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ABSTRACT Protein—DNA interactions play critical roles in L1a L1b

biological systems, and they often involve complex mechanisms
and dynamics that are not easily measured by ensemble experi-
ments. Recently, we showed that folded proteins can be internalized
inside ClyA nanopores and studied by ionic current recordings at the
single-molecule level. Here, we use ClyA nanopores to sample the i
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interaction between the G-quadruplex fold of the thrombin binding -V oV

aptamer (TBA) and human thrombin (HT). Surprisingly, the inter-
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nalization of the HT:TBA complex inside the nanopore induced two types of current blockades with distinguished residual current and lifetime. Using single

nucleobase substitutions to TBA we showed that these two types of blockades originate from TBA binding to thrombin with two isomeric orientations.

Voltage dependencies and the use of ClyA nanopores with two different diameters allowed assessing the effect of the applied potential and confinement

and revealed that the two binding configurations of TBA to HT display different lifetimes. These results show that the ClyA nanopores can be used to probe

conformational heterogeneity in protein:DNA interactions.
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anopores have been used to
N study native proteins at the single-

molecule level. The basic principle
of nanopore analysis is to observe the dis-
ruption of ionic current passing through the
nanopore as a molecule occupies the lumen
of the pore. Much of the initial attention has
focused on using proteins to control the
translocation of DNA across nanopores for
DNA sequencing applications."? Unfolded
proteins have been recently studied by
observing the ionic current blockades pro-
voked by their translocation through biolo-
gical nanopores.3~'? Folded proteins, which
are too large to pass through the biological
nanopores commonly used, have been stu-
died by recording their translocation through
artificial nanopores, either alone’>~2° or in
complex with DNA.2"2* However, protein
translocation through solid-state nano-
pores is usually too rapid®® to observe the
kinetic and thermodynamic properties of
the protein:DNA complex. We recently showed
that proteins can be studied using the cytolysin
A (ClyA) biological nanopore from Salmonella
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typhi (ClyA-CS).2*~?® Conveniently, we found
that two types of ClyA nanopores can be
isolated, which we named type | and type Il
ClyA. The two nanopore types run differ-
ently on Blue Native PAGE and displayed
distinguished current signatures when
blocked by protein analytes. Comparison
of their open pore currents with theoretical
conductance values suggested that type |
and type Il ClyA might correspond to the
12-mer and 13-mer oligomeric forms of
ClyA observed by X-ray and Cryo-EM experi-
ments, respectively.?

The internal surface of ClyA is negatively
charged;* thus under negative applied po-
tentials (trans) there is a vectorial flux of
water and cations through the nanopore,
the electroosmotic flow (EOF), from cis to
trans. In ClyA'"*” and other nanopores,'’
the EOF promotes the entry of proteins
inside the nanopore irrespectively of the
protein charge. Remarkably, we found that
at certain applied potentials (e.g., >—35 mV)
the ClyA nanopore acts as a nanotrap
where the Brownian motion of proteins is
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Figure 1. Binding of TBA to HT. (A) Schematic representation of TBA. The central G-tetrad core is shown in yellow, the TGT
loop in blue, and the TT loops in red. (B) HT:TBA mode A as observed in a first crystallographic study (PDB_ID THAO)** where
T12 forms a hydrogen bond interaction with Glu77 and Arg75 and sits in a hydrophobic pocket formed by lle24, His71, lle79,
and Tyr117. T3 forms a z-stacking interaction with Tyr76. (C) HT:-TBA mode B as described in a subsequent crystal structure
(PDB_ID 4DIH),** where T3 forms the hydrogen bond-mediated interactions with Glu77 and Arg75 and hydrophobic
interactions with lle24, His71, lle79, and Tyr117.T12 forms a s-stacking interaction with Tyr76. HT, in green, and the aptamer,
in orange, are in cartoon representation (Pymol). At the bottom end of panels B and C T3 and T12 in TBA and His71, Arg75,
Glu77,11e79,and Tyr117 in HT are in stick representation. The right corner of panels B and C shows the graphic representation

of the HT:TBA interaction with HT and TBA.

