56/7P:;! 9W:1! 50103! 9;! 60733;! H75/4254>7P:;! /;H>37! 9W:1;! 243:6741! 5416;1016! 9;2!

F3;56/43C6;2.!@;66;!O0/706741!;26!;1G;19/F;!>0/!30!>/F2;15;!9W:1!4IZ;6!54334p903!4:!9W:1;!
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ABSTRACT: Understanding protein folding remains a chal-
lenge. A difficulty is to investigate experimentally all the
conformations in the energy landscape. Only single molecule
methods, fluorescence and force spectroscopy, allow observing
individual molecules along their folding pathway. Here we
observe that single-nanopore recording can be used as a new
single molecule method to explore the unfolding transition and
to examine the conformational space of native or variant
proteins. We show that we can distinguish unfolded states from
partially folded ones with the aerolysin pore. The unfolding transition curves of the destabilized variant are shifted toward the
lower values of the denaturant agent compared to the wild type protein. The dynamics of the partially unfolded wild type protein
follows a first-order transition. The denaturation curve obtained with the aerolysin pore is similar to that obtained with the α-
hemolysin pore. The nanopore geometry or net charge does not influence the folding transition but changes the dynamics.

U nderstanding how proteins fold remains one of the
fundamental problems in biology and physics.1 This

mechanism also has considerable medical relevance and
potential applications. Many experimental methods, simula-
tions, and theories explore protein folding mechanisms,2,3 but
one of the main difficulties is to access the conformational
space experimentally. Two single-molecule methods have been
used to study protein conformations, fluorescence spectrosco-
py4 and AFM-bases force spectroscopy,5 but neither permit the
complete separation of all of the conformations. We propose
another method to study the protein folding at the single
molecule level using nanopores and electrical detection.
Biological or synthetic macromolecules can be electrically

driven through a nanopore,6−8 and this kind of manipulation is
now widely used and has many important potential
applications.9−12 Nanopores have been used to study protein
transport,12−25 nanopore−protein interactions,12,26−28 and
protein−protein interactions18,23 and recently to investigate
protein conformations in different conditions.20,21,28−31 Never-
theless, up to now, the conformational space of native or variant
proteins and their unfolding transition using single-nanopore
have been less studied.
We have previously shown, using the α-hemolysin pore and

maltose binding protein (MBP or MalEwt), that unfolded
proteins induce short current pore blockades and their
frequency increases as the concentration of denaturing agent
increases, following a sigmoidal denaturation curve. We have
also observed very long blockades in channels associated with
partially folded proteins.21 Here, we study the destabilized

variant of maltose binding protein unfolding through the
vestibule and stem side entry of the α-hemolysin pore, and we
compare the unfolding transition of the wild type and the
destabilized variant. We study also the denaturation of MalEwt
using a different channel, aerolysin, in order to probe the
influence of the geometry or net charge of the channel in the
folding transition.
The nanopore device used in our experiments is presented in

Figure 1a. MalEwt or MBP is the maltose binding protein of E.
coli. Its shape is ellipsoidal with overall dimensions of 3 × 4 ×
6.5 nm3.32 The overall structure of MalE consists of two
discontinuous domains constructed from secondary structural
βαβ units and surrounding a cleft that forms the binding site for
maltose and maltodextrins (Figure 1a). When the α/β loop
connecting α-helix VII to β-strand J in the C-domain was
modified (Gly220 and Glu221 simultaneously substituted by
Asp and Pro), the resulting MalE219 variant is strongly
destabilized and completely unfolded at low guanidium
concentration.33 The sizes and the net charges of MalEwt
and the variant (MalE219) are the same: 370 residues (40707
Da) and −8e. The α-hemolysin channel is characterized by a
geometric asymmetry due to the presence of a large extra-
membrane vestibule domain34 and by a slightly positive global
net charge (Z = +7e). The aerolysin pore is heptameric and
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does not have a vestibule domain,35 and its net charge is highly
negative (Z = −52e). The length of both channels is the same,
10 nm, but the aerolysin pore diameter, estimated to be
between 1 and 1.7 nm,35 is smaller than the α-hemolysin one.
In absence of protein, we do not observe any current blockade.
We can measure the open pore conductance through the
α-hemolysin pore, 120 ± 6 pA at 100 mV in the presence of
1 M KCl and 0.35 M Gdm-HCl (Figure 1c). When the
destabilized MalE219 or the MalEwt proteins enter the
channel, a decrease in current is observed, and the dwell time
depends on the protein conformation. In the case of partially
folded MalE219 protein at 0.35 M Gdm-HCl, the dwell time is
very long; we observe <t > = 75 ± 47 s (Figure 1b), and for an
unfolded protein the mean blockade duration is short, <t > =
208 ± 74 μs (Figure 1c). With the wild type protein we do not
observe any current blockade at this Gdm-HCl concentration.
We have previously studied MalEwt unfolding through an

α-hemolysin channel.21 In order to probe the influence of channel
structure, geometry, or net charge on protein unfolding detected

by single-nanopore recording, we perform the MalEwt
unfolding through a different pore, the aerolysin. Typical
parts of current traces are presented in Figure 2a−c showing

electrical recording in the presence of proteins (MalEwt) for
different denaturing agent concentrations between 0 and 1.5 M.
After adding proteins, in the absence of Gdm-HCl (data not
shown), or at low concentrations (Figure 2a), we do not
observe any spikes during the time of the experiment (up to 2 h
long). The wild type native protein does not enter the channel.
At 0.9 M Gdm-HCl, long current blockades alternate with
series of short ones (Figure 2b). In the presence of 1.35 M
Gdm-HCl, the long blockades disappear, and the number of
short duration events increases (Figure 2c). We assume that the

Figure 1. Principle of protein conformation detection using the
nanopore device. Schematic representation of the nanopore device (a).
One channel, α-hemolysin or aerolysin, is inserted in a suspended lipid
bilayer. The lipid membrane is submitted to an electrical potential
difference ,which induces a current in a single nanopore due to the
presence of K+ and Cl− in the bulk solution and their diffusion through
the nanopore. The proteins are added to one compartment of the
chamber. The denaturing agent, guanidium chloride, is in both
compartments at the same concentration. The data suggest that several
different protein conformations are detected: partially folded and
unfolded. Two proteins are used: the wild type maltose-binding
protein (MalEwt) and a destabilized variant (MalE219). In our
experimental conditions, the proteins are negatively charged.
Detection of partially folded protein (b) or completely unfolded (c)
MalE219, transport with the α-hemolysin nanopore. Part of a current
trace obtained with V = 100 mV, [Gdm-HCl] = 0.35 M.

Figure 2. Electrical detection of protein unfolding through a single
aerolysin nanopore as a function of guanidium chloride concentration.
(a) At [Gdm-HCl] = 0.4 M, no current blockade is observed, and the
folded native protein does not enter inside the nanopore. (c) At
[Gdm-HCl] = 0.9 M, short current blockades coexist with long
blockades for unfolded and partially folded proteins, respectively. (e)
At [Gdm-HCl] = 1.35 M, only short current blockades are observed,
and proteins are completely unfolded. (b, d, f) Current histograms of
the number of points as a function of the current; the solid line is to
guide the eye. At [Gdm-HCl] = 0.4 M, only one peak appears and
corresponds to the open pore conductance (b). At [Gdm-HCl] = 0.9
M, a new peak is observed at low current corresponding to the protein
chain inside the pore, and the current of the open pore conductance
increases slightly (d). At [Gdm-HCl] = 1.35 M, two peaks are
observed: one for an unfolded chain inside the channel and one due to
the current of the empty pore (f). The applied voltage is V = −70 mV.
Here the proteins are added in the trans compartment of the chamber.
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long current blockades are associated with partially folded
proteins and the short pore blockades with unfolded proteins.
We observe an increase in the open pore conductance (Figure
2d−f) when the Gdm-HCl increases; this is due to a linear
increase of solution conductivity from 0 to 1.5 M Gdm-HCl in
1 M KCl (data not shown). The mean blockade current is the
same, IB = 9 ± 3 pA, for both types of event, the long blockades
and the short ones (Figure 2e). This means that the unfolded
part of the chain is inside the pore and the folded part of the
protein is outside the pore. The long residence times are not
due to a pore exit from the lipid bilayer or to a plugged channel.
These times correspond to the duration required to mechanically
unfold the partially folded proteins by the electrical field. For
unfolded MalEwt proteins, we observe two types of event:
bumping events, when a protein diffuses close to the pore,
associated with a very short blockade time and low current pore
blockade; and residence events with a long blockade time and
high current pore blockade (see Supporting Information). For
example we find, at 1.35 M Gdm-HCl (Figure 3b), tstraddling =
66 ± 31 μs and tresidence = 684 ± 107 μs. This residence time is
independent of the Gdm-HCl concentration used,
<tresidence[Gdm‑HCl]> = 717 ± 39 μs (Figure 3c). Above the
denaturant concentration at the folding transition, the duration
of short current blockades is independent of the guanidium
concentration, and these events correspond to unfolded
proteins. We have recently shown that at 1.5 M Gdm-HCl
concentration the residence time of unfolded MalEwt through
an aerolysin channel is independent of protein concentration,
<tresidence[protein]> = 732 ± 31 μs. Furthermore, this time
decreases exponentially when the applied voltage increases, and
duration increases with the chain length.22 All of these results
might strongly suggest that this residence time is a transport
time. The variation of the event frequency of short blockades as
a function of Gdm-HCl concentration has a sigmoidal
dependency, reminiscent of an unfolding transition curve,
between folded to unfolded state (Figure 3d). The denaturing
agent concentration of the half denaturation is Chalf = 0.87 ±
0.01 M (Table 1). Unlike short blockades, the long current
blockade duration decreases when the Gdm-HCl concentration
increases to 1 M Gdm-HCl. The folded part of the chain, at the
nanopore entry, is progressively unfolded by the denaturing
agent. We show the coexistence of short and long current
blockades for different Gdm-HCl concentrations, and the mean
duration time scale is very large, between 700 ± 15 μs and 27 ±
24 s. In order to take into account the possible glassy dynamics
in the protein folding processes,21,36−38 we have plotted the
long blockade duration according to a Vogel−Tamman−
Fulcher law: tlong = t0 exp[A/(C − Cg)] with Cg the denaturant
concentration at the folding transition. A best fit yields Cg =
0.81 ± 0.01 M, τ0 =38 ± 25 μs; A = 0.56 ± 0.12 M (Figure 3f).
This protein folding is associated with a first-order transition
with a possible glassy behavior. Single-molecule force spectros-
copy, when MalEwt is pulled at its termini, has shown the
existence of three unfolding intermediates on the mechanical
unfolding pathway. Four stable structural blocks were found.39

