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Supporting Information Methods
Protein preparation. Heptameric aHL proteins were produced as described' by E.

Mikhailova in our laboratory. Aliquots of the purified protein were stored at -80°C.

Mutagenesis. Mutant aHL genes were prepared using a kit for site-directed mutagenesis
(QuikChange II XL, Catalog no. 200522-5, Stratagene), and verified by sequencing'. M113R,
MI113N and M113F were made by using the RL2 gene as the template. The RL2 gene
encodes four amino acid replacements in the barrel domain (Val-124 to Leu, Gly-130 to Ser,

Asn-139 to Gln, Tle-142 to Leu) and one in the cap region of aHL (Lys-8 to Ala)"?.

oaHL-(N139Q)s(N139Q/L135C);.amg-amPDP;-BCD. The aHL pore with a covalently
attached cyclodextrin, oHL-(N139Q)s(N139Q/L135C);.amg-amPDP;-BCD, was obtained
from Oxford Nanopore Technologies®. This pore contains a functionalized cyclodextrin,
heptakis(6-deoxy-6-amino)-6-N-mono(2-pyridyl)dithiopropanoyl-f-cyclodextrin (amgam-
PDP,BCD), coupled to the Cys residue within the oHL (N139Q)s(N139Q/L135C); pore

(Figure S7).

PNPase preparation. N-terminally His tagged Caulobacter crescentus polynucleotide

phosphorylase (PNPase) was expressed and purified as described previously”, Figure S8.

gu;BCD. Heptakis(6-deoxy-6-guanidino)-fCD (gu;fCD, >98%) was obtained from Oxford
Nanopore Technologies. gu;fCD was prepared by modification of the amino groups of
heptakis(6-deoxy-6-amino)-p-cyclodextrin.7HCl ~ (am;BCD,  Cyclolab)  with  1H-

pyrozolecarboxamidine, in the presence of di-isopropyl ethylamine’ (Figure S2, Figure 2).



Planar bilayer recording. Electrical recordings were carried out with a planar lipid bilayer
apparatus by using bilayers of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, Avanti
Polar Lipids) formed across an aperture (~100 pm in diameter) in a 25-pm thick
polytetrafluoroethylene (Teflon) film (Goodfellow, Cambridge, Cat. #FP301200/10), which
separated the apparatus into cis and trans compartments®. Bilayers were formed by first pre-
treating the aperture with hexadecane in n-pentane (10 mg mL™). Unless stated otherwise, the
electrolyte solution was the same in both compartments (symmetrical conditions (500 pL): 1
M KCl, 25 mM Tris.HCI at pH 7.5). Then, DPhPC in n-pentane (10 mg mL™"') was added on
both sides. The pentane was allowed to evaporate and a bilayer was formed by lowering and
raising the electrolyte level past the aperture. When different buffer compositions were used
(asymmetrical conditions), this is indicated in the text. All current recordings were performed
with a patch clamp amplifier (Axopatch 200B, Molecular Devices) with the cis compartment

connected to ground.

rNDP identification with a non-covalently bound cyclodextrin adapter. Reagents: 2-
uridine 5-diphosphate disodium salt (rUDP, 99%, Fluka); cytosine 5-diphosphate (rCDP,
>98%, Fluka); adenosine 5-diphosphate (rADP, 99%, Acros); guanosine S5-diphosphate
disodium salt (rGDP, 97%, Acros); heptakis(6-deoxy-6-amino)-B-cyclodextrin.7HCI
(am7BCD, >99%, Cyclolab).

MI113X-RL2 aHL pores and tfNDPs (10 uM) were added to the cis compartment, which
was connected to ground. am7BCD (Figure S2) was added to the trans compartment (80 uM),
which was connected to the head-stage of the amplifier. Both compartments contained 1 M
KCI, 25 mM Tris.HCL, at pH 7.5 (0.5 mL). Currents were typically recorded for 5 to 15 min

at potentials between +100 to +200 mV. After the addition of am;BCD, transient current



blockades were observed (~70%) (Figure S4). The amplified signal was low-pass filtered at 5
kHz and sampled at 25 kHz with a computer equipped with a Digidata 1440A digitizer
(Molecular Devices). The data were analyzed and presented by using pClamp software
(version 10.1, Molecular Devices). Events were detected with the ‘Event Detection’ feature
from which current amplitude (Igz) and dwell time (o) histograms were constructed. The
mean I value for each base interacting with am;BCD within the aHL pore was determined
by performing a Gaussian fit to the histogram of I values. The current blockade for each
base was also described by a residual current (Irgse,), in which Ig is expressed as a percentage
of the ionic current with am;BCD bound (Icp): Iresws = (Ig/lcp) x 100. When these
experiments were repeated, the INDPs were added to the chamber in a different order. To
determine how well a particular pore can discriminate between rNDPs, two additional criteria

were used: (i) the overall dispersion (Alggse,”" "