balanced by the EOF, and proteins such as human
thrombin (HT) are confined inside the nanopore lumen
for up to tens of minutes.?*?” Above a threshold
potential (e.g., ~90 mV for type | ClyA-CS nanopores)
the mean dwell time of HT blockades decreased with
increasing the applied potential,?® suggesting that the
additional drag force produced by the increased elec-
troosmotic flow promotes the translocation of the
protein through the pore.®

The aim of this work is to assess the ability of the ClyA
biological nanopores to investigate protein:DNA inter-
actions. The recognition and binding of specific sites
on DNA by proteins is central for many cellular func-
tions such as transcription, replication, and recombina-
tion. Recently, it appeared clear that genomic DNA can
adopt sophisticated three-dimensional structures that
are able to interact with proteins. For example, G-rich
sequences can form various G-quadruplex structures in
genomic DNA° that have been shown to be important
for chromosomial maintenance in eukaryote telomers®'
or to control gene expression of various genes.3%33
Several ensemble studies have addressed the interac-
tion between proteins and DNA-based®* or RNA-
based®* G-quadruplexes. The interactions between
proteins and their DNA partners often involve complex
mechanisms and might be spatially and temporally
inhomogeneous. Studies have shown that the binding
geometry of the same protein can vary when bound to
a different®* 8 or even to the same DNA sequence.*®
For example, it was shown that one of the activator
proteins, AP-1, binds to DNA with two distinct orienta-
tional isomers related by a 180° rotation,*® with each
conformation having different transcriptional potency.*’
Binding heterogeneity and unsynchronized biochemical
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events, however, are not easily studied by ensemble
techniques.

As a model system to sample protein:DNA interac-
tions, we investigated the binding between HT and a
thrombin binding aptamer (TBA).** TBA folds in an
antiparallel G-quadruplex structure where the G-tetrad
central core of the aptamer is connected by two
TT loops at one side and a TGT loop at the other
side (Figure 1A). The binding of HT to TBA has been
intensively studied. Initial X-ray reports showed that
the TT loops in TBA bind to the exosite | in thrombinin a
pincer-like fashion (Figure 1B,C). Interestingly, how-
ever, the TT loops of TBA were crystallized with HT in
two isomeric configurations, in which the aptamers are
oriented 180° around their quadruplex axis. In mode A
[PDB_ID:THAO*] T12 of TBA is in hydrogen bond
contact with Glu77 and Arg75 and sits in a hydropho-
bic pocket formed by lle24, His71, lle79 and Tyr117 in
HT. T3 in the opposite site of the loop forms a 7-
stacking interaction with Tyr76 (Figure 1B). In mode B
[PDB_IDs: 4Dl or 4DIH*] T3 and T12 in TBA form the
same set of interactions with HT but in reverse order
(Figure 1C). Notably, substituting the T3 and T12
nucleobases in the TT loops with abasic nucleotides
(TBA-AT3 and TBA-AT12, respectively) produced two
crystal structures in which the aptamer was binding to
HT in either mode A (TBA-AT3, PDB_ID:4LZ4) or mode B
[TBA-AT12, PDB_ID: 4LZ1%°], strongly suggesting that
in solution TBA might bind to thrombin with either of
two isomeric configurations.