To compare the accuracy of the unfolding transition measure,
we also studied the unfolding of MalE219, a destabilized variant
of the maltose binding protein. We probed the unfolding
process through the α-hemolysin channel; the proteins enter by
the vestibule or stem side (Figure 4). We also compared its
unfolding transition to that obtained with the wild type protein
(MalEwt). When the protein enters the α-hemolysin pore
either by the vestibule or by the stem side, the short current

pore blockade durations are similar. The unfolded protein was
more likely to enter the pore by the vestibule domain than by
the stem side (Figure 4). For example, we obtain the following

Figure 3. The aerolysin nanopore is a sensor to detect the unfolding of
MalEwt. (a) Event frequency and (b) blockade duration determination
for completely unfolded proteins at [Gdm-HCl] = 1.35 M.
Distribution of interevent time (a), continuous line is exponential
fit, semilog scale; distribution of blockade duration for MalEwt (b),
continuous lines are single exponential fits, dotted lines correspond to
a double exponential fit, semilog scale. (c) Short pore blockade
duration of unfolded proteins as a function of guanidium chloride
concentration; we found <tshort> = 717 ± 39 μs. Event frequency of
short blockades as a function of guanidium chloride concentration.
The line is a fit using a sigmoid function. No blockade is observed
below [Gdm-HCl] = 0.8 M. (d) At the unfolding transition, event
frequency increases sharply with [Gdm-HCl]. (e) Long pore blockade
duration of partially unfolded proteins as a function of guanidium
chloride concentration; their duration decreases sharply with the
increase of [Gdm-HCl] up to 1 M. (f) Vogel−Tammann−Fulcher
representation of long blockade duration versus 1/(C − Cg) with C =
[Gdm-HCl] and Cg = 0.8 M. Dotted line is the best fit of the form t =
t0 exp(A/(C − Cg). The applied voltage is V = −70 mV.

Table 1. Fit Parameters of Events Frequency As a Function
of Gdm-HCl Concentration (Figures 3d and 4b)a

MalE 219 vestibule
α-hemolysin

MalE 219 stem
α-hemolysin

MalE wt stem
aerolysin

Chalf (M) 0.49 ± 0.01 0.52 ± 0.04 0.87 ± 0.01

Fmax (Hz) 64 ± 2 33 ± 3.7 14 ± 1.1
aChalf (M) is the Gdn-HCl concentration at the midpoint of the
unfolding transition of the protein, and Fmax (Hz) is the events
frequency maximal.
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at 0.5 M guanidium: tunfolded‑vestibule = 265 μs ± 38 μs and
tunfolded‑stem = 282 μs ± 55 μs (Figure 4c,d) and Fvestibule = 32 ±
1 Hz and Fstem = 17 ± 0.5 Hz (Figure 4a,b). We have previously
shown that the average rate by which the unfolded protein
MalEwt enters the pore depends on the side of addition,40 as
was shown for single-stranded DNA homopolymers and the
α-hemolysin channel.41

The short current blockade time is also independent of the
guanidium concentration; we find <tresidence> 250 ± 14 μs
(Figure 4e). With MalEwt, we had previously obtained
<tresidence> = 200 ± 100 μs21 using the α-hemolysin pore.
This residence time could be associated with a transport time of
unfolded proteins. The dynamics of unfolded proteins are the
same for MalE219 and MalEwt through the α-hemolysin
channel, and this is also the case with the aerolysin pore.22 The
mean residence time of a protein is shorter with α-hemolysin

than with the aerolysin channel. This is due to a different
applied voltage and also to a different pore diameter. We apply
V = 100 mV and V = −70 mV for the α-hemolysin and the
aerolysin pore, respectively. When the proteins enter by the
hemolysin vestibule side or by the stem side, the frequency of
events follows a sigmoidal variation (Figure 4e). The
denaturing agent concentration of the half transition for the
destabilized variant is lower than that for the wild type protein
(Table 1). The maximum event frequency is higher for
MalE219 than for MalEwt (Table 1) due probably to a
difference in the activation energy of unfolded proteins for
entry into the channel. We have previously found that the
activation energy of the α-hemolysin21 is about half of that
found for the aerolysin stem side entry.22 In our experimental
conditions, we observe long blockade durations only up to 0.42
M Gdm-HCl concentration for this destabilized variant protein.
Here we show that the nanopore approach associated to an

electrical detection is a sensitive and powerful method to study
protein folding. It allows to compare data obtained at several
protein concentrations and applied voltages and using two
different pores with different net charge, geometry, and
structure. In order to compare all data, we have normalized
the maximum event frequency to 100% of unfolded proteins.
We obtain a single denaturation curve of MalE219 when the
proteins enter by both sides of the α-hemolysin pore (Figure 5).

The Gdm-HCl concentration at the midpoint of the unfolding
transition of this protein is Chalf = 0.5 ± 0.01 (Table 2). The

unfolding process through a nanopore does not depend on the
channel entry side. The denaturation curve of MalEwt obtained
with the aerolysin channel is similar within the standard

Figure 4. Variant protein unfolding through an α-hemolysin pore by
the vestibule side or by the stem side entry. Examples of distribution of
time between events (a, b) and blockade duration (c, d) obtained for
one channel, when the molecules enter by the vestibule (a, c) or by the
stem side of the channel (b, d), continuous lines are single exponential
fits, dotted lines correspond to a double exponential fit, semilog scale,
[Gdm-HCl] = 0.5 M. (e) Short pore blockade duration of unfolded
MalE219 as a function of guanidium chloride concentration. The
unfolded proteins enter the α-hemolysin channel either by the
vestibule side or by the stem side; we found <tshort> = 250 ± 14 μs. (f)
Event frequency of short blockades as a function of guanidium
chloride concentration. The line (continuous or dotted) is a fit using
a sigmoid function. No blockade is observed below [Gdm-HCl] =
0.075 M. At the unfolding transition, event frequency increases with
[Gdm-HCl].

Figure 5. Unfolding curves at the single molecule level using different
nanopores and different proteins. The events frequency is normalized
to obtain this curve, and the percentages are calculated from these
events. MalE219 is unfolded through the α-hemolysin pore when the
molecules enter by the two sides of the channel, and MalEwt is
unfolded through the aerolysin pore and with the α-hemolysin pore.
The data are adapted from previous work.21

Table 2. Fit Parameters of Unfolded Protein as a Function of
Gdm-HCl Concentration (Figure 4c)a

MalE 219
α-hemolysin

MalE wt
aerolysin

MalE wt
α-hemolysin

Chalf (M) 0.5± 0.01 0.87± 0.01 0.85± 0.01

unfolded protein
maximal (%)

97± 3.5 94± 4.5 97± 5.6

aChalf (M) is the Gdn-HCl concentration at the midpoint of the
unfolding transition of the protein.
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deviation to that found previously with an α-hemolysin pore21

(Figure 5, Table 2). We obtain, with the aerolysin or α-hemolysin
channel, at the midpoint of the unfolding transition of MalEwt:
Chalf‑aerolysin = 0.87 ± 0.01 M and Chalf‑hemolysin = 0.85 ± 0.01 M.
We show that the protein unfolding process is independent of
the geometry, net charge, and structure of the nanopore.
In bulk experiments, the Gdm-HCl concentrations at the

midpoint of the unfolding transition of MalE219 and MalEwt
are, respectively, Chalf = 0.35 ± 0.01 M and Chalf = 1.05 ± 0.05
M.33 The difference obtained by single-nanopore recording and
bulk experiments could be due to the tryptophan fluorescence
emission of different protein conformations that could not be
separated in the bulk. Another explanation for this difference is
that at medium Gdm-HCl concentrations, the applied electrical
force could be enough to unfold a small part of secondary
structure inside the protein.
In the future we will perform NMR experiments as a function

of Gdm-HCl concentrations in order to investigate the
structure of the protein along the folding pathway in relation
with the current blockades in channels.
In conclusion, we compared the unfolding transition of the

wild type and a destabilized variant of maltose binding protein
using two different channels, α-hemolysin and aerolysin. For
the two channels, unfolded proteins induce short blockades, and
their frequency increases as the concentration of denaturing
agent increases, following a sigmoidal unfolding curve. Their
duration is constant as a function of the concentration of
denaturing agent. Partially folded proteins exhibit very long
blockades in nanopores. The blockade duration decrease when
the concentration of denaturing agent increases. For the wild
type protein, the variation of the long blockade duration as a
function of denaturant concentration is well described by a
Vogel−Tamman−Fulcher relationship, and this dependency
could be associated to a possible glassy behavior. The MalEwt
unfolding curve obtained using the aerolysin channel is similar
to that previously obtained with the α-hemolysin pore. We find
that the unfolding denaturation curves of the destabilized
variant are the same through the vestibule and stem side entry
of the α-hemolysin pore and are shifted toward the lower values
of the denaturant agent compared to the wild type protein.
We prove that the nanopore structure, geometry, and the net
charge do not influence the folding transition but change the
dynamics. We show a new method at single-molecule level to
study protein folding and protein stability. This method is
highly sensitive to obtain an unfolding curve, to detect protein
mutations, to investigate protein stability as a function of
environment, and to observe different protein conformations
along the folding pathway. The nanopore device also provides
prospects concerning the protein unfolding by other denaturing
agents or the interaction between proteins. The control of
protein unfolding through a nanopore is also a crucial step for a
potential application concerning ultrafast sequencing of
proteins.

■ METHODS

Membrane lipid bilayers were made by using the previously described
method.42 In brief, a film of a 1% solution of diphytanoylphospha-
tidylcholine-lecithin (Avanti) in decane is spread across a 150 μm wide
hole drilled in a polysulfone wall separating the two compartments of a
chamber. Each compartment contains 1 mL of 1 M KCl, 5 mM
HEPES, pH 7.5. After thinning of the decane film and formation of a
planar bilayer, one channel is inserted by adding monomeric
α-hemolysin (Sigma) or recombinant aerolysin from a stock solution
in one compartment. Aerolysin was produced in E. coli as proaerolysin

as described before43 and was activated by digestion with trypsin for 10
min at RT to eliminate the propeptide sequence, allowing monomers
to polymerize.44

The production and purification of the recombinant maltose
binding protein of E. coli (MalE) and the strongly destabilized variant
MalE219 have been described previously.45 In the experiments, the
final protein concentrations are 0.35 μM with the α-hemolysin channel
or 3 μM with the aerolysin channel.