) was measured (the difference between
the most widely separated Irgse, values in the histogram); (ii) the product (0) of the sequential

differences between each of the IRES%7’ 8 An aHL pore that is unable to discriminate between

all four nucleotides has 6 = 0.

rNDP identification by a permanent adapter. For the continuous detection of INDPs, we
used an aHL pore, aHL-(N139Q)s(N139Q/L135C);.amg-amPDP;-BCD, with a covalently
attached cyclodextrin. The modified pore was added to the cis compartment. 3 major current
levels were observed upon insertion of the pores into the lipid bilayer (Figure S12): (i) 30%
of the pores contained no CD; (ii) 10% of the pores gave noisy baselines with currents
approaching 0 pA; (ii1) 60% were judged to be correctly constructed pores. The latter were
characterized by a lower current value (~50% less) than what was seen for the (i) case, due to

the presence of the CD. Here, the current remained constant, and the pore was not closed or



removed by changing the polarity or magnitude of the applied potential. Only these pores

were used for the identification of rNDPs.

Detection of rNDP derived from ssRNA. A 1:1 ratio of Caulobacter crescentus PNPase
trimer and ssRNA homopolymers: oligo(rC);p, oligo(rU)sp, oligo(rA);p or ssRNA
heteropolymer, oligo(het)so, obtained from Integrated DNA Technologies (Table S8) were
added to the cis compartment. After the addition of 5 mM MgCl, and 10 mM NaH,PO, (pH
7.0), the PNPase was activated and sequentially cleaved rNDPs from the 3'-end of the
sSRNA. The liberated rNDPs were observed as binding events when 80 uM am;BCD was

added to the trans compartment.

Monitoring of PNPase digestion. A 1:1 ratio of Caulobacter crescentus PNPase trimer”
and ssRNA oligonucleotides PNPaseeoligo-[P](het;y) or oligo-[PS](het)s;o) obtained from
Integrated DNA technologies (Table S8) were added to the cis compartment. After the
addition of 5 mM MgCl, and 10 mM NaH,PO4 (pH 7.0), the PNPase was activated and
sequentially cleaved rNDPs from the 3'-end of the ssRNA. The translocation-event frequency
was monitored by collecting capture events in a 30 s segment (from t= 0 s to 900 s), in the

presence of P; and Mg2+.



Supporting Tables and Figures

MI113R-RL2 (+120 mV) oHL-
(N139Q)s(N139Q/
Nucleotide amzBCD guwpCD ;ﬁf};?)cp)ll _Erg;)
(+160 mV)
Tott | Kot | Ires | Tott | Kot | IRes | Toft | Kot | Ires
ms) | (s | (%) | ms) | ) | (%) | (ms)| ) | (%)
{GMP 7.0 | 143.0 | 343 | 8.0 | 125.0 | 314 | 31.0 | 32.0 | 32.7
+1.0 | £8.0 | £1.2 | £2.0 | £7.0 | £14 | £2.0 | £3.0 | £0.4
AMP 140 | 71.0 | 33.1 | 23.0 | 44.0 | 30.8 | 20.0 | 50.0 | 35.6
+1.0 | £3.0 | 1.2 | £2.0 | £3.0 | £1.4 | £3.0 | £2.0 | £0.2
{CMP 11.0 | 91.0 | 37.1 | 180 | 55.0 | 32.1 | 24.0 | 41.0 | 36.1
20| £7.0 | 1.2 | £1.0 | £3.0 | £1.2 | £2.0 | £1.0 | £0.4
UMP 6.0 | 166.0 | 32.6 | 8.0 125 |1 293 | 17.0 | 59.0 | 38.0
+1.0 | £8.0 | 1.6 | £1.0 | 4.0 | £1.2 | £2.0 | £3.0 | £0.4
Algps”VERALL(9%) 2.5+0.3 4.8+0.3 5.3+0.6
0 1.7 £0.8 0.63 £0.2 2.8 +0.4

Table S1. Kinetic parameters for INMP identification. Comparison of the kinetic parameters
of optimal nucleoside monophosphate binding to am;BCD and gu;fCD within the M113R-
RL2 oHL mutant pore at pH 6.0 (+120 mV) and to the covalent oHL-
(N139Q)6(N139Q/L135C);.amg-amPDP;-BCD pore at pH 7.5 (+160 mV). Values of kg were
determined by using ko= 1/Tor, Where To¢r 1s the mean dwell time of each INMP in the pore.
Io and Iggsy, values are mean values (£S.D.) taken from Gaussian fits to event histograms.
Iresy = (Ires/lo) x 100. AIRES%OVERALL 1s the difference in residual current between the two
most widely separated current peaks. 6 is the product of the successive differences in Irgsy,
between the four peaks. If any two peaks overlap, then 6 is zero.