Several previous studies described the interaction of
aptamers or G-quadruplex DNA folds with biological
nanopores,?>*¢7% and the interaction between HT and
TBA has been monitored using nanopores decorated
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Figure 2. Surface representation of the putative residence of HT:TBA inside type | ClyA-CS (left) and type Il ClyA-CS (right)
nanopores. Cut-through structures were generated with Pymol. The structure of the HT:-TBA complex is taken from ref 43
(PDB_ID: THAO). The values of the cis and trans diameters include the van der Waals radii of the atoms.

with aptamers.2”>" However, since the aptamers were
attached to the nanopore mouth, details of the aptamer:
protein interaction could not be revealed. Here we
describe a new approach in which the protein:-DNA
aptamer complex is trapped inside the ClyA nanopore.
We show that at —140 mV the electroosmotic flow
acting on the protein:DNA complex is counterbalanced
by a combination of steric hindrance, electrophoretic
forces that act on the DNA, and electrostatic interactions
between the DNA and the nanopore (Figure 2). When
the complex is dissociated, the aptamer is ejected from
the pore and HT is internalized deeper inside the
nanopore, as shown by the switching of the ionic signal
to a lower residual current level typically observed when
free HT molecules enter the ClyA nanopore. Remarkably,
the trapped protein:DNA complex induced two ionic
current blockades showing different mean dwell time
and residual current values, which corresponded to the
two isomeric binding configurations of HT:TBA recently
identified by structural studies.**** These results indi-
cate that the ClyA nanopore acts as a nanotrap in which
isomeric configurations of protein:DNA interactions can
be studied.

RESULTS

Interaction of HT with ClyA Nanopores. The interaction of
thrombin with TBA aptamers was sampled using type |
and type Il ClyA-CS nanopores. ClyA-CS (L99Q, E103G,
F166Y, C285S, K294R) is a version of S. typhi ClyA that
was selected from random mutagenesis libraries for its
favorable characteristics for nanopore experiments,
which includes highly water-soluble monomers, low
bandwidth noise, and lack of gating behavior in planar
lipid bilayers. The nanopores were reconstituted from
the cis chamber and the potential applied to the trans
compartment. The orientation of the pore could be
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assessed by the slightly asymmetric current—voltage
relationship of the nanopores.?” At —140 mV and in
15 mM Tris-HCl, 140 mM NaCl, and 5 mM KCl, pH 7.5,
type Il ClyA-CS nanopores displayed a conductance of
1.64 £ 0.05 nS (mean + SD, N = 42 single-channel
experiments) and type | ClyA-CS nanopore showed a
conductance of 1.38 & 0.03 nS (N = 10). At —140 mV,
the addition of 10 nM HT in the cis compartment
produced blockades (/) to the open pore conductance
(Io) quoted here as residual current percent (l,es0o =
Ig/lo x 100), due to the entry of HT into the nanopore
vestibule.?® Thrombin blockades to type | ClyA-CS and
type Il ClyA-CS showed a blocked pore current level
L2-HT of 19.2 & 0.8% (N =9) and 25.9 & 2.0% (N = 26),
respectively. Previous studies suggested that L2-HT
most likely described HT lodging deep inside the
nanopore lumen.?®?® | 2-HT blockades to type | and
type Il ClyA-CS showed a lifetime (zo¢) of 612 £ 112 ms
(N=9,n=1316 events) and 14 £ 06 ms (N =9,
n =2152), respectively, and appeared with a frequency
(f) of 026 £ 0.05s ' nM ' and 0.26 £ 0.16 s~ ' nM™"
(N=9and N = 22), respectively.