The ionic current through a single α-hemolysin or aerolysin channel
was measured using an Axopatch 200B amplifier. Data were filtered at
10 kHz (100 μs) and acquired at 250 kHz intervals (4 μs) using the
DigiData 1322A digitizer with Clampex software (Axon Instruments,
Union City, CA, USA). The measurements of the transients were
based on the statistical analysis of the current traces. Data were
systematically checked for reproducibility with several pores. The main
difficulty of data analysis is to separate the pulses of electric current
from the noise. We define a first threshold th1 as the mean current of
the open pore <I0> minus twice the standard deviation σ of its
distribution, th1 = <I0> − 2σ. We define a second threshold th2 as the
end of this distribution. The average frequency of blockades is deduced
from the distribution of the time intervals Ti between two successive
blockades. The average duration of blockades is deduced from the
distribution of blockade duration Tt. The two blockade time
distributions of independent events are adjusted with 2 separate
exponential functions, y = A1 exp(−t/τ1) and y = A2 exp(−t/ τ2) and
with a double exponential function, y = A1 exp(−t/τ1) + A2 exp (−t/τ2).
Each blockade duration is the average of the two characteristic times.
All statistical analyses were performed using Igor Pro software
(WaveMetrics Inc.).
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T
he electrically driven manipulation of
single biological or synthetic macro-
molecules by transport across a nano-

pore is now widely used1�6 and has many
important potential applications,7,8 particu-
larly for ultrafast DNA sequencing.7 In most
cases, an applied electric field drives a
macromolecule into the nanopore, indu-
cing a transient blockade of electrical cur-
rent and a measurable increase in electrical
resistance.9 The current blockade duration
and rate depend on the size and conforma-
tion of the passing macromolecule, the
diameter, length, and protein pores or solid-
state pores and the interaction between the
molecule and the pore walls. Two types of
nanopore are used in practice: natural or
modified protein channels4,10 or artificial
nanopores drilled by different techniques
through solid-state semiconductor1,11 or
polymer membranes.12

Inspired by the biological example of pro-
tein transport through the translocon
machinery,13 we have spent several years
studying the use of a protein pore, R-hemo-
lysin, as a conformation filter for completely
or partially unfolded proteins.14 We have
recently studied the dynamics of unfolded
proteins through an aerolysin channel.15

Toxin channels are very good sensors to
probe the conformation of passing polypep-
tide chains because their diameter is very
small.15�19On the other hand, protein chan-
nels are slightly sensitive to denaturing
agents.15,20,21 Solid-state nanopores offer
the advantage of customized pore dia-
meters, and they exhibit high chemical re-
sistance to denaturing agents.22

Nanofabricated pores have already been
used to detect proteins, in their native

state.22�27 In these studies, the pore dia-
meter is much larger than the protein dia-
meter, but the experiments are sensitive to
the relative charge and size of the proteins.
In one case, protein transport through the
nanopores has been proven using a lumi-
nescence assay.23Anunexplained feature of
these early experiments is that the dwell
time of proteins inside the pores is strikingly
long, on the order of a few hundred micro-
seconds, 2 orders of magnitude larger
than expected. Solid-state nanopores
have also been used to study pore�DNA
interactions,28 protein�protein interactions,
in particular antigen�antibody binding.25,26

They have shown that the ionic current
blockade can provide information about
the size and stoichiometry of the complex
antigen�antibody. In this last experiment,
the observed protein current blockade dura-
tions are also many orders of magnitude
longer than the expected electrophoretic
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ABSTRACT We report experimentally the dynamic properties of the entry and transport of

unfolded and native proteins through a solid-state nanopore as a function of applied voltage, and

we discuss the experimental data obtained as compared to theory. We show an exponential increase

in the event frequency of current blockades and an exponential decrease in transport times as a

function of the electric driving force. The normalized current blockage ratio remains constant or

decreases for folded or unfolded proteins, respectively, as a function of the transmembrane

potential. The unfolded protein is stretched under the electric driving force. The dwell time of native

compact proteins in the pore is almost 1 order of magnitude longer than that of unfolded proteins,

and the event frequency for both protein conformations is low. We discuss the possible phenomena

hindering the transport of proteins through the pores, which could explain these anomalous

dynamics, in particular, electro-osmotic counterflow and protein adsorption on the nanopore wall.

KEYWORDS: solid-state nanopore . focused ion beam . protein transport .

protein unfolding . anomalous transport
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transport times (pH close to the pI). Recently, new
experiments have been performed to study protein
translocation for different proteins.27,29 The authors
also find that the transport event durations are many
orders of magnitude longer than the electrophoretic
transport time. They suggest that the protein engages
in repeated adsorption/desorption processes at the
pore and nanotube walls. Recent data suggest that
proteins which have dimensions similar to or larger
than the pore diameter do not translocate, and smaller
proteins can apparently translocate in a folded
conformation.30 Solid-state nanopores have also been
used to study folded, partially unfolded, and fully
unfolded proteins (bovine lactoglobulin) in three dif-
ferent states corresponding to three concentrations of
denaturing agent, urea.22 These states can be distin-
guished by the depth and duration of the measured
current blockades. The dynamics of the translocation
are also found to be anomalously slow, a fact which the
authors suggest could be associated with the disorder
of electric charges along the protein sequence. As
shown recently in interesting experiments that directly
probe the electrokinetic effects occurring in nano-
pores, electro-osmotic flow due to the surface charge
of the pores may reverse the electrophoretic transport
of proteins.31

To date, there is only an incomplete understanding
of the dynamics of native and unfolded proteins
through solid-state nanopores as a function of the
applied voltage. We wish to use solid-state nanopores
to study protein unfolding at the single-molecule level.
However, the first stage is to control the physical
mechanisms of protein translocation through a solid-
state nanopore as a function of the electric driving
force. To get a better insight, we compare folded and
unfolded proteins and systematically vary the applied
electrical force between 25 and 250 mV. In our experi-
ments, we use a protein model for the translocation
and for the protein folding: this is the recombinant
maltose binding protein (MBP) or MalE.32 The role of
this periplasmic protein is to transport maltose inside
the bacteria. In order to compare data obtained pre-
viously with protein (MalE) transport through protein
pores, R-hemolysin,14,17 aerolysin,15 and the dynamics
of MalE through a solid-stade nanopore in a silicon
nitride membrane, we have used the same order of
protein concentration. MalE is completely unfolded in
the presence of guanidium chloride (1.44M).Wemainly
probe a regime where the pore diameter (20 nm) is
larger than the size of the proteins. Its native shape is
ellipsoidal33with overall dimensions of 3 4 6.5 nm3.
The protein, MalE, is composed of 51 acidic residues
(24 Aspþ 27Glu) and 43 basic residues (37 Lysþ 6 Arg),
uniformly distributed along the primary sequence. Its pI
is 5.2; thus the protein is negatively charged at pH 7.5,
and the protein net charge is �8e. From the 3D
structure, there is no visible cluster of charged residues.

We analyze the primary structure of MalE (or MBP)
using the SAPS program (www.ebi.ac.uk/Tools/saps,
developed by S. Karlin) to evaluate the presence of
charge cluster or other compositional amino acid
biases.34 This analysis did reveal any positive or nega-
tive charge clusters; therefore, we assumed that
charged residues are also uniformly distributed in the
unfolded conformation. The unfolded MalE protein is
treated as a uniformly distributed negatively charged
polymer. In order to check that the protein is inside the
nanopore and confirm the pore diameter, in relation
with the level of the current blockade, we performed
another experiment where the pore diameter (4 nm) is
smaller than the unfolded protein size (a new recom-
binant double MBP protein consisting of two tandem
MalE sequences and whose diameter is at least 12 nm
for an unfolded state).
We observed that the ionic current increases in the

presence of the denaturing agent, guanidium chloride.
The current blockade increases linearly as the applied
voltage increases. The normalized current blockage
remains constant or decreases for folded or unfolded
proteins, respectively, as a function of the transmem-
brane potential. We analyze transport parameters:
frequency of current blockades, activation energy,
effective charge of the protein, and dwell time. The
blockade rate is described by a Van't Hoff�Arrhenius
law. We show that the confined protein chain dy-
namics are associated with a free-energy barrier. The
dwell time decreases exponentially as a function of
voltage. The capture rate of native and unfolded
proteins is low, and their dwell times are very long.
We discuss these anomalous dynamics inside the solid-
state nanopore.

RESULTS AND DISCUSSION

Analysis of the Currents Blockade. We first present re-
sults obtained with native MBP proteins. After the
addition of native proteins in the cis (negative) com-
partment, deep current blockades are observed
(Figure 1c). A detail of a current trace is shown in
Figure 1c (top panel). The baseline of the current
remains stable during the acquisition, often made
during several minutes. A typical current blockade is
shown at high resolution in Figure 1c (bottompanel). In
the inset of Figure 1d, we observe two types of events:
short rectangular events and longer events with an
enhancement portion. Each corresponds to a single
protein inside the pore and probably to two proteins
translocating, respectively. This inset allows us to
define the main characteristics of the current trace:
blockade duration Tt, related to the dwell of a protein in
the pore; inter-event time Ti, related to the frequency of
blockades; mean open pore current ÆIoæ (associated
with the pore conductance) and mean blockade pore
current ÆIbæ. Figure 1d shows a plot of the current blockade
DI = ÆIoæ � ÆIbæ versus the dwell time Tt exhibiting the
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classical correlation betweendeep and longblockades.
We have systematically examined the normalized con-
ductance variation DG versus dwell time scatter plots
for all applied voltages (Figure 2). We observe that the
dwell time and the normalized conductance variation
of the native MBP proteins (Figure 2a) are larger than
those of the unfolded proteins (Figure 2b). The effect is
also observedwhenwe increase the applied voltage to
200 mV (Figure 2c,d). The current blockade could
be associated with the difference in occupied volume
either by a globular protein inside the pore or by
the one occupied by a completely unfolded protein.
We further analyze the behavior of dwell times of
native and unfolded proteins in terms of electrical
charge distribution, hydrodynamic interactions, and
drag forces. We measure the current blockade ÆIoæ �
ÆIbæ (Figure 3a) from the full current trace histogram
shown in Figure 3b. We observe two distinct popula-
tions: the first one corresponds to the noisy ionic
current of the “empty pore”, the second one to the
presence of the proteins inside the pore (Figure 3b).We
check that the mean of the current blockade increases
linearly as a function of the applied voltage from 50 to

200mV (Figure 3c) for two different protein concentra-
tions and for native and unfolded proteins (data not
shown). The blockade frequency of unfolded proteins
is, however, much smaller, and significant statistics are
only obtained when using larger concentrations. We
compare, in Figure 3d, the blocking ratio of folded and
unfolded proteins. The normalized currents blockade is
defined as (ÆIoæ � ÆIbæ)/ÆIoæ and the percentage of the
normalized currents blockade IB (%) as (ÆIoæ� ÆIbæ)/ÆIoæ 
100; we observe that normalized current is indepen-
dent of the voltage for native proteins. This result
suggests that the blockades observed are indeed due
to the presence of the proteins inside the pore and not
at the pore entry. We notice that the normalized
current blockade remains constant for folded proteins
as a function of the transmembrane potential while it
decreases for unfolded proteins. This probably means
that the conformations of the flexible unfolded pro-
teins inside the pore depend on the applied electric
field. Furthermore, this suggests that the volume oc-
cupied by the unfolded chains in the pore is smaller
than that of folded chains, and that it decreases as the
voltage increases. All of these considerations let us