M113X-RL2 mutants

am;BCD

n kon koff KD

Ms?t st M
M113R 47 2.5+ 0.4 x10° 3.7+ 0.4 x10° 1.5+ 0.4 X107
M113F 9 1.9 + 0.6 x10° 8.6 + 0.6 x10 45+0.4x107
M113N 6 2.3+0.4x10° 4.2 +0.2 x10” 1.8+ 0.1 x10”

Table S2. Kinetic parameters for the interaction of am;BCD with homo-heptameric M113X
mutant pores. Kon = 1/ton[am7BCD], where 1o, IS the mean inter-event interval. Ko = 1/7of,

where 1o IS the mean dwell time of am;BCD in the pore. Kp = Kosi/Kon.

experiments.

n = number of



M113R-RL2+am;BCD at +120mV
rADP rCDP rGDP rubDP OVERALL
lo Alrgs
Exp IrRes Ires Ires Ires o
(PA) (%) (%) (%) (%) (%)

1 121 21.4 23.1 22.0 19.2 3.9 15

2 120 22.1 24.5 23.0 21.0 3.5 15

3 129 21.4 24.6 24.0 20.4 4.2 1.6

4 120 22.0 25.1 22.8 21.1 4.0 1.7

5 123 21.9 24.1 23.1 20.7 3.4 1.4
Mean 123 21.8 24.3 23.0 20.5 3.8 15
+SD 4.0 0.3 0.7 0.7 0.8 0.3 0.1

Table S3. Reproducibility of rNDP identification at +120 mV with M113R RL2eam;BCD
aHL pores. The lp and lresy, Values are mean values taken from Gaussian fits to event
histograms. Iresys = (Ires/lo) x 100. Alresy’ = is the difference in residual current
between the two most widely separated current peaks. The & value is the product of the
successive differences between the peaks. If any two peaks overlap, the & value is zero. The

Iresy Values highlighted in grey are plotted as a histogram in Figure 2b.




Potential Toff koff: 1/ Toff IRES P()tential Toff k(,ﬁ: I/Toff IRES
Nucleotide Nucleotide

mV ms s (%) mV ms s (%)
rGDP 24.0 42.0 20.4 rCDP 19.0 54.0 21.7

100 100
+2.0 +1.0 +1.4 +2.0 +2.0 +0.7
24.0 41.0 23.0 20.0 50.0 243

120 120
+1.0 +2.0 +0.7 +2.0 +2.0 +0.7
26.0 39.0 26.1 22.0 46.0 28.0

140 140
+3.0 +1.0 +2.0 +1.0 +1.0 +1.6
27.0 37.0 30.6 23.0 44.0 31.6

160 160
+1.6 +1.0 +1.4 +3.0 +1.0 +1.6
28.0 37.0 35.8 22.0 45.0 36.0

180 180
+1.0 +2.0 +2.0 +1.0 +1.0 +1.4
30.0 36.0 40.1 22.0 46.0 40.6

200 200
+2.0 +1.0 +1.6 +2.0 +1.0 +2.0
rADP 21.0 48.0 18.1 rUDP 25.0 40.0 16.0

100 100
+1.0 +1.0 +1.4 +2.0 +2.0 +2.0
23.0 43.0 21.8 27.0 37.0 20.5

120 120
+2.0 +1.0 +0.3 +1.0 +2.0 +0.8
24.0 42.0 259 29.0 34.0 24.1

140 140
+2.0 +1.0 +1.4 +1.0 +2.0 +2.0
27.0 37.0 30.0 31.0 32.0 28.6

160 160
+1.0 +4.0 +1.4 +2.0 +2.0 +2.0
26.0 39.0 33.8 30.0 33.0 324

180 180
+1.0 +4.0 +2.0 +1.0 +2.0 +2.0
27.0 37.0 39.5 28.0 35.0 383

200 200
+2.0 +4.0 +2.0 +2.0 +2.0 +2.0

Table S4. Voltage dependences of the residual currents (Irgsy), dwell times (to) and
dissociation rate constants (ko = 1/7ofr) for INDP bound to the M113R-RL2eam;BCD oHL

pore. Irgse, values are mean values (£ S.D.) taken from Gaussian fits to event histograms at

various applied potentials (n > 3 experiments). Irgsy, = (Irgs/lo) x 100. Plots of applied

potential versus Irgsy, and kg are shown in Figures 2c-d.