Measuring the Affinity Binding Constant for the HT:TBA
Complex. The addition of the DNA aptamer TBA
[d(GGTTGGTGTGGTTGG] to the cis solution of type |
ClyA-CS or type Il ClyA-CS nanopores reduced the fre-
quency of HT current blockades and induced a new
type of current blockades due to the capture of the
HT:TBA complex inside the nanopore cavity (Figure 3A).
By contrast, the addition of 400 nM of DNA with a
random sequence produced no visible effect on the
HT-induced current blockades (not shown). The equi-
librium dissociation constant K4 for the binding of HT to
TBA was measured by titration experiments using
type | and Il ClyA-CS nanopores. Increasing the con-
centration of TBA decreased the capture frequency of
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Figure 3. Capture of the thrombin:TBA complex. (A) Typical blockades to type Il ClyA-CS showing the capture of HT (10 nM,
added to the cis solution) and the blockades induced by the HT:TBA complex (right) after the addition of 200 nM TBA to the cis
solution. L2 blockades are due to the internalization of HT; L1a and L1b blockades to the capture of the HT:TBA complex. A
likely interpretation of the current blockades is shown by the cartoon representation on the right of the current trace. (B)
Determination of the dissociation constant for the HT:-TBA complexes by titration experiments using ClyA-CS type | (black
squares) or ClyA-CS type Il nanopores (red circles). The concentration of unbound TBA and of the HT:TBA complex was
calculated as described in the Materials and Methods. (C) Selected L1a and L1b current blockades to type Il ClyA-CS
nanopores. (D) Contour plot of L1a and L1b blockades to type Il ClyA-CS nanopores. (E) Two consecutive L1a and L1b current
blockades to type | ClyA-CS nanopores. (F) Contour plot of L1a and L1b blockades to type | ClyA-CS nanopores. Experiments
were performed at —140 mV in 15 mM Tris-HCI, 140 mM NaCl, and 5 mM KCl, pH 7.5. Data were recorded by applying a 2 kHz
low-pass Bessel filter with 10 kHz sampling rate. An additional postacquisition digital Gaussian filter at 2 kHz was applied to

the current traces.

unbound HT by the nanopore, reflecting the decreas-
ing concentration of unbound HT in solution. Fitting to
aone-site binding isotherm gave the apparent Ky value
of 8 £ 1 nM (N = 3 experiments) and 13 £+ 3 nM (N = 3)
for type | and type Il ClyA-CS, respectively (Figure 3B).

HT:TBA Complex Produces Two Current Blockades. Most of
the HT:TBA blockades showed an initial current level
(L1) that often switched to a L2-HT current level. A likely
physical interpretation of the current blockades, given
in Figure 3A, is that the negatively charged aptamer
prevents the full internalization of the complex inside
the nanopore. After the HT:-TBA complex is disas-
sembled, HT is internalized deeper inside the nanopore
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and then the protein is released from the pore. TBA is
most likely ejected back into the cis solution, as
DNA does not translocate through ClyA under these
conditions.?® Interestingly, two distinct L1 ionic current
blockades, named here L1a and L1b, were observed for
the interaction of HT:TBA with the ClyA-CS nanopores
(Figure 3C—F). Using type Il ClyA-CS, 62 + 4% (N =6
experiments) of the current blockades appeared with a
L1a HT:TBA level (o0, = 45.7 &= 0.9%, N = 6, and Tof =
1.02£0.18s, N=4, n =972 events), and the remaining
blockades appeared with an L1b level (l,es00 = 53.6 +
0.9%, N=6,and 7,6 =25+ 2ms, N=4,n=710). The
percentage of L1a and L1b blocks did not depend on
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TABLE 1. Parameters for the HT:Aptamer Blockades to Type | ClyA-CS and Type Il ClyA-CS Nanopores®

hress Togs (mS) AU (keal mol~' V") Kottro my (87 Ky (nM)

Type Il ClyA-CS

TBA (L1a) 457 09 1019 & 179 155 +£37 257 4 2.10 x 1072 1B£3

TBA (L1b) 536 £ 09 2542 85410 531+ 116

TBA-T3A (L1a) 456405 3301 & 1717 172+ 6.1 583 +7.80 x 1073 6+1

TBA-T12A (L1h) 538 £03 5245 11.0+£19 1.46 & 0.62 7£1

TBA-AT3 (L1a) 460413 348 £ 57 1424+£19 9.26 & 3.89 x 1072 244

TBA-AT12 (L1b) 545 £ 1.1 941 6.9 4 0.2 2151 £ 1.07 54 429
Type | ClyA-CS

TBA (L1a) 356 £ 07 118 £ 15 100+ 17 0.90 & 034 8+ 1

TBA (L1b) 62.0 £ 038 386 & 18 25402 1.40 % 0.07

? JLes9 is the residual current, 7, the lifetime, kqr,0 my the extrapolated dissociation rate at 0 mV, AU the reduction in the HT:TBA dissociation energy barrier due to the applied
potential V, and K, the complex dissociation affinity constant. Errors are stated as standard deviations.