Figure 1. Direct focused ion beam (FIB) nanopore fabrication for the detection of native and unfolded proteins. (a)
Experimental setup for single-molecule measurements with a nanopore sensor. A negatively charged protein molecule is
driven by an electric field through 20 nm aperture of a solid-state Si3N4membrane. Both reservoirs are filled with an aqueous
buffer solution (1 M KCl, 10mM Tris, pH 7.5). (b) I�V curve characterization of a solid-state nanopore in 1 M KCl; the apparent
nanopore diameter is 20 nm. The linear fit yields a conductance of 103( 3 nA/V. (c) Detail of a current trace recording in the
presence of nativeMBP protein. Individual events are shownwith increased time resolution (bottom). (d) Event scatter plot of
dwell time versus current blockade. The inset shows two successive individual events, with corresponding dwell time Tt, inter-
event time Ti, mean current level of the empty pore ÆIoæ, mean blockade pore current ÆIbæ, and current blockade DI = ÆIoæ� ÆIbæ;
we use the maximum current blockade during each event for data analysis. The protein concentration is 0.78 μM, and the
transmembrane potential is 100 mV.
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presume that unfolded polypeptide chains are pro-
gressively stretched as the applied force increases. We
make a more quantitative analysis by comparing the
value of the normalized current blockade, IB = (ÆIoæ �
ÆIbæ)/ÆIoæ, to its theoretical value, which is to a first
approximation the volume occupied by the protein
inside the pore. For the native protein assumed to be
ellipsoidal VMBP/Vpore = (4/3πabc)/(πrpore

2 Lpore), with a,
b, and c being the MBP dimensions 3, 4, and 6.5 nm,
respectively, and by considering a cylindrical nanopore
shape of radius rpore and length Lpore, VMBP/Vpore =
3.5%, we obtain IB = (ÆIoæ � ÆIbæ)/ÆIoæ = 4.5 ( 0.7%
(Figure 3d). Both values are indeed very close. For the
unfolded protein, we choose the reference geometry
to be that of the fully extended molecule. We estimate
the lower blocking ratio with a cylinder of radius
rmono = 0.33 nm (radius of an amino acid) spanning the
whole length of the pore. In this case, VMBP/Vpore =
rmono
2 /rpore

2 = 0.1%. Amore realistic estimation is to take
into account the thickness of the chain, 0.66 nm; we
find VMBP/Vpore = rmono

2 /rpore
2 = 0.4%. An excluded

volume chain will be evaluated by taking into account
the Kuhn length; this length is the statistical segment
for unfolded protein, tchain = 1.32 nm,35 and we find
VMBP/Vpore = 1.69%. The largest experimental value of
IB = (ÆIoæ � ÆIbæ)/ÆIoæ obtained at the smallest voltage
(50mV) is IB = 1.8( 0.2%, and the smallest experimental

value IB obtained at the highest voltage (250 mV) is
IB= 0.6( 0.1%. The theoretical estimate yields the right
order of magnitude of the observed values. We deduce
from the difference between both values that the chain
is stretched under the electric driving force.

Capture Rate of Native and Unfolded Proteins. Weuse two
values of protein concentration in the native or un-
folded state. We check in each case that the mean
blockade frequency (derived from the blockade histo-
grams shown in Figure 4a,b) is proportional to protein
concentration. The relevant variable is the capture rate,
R, defined as the frequency per unit of concentration.
From the inter-event duration histogram, we observe
that the blockade current frequency increases as the
applied voltage increases from 50 mV (Figure 4a) to
200 mV (Figure 4c).

The capture rate R as a function of the voltage is,
in general, described by a Van't Hoff�Arrhenius law,
R = R0exp(|V|/V0), where R0# f*exp(�U*/kBT) is the zero
voltage capture rate controlled by an activation barrier
U* (f* is a frequency factor) of entropic and electrostatic
origin. The ratio |V|/V0 = (zeV)/kBT is a barrier reduction
factor due to the applied voltage V, acting on ze, the
effective electric charge of the molecule, where z is the
magnitude of the effective total number of elementary
charges on the protein, e is the magnitude of the
elementary charge, and kBT is the thermal energy.

36

Figure 2. Nanopore as a sensor for the detection of native and unfolded protein conformation. Scatter plot of normalized
conductance variation DG versus the dwell time at different applied voltages for native (left) and unfolded (right) MBP
proteins. The conductance is normalized by taking into account the change of the conductivity with 1.44 M or without the
guanidium-HCl in the buffer solution.
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The potential V0 (V0 = (kBT)/(ze)) corresponds to the
necessary applied potential to allow a charged protein
to overcome the Brownian motion.

Frequency data are well-described by an exponen-
tial fit of the equation f = f0 exp(|V|/V0) in the whole
range of potentials for folded proteins and at low
voltage for unfolded ones. We obtain f0 = 5.5 ( 0.5
Hz (at c = 1.56 μM), R0 = 5.9  10�21m3/s, V0 = 56.4 (
0.5 mV, and z = (kBT/e)(1/V0) = 0.45 ( 0.01 for folded
proteins and f0=0.14(0.01Hz (at c=15.6μM),R0=5.9 
10�23m3/s, V0 = 45 ( 0.5 mV, z = (kBT/e)(1/V0) = 0.6 (
0.01 for unfolded proteins. These values are close to
the effective charge found for unfolded MBP proteins
through the R-hemolysin pore (z = 0.6).14 In order to
obtain an estimate of the activation energy (U*) for the
native protein, the frequency factor (f*) is estimated by
a barrier penetration calculation f* = CDdiffApore/Lpore,
where C = 9.4  1020 molecules/m3 is the bulk con-
centration of native MBP protein (corresponding to c =
1.56 μM), Ddiff = 10�10 m2/s its diffusion coefficient,
Apore = π10�16 m2 is the cross-sectional area of the
pore, and Lpore = 30  10�9 m the pore length, we
calculate U* = 7.4kBT. A similar analysis yields U* =

10.4kBT for the MBP proteins in their unfolded state.
This estimated value is surprisingly high in comparison

to unfolded protein entry through narrow protein
pores which have smaller diameters than a solid-state
nanopore. We have found U* = 4kBT

15 for unfolded
MBP proteins passing through an aerolysin pore, and a
lower value, U* = 2kBT, with an R-hemolysin pore.14

The activation energy is high in the case of solid-state
nanopore, and this could be due to hydrodynamic
effect as observed previously by Storm et al.37 There
is an essential difference between solid-state nanopore
and protein nanopore. The friction outside the pore is
dominant. The friction is proportional to the size of the
protein (hydrodynamic radius). For the unfolded pro-
tein (MBP), the size of the protein increases by a factor 2
in comparison to native conformation, consequently
the friction increases. This is a possible reason for the
difference in term of activation energy between the
two chain conformations.

As Si3N4 membranes are negatively charged, one
might think, as explained by several groups,31,38,39 that
electro-osmotic counterflow could slow down and
hinder the penetration of the negatively charged
DNA38,39 or proteins31 into the pores. However, if the
electro-osmotic effects were dominant, one would ex-
pect that the capture would decrease when increasing
the applied electric field. The nanopore (SiN) is highly

Figure 3. Comparison of the current blockade ratio of native and unfolded proteins as a function of applied voltage. (a) Detail
of current trace recording at 75 mV showing the mean current empty pore ÆIoæ and the mean blockade pore current ÆIbæ.
(b) Corresponding histogram of the full current trace used to define ÆIoæ and ÆIbæ from the mean of the Gaussian fitted to
the first and second peak. (c) Evolution of current blockade ÆIoæ � ÆIbæ as a function of applied voltage. The solid line is a
linear fit whose equation is f(V) = bV þ a, with a = 0.03 ( 0.14 nA, b = 0.006 ( 0.001 nA mV�1. (d) Evolution of the
normalized blockade ratio (%) (ÆIoæ � ÆIbæ)/ÆIoæ  100 as a function of applied voltage. Dotted lines are linear fits of equation
f(V) = bVþ a. We obtain a = 4.5( 0.5%, b =�0.00026( 0.0001%mV�1 for native proteins; and a = 1.8( 0.26%, b = 0.0054(
0.002% mV�1 for unfolded proteins.
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negatively charged, and in presence of KCl solution,
the counterions of the nanopore are positively charged
and the net charge of the protein is negatively charged.
Under an applied voltage, the solvent and the protein
move in opposite directions. When the ratio between
the Debye length and the pore diameter is high the
electro-osmotic flow magnitude is dominant, further-
more, the electro-osmotic velocity is proportional to
the electrical field and we would expect that the
capture would decrease when the applied voltage
increases. In our experimental conditions, this is not
the case: this ratio is small (0.015), and the electro-
osmotic effect is not dominant. For this reason, we
observe an increase of the capture when the applied
voltage increases.

We also notice that the capture rate of the unfolded
proteins saturates at high voltage (V >150 mV). This
behavior is unusual and could be associated with a
protein crowding at the entrance of the pore, due to
the high electric field applied and the large protein
concentration 10 times larger than the one used for
folded proteins.

Analysis of the Dwell Times. Wehave observed that the
blockade durations of the native andunfolded proteins

decrease as the applied electric field increases. The
measured dwell time varies between 20 ( 3 ms at
50mV and 3.3( 0.7ms at 200mV (Figure 5d) when the
proteins are in their native state, and between 3 (

0.7 ms at 50 mV and 0.7 ( 0.1 ms at 200 mV when
they are unfolded. We check that these times remain
unchanged when using two different protein concen-
trations (Figure 5a,b).

If the electro-osmotic flow is not the dominant
effect for the dynamics of protein translocation, the
dwell time will be a decreasing function of the applied
voltage. We observe this dependency for native or
unfolded proteins.

We also find that folded proteins stay longer in the
pore than unfolded ones when applying the same
electric force. A possible explanation for this dwell
time difference is that the interactions between the
protein and the nanopore depend on the folding state
of the proteins; the shape or the surface charge
distribution is quite different between the folded and
the unfolded conformation.