M113R-RL2 at +120mV

am;BCD gu;BCD
. Toff Kofi= 1/ tosf Ires Toff Koti= 1/ tosf IRes
Nucleotide . 1 %) . 51 %)
GDP 11.0 91.0 23.1 16.0 43.0 25.6
+1.0 +4.0 +0.7 +1.2 +6.0 +1.2
(ADP 20.0 50.0 21.9 21.0 46.0 23.0
+1.6 6.0 +0.3 +1.1 +6.0 +1.2
CDP 16.0 63.0 24.1 16.0 42.0 26.4
+2.0 +2.0 +0.7 +1.2 +8.0 +1.6
UDP 9.0 111.0 20.7 11.0 49.0 22.1
+1.0 6.0 +0.8 +1.0 +6.0 +2.0
AlpesOVERALL (04 13043 AlresOVERALL (04 14034
1.4 1.9
0 +0.6 0 +0.4

Table S5. Comparison of kinetic parameters for rNDP binding to am;BCD and gu;BCD in
oHL M113R-RL2 aHL pores at pH 6.0 (+120 mV). Kon = 1/ton [am7BCD], where 1o, is the
mean inter-event interval. Ko =1/t01r, Where o iS the mean dwell time of am;BCD in the
pore. lo and Iresy, Vvalues are mean values (xS.D.) taken from Gaussian fits to event
histograms. Iresss = (Ires/lo) x 100. Alresy’ SR - is the difference in residual current
between the two most widely separated current peaks. The & value is the product of the
successive differences between the peaks. If any two peaks overlap, then the 5 value is zero.
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aHL-(N139Q)s(N139Q/L135C);.amg-amPDP1-BCD at +160mV
rADP rCDP rGDP ruDP OVERALL
Ex lo | | | | Alres 8
p RES RES RES RES
(PA) (%) (%) (%) (%) (%)
1 70 29.4 31.8 28.0 32.6 4.6 2.7
2 67 295 31.6 27.9 33.0 51 4.7
3 69 28.9 31.4 28.2 32.6 4.4 2.1
4 79 29.8 32.1 28.1 33.0 4.9 3.5
5 72 29.5 31.8 27.7 324 4.7 2.5
Mean 71 29.4 31.7 28.0 32.7 4.7 3.1
+SD 5.0 0.3 0.3 0.2 0.3 0.3 1.0

Table S6. Reproducibility of rNDP identification at +160 mV with oHL-
(N139Q)6(N139Q/L135C);.amg-amPDP1-BCD pores. lo and Iresy are mean values (£S.D.)
taken from Gaussian fits to event histograms. lresw = (Ires/lo) x 100. Alresy” = is the
difference in residual current between the two most widely separated current peaks. The &
value is the product of the successive differences between the peaks. If any two peaks
overlap, then the & value is zero. The Iresey Vvalues highlighted in grey are plotted as a
histogram in Figure 3c.

11



Potential Toit | Kott= Utot | Ires Potential Toft | Kot= L/ttt | Ires
Nucleotide Nucleotide
mv ms st (%) mvV ms st (%)
rGDP 100 20.0 49.0 16.5 rCDP 100 19.0 53.0 18.5
+1.0 +1.0 +1.0 +1.0 +1.0 +0.6
120 22.0 45.0 21.2 120 20.0 51.0 25.2
+2.0 +1.0 0.8 +1.0 +1.0 +0.4
140 25.0 41.0 24.6 140 21.0 48.0 29.1
2.0 +1.0 0.8 +1.0 +1.0 +0.4
160 26.0 38.0 28.0 160 23.0 44.0 31.7
2.0 +1.0 0.2 2.0 +1.0 +0.3
180 27.0 39.0 29.2 180 22.0 45.0 34.8
1.0 +1.0 0.4 +1.0 +1.0 +1.2
200 23.0 43.0 34.2 200 23.0 43.0 41.1
2.0 +1.0 +0.6 +2.0 +1.0 +1.0
rADP 100 16.0 62.0 17.2 rUDP 100 14.0 73.0 18.7
+1.0 +1.0 0.6 +2.0 +1.0 +0.4
120 18.0 55.0 221 120 15.0 66.0 23.7
+1.0 +1.0 0.4 +1.0 +1.0 +1.0
140 19.0 50.0 26.0 140 17.0 59.0 28.5
1.0 +1.0 0.8 2.0 +1.0 +1.0
160 22.0 46.0 29.4 160 18.0 57.0 32.7
2.0 +1.0 0.3 3.0 +1.0 +0.3
180 21.0 48.0 33.3 180 17.0 58.0 36.0
1.0 +1.0 0.8 +1.0 +1.0 +0.2
200 22.0 45.0 38.2 200 16.0 60.0 39.7
+1.0 +1.0 +0.8 2.0 +1.0 +0.6