the applied potential (from —100 to —150 mV) or the
concentration of TBA used. In 87 £+ 2% of the events,
the L1 (HT:TBA) blockades terminated with a transient
L2-HT current blockade (/;es0, = 25.8 = 1.7%, N = 6, and
Toff = 0.7 £ 0.3 ms, N = 6, Figure 3A,C and Figure S1).
The analysis of HT:TBA current blockades to type | ClyA-
CS nanopores revealed a similar pattern of interactions
(Figure 3 EF and Figure S2). L1a and L1b blockades
showed an /,q59, value of 35.6 &= 0.7% and 62.0 = 0.8%
(N = 7), respectively, and a mean dwell time value of
118+ 15ms(N=7,n=1724)and 386 =18 ms (N=7,
n = 1493), respectively. Finally, L1a blockades were
54 4 3% (N = 7) of the total (Table 1).

Single Base Substitutions to the TT Loop Induced One Type of
HT:TBA Current Blockades. To investigate the nature of
the TBA-induced current blockades, we tested four
single base substitutions to the aptamer using the
type Il ClyA-CS nanopores. Guided by crystallographic
evidence (Figure 1), we targeted the TT loop at position
3 or 12, aiming to disrupt the symmetry in HT binding.
Remarkably, substitution of T3 with an abasic residue
(TBA-AT3) produced only L1a blockades (/50 = 46.0 £
1.3%, N = 6 experiments) that showed a ~3-fold
reduced lifetime with respect to the L1a blockades of
TBA (to5r =348 &= 57 ms, N=3,n= 1241 events, Table 1,
Figure 4). The substitution of T3 with adenine (TBA-
T3A) also produced only L1a current blockades (/eso, =
456 +0.5%,N=6and 1,4 =3.3 £ 1.7 5, N=3,n =490),
but with a ~3-fold increased lifetime compared to
TBA blockades. Notably, the equivalent substitutions
at position 12 (TBA-T12A and TBA-AT12) produced
only L1b blockades. Similarly to what was observed
with Lla blockades, TBA-T12A blockades showed
an ~2-fold increased lifetime (7o =52 £+ 5 ms, N =3,
n = 1743) and TBA-AT12 a ~3-fold reduced lifetime
(Toff =9 = 1 ms, N = 3, n = 1042) with respect to the
values measured for TBA (Table 1, Figure 4). These
results suggest, therefore, that the L1a and L1b block-
ades might be related to the binding of TBA to HT in the
two binding modes previously described in different
X-ray structures.

VAN MEERVELT ET AL.

Determination of the Aptamer Dissociation Rate Constants.
The dissociation rate constant kg, calculated from the
inverse of 7, increased with the applied potential,
most likely reflecting the effect of the applied potential
on the DNA charge (Figure 5). Using the van't Hoff
Arrhenius formalism, the dissociation rate might
be described by ko = kotto mv €xp(|V|AU/RT), where
kofro mv is the zero voltage dissociation rate constant,
R the gas constant, T the temperature, and AU the
reduction in the energy barrier due to the applied
potential V. It follows that

In(kofr) = In(Koft, omv)(|V|AU/RT) (M

Fitting eq 1 to the data in Figure 5 revealed that the
effect of the applied potential was different for L1a and
L1b blockades and among nanopores with different
size (Table 1). L1a blockades showed stronger voltage
dependence than L1b blockades in both nanopores,
while type | ClyA-CS nanopores produced blockades
that were less influenced by the applied potential than
type Il ClyA-CS nanopores (Table 1). Further, L1a block-
ades to type Il ClyA-CS nanopores showed a dissocia-
tion rate constant at zero applied potential that was
about 2 orders of magnitude smaller than the ko0 mv
values for L1b blockades (Table 1). By contrast, the L1a
and L1b blockades to type | ClyA-CS nanopores
showed similar values.