If there is no energy barrier inside the pore, the
translocation time is expected to be inversely propor-
tional to the applied force, that is, to the transmembrane

Figure 4. Normalized frequency of current blockades versus applied voltage in semilog scale. Explanation of the statistical
analysis of themeasured current traces, distribution of inter-event intervals Ti for twodifferent protein concentrations of 1.56μM
(a) and 0.78 μM (b) with a constant voltage V = 50 and 200 mV with the same MBP concentration of 1.56 μM (c). Continuous
lines are exponential fits. (d) Frequency of events versus applied voltage. Continuous and dotted lines are exponential fits for
native and for unfolded proteins, respectively. We obtain f = f0exp(|V|/V0) with f0 = 5.5( 0.5 Hz, V0 = 56.4( 0.5 mV for native
proteins and f0 = 0.14 ( 0.01 Hz, V0 = 45 ( 0.5 mV for unfolded proteins.
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voltage.40�43 In the opposite case, translocating chains
are traveling in a complex energy landscapewith awell-
defined energy barrier. One expects an exponential
dependence of the translocation time on the applied
voltage.44We have examined these two hypotheses by
fitting the experimental data to the different predicted
behaviors (Figure 5d,e). The χ2 of the exponential and
1/V fit are, respectively, χ2 = 3.41 and 8.98 for the folded
proteins and χ2 = 1, χ2 = 160 for the unfolded ones. The
exponential dependency is clearly more convenient in
both cases. This suggests that protein transport involves
a free-energy barrier as observed in previous studies
using protein nanopores.15,45,46 The coupling with the
electric field inside the nanopore is measured by the

effective charge zinside= (kBT)/(eVc) = 0.28 deduced from
the voltage relationship (Figure 5e), with zinside being
the effective charge of the protein inside the pore. The
low value of this effective charge was previously ob-
served with DNA47 and colloid48 translocation using
solid-state nanopores. This charge reduction is not fully
explained, and it could be associated with an increased
condensation of the counterions due to the confine-
ment of the charges in the medium of low dielectric
constant49 or by the back flow effects.38 The low values
of the effective charge inside the pore are also observed
with protein nanopores.15,45,46

In our case, the pore diameter (20 nm) is less than
the membrane thickness (30 nm), the edge effects are

Figure 5. Dwell time of events versus applied voltage for native and unfolded proteins. Histograms of the dwell times for
native proteins (a�c). Lines are logarithmic normal fits; the maximum of the distribution defines the most probable dwell
time.MBP concentrations are (a) 0.78 and (b) 1.56μM, and the transmembranepotential is 100mV. (c) Protein concentration is
1.56 μM, and the applied voltage is 200mV. Dwell time of events versus applied voltage; the graph is plotted on a linear scale
(d) or on a semilog scale (e). The continuous line corresponds to native protein fit and the dashed line to unfolded protein fit.
Wefindusing the equation f(V) =Aexp(�V/Vc):A=32.87(4.08ms,Vc=90.9(9.9mV, and χ2=3.41 for native proteins;A=3.5(
0.3 ms, Vc = 167( 33mV, and χ2 = 1 for unfolded proteins. Using the equation, f(V) = b/Vþ a, we obtain a =�1.48( 1.01ms,
b = 1104( 114 ms mV, and χ2 = 9 for native proteins and a = 0.68( 0.04 ms, b = 54( 2.9 ms mV, and χ2 = 160 for unfolded
proteins.

A
R
T
IC
L
E

!"



OUKHALED ET AL. VOL. 5 ’ NO. 5 ’ 3628–3638 ’ 2011

www.acsnano.org

3635

negligible, and the pore resistance in the first approx-
imation is given by the Ohm law. When the pore
diameter is higher than the membrane thickness, the
access resistance should be given by the shape of field
lines in the electrolyte at the entrance and exit of the
pore and should be taken into account.50

As already noticed by several authors,22�27 the
durations of the observed current blockades of pro-
teins in nanopores are anomalously long. In our case,
we find values on the order of a millisecond, while one
would expect transit times based on the electrophore-
tic mobility on the order of a microsecond. The electro-
phoretic velocity (v) of protein is related to the electric
field strength (E) via v = Q/(6πηr)E, where Q is the
protein net charge, r the protein radius, and η is the
viscosity of the solution. The electrophoretic time τele
over the pore length L is τele = L/v = (6πηrL)/(QE) =
(6πηr)/(QL2/V), where V is the applied electric voltage.
In our experimental conditions, Q =�8e,L = 30 nm, η =
10�3 Pa 3 s, at 100 mV, one estimate τele = 0.2 μs. The
diffusion time through the pore length that we estimate
using τdiff = L2/Ddiff = (6πηr)/(kBT)L

2 = τele(QV)/(kBT),
using the above values, is τdiff = 6.4 μs. These two
values are certainly below the experimental measured
times. This phenomenon is not yet fully understood,
and several explanations have been proposed.

The first one involves attractive interactions be-
tween the proteins and the nanopore walls,22,29 lead-
ing to protein adsorption. This is quite a common
phenomenon, particularly on such a high energy sur-
face as that of SiN.51

The second one, studied in detail for proteins by
Firnkes et al.,30 relies on the electro-osmotic effect,
which may strongly slow down the passing proteins or
even reverse their apparent electrophoretic mobility.
The counterions of the surface charges are moved by
the electrical field; they carry the solvent awaywith the
velocity vs = ((εε0ζ)/(η))E, where ε = 80 is the dielectric
constant of water, ε0 = 8.85  10�12 Fm�1 is the
vacuum dielectric constant, and ζ =� 10 mV is the
zeta-potential of the pore walls.31 At KCl = 1 M and
pH = 8, we find vs = 0.24 ms

�1. In the presence of an
electro-osmotic flow, the sum of electrophoretic forces
and viscous friction forces is equal to zero� |Q|(V/L)þ
6πηr(vs � v) = 0, where vs and v are, respectively, the
solvent and protein velocity. With our values, we find
v = vs � |Q|(V/(6πηrL)) = 0.24 � 0.11 = 0.13 ms�1. This
velocity is positive, which means that the protein
should never enter into the pore, which contradicts
our experimental results. Recently, it has been shown
that electro-osmotic velocity is also controlled by the
geometry and diameter of the pore.38,39 In our experi-
mental conditions, the ratio between the Debye length
(3 Å) and the surface separation (pore diameter: 200 Å)
is small (0.015), and the electro-osmotic flow magni-
tude is reduced; this is a possible explanation of why
the proteins still enter the nanopores.

In our case, we observe significant frequency of
current blockades, and the number of events increases
with applied voltage.

In order to discuss the possible explanations for the
anomalous dynamics for protein transport through a
nanopore, we evaluate the blockade frequency for
purely Brownian diffusion proteins. The equation used
below is valid for a perfect disk; this is not the case with
the solid-state nanopore used in our experiment.
However, by using the equation below, we evaluate
the events frequencymagnitude for a purely Brownian
diffusion.52 The blockade frequency is given by f =
2πDdiffcrpore = (kBTc)/(3η)rpore/r, where Ddiff =
(kBT)/(6πηr) is the self-diffusion coefficient for isolated
Brownian proteins (Stokes�Einstein equation), c is the
protein concentration, and rpore and r are the pore and
protein radii, respectively. For 1 μM protein concentra-
tion, we find a frequency, f = 4000 Hz. This value is
2 orders of magnitude higher than the measured
frequency. This predicted value suggests that either
the proteins adsorbed on the pore walls or there are
missed events. Regarding the missed events, it was
shown by Winterhalter and his colleagues53 for the
transport of antibiotics through membrane channels
that the dwell times of the antibiotics inside the
channel decrease strongly with an increase in tem-
perature. Consequently, the fast translocation events
are probably not visible, due to the limited resolution
of the instrument. In the future, the resolution
of the current measurement will need to be signifi-
cantly increased to be able to resolve the events.54

Events could be canceled by the electro-osmotic
flow or by the potential barrier. The third one, more
subtle, is based on the heterogeneity in the charge
distribution all along the protein,22 leading to a dis-
ordered energy landscape as the protein threads
through a pore. A supplementary source of complica-
tion is that protein adsorption interferes with the
electro-osmotic and the energy landscape effects, by
changing the surface charge of the pore, hindering
motion of the counterions close to the surface and
modifying the interactions between the pore and the
proteins.55

Double MalE. We have investigated the effect of the
pore diameter dependence on the current blockade,
normalized current blockade, and dwell time for com-
pletely unfolded proteins. We use a double MBP
(Figure 6 left) and a single MBP (Figure 6 right) with
two different pore diameters, 4 and 20 nm, respectively
(Figure 6). We observe that the width of events (the
dwell time) and the current blockade magnitude are
more significant using the smaller pore size (Figure 6a,b).
From the current traces, we expect the ratio I4nm/I20nm
to vary as (D4nm/D20nm)

2, where I4nm, I20nm, D4nm, and
D20nm are the mean currents of open pores and pore
diameters corresponding to 4 and 20 nm. The esti-
mated value (D4nm/D20nm)

2 = 0.040 is similar to that
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obtained I4nm/I20nm = 1.04/24.47 = 0.042, suggesting
that currents of open pores are consistent with pore
sizes. This result also shows the presence of unfolded
proteins inside the pore. Short events are associated
with low current blockades, and long events are corre-
lated to high current blockades (Figure 6c,d). The
duration of short and long events of single unfolded
proteins are shifted toward the lower values compared
to double unfolded proteins. In order to compare the
blockade rate caused by unfolded proteins through 4
and 20 nm pores, we represent a diagram of percen-
tage of the normalized current blockade versus dwell
time (Figure 6e,f). We observe that the normalized
blockade of long events increases as the pore size
decreases from 4 to 20 nm. Themeasured value for the
percentage of the normalized current blockade of
unfolded proteins through a 4 nm pore is 30�60%
versus 0.5�2% through a 20 nm pore.

In conclusion, we compare the transport of native
and unfolded proteins through solid-state nanopores
drilled by FIB, and we observe anomalous protein
translocation dynamics. In our experimental condi-
tions, we show that this dynamic is associated with a
free-energy barrier. The capture rate increases expo-
nentially as a function of applied voltage, and the dwell
time decreases exponentially when the electrical force
increases. The unfolded protein is partially stretched
under the electrical field. The capture rate of unfolded
proteins is lower than that of native proteins and
saturates at high voltage. The dwell time of proteins
is very long, and compact native proteins stay longer in
the pore than unfolded ones. In the future, we will
investigate the origin of anomalous dynamics ob-
served for native and unfolded proteins. In order to
separate the electro-osmotic effect from protein�pore
interaction effects or crowding effects, we plan to

Figure 6. Electrical characterization of protein and nanopore size effets. Transport of unfolded double MBP protein
(left) and single MBP protein (right) through two different pore diameters, 4 nm (a,c,e) and 20 nm (b,d,f), respectively.
Detail of a current trace in the presence of (a) unfolded double MBP (15.6 μM) or (b) single MBP (7.8 μM) through a
solid-state nanopore. In both traces, the applied voltage is 150 mV. Event scatter plot of dwell time versus current blockade,
respectively, for double unfolded protein (c) and single unfolded protein (d). Event scatter plot of dwell time versus

normalized current blockade (%) for double unfolded MBP (e) and single unfolded MBP protein (f).
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performexperiments at different net charges, for either
the proteins and the pores and with different polypep-
tide chain lengths. We will also examine the high

applied voltage regime and study the translocation
through a solid-state nanopore with a narrow pore
diameter.