Table S7. Voltage dependences of the residual currents (Irgse,), mean dwell times (to) and
dissociation rate constants (kg 1/15¢¢) for tNDPs bound to the oHL-
(N139Q)6(N139Q/L135C);.amg-amPDP-BCD pore. Irgse, values are mean values (£ S.D.)
taken from Gaussian fits to event histograms at various applied potentials (n > 3
experiments). Irgsy, = (Ires/lo) x 100. Plots of applied potential versus Irgse, and ko are
shown in Figures 3e-f.
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Oligonucleotide name Oligonucleotide sequence (3'>5)
oligo(rA)so 3-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-S
oligo(rC)so 3'-CCCCCCLCLrCreeeeeeeecceeeceeccecececececece-s
oligo(rU)so 3'-UuvvvvuvuvyyvvvvUUUUUUUUUUUUUUUuUu-5'
oligo-(het)so 3-AAAUGGACUGGCUUCGGAAGCCAAAUGGAU-5
oligo-[P](het)so 3-[PJAAAUGGACUGGCUUCGGAAGCCAAAUGGAU-5'
oligo-[PS](het)s 3- [PSJAAAUGGACUGGCUUCGGAAGCCAAAUGGAU-5'

Table S8. Sequences of the oligonucleotides used in this study. (het) represents the
heteropolymer oligonucleotide consisting of all four nucleotides (rC, rG, rA and rU). [P]

represents the phosphodiester linkage and [PS] represents a 3’-phosphorylated linkage in the
oligonucleotide backbone.
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M113R-RL2 M113R-RL2«am;BCD
o oligo(rA)so | oligo(rC)so | oligo(rU)so rADP rCDP rUDP

Exp Ires Ires Ires Ires | Tott | lres | Toff | lres | Torr
(PA) (%) (%) (%) (%) | ms | (%) | ms | (%) | ms

1 140 24.0 26.6 21.9 29.7 { 19.0 | 32.1 | 20.0 | 28.1 | 18.0
2 142 245 26.5 22.2 296 {19.0 | 31 | 20.0| 27 | 16.0
3 141 23.3 254 21.3 26.8 | 17.0 | 29.7 | 19.0 | 25.9 | 16.0
4 136 24.2 26.7 22.0 28.2 {19.0 | 31.6 | 21.0 | 26.1 | 18.0
5 138 24.3 26.7 22.4 28.1 | 19.0 | 30.7 | 20.0 | 26.9 | 16.0
6 141 23.9 26.9 22.6 279 | 18.0 | 30.8 | 21.0 | 27.6 | 18.0
7 139 24.5 26.4 22.0 299 (19.0 319|200 | 26 | 16.0
8 142 24.3 26.6 22.2 28.8 | 20.0 | 31.3 | 21.0 | 26.9 | 18.0
Mean | 140 24.1 26.5 22.1 28.6 | 19.0 | 31.1 | 20.0 | 26.8 | 17.0
+SD | 2.0 0.4 0.5 0.4 11|10 |08 | 10| 08 | 1.0

Table S9. Reproducibility of experiments with PNPases RNA complexes captured using the
voltage protocol described in Figure S9. The rNDPs liberated by the PNPase enzyme (in the
presence of P; and Mg?*) are detected by M113R-RL2+am;BCD aHL pores at +140 mV. The
lo and Iresy Values are mean values (£S.D.) taken from Gaussian fits to event histograms.
lresw = (Ires/lo) x 100. Alresy” E! s the difference in residual current between the two
most widely separated current peaks. The & value is the product of the successive differences
between the peaks. If any two peaks overlap, then the & value is zero. The lresoy Values
highlighted in grey are plotted as histograms in Figure 4c-d.

14



Irgse, values for PNPaseeoligo(het);o and released rNDPs
I oligo(het)sg rADP rCDP rGDP rUDP Al OVERALL
Exp Ires Ires | Tort | Ires | Toff | IRes | Torr | IRes | Tofr %
(pA) (%) % ms | (%) | ms | (%) | ms | (%) | ms (%)
1 140 24.6 264 | 20.0 | 304 | 22.0 | 27.2 | 27.0 | 259 | 18.0 4.5 1.3
2 143 25.6 26.1 | 17.0 | 283 | 19.0 | 26.6 | 23.0 | 25,5 | 15.0 2.8 0.5
3 141 25.1 272 | 20.0 | 30.1 | 21.0 | 294 | 25.0 | 26.1 | 17.0 4.0 1.7
4 146 253 27.1 | 16.0 | 284 | 18.0 | 27.6 | 21.0 | 239 | 15.0 4.5 1.3
5 137 25.2 27.1 | 19.0 | 29.9 | 21.0 | 282 | 25.0 | 25.8 | 17.0 4.1 2.4
Mean | 141 25.2 26.8 | 18.0 | 294 | 20.0 | 27.8 | 24.0 | 254 | 16.0 4.0 1.4
+SD 3.0 0.4 0.5 2.0 1.0 2.0 1.1 2.0 0.9 1.0 0.7 0.7