DISCUSSION

TBA Binds to HT with Two Isomeric Configurations. In this
work we showed that the interaction of the G-quad-
ruplex structure of TBA with HT can be studied using
type | and type Il ClyA-CS nanopores. Ky values for
the aptamer:thrombin interaction, calculated by mea-
suring the frequency decrease of HT blockades as a
function of TBA (Figure 3B), were compatible with
previously reported Ky values measured with other
methods (20—450 nM).**>27> Surprisingly, however,
we found that the blockades produced by HT:TBA
showed two distinctive current signals, L1a and L1b.
Previous X-ray crystallography data suggested that
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Figure 4. Binding of DNA aptamers to HT. (A) Binding of TBA to HT gives two different current blockades to type Il ClyA-CS,
representing the two modes of binding of the aptamer to HT. The capture of unbound HT is indicated with an asterisk.
TBA-AT3 (B) or TBA-T3A (C) in complex with HT produces only L1a blockades to type Il ClyA-CS, corresponding to the binding
of TBA to HT in mode A. TBA-AT12 (D) or TBA-T12A (E) in complex with HT produces only L1b blockades to type Il ClyA-CS,
corresponding to binding in mode B. Experiments were performed at —140 mV in 15 mM Tris-HCI, 140 mM NaCl, and 5 mM
KCI, pH 7.5. Data were recorded by applying a 2 kHz low-pass Bessel filter with 10 kHz sampling rate. An additional
postacquisition digital Gaussian filter at 2 kHz was applied to the current traces.

TBA might interact with HT in two distinctive config-
urations. In an early structure (PDB_ID: THAO*®) T12 in
the TT loop of TBA was in hydrogen bond contact with
Glu77 and Arg75, while T3 in the opposite site of the
loop formed a m-stacking interaction with Tyr76. We
name this interaction mode A (Figure 1). In subsequent

VAN MEERVELT ET AL.

structures (PDB_ID: 4DIl or 4DIH**) TBA showed the
same interactions, although T3 and T12 switched in
position. This interaction was named mode B (Figure 1).
Recent X-ray crystallography data confirmed that TBA
most likely binds in two conformations. The substitu-
tion of T3 in TBA with an abasic nucleobase (TBA-AT3)

VOL.8 = NO.12 = 12826-12835 = 2014 W&)

WWww.acsnano.org

12831



>

@
m
A

5
| e L |
D e ea—
£, (]
G ;
Jol ——— 5 lia EOF
£ 41 /

2 /*/i ’

'
w
'

<

100 120 140 160
Applied potential, mV

Figure 5. Measurement of aptamer:protein binding con-
stants. (A) Voltage dependency of the dissociation rate
constants (ko) for the aptamers binding to HT measured
with type Il ClyA-CS. L1a blockades are shown in blue and
L1b blockades in red. The blockades induced by TBA are
shown as red and blue squares, TBA-AT3 are in blue
triangles, TBA-AT12 are in red triangles, TBA-T3A are in
blue spheres, and TBA-T12A are in red spheres. (B) Forces
acting on the HT:DNA complex. Electrophoresis (EF) is likely
to oppose the internalization of the HT:TBA complex, while
the electroosmotic flow (EOF) promotes the capture of the
complex. The electrostatic repulsion between the DNA
aptamer and the negative charges lining the internal sur-
face of the nanopore, shown as a red line, is also likely to
play arole by opposing the confinement and promoting the
dissociation of the HT:TBA complex.

produced a complex in mode A (PDB_ID: 4LZ4), while
the equivalent nucleobase substitution at position
12 (TBA-AT12) produced a structure with the complex
in mode B (PDB_ID: 4LZ1%).

