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Figure S1. Dimensionof the a-hemolysinprotein pore Science 274, 1859-1866 (1996in
the membraneandthe electricdriving force on the targetnucleicacidsin the nanoporeThe
simplified force expressions F=gNV/L. In this expressionV is the voltageacrosshe poreln
the pseudoknot pullingxperimentV=+120mV (cis grounded)Most of the voltage drops on
thenarrowp-barrelwith alengthof L. L=5.5 nm;N is the numbebf nucleotidesactedby the
electricfield, andN=11 nucleotidesasusedin theliteraturePNAS 106, 7702—7707 (20099;
is the effective chargeof eachnucleotidein the solution.In the literatures,q rangesfrom -
0.1e (Matheet al Biophys. J. 87, 3205-3212 (200%to -0.5e (Schellmanet al Biopolymers
16, 1415-1434 (197Y. We usedg=—0.2% in 1 M saltconcentrationasreportedn Keyseret
al Nat. Phys. 2, 473-477 (2006)Using theseparameteralues,we evaluatedthat F=9.6 pN.
The scaleof this force is consistentwith that reportedfor driving i-motif unfoldingin the
nanopore J. Am. Chem. Soc. 137, 9053-9060 (20)6
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Figure S2. Nanopore blockingevents generatedby 5-PK and 3'-PK and conductance
analysis a) 5’-PK; b) 3'-PK. In both aandb, left panelsare currenttraces,andright panels
are correspondingurrentamplitudehistogramswherethe peaksfor Level1l andLevel2 in

the blockingeventsaremarked Level2 is lowerthanLevel1 for both 5'PK and3’-PK.
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Figure S3. Nanopore blockingventsgeneratedy translocationof sSDNA poly(CAT),, and
extendedRNA miR-155. a) poly(CAT),, andb) miR-155. In both aand b, left panelsare
currenttraces,and right panelsare correspondingurrentamplitude histogramswherethe
peaksfor full blocksby DNA or RNA translocatiorare marked Note that RNA translocation
reduces more conductancglower conductance)than DNA translocation events This

comparison helps us monitor the position of unfolde’NA in the nanopore.
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Figure $4. Blocking event duration 7§ of 5-PK (m) and 3'-PK (e) as a function of
transmembranegoltage.For both pseudoknots,wasshortenedsthe voltageincreasegrom

+120to +180mV, verifying the unfolding of T2 pseudoknot pulled by DEA leader
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Figure S5. Nanopore blockingevents generatedby T2-PK RNA (top) and molecular

configurationmodel (bottom). T2PK is the T2 pseudoknot withotidags Unlike 5’- and 3'-
PK, T2-PK (300 nM) only produced short blockihat can be assignedto non-pseudoknot
structuressuchas partially folded hairpinsthat unzipin the poreand RNAs in the extended
forms that translocatethroughthe pore. This result suggestghat the pseudoknotnolecules
formed by T2-PK cannotbe trappedin the cis vestibule ofthe pore.This is different from
anotherfolded structure,DNA G-quadruplexwhich can be trappedin the cis vestibuleto
partially block the nanoporeurrent(1/1,=50%) [Shimet al J.Phys.Chem B 112 8354-8360
(2008)]. The pseudoknot populaticior T2-PK wasevaluatedn Fig. S6.
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b. Blockinglevel and duration of various blocks generated chimer®K)’
Structures Molecular Relative conductancé/(;) Duration
process (m9)
Pseudoknot Unfolding 15+1% 9.7£0.9% 98+6
(Levell) (Level2)
I Hairpins Unzipping 10+2% 18+3
Il Extended 1-step 9.1+1.4% 0.32t0.20
conformation translocation
v Extended 2-step 371£4.0% 9.7+0.8% 1.7+40.2
conformation translocation (Shoulder)  (Ending spike)
c. Blockinglevel and duration of various blocks generated chimer®K3’
Structures Molecular Relative conductancé/[;) Duration
process (m9)
Pseudoknot Unfolding 13+1% 9.2+1.5% 350+40
(Levell) (Level2)
I Hairpins Unzipping 9.1+1.2% 23t4
Il Extended 1-step 8.82.0% 0.41+0.18
conformation translocation
v Extended 2-step 38+ 5% 8.1+1.1% 2.5t0.7

conformation

translocation

(Shoulder)