Table S10. Reproducibility of experiments with captured PNPaseeoligo(het);p complexes and

released rNDP binding events with cHL M113R RL2+amBCD pores. The voltage protocol is

described in Figure S9. The rNDPs were cleaved by PNPase from the RNA oligo(het);p and
detected with aHL M113R RL2+am;BCD at +140 mV. The Ip and Irgsy, values are mean
values (£S.D.) taken from Gaussian fits to event histograms. Irgse, = (Irgs/lo) X 100. T is the
mean dwell time of a INDP in the pore. Alrgsy
between the two most widely separated current peaks. The & value is the product of the

OVERALL

is the difference in residual current

successive differences between the peaks. If any two peaks overlap, then the 6 value is zero.

The Irgse, values highlighted in grey are plotted as histograms in Figure 4e-f.
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# Events
T(i;')‘e oligo-[P](het)so oligo-[PS](het)s Control, oligo-[P](het)s (no Pi)
#1 #2 #3 Mean | +S.D #1 #2 #3 Mean | +S.D #1 #2 #3 Mean +S.D

0 36 | 42 | 46 | 41 5 46 42 | 38 42 4 44 38 | 44 42 3
30 | 37 | 38 | 51| 42 8 44 38 | 34 39 5 40 41 46 42 3
60 | 41 | 41 | 44 | 42 2 41 39 | 39 40 1 41 44 | 41 42 2
90 | 39 | 38 | 41 | 39 2 42 42 | 4 42 1 44 37 | 49 43 6
120 | 35 | 32| 37 | 35 3 48 45 | 46 46 2 47 46 | 49 47 2
150 | 37 | 46 | 41 | 41 5 41 48 | 42 44 4 50 47 | @7 48 2
180 | 38 | 47 | 41 | 4 5 40 44 | 44 43 2 46 41 41 43 3
210 | 34 | 37 | 33 | 35 2 37 46 | 49 44 6 48 42 | 4 44 3
240 | 41 | 41 | 42 | 41 1 39 46 | 47 44 4 48 s4 | 46 49 4
270 | 37 | 46 | 41 | 41 5 39 42 | 39 40 2 44 52 | 55 50 6
300 | 36 | 42 | 31 | 36 6 44 41 37 41 4 43 46 | 56 48 7
330 | 41 | 36 | 40 | 39 3 37 47 | 34 39 7 49 43 51 48 4
360 | 45 | 44 | 45 | 45 1 43 49 | 46 46 3 51 40 | 49 47 6
390 | 40 | 34 | 41 | 38 4 42 40 | 42 41 1 42 47 | 59 49 9
420 | 43 | 37 | 40 | 40 3 38 39 | 34 37 3 41 46 | 44 44 3
450 | 35 | 23 | 37 | 32 8 39 39 | 46 41 4 41 2 | 4 41 1
480 | 29 | 21 | 27 | 26 4 42 49 | 41 44 4 51 41 42 45 6
510 | 22 | 25 | 21 | 23 2 46 50 | 40 45 5 52 43 | 4 45 6
540 | 27 | 22 | 21 | 23 3 40 47 | 40 42 4 49 44 | 43 45 3
570 | 24 | 24 | 13 | 20 6 37 49 | 49 45 7 51 41 46 46 5
600 | 20 | 20 | 14 | 18 3 39 46 | 48 44 5 48 40 | 52 47 6
630 | 21 | 26 | 22 | 23 3 39 42 | sl 44 6 44 40 | 44 43 2
660 | 13 | 20 | 17 | 17 4 44 43 34 40 6 45 42 | 40 42 3
690 | 6 | 18 | 17 | 14 7 36 49 | 31 39 9 51 49 | 49 50 1
720 | 2 | 13| 11 9 6 41 47 | 39 42 4 49 47 | 38 45 6
750 | 1 7 | 8 5 4 44 42 | 38 41 3 44 35 | 40 40 5
780 | 0 3 3 2 2 41 46 | 34 40 6 48 37 | 37 41 6
810 | 0 1 5 2 3 47 42 | 36 42 6 44 46 | 46 45 1
840 | 0 0| o0 0 0 40 41 4 41 1 43 39 | 43 42 2
870 | 0 0 1 0 1 39 49 | 40 43 6 51 38 | 47 45 7
900 | 0 0| o0 0 0 40 44 | 41 42 2 46 39 | 42 42 4
Total | 780 | 824 | 831 | 812 | 28 | 1275 | 1373 | 1262 | 1303 | 61 | 1435 | 1327 | 1410 | 1391 | 57