METHODS

Solid-State Nanopores. In order to fabricate solid-state nano-
pores, we used standard free-standing Si3N4 membranes
(Protochips Inc.). Nanopores were drilled in 30 nm membranes
as previously described56 using a focused ion beam instrument.
This very high resolution FIB is especially suitable for the
reproducible fabrication of nanometer sized pores.11,56 In con-
trast with the usual nanodrilling technique based on the TEM
local heating technique, the ion interaction process allows the
ion dose to be calibrated precisely in one step, for irradiation
times ranging between 10 ms and some hundreds of
milliseconds.56 In this study, we have chosen a medium ion
dose (750ms/pt) in order to fabricate nanopores with diameters
from 4 to 20 nm. All of the nanopores were adapted to an easy-
to-use “Port-a-patch” setup (Nanion Technologies Gmbh). They
were glued onto a drilled screw cap containing a 1�2 mmwide
hole. This chip can be easily manipulated and rinsed with water
and ethanol. In order to make the membrane hydrophilic, we
cleaned this chip by exposing each side to oxygen plasma for 2
min. We then put a 10 μL buffer droplet on each side of the
nanopore using amicropipet. The buffer was an ionic solution of
1M KCl containing 5mM Tris (pH 7.5) and allowed good storage
conditions. The experiments were conducted in a water-satu-
rated atmosphere. The effective pore diameter was deduced
from an open-pore conductance measurement assuming a
cylindrical shape. The denaturing agent (guanidium-HCl) did
not affect the noise level and pore stability. Addition of guani-
dium-HCl increased only the ionic current of the open pore.

Proteins. The recombinant maltose binding protein (MBP or
MalE) of Escherichia coli contained 370 residues (Mr = 40 707)
and was negatively charged (with a net charge Z = �8e) at
physiological pH. The wild-type MBP was purified as
described.57 The tandem protein, MalE�MalE or double MBP,
was constructed by subcloning a PCR-amplified DNA fragment
of the corresponding mature sequence of MalE with primers
containing a HindIII adaptor as described.15 The buffer was an
ionic solution of 1 M KCl containing 5 mM Tris (pH 7.5). In this
study, we added to this ionic solution the single or double
recombinantMBPdenatured by guanidium chloride (Gdm-HCl).
The final concentration of guanidium chloride used was 1.44 M.

Data Acquisition. The ionic currents were detected using an
Axopatch 200B amplifier (Molecular Devices). They were first
filtered at 10 kHz before a digitization at 250 kHz. The data were
processed with a homemade macro using Igor software
(Wavemetrics). The event measurements were based on a
statistical analysis of the current traces. The statistical analysis
of the current traces have been previously described.45 This
method was based on a two thresholds method, in the case of
events with asymmetric shape; the event duration was function
of the threshold. As our threshold criterionwas always the same,
and themeasurement error was constant and remained low. All
data were obtained with a single nanopore, but for each
experimental condition, we measured at least 2000 events.
The same nanopore was used during several experiments and
several days with the MalE. The physical parameters were
estimated without the standard deviation between different
pores but with the standard deviation of several assays with the
same pore. Another pore of different size was used during the
experiments with the double MalE. Data were systematically
checked for reproducibility.
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N
anopores are very promising in the

field of macromolecule manipula-

tion at the single-molecule level.1�5

One of the most common potential applica-

tions is ultrafast DNA or RNA sequencing.6

For the past few years, it has also been

possible to use protein or solid-state nano-

pores as protein conformation sensors. We

propose possible applications using nano-

pores with electric detection (the sequen-

cing of proteins, assisted protein folding) to

detect mutation and misfolding. All these

applications could be performed subject to

precise control of the pore size, which must

be smaller than the protein, and also the

driving force to control the transport velocity.

Protein trafficking through channels

plays an important role in many biological

processes.7 An excellent technique prob-

ing the dynamics of protein conducting

channels8 at the single-molecule level is the

bilayer lipidmembrane technique used in the

context of protein transport for mitochondrial

pores9,10 and translocon machinery.11 The

translocon, an active transmembrane pro-

tein channel,12 allows protein translocation

in a cell assisted by a peripheral attached

protein motor powered by ATP hydrolysis.

The translocation is associated with either

protein synthesis (co-translation) or after pro-

tein synthesis (post-translation). After trans-

port, proteins need to be correctly folded to

be functional. In order to understand this

mechanism, it is easier to perform protein

transport experiments through protein

channels or solid-state nanopores by sub-

stituting the ATP energy by an electric force.

An applied electric field drives a macromo-

lecule into the nanopore, inducing transient

blockades of electrical current and a mea-

surable decrease in conductance.3,13 The

current blockade duration and rate depend

on the size and conformation of the pass-

ing macromolecule, the diameter and the

length of the protein pore or solid-state nano-

pore, and the interaction between the mol-

ecule and the pore walls.

Up to now, various studies have been car-

ried out using protein channels. It is possible

to probe protein unfolding transitions with a

denaturing agent,1,14 with thermal denatura-

tion,15 or using an electric field16 and protein

* Address correspondence to

juan.pelta@u-cergy.fr.

Received for review April 16, 2012

and accepted June 6, 2012.

Published online

10.1021/nn301672g

ABSTRACT

We report experimentally the transport of an unfolded protein through a narrow solid-state

nanopore of 3 nm diameter as a function of applied voltage. The random coil polypeptide chain

is larger than the nanopore. The event frequency dependency of current blockades from 200 to

750 mV follows a van't Hoff�Arrhenius law due to the confinement of the unfolded chain. The

protein is an extended conformation inside the pore at high voltage. We observe that the

protein dwell time decreases exponentially at medium voltage and is inversely proportional to

voltage for higher values. This is consistent with the translocation mechanism where the

protein is confined in the pore, creating an entropic barrier, followed by electrophoretic

transport. We compare these results to our previous work with a larger pore of 20 nm

diameter. Our data suggest that electro-osmotic flow and protein adsorption on the narrowest

nanopore wall are minimized. We discuss the experimental data obtained as compared with

recent theory for the polyelectrolyte translocation process. This theory reproduces clearly the

experimental crossover between the entropic barrier regime with medium voltage and the

electrophoretic regime with higher voltage.

KEYWORDS: solid-state nanopore . transmission electron microscope . protein
translocation . protein unfolding . Fokker�Planck model
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folding with cationic ions.16,17 The structures of peptides

were also investigated through protein nanopores.18�20

Interactionsbetweenproteinsandchannels21andrecently

the transport dynamics through toxin channels22,23 or

through a mitochondrial channel24 have been investi-

gated. Nevertheless, these pores are sensitive to high

denaturing agent concentrations,23,25,26 and their lifetime

is short (a few hours) due to the fragility of the lipid

membrane. Solid-state nanopores have the advantage of

being insensitive to these high concentrations of denatur-

ing agent with a longer lifetime (several days) and to high

electric driving forces. On the other hand, it remains

difficult to create solid-state nanopores with high repro-

ducibility in terms of shape. Furthermore, the transport

dynamics are not easily controlled due to the protein�

nanopore interactions27 and/or electro-osmotic flow.28

Solid-state nanopores have been used as an electrical

detector of native or partially unfolded proteins.29�34 A

demonstration of BSA protein translocation through a

solid-state nanopore has already been performed by

chemiluminescent analysis.35 Solid-state nanopores have

also been used for the study of anomalous transport in

the caseof protein�protein interactions,32,36,37protein�

nanopore wall interactions,27 and the effect of electro-

osmosis on the dynamics of protein transport.28 Re-

cently, solid-state nanopores have been coated with a

fluid lipid bilayer containing mobile ligands attached

to the surface. This made it possible to differentiate

proteins by current blockage analysis and slow the

dynamics of protein transport.29 Metalized silicon ni-

tride nanopores, chemically modified with receptors,

are used to detect subclasses of IgG antibodies.34 Some

theoretical works and simulations have also been per-

formed on protein translocation.38�40

The protein model in our study is the maltose

binding protein (MalE),41 composed of 51 acidic resi-

dues (24 Aspþ27 Glu) and 43 basic residues (37 Lysþ6

Arg), uniformly distributed along the primary se-

quence. Its pI is 5.2; thus the protein is negatively

charged at pH 7.5, and the protein net charge is �8e.

From the 3D structure, there is no visible cluster of

charged residues; therefore we assumed that charged

residues are also uniformly distributed in the unfolded

conformations. In our experimental conditions the

unfolded proteins have a random coil conformation

in the presence of denaturing agent and high salt

concentration. The diameter of the flexible polypep-

tide chain is around 8 nm. We have already studied the

dynamic properties of the entry and transport of

unfolded and folded maltose binding protein (MBP,

MalEwt), through a 20 nm solid-state nanopore per-

formed by focused ion beam (FIB) as a function of

applied voltage between 25 and 250 mV. The pore

diameter is larger than the folded and unfolded protein

size.42 We showed that these dynamics are associated

with a high free-energy barrier probably associated with

protein�nanopore wall adsorption. In the presence of

proteins, the event frequency of current blockades in-

creases exponentially as a function of applied voltage.

Atmedium electrical force, we observe frequency satura-

tion for unfolded proteins. We have observed that the

current blockade durations of the folded and unfolded

proteins decrease exponentially as the applied electric

field increases. In our experimental conditions, the

electro-osmotic flow is in the opposite direction of

the electric driving force. The dwell time of proteins

(current blockade) dependency showed us that the

electro-osmotic flow is not dominant for the dynamics

of protein transport. These times are found anoma-

lously long in comparison to expected dwell times

based on the electrophoretic mobility; they are prob-

ably mainly due to protein�pore interactions. In order

to obtain better insight into our previous work, experi-

ments are driven with a 3 nm solid-state nanopore

created using TEM, the unfolded protein MBP being at

least three times larger than the nanopore diameter.

Consequently, the transported protein would be in an

extended conformation. This pore diameter is similar

to the diameter of the biological channels involved in

the translocation of unfolded proteins. To be sure that

the unfolded proteins are really transported by an

electrophoretic mechanism through the nanopore,

we applied high voltages (from 200 to 750 mV). The

electro-osmotic velocity is controlled by the geometry,

the diameter, the net charge of the pore, the ionic

strength, and the pH of solution.28,43�46 Here, the

Debye length remains on the same order as previous

experiments using the large pores. We also use the

same solid-statemembrane (Si3N4), but the large pores

were drilled by using FIB techniques and the narrow

ones by TEM techniques. We can suppose that, in the

first case, the nanopores contain some gallium ions,

while, in the second case, the charges are annealed by

the electron beam.47 This phenomenon could explain

the linear I�V curve observed with nanopores drilled

by TEM, in agreement with Schulten's recent work.47

The differences are a strong decrease of the nanopore

diameter and the net charge of the nanopore (the

solution pHdoes not change).We expect an increase of

electro-osmotic velocity of the fluid due to a decrease

of the pore diameter and a decrease of the electro-

osmotic flow due to the net charge decrease.46

Moreover, independently of the hydrodynamic ef-

fects, the confinement becomes more important, and

the energetic penalty becomes higher to enter the

narrow pore. In any case, one expects that the protein

dynamics and frequency should slow dramatically.