(Ending spike)

S7



d. Populations of different types of blocgenerated by T2 pseudoknot and variants

Structures T2-PK2 5-PK  3-PK 5-PK-mut 3-PK-mut
I Pseudoknot 40%  56% 51% 12% 16%
Il Hairpins - 11% 13% 21% 26%
I Extended conformation - 27% 29% 45% 39%
v Extended conformation - 6% 7% 22% 19%

a T2-PK is a pseudoknotvithout tags But its blocking eventswere not observedsuggestinghat pseudoknoglone
cannotaccessthe pore Therefore,the pseudoknotpopulationof T2-PK was evaluatedby comparingthe non

pseudoknotstructurecapturerate betweenT2-PK and taggedpseudoknot(5’-PK). For example,for 3'-PK, the
frequencyof all blocks,including pseudoknoand nonpheudoknatwas0.60 s in 100 nM chimeraconcentration
Theoverallcaptureratewascalculatedo be 6.0 uM-1- st. Fromthe block breakdowrtable(paneld), we haveknown
thatpseudoknopopulationwas51%. Sothe capturerate contributedby all nonpseudoknomoleculeswould be 3.0
uM-1.s1, For T2-PK, all blockswe observedwvere non-pseudoknosignaturegfor hairpinsunzipping,and 1- and 2-

steptranslocations)Their frequencywas 1.1 st in 300nM T2-PK RNA. So the contributionof non-pseudoknoto

theoverallcaptureratewas3.6 uM-1-s1. Assumingthe overallcaptureis 6.0 uM-1- s1, the non-pseudoknopopulation
shouldbe 61%. Thereforethe pseudoknopopulationof T2-PK wasevaluatedo be 40%.

Figure S6. a) Representativelock patternsgeneratedy chimera(5’-PK). The chimeracan
form pseudoknotthat unfolds and translocatesin the nanoporgl) and partially folded
hairpinsthatareunzippedandtranslocaten the pore(ll) (predictedusingOligoAnalyzer3.1,
IntegratedDNA Technologiesinc). The chomerasanalso adoptextendedconformationfor
rapid translocationthroughthe porein onestep(lll) andtwo step(IV). b-c) Propertiesof
observedlock patternggeneratedy 5’-PK (b) and 3'PK (c). d) Population of varioublock
patternsgeneratedoy T2 pseudoknotaindits variants,including T2-PK, 5-PK, 3'-PK, 5'-
PK’-mut,and3’-PK-mut.
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Figure S7. Blocking eventsfor unzippingand translocationof a doublestrandedRNA 2H.
This 12-bpRNA duplex consists of the 7-bp Hihd5-bp H2 without loogarticipation(top).
A poly(CAT),, DNA leadermwasattachedasan overhango trap the RNA duplexinto the pore
anddrive its unfolding. The currenttracesfor 2H (mid) andexpandecevents (bottom) show
thatthe unzippingof 2H wasonly tensof millisecondsmuchshorterthanthe unfolding of 5'-
PK and 3'-PK that involves the non-canonicahteractionssuch as triplex basepairs for

structuralstabilization
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Figure S8. Nanopore blockingventsof 5’-PK and 3’-PK and duration ofdifferent stepsin
signature blocksn nearphysiology condition. Currenttraceswere recordedat +120mV in
asymmetricalsolutions:cis (5’-PK or 3'-PK presenteg 140 mM NaCl, 5 mM KCI, 1 mM
CacCl,; trans, 2 M NaCl. Both cis andtrans solutionswerebufferedwith 25 mM MOPS (pH
7.4)andin the presenceof 10mM MgCl,. a) andb) Blocking events(top) andrepresentative
Levell and Level2 durationhistograms(bottom) for 5’-PK (N=361, panela) and 3’-PK

A — —
[e~t/71 — e~t/2], wherer,
-

(N=410, panelb). The histogramswere fitted with N(t) =

T1
andr, arethe two sequentiatime components. The duration eéchblockinglevel, z, is the

sum ofz; andz,.