Table S11. The PNPase*RNA capture rate by the aHL M113R-RL2 nanopore as a function
of time. After the addition of 10 mM P; (at t = 360 s, highlighted in grey), the event rate
sharply declines for oligo-[P](het);p. In contrast, the event rate is maintained for the
phosphorothioate oligonucleotide, oligo-[PS](het);p which cannot be digested by PNPase. In
the control experiments with oligo-[P](het)so, P; is not added. The data are plotted in Figure
5b.
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. Digestion %
T(I;I)Ie oligo-[P](het)s
#1 #2 #3 Mean | £S.D
0 4.6 5.1 5.5 5.1 0.5
30 9.4 9.7 11.7 | 102 | 1.2
60 146 | 147 | 17.0 | 154 | 1.3
90 196 | 193 | 219 | 203 | 14
120 24.1 | 232 | 264 | 245 | 1.6
150 28.8 | 288 | 313 | 296 | 14
180 33.7 | 345 | 362 | 348 | 1.3
210 38.1 | 39.0 | 40.2 | 39.1 | 1.1
240 433 | 439 | 452 | 442 | 1.0
270 48.1 | 49.5 | 50.2 | 493 | 1.1
300 52.7 | 546 | 539 | 53.7 | 1.0
330 579 | 59.0 | 58.7 | 58.6 | 0.5
360 63.7 | 643 | 64.1 | 64.1 | 0.3
390 68.8 | 684 | 69.1 | 68.8 | 0.3
420 744 | 729 | 739 | 73.7 | 0.7
450 78.8 | 75.7 | 783 | 77.6 | 1.7
480 82.6 | 783 | 81.6 | 80.8 | 2.2
510 854 | 813 | 84.1 | 83.6 | 2.1
540 88.8 | 84.0 | 86.6 | 86.5 | 2.4
570 919 | 869 | 882 | 89.0 | 2.6
600 945 | 893 | 899 | 91.2 | 2.8
630 972 | 925 | 925 | 941 | 2.7
660 98.8 | 949 | 946 | 96.1 | 2.4
690 99.6 | 97.1 | 96.6 | 97.8 | 1.6
720 999 | 98.7 | 98.0 | 98.8 | 1.0
750 | 100.0 | 99.5 | 989 | 99.5 | 0.5
780 | 100.0| 999 | 993 | 99.7 | 04
810 | 100.0 [ 100.0 | 99.9 |100.0 | 0.1
840 | 100.0 | 100.0 | 99.9 |100.0 | 0.1
870 | 100.0 | 100.0 | 100.0 | 100.0 | 0.0
900 | 100.0 | 100.0 | 100.0 | 100.0 | 0.0

Table S12. Time course for the digestion of oligo-[P](het);p with PNPase. To obtain the plot
of percent ssRNA digestion versus time (Figure 5c), events were collected in 30-s segments
(between 30 to 900 s) from single-channel current traces of aHL M113R-RL2 and
PNPaseeoligo-[P](het);o, before and after the addition of 10 mM P; (cis).
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side view top view

Figure S1. Structure of the M113R-RL2 aHL pore (cartoon view). (Left) top view; (Right),
side view. Arg-113 (blue) and the am;BCD cyclodextrin (red) are shown as space-filling
structures, Created using PyMOL software (version 1.3).
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Figure S2. Structures of the am;BCD and gu;BCD adapters (ChemBioDraw Ultra software,

version 12.02).
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Figure S3. Typical current-voltage (I-V) traces for aHL WT (black), aHL M113R-RL2