Surprisingly, we observe shorter dwell times and higher

event frequency. The experimental entry of molecules

as a function of electric driving force follows an ex-

ponential dependency. The transport is dominated

by either the free-energy barrier or the electrophoretic

mechanism in the medium or high-voltage regime,

respectively, consistent with the entropic barrier
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mechanism of polymer translocation. The event fre-

quency is 10 times higher and the activation energy is

three times lower with the 3 nm pore than with the

previous 20 nm pore. Our results suggest that electro-

osmotic flow and protein adsorption on the nanopore

wall should be minimized. Therefore, it is possible to

control protein transport through a narrow pore at

high voltage. In this work, we attempt to enhance the

understanding of protein transport through a small

nanopore. Data are discussed according to a theory of

capture rates in polyelectrolyte transport through nar-

row nanopores.48 It has been shown that the process of

polyelectrolyte capture by the nanopore under an

electric field is delineated by two regimes: an entropic

barrier regime and a drift regime. In the first regime

dominated by the entropic barrier for the polyelec-

trolyte, atmediumvoltage differences, the capture rate

is an increasing nonlinear function in the electric field.

In the drift regime, where the electric driving force

dwarfs the role of entropic barriers, at higher applied

voltages, the capture rate is linear in the electric field.

RESULTS AND DISCUSSION

Figure 1a shows a bright-field (BF) STEM image of a

3 nm diameter solid-state nanopore drilled in a 30 nm

thick Si3N4 membrane. From this picture, we measure

the pore diameter: dpore = 3 ( 0.15 nm (Supporting

Information). Figure 1b shows the current�voltage (I�V)

characteristics through a 3 nm solid-state nanopore in

0.82 M KCl (red curve, σ = 9 S/m) and 0.82 M KClþ 1.5 M

guanidium-HCl (blue curve, σ = 12.6 S/m) buffer. A linear

fit to the data yields conductance values of 5.5 and 8.1 nS

in 0.82 M KCl and 0.82 M KCl þ 1.5 M Gdm-HCl, respec-

tively. The denaturing agent (guanidium-HCl) does not

affect either thenoise level or thepore stability. Additionof

guanidium-HCl just increases the open pore level (i.e., the

pore conductance Gpore) by about 40%. Note that in both

cases, the I�V characteristics are linear,47,49�51 in contrast

with our previous works on pores drilled by FIB42,52 or

asymmetrical conical pores in polymer membranes,53

where current asymmetry was usually observed.

Using a simplified model where the nanopore is

approximated by two cones and a cylinder54 (inset of

Figure 1b), the conductance of the conical part is

Gconical = (πσ/4)dpore(dconical/Lconical), where dconical is

the diameter and Lconical is the height of the cone. The

cylinder conductance is Gcylinder = (πσ/4)(dpore
2/Lpore).

The access conductance is Gaccess = 2dporeσ.
55 The total

conductance can be written as 1/Gpore = 2(1/Gconical)þ

1/Gcylinder þ 1/Gaccess. Taking into account that

Lmembrane = (2Lconical þ Lpore) where Lmembrane is the

membrane thickness, we evaluate an effective pore

length Lpore= 4.9 ( 1.4 nm (Supporting Information).

Note that the I�V characteristics obtained from the

3 nm solid-state nanopore after immersion in PEG

solutions are not altered, suggesting that the apparent

pore diameter remains unchanged. This means that

the PEGs are not interacting with the pore walls

irreversibly (Supporting Information).

Analysis of the Current Blockades and Dwell Times. After

the addition of unfolded proteins in the cis (negative)

compartment, deep current blockades are observed

(Figure 2). Details of two current traces at 200 mV

(Figure 2a) and 750 mV (Figure 2c) are shown. For

each applied voltage we focus on the current traces

Figure 1. Transmission electronic microscopy (TEM) nano-
pore fabrication for the transport of unfolded proteins.
(a) Bright field (BF) STEM image of a 3 nm diameter solid-
state nanopore performed in a 30 nm thick Si3N4 membrane.
(b) I/V characteristic curve through a solid-state nanopore in
0.82 M KCl and 5 mM Hepes pH 7.5 and in the presence of
1.5 M Gdm-HCl. The inset shows the geometry of the pore.

Figure 2. Detail of current trace recording in the presence
of unfoldedMBPprotein. Theprotein concentration is 10.4μM
in a0.82MKCl and5mMHepes, pH7.5, buffer. To unfold the
MBP, the experiment was performed in 1.5 M guanidium
chloride. Individual events are shown with increased time
resolution for each transmembrane potential. (a) Current
traces at a transmembrane potential of 200mV.We observe
two types of events: one short with low-magnitude current
blockade (on the right) and one longer and deeper (on the
left) (b), I0 is the average current of the baseline, Ib the mean
current of each event. Current traces at a transmembrane
potential of 750mV (c).We observe only one type of events (d).
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(Figures 2b and d, respectively). At low voltages (200mV)

we observe two types of events: one short with a low-

magnitude current blockade and the other longer and

deeper. At high voltages (750 mV), the durations of both

types of events are similar to low-magnitude and short-

current blockade events.

In Figure 3a, we observe two populations of events

for the current deviation (I0 � Ib) versus the dwell time

at 200 mV. The current deviation of the longer events

(1.19( 0.06 nA) is approximately twice that of the short

ones (0.72 ( 0.17 nA). At 750 mV, we observe just one

large population of events in Figure 3b.

We then plot the normalized current blockade ratio

[(I0 � Ib)/I0] (%) as a function of the applied voltage

(Figure 3e), where I0 is the average current of the

baseline and Ib the mean current of each event. We

observe the same behavior for both short and long

events: a strong decrease until 400mV from 73% down

to 13% for long events and from 44% to 9% for short

events. For voltages higher than 400 mV, the ratio

reaches a constant value (6.1 ( 2.3% for short events

and 9.5 ( 2.5% for long events). This means that

unfolded protein is stretched as a function of electric

driving force up to 400 mV, and when the applied

voltage increases even more, the extended conforma-

tion does not change inside the narrow pore.

We assume that above 400 mV the chain is fully

extended inside the narrowest region approximated

by a cylindrical shape, with an effective length Lpore =

4.9( 1.4 nm and a radius rpore = 1.5( 0.08 nm. For an

unfolded protein, the unit segment is the persistence

length. It is natural to choose a cylinder for the

molecule geometry, rmonomer = 0.33 ( 0.02 nm (size

of one amino acid). The predicted volume occupied by

the extended portion of protein passing through the

pore effective length is given by the volume of the

protein Vprot divided by the volume of the pore Vpore:

Vprot/Vpore = rmonomer
2/rpore

2 = 5 ( 1%. This result is in

agreement with the experimental value of the normal-

ized current blockade ratio [(I0 � Ib)/I0] at the plateau

(9.5 ( 2.5%). In fact, this estimation shows that the

chain is completely stretched in the pore.

We could suppose that short events are described

by one protein entering the pore, and longer events by

two proteins entering in single file.56 To check this

hypothesis, we can look at the dwell time behavior.

Histograms of the dwell times presented in Figure 3

give us the time distribution for each applied voltage.

The maximum of this distribution defines the most

probable dwell time. At 200 mV (Figure 3c), the char-

acteristic time for short events with low-magnitude

current blockade is 700( 100 μs, while for longer and

deeper events this time is 2000 ( 300 μs. At high

voltage (750 mV) there is only one large distribution

(Figure 3d), which is like the short one observed at

medium voltage (200 mV).

We expect two dynamics inside the nanopore; the

first one is described by an energy barrier. We expect

Figure 3. Current variation events of unfoldedproteins versus
applied voltage. Current variation versus the dwell time (a, b)
and histograms of dwell times (c, d) at two applied voltages,
200 mV (a, c) and 750 mV (b, d). (e) Normalized current
blockage ratio [(I0� Ib)/I0] (%) as a function of applied voltage
for short (red) and long (blue) events.

Figure 4. Dwell time of events as a function of transmem-
branepotential.Dwell timeof short (red) (a,c)or long (blue) (b,d)
events for unfolded proteins as a function of applied voltage.
Between 200 and 400 mV, we find using the equation f(V) = A

exp(�V/V0), Ashort = 1050( 161 μs, V0short = 422( 89mV and
Along=4361(1250μs,V0long=260(63mV.Between400and
750 mV, we find using the equation f(V) = b/V þ a, ashort =
�312 ( 57 μs, bshort = 303540 ( 32400 μs 3mV and along =
�855 ( 107 μs, blong = 708300 ( 71500 μs 3mV.
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an exponential dependency of the transport time as a

function of the applied voltage. The second one is

described by an electrophoretic transport,52 and the

translocation time is expected to be inversely propor-

tional to the applied force. We represent the blockade

times as a function of the applied voltage (Figure 4) for

short and long events. The blockade duration de-

creases in both cases as the applied electric field in-

creases. We have examined both hypotheses: in our

case, the exponential fit is the best one at medium

voltages smaller than 400 mV, so a model of an activa-

tion barrier is better (Figure 4), which could be ex-

plained by protein�pore nonspecific interactions. For

voltages higher than 400 mV, the behaviors follow

electrophoretic dynamics (Figure 4). At high electric

driving force, the protein is transported through the

nanopore.

In order to understand the crossover from an

exponential dependence of the residence time at

moderate voltages to the inverse voltage dependence

at higher voltages, we have considered a free-energy

profile (inset in Figure 5) along the translocation direc-

tion, where there exists a barrier U followed by a ramp

due to the electric field across the pore. The barrier

arises from the confinement of the polymer at the pore

entry initially without grafting between the chain end

and the pore mouth. The chain end must unravel from

its initial confined state to place itself at the pore entry,

which results in an entropic barrier. The barrier is

assumed to be present at a distance of ηL, where L is

the pore length. In addition to the entropic barrier

there is a potential energy drop of |QV| across the pore.

Although the free-energy profile across the pore could

be more complicated, we take the simplest profile to

gain an understanding of the most dominant factor

responsible for the crossover. For the free-energy

landscape48,57,58 of Figure 5, the average translocation

time τ follows from the Fokker�Planck formalism as

τ(v)!
η

(u � vη)
(eu � vη

� 1) �
1

v
(e�v � e�vη)

(See Supporting Information.) Here η is the location

of the barrier, and v = |QV|. u and v are in units of kBT.