S$10




1.2 4

—=—2H
—e—PK-T2

{ —a—3-PK
003 ~Y 9-PK
—e— 3-PK-mut
—a— 5'-PK-mut

0.04 |

0.9

0.6 0.02 +

Abs
OA/OT

0.01
0.3 H

0.00

0.0 H

-0.01 +

20 40 60 80 100 20 40 60 80 100
Temperature (°C) Temperature (°C)

Figure S9. Thermalstability of T2 pseudoknot anits regulationby loop-steminteractions.
a) Melting curves of 5-PK, 3-PK, 5-PK-mut, 3'-PK-mut, T2-PK, and 2H. b) First
derivativeof melting curvesin panela, asprocessedn thereferencdQin et al Biochemistry
35, 4176-4186 (1998 All nucleicacidspossessed derivativepeakaround 74-76C, which
is themeltingtemperaturef coaxialstackinghelix. Except2H, all otherpseudoknoferming
sequenceshow anothederivative peakaround 40-45 C, which could beattributedto the

disruption of loop-helix triplex interactions
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Figure S10. Simulation of the two-step kinetics and the fitting of time constantsin the
A—B—C kinetic pathway,the lifetimes of a moleculein A and B statesare exponentially

distributedwith the constants of, andz,. Thetotaltime of A andB statesr canbefitted with

A —
[e t/Tl
71— 72

a two-exponential distributionV(t) = —e~t7%2]. ¢ is the sum ofr, and r,.

Comparedwith the singleexponential distributionsuch two-exponential distribution is
characterizedoy a peak, which is the key to the fitting accuracy To simulate the fitting
procedurewe generatedwo setsof 200 exponentially-distributed duratiealuesfor A and
B, respectivelyto simulatethefitting processandto studythe conditionfor accuratditting.
a) Whent,/t, =1 ;=10 ms ;=10 ms), the peaktime is the longestandthefitting is the most
accurate(r;=10.7ms 7,=10.4ms) with lowestrelative errors(z;: 7% andz,: 4%).b) When
7,/t, =5 =10 ms ;=2 mg), the peaktime is shortenedand the fitting, in particularthe
shortertime 7, is lessaccurate(z;=9.6 ms 7,=2.3 ms) with increasederrors (z;: 4% and z,:
15%).c) Whenzt,/7, =20 ;=10ms 7,=0.5ms), thepeaktime is greatlyshortenedr,=9.7 ms,
7,=0.37 mg) with theincreasen the errors(z;: 3% andz,: 23%). Note thatin this case,the
smallertime componentca, can be negectedandthe histograntan be fitted with a single-
exponendistribution Therefore empiracallyif the peaktime in a histograms not zero,the
distribution can be fitted with a two exponentialcurve In contrast,if the peaktime is zero

(i.e. thefirst binis thelargest),we cantreatthe histogranasthesingleexponent distribuion.
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Table S1 Energy parameters used for the KMC simulations

Energy parameters References

Base (mismatchgdtacking Nucleic Acids Res. (2010), 38: D280-282
Hairpin loops RNA (2005), 11: 1884-1897

Internal loops RNA (2005), 11: 1884-1897

Bulge loops RNA (2005), 11: 1884-1897

Pseudoknots without inter-helix loop Nucleic Acids Res. (2006), 34: 2634-2652
Pseudoknots with inter-helix loop RNA (2009), 15: 696-706

Base triples RNA (2010), 16: 538-552
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