(red), aHL M113N-RL2 (blue) and aHL M113F-RL2 (green) pores in 1 M KCI, 25 mM
Tris-HCI, at pH 6.0.
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Figure S4. am;BCD characterisation in M113R-RL2 pores. (Top) Representative single-
channel recordings of am;BCD (80 uM) binding inside the oHL M113R-RL2 pore at
potentials between +80 mV and +160 mV. The traces were recorded in 1.2 M KCI, 25 mM
Tris-HCI, pH 6.0. (Bottom, left) Residual current (Ires) histogram for am;BCD at +120 mV.
(Bottom, right) Comparison of the kinetic parameters for the interaction of am;BCD with
oHL M113R-RL2 mutant pores at pH 6.0 and 7.5 versus the applied potential. ko, =
1/ton[am7BCD], where to, i the mean inter-event interval. Ko = 1/t05r, where o5 IS the mean
dwell time of am;BCD within the pore.
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Figure S5. Representative single-channel recordings with the aHL M113R-RL2 pore at
potentials between +100 mV and +200 mV, showing transient adapter binding (80 uM am-
7BCD, trans) and rNDP detection. The traces were recorded in 1.2 M KCI, 25 mM Tris-HClI,
at pH 6.0, in the presence of 10 uM rADP, 10 uM rUDP, 10 uM rCDP and 10 uM rGDP (all
Cis).
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Figure S6. pH-dependence of rNDP detection with M113R-RL2+eam;BCD aHL pores. Tris-
HCI buffers containing 1.2 M KCI at pH values of 6.0, 7.0, 7.5 and 8.0 were examined.
Between pH 7.0 and 8.0, only three current levels were observed in the presence of all four
rNDPs. At pH 6.0, the four rNDPs could be distinguished.
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Figure S7. Structure of the aHL-(N139Q)s(N139Q/L135C);.amg-amPDP1-BCD pore. (Left)
Full length of the aHL pore (cartoon view). (Middle) Enlarged view showing the close-up of
the B barrel with two subunits omitted. The cyclodextrin (amg-amPDP;-BCD, red sticks) is
covalently attached through a disulfide bond to Cys-135 of the N139Q/L135C subunit.
(Right) Typical current-voltage (I-V) traces for the aHL-(N139Q)s(N139Q/L135C);.ame-
amPDP;-fCD mutant in 1 M KCI, 25 mM Tris-HCI, pH 7.5.
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1 230 335 555 620 712

Figure S8. The structure of Caulobacter crescentus polynucleotide phosphorylase. (a) Linear
schematic of domain organization, showing the two RNase PH domains, the helical domain,
the KH and S1 RNA-binding domains. (b) Schematic of the structure of the trimeric PNPase.
(i) Side view and (ii) perpendicular view along the 3-fold axis. For one of the protomers, the
individual sub-domains are colour coded according to the scheme above. The other two
protomers are grey. (Adapted from reference®)
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Figure S9. The voltage protocol used to capture the PNPase*RNA complexes inside the aHL
pore and the corresponding current traces for the complexes with oligo(rA)so, oligo(rC)so and
oligo(rU)so added sequentially from the cis compartment. A single cycle consists of +140 mV
applied to drive a complex into the pore (t= 380 ms), followed by reversal of the potential to -
160 mV (20 ms) to expel the complex Current traces and histograms of the data from these
experiments are shown in Figure 4b-c.
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Figure S10. PNPase*RNA capture and cleavage within the aHL M113R-RL2 pore at +140
mV. (Left) Iresy event histograms for PNPase*RNA captured within the aHL M113R-RL2
pore at +140 mV. oligo(rA)s, oligo(rC)sp and oligo(rU)s, were examined. The rNDPs
liberated by PNPase (upon the addition of P; and Mg?*) detected with the am;BCD adapter
(trans) at +140 mV. (Right) Iresy event histograms for PNPase*RNA captured within the
oHL M113R-RL2 pore. Mixtures of two oligonucleotides were used: (top) oligo(rA)so and
oligo(rU)so; (center) oligo(rA)so and oligo(rC)so; (bottom) oligo(rU)se and oligo(rC)so. The
rNDPs liberated by PNPase (upon the addition of P; and Mg?®*) detected with the am;BCD
adapter (trans) at +140 mV. Iresy Values are mean values (£S.D.) taken from Gaussian fits to
event histograms. Irese = (Ires/lo) X 100.
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Figure S11. Detection of rNDPs with the am;BCD adapter in the cHL M113R-RL2 pore.
The rNDPs liberated by PNPase (upon the addition of P; and Mg®") are detected with the
am7BCD adapter (80 pM, trans) at +120 mV. The traces were recorded in 1.2 M KCI, 25 mM
Tris-HCI, at pH 6.0, in the presence of PNPase and hetero-oligomeric ssRNA (oligo(het)so:
3'-[r]AAAUGGACUGGCUUCGGAAGCCAAAUGGAU-5") (cis). Current blockades >100
ms (as shown in the lower current trace) were discarded from analysis. A histogram of the
data from this experiment is shown in Figure 4f.
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Figure S12. Representative single-channel recordings showing the insertion of oHL-
(N139Q)s(N139Q/L135C);.amg-amPDP1-BCD pores into the lipid bilayer at +120 mV in 1 M
KCI, 25 mM Tris-HCI, at pH 7.5. Three predominant classes of events were observed. 30%
of the pores contained no CD (top panel); 10% of the pores gave noisy baselines with current
approaching 0 pA (middle panel); 60% were judged to be correctly constructed pores (bottom
panel). The latter were characterized by a lower current value (~50% less) than what is seen
for the (i) case, due to the presence of the CD. Here, the current remained constant, and the
pore was not closed or removed by changing the polarity or magnitude of the applied
potential. Only these pores were used for the identification of rNDPs.
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