Taking the experimental charge of the protein to be

Q = �0.16e (see below), we fit the measured dwelling

times plot andwe calculate the values forU = 9( 1.4 kBT

and for η = 0.54 ( 0.03. A plot of the modelized

translocation time τ against (1/v) as well as the experi-

mental data is presented in Figure 5. The model

reproduces clearly the experimental crossover.

Surprisingly, the measured dwell time through a

3 nm (t3nm) pore is comparable with that measured

through a 20 nm (t20nm) pore
42 at the same applied

voltage. Because of confinement effects, one would

expect tomeasure longer times. If we consider a purely

diffusive transport59 through a long pore, the dwell

time t is t = L2η0Na/kBT(a/D)
2/3, L being the pore length,

η0 the solution viscosity,N themonomer number, a the

monomer size, D the pore diameter, and kBT the thermal

energy. Comparing t3nm to t20nm, we find t3nm = t20nm
(D20nm/D3nm)

2/3
= 72/3t20nm, while we find in our mea-

surement, t3nm = t20nm (700 ( 100 μs). The unfolded

protein transport dynamics through the two pores are

different according to a scaling argument. In our

previous work, we explained these long times by two

phenomena: either electro-osmotic flow due to the

charged surface of the nanopore wall, or protein

attractive interactions with the nanopore wall. In the

case of electro-osmotic flow, it was observed pre-

viously by Wanunu et al.60 that the event frequency

decreasedwhen the applied electric force increased. In

order to check the importance of electro-osmotic flow

in this study, we performed an experiment with neutral

polymers as a function of electric field (Supporting

Information). The event frequency and the dwell time

of PEG transport as a function of the applied voltage

remain constant. The current deviation follows Ohm's

law behavior as a function of the applied voltage.

These results show that electro-osmotic flow is greatly

reduced in our experimental conditions. A recent simu-

lation work predicts that the interactions between pro-

tein and nanopore could be strong for FIB nanopores,

due to gallium ions, and weak for TEM nanopores,

because the silica surface rearranges and the patches

of dangling atoms are removed.47 The interactions

between the protein and the pore wall could be weak;

this is a possible explanation of our observation

of translocation times being shorter than expected.

Nevertheless, this time remains long compared to that

predicted in the absence of interaction, which is on

the order of a microsecond.32 This is quite a common

Figure 5. Comparison between theoretical translocation
time and experimental dwell time versus reciprocal of
dimensionless voltage corresponding to the experiment
(left). Sketch of the free-energy landscape (right). The
average modelized translocation time is plotted (green
curve) against 1/v, v = |QV| in units of kBT, for the experi-
mental range of voltage, V, from 200 to 800 mV, experi-
mental data (red markers). The experimental effective
charge of the protein is Q = �0.16e and the pore length is L;
we obtain the energy barrier, U = (9 ( 1.4)kBT, and the
barrier location η = 0.54 ( 0.03. The free-energy profile
permits explaining the crossover from an exponential
dependence of the residence time at moderate voltages
to the inverse voltage dependence at higher voltages.
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phenomenon, particularly on such a high-energy sur-

face as that of SiN,61 and many authors27,30,42 give

prominence to it.

Analysis of Event Frequency. From the inter-event dura-

tion histogram (Figure 6a), we observe that the block-

ade current frequency increases exponentially as the

applied voltage increases from 200 mV to 750 mV

(Figure 6b). We use a van't Hoff Arrhenius formalism,

R = R0 exp(|V|/V0), where R0Rf* exp(�U*/kBT) is the zero

voltage capture rate controlled by an activation barrier

U* (f* is a frequency factor) of entropic and electrostatic

origin. The ratio |V|/V0 = (zeV)/kBT is a barrier reduction

factor due to the applied voltage V, acting on ze, the

effective electric charge of the molecule, where z is the

magnitude of the effective total number of elementary

charges of the protein, e is the elementary charge, and

kBT is the thermal energy. The potential V0 (V0 = kBT/ze)

corresponds to the necessary applied potential to

allow a charged protein to overcome the Brownian

motion. Frequency data are well described by an

exponential fit of the equation f = f0 exp(|V|/V0), where

f0 = 3.8 ( 0.5 Hz and V0 = 152 ( 6.4 mV.

The protein net charge is �8e in solution in the

absence of counterion condensation. The effective

charge z is extracted from indirect measurement

z = (kBT)/(V0e) = 0.16 ( 0.01.

Up to now, we have just qualitative possible ex-

planations to discuss the high charge reduction at the

entry of the nanopore. The reduction of unfolded

protein charge could be due to the charge confine-

ment in the medium of low dielectric constant62 or to

back-flow effects.28,45,63

In order to estimate the activation energy, we

calculate the frequency factor (f*) from the barrier

penetration calculation f* = CDdiffApore/Lpore, where

C = 6.24 1021molecules/m3 is the bulk concentration

of MBP protein (corresponding to c = 10.4 μM), Ddiff =

10�10m2/s is its diffusion coefficient, Apore=π10
�18m2

is the cross-sectional area of the pore, and Lpore = 4.9(

1.4 nm is the pore length. We find U* ≈ (4.2 ( 0.5)kBT

for just the entry of an unfolded protein. If we consider

both the protein capture and the chain confinement

inside the pore, we obtain U = (9 ( 1.4)kBT (Figure 5).

We expected an increase of the energy barrier by a

factor (D20nm/D3nm)
5/3

≈ 24 if we consider that the

entropic barrier is dominated by the confinement of

the chain.64,65However, this energy barrier is two times

smaller than that obtained with the 20 nm pore (U* ≈

10.4kBT). This means that either electrostatic or hydro-

phobic interactions could contribute to this activation

energy. We have previously determined the activation

energy for the entry of unfolded proteins through

protein pores. We obtained U* ≈ 2kBT for the alpha-

hemolysin andU*≈ 4kBT for the aerolysin. These pores

have a similar diameter to the solid-state one (around

2 nm), but their net charge is different. For these

protein nanopores, the entropy is the major contribu-

tion for unfolded protein pore entrance.14,23 We ex-

pected an entropic penalty for an excluded volume

chain of a neutral polymer: U* ≈ (Lpore/D)kBT ≈ (1.6 (

0.4)kBT.
40 In our experimental conditions, the high salt

concentration screens the electrostatic interactions.

Finally, the main contribution in our experiments for

protein entrance with a narrow solid-state nanopore is

an entropic barrier.

CONCLUSION

In conclusion, we compare the transport of unfolded

proteins as a function of the applied voltage (from 200

to 750mV) through a 3 nm solid-state nanopore drilled

by TEM to our previous work with a 20 nm solid state

nanopore drilled by FIB.Weobserve surprisingly for the

narrowest pore a higher event frequency, a lower

activation energy, and shorter times than expected.

We show that the entry of unfolded proteins inside the

narrow nanopore is dominated by the entropic effect

associated with the confinement of the chains. The

protein is progressively stretched under the applied

voltage and assumes an extended conformation at

high voltages. The dwell time decreases exponentially

at medium voltage: the chains interact with the nano-

porewalls andescape from thepore. This time is inversely

proportional to the applied force at high voltage: the

unfoldedproteins are really transported through thepore

by an electrophoretic mechanism. The theoretical model

fits well the results and the experimental crossover. There

Figure 6. Frequency of current blockades versus applied
voltage in semilog scale. (a) Explanation of the statistical
analysis of the measured current traces, distribution of
inter-event intervals Ti for four different applied voltages.
(b) Frequency of events versus applied voltage. The red line
is an exponential fit of equation f= f0 exp(|V|/V0) with f0=3.8
( 0.5 Hz and V0 = 152 ( 6.4 mV.
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are two steps during translocation: (I) capture of the chain

to fill the pore; (II) transfer while keeping the pore filled.

This model has an exponential behavior at medium

voltages and linear dependence at higher voltages; the

free-energy barrier and the location of the barrier are the

adjustable parameters.

METHODS

Nanopores. The nanoholes were manufactured using a TEM/
STEM Jeol 2200FS microscope operating at 200 keV and
equipped with an aberration corrector on the probe (STEM
mode). The nano-openingswere created using a 1.3 nA electron
probe, a half-convergence angle of 30 mrad, and a spot size
(fwhm) of 0.4 nm. The width of the scanning window deter-
mines the size of the nano-opening. The etching process is
observed in situ and stopped when the nanohole is formed in
the scanningwindow. The post-treatment observations in high-
angle annular dark field imaging mode are performed using a
lower energy probe (240 pA and a spot size of 0.15 nm) to avoid
any modification of the shape of the hole.

All of the nanoporeswere adapted to an easy-to-use “Port-a-
Patch” setup (Nanion Technologies Gmbh). They were glued
onto a drilled screw cap containing a 1�2 mm wide hole. This
chip can be easily handled and rinsedwithwater and ethanol. In
order to make the membrane hydrophilic, we cleaned this chip
by exposing each side to oxygen plasma for 2 min. We then
applied a 10 μL buffer droplet to each side of the nanopore
using a micropipet. The buffer was an ionic solution of 0.82 M
KCl containing 5 mM Tris (pH 7.5) and allowed good storage
conditions. The experiments were conducted in a water-satu-
rated atmosphere. The effective pore diameter was deduced
from an open-pore conductance measurement. The denaturing
agent (guanidium-HCl) did not affect the noise level or the pore
stability. The addition of guanidium-HCl only increased the ionic
current of the open pore.

Proteins. The recombinant maltose binding protein (MBP or
MalEwt) of Escherichia coli contained 370 residues (Mr = 40 707)
and was negatively charged (with a net charge Z =�8e) at phy-
siological pH. The wild-type MBP was purified as described.66

The buffer was an ionic solution of 0.82 M KCl containing 5 mM
Tris (pH 7.5). In this study, we added to this ionic solution the
recombinantMBPdenatured by guanidium chloride (Gdm-HCl),
the final concentration of guanidium chloride being 1.5 M.

Data Acquisition. The ionic currents were detected using an
Axopatch 200B amplifier (Molecular Devices). They were first
filtered at 10 kHz before a digitization at 250 kHz (4 μs). The data
were processed with a homemade macro, using Igor software
(Wavemetrics). The event measurements were based on a
statistical analysis of the current traces described in a previous
article.67 This method was based on a two-threshold method in
the case of events with an asymmetric shape; the event dura-
tion was a function of the threshold. Because our threshold
criterion was always the same, the measurement error was
constant and remained low. All datawere obtainedwith a single
nanopore, but for each experimental condition, wemeasured at
least 2000 events. The same nanopore was used during several
experiments and several days with the protein. The physical
parameters were estimated without the standard deviation
between different pores but with the standard deviation of
several assays with the same pore. Data were systematically
checked for reproducibility.
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