In order to test whether L1a and L1b current block-
ades were due to the HT:TBA complex entering the
ClyA nanopore in mode A or B, we tested nucleobase
substitutions to TBA at position 3 or 12. The substitu-
tion of T3 with adenine (TBA-T3A) or with an abasic
nucleotide (TBA-AT3) induced HT:TBA blockades that
showed only L1a levels. The equivalent substitution at
position 12 (TBA-T12A and TBA-AT12) induced block-
ades that showed only L2b levels (Figure 4). These
results strongly suggest that the two isomeric HT:TBA
conformers induce different ionic current blockades
once internalized inside the lumen of ClyA nanopores,
with L1a blockades corresponding to HT:TBA entering
the ClyA-CS nanopore in mode A and L1b blockades
corresponding to HT:TBA entering the nanopore in
mode B. The relative concentration of HT:-TBA in mode
A and mode B could be estimated from the capture
frequency measured with TBA-T3A and TBA-T12A, re-
spectively, using type Il ClyA-CS nanopores (Figure S3).
We found that the species corresponding to the L1a
blockades were 2.0 £ 0.8-fold more abundant than the
species corresponding to the L1b blockades, suggest-
ing therefore that the TBA binds to HT with slightly
higher affinity in mode A than in mode B.

Electroosmotic and Electrophoretic Effects on the Complex
Internalization. As previously shown,'”?’ proteins enter
the ClyA lumen following the electroosmotic flow,
which arises from the flow of water that is driven by
directional movement of cations through the cation-
selective ClyA nanopore. A molecule with a net charge
density Q inside a nanopore also experiences an

VAN MEERVELT ET AL.

electrophoretic force, EF = V},;,sQ, due to the electric
field in the nanopore. At negative applied potentials
(trans) the EF opposes the internalization of DNA
molecules added to the cis chamber. Therefore, the
EOF, which for ClyA under negative applied potentials
is from cis to trans, is the most likely force that
promotes the capture and confinement of the pro-
tein:DNA complex inside the nanopore. Other factors
that oppose the entry of DNA into ClyA are steric
hindrance and electrostatic repulsion from the nega-
tively charged ClyA lumen. We found that the lifetime
of the L1a and L1b HT:TBA complexes decreased with
increasing applied potential. Therefore, the EF on the
bare charge of DNA, steric hindrance, and electrostatic
effects oppose the complex translocation, on one
hand, and promote the dissociation of the complex
on the other hand (Figure 5B).

Effect of Nanopore Confinement on the HT:TBA Binding
Constants. The extrapolated value of the dissociation
rate constant at zero applied potential (koft, 0 my) for
L1a blockades to type Il ClyA-CS nanopores was
2.57 x 107257, a value similar to the dissociation rate
constant for the thrombin:aptamer interaction deter-
mined previously by nanopores with covalently attached
aptamers,®' by surface plasmon resonance (SPR),>’>2
or by capillary electrophoresis studies®* ¢ (1 x 107"
to 4 x 107> s7"). The wide range of values most likely
reflects the limitations associated with the techniques
used, that is, the use of high ionic strength (1 M KCl) in
the nanopore experiments, the effect of surface im-
mobilization in SPR experiments, or the effect of the
applied potential in capillary electrophoresis experi-
ments. Our approach is also likely to suffer from
limitations related to the confinement of the complex
inside the nanopore and the electrostatic interactions
between the HT:TBA complex and the lumen of the
nanopore. In fact, using type | ClyA-CS nanopores, the
Kkotf, 0 mv Values for L1a and L1b blockades were 1 order
of magnitude higher than the L1a values measured
with larger type Il ClyA-CS nanopores (Table 1). Further,
we also found that the mean dwell times for L1a
blockades to type Il ClyA-CS nanopores were remark-
ably longer than for L1b blockades (Table 1). This is
surprising, because HT and TBA in the two binding
configurations have the same set of interactions and
have similar binding affinities (see above), as indeed
observed for the 7,4 values for L1a and 1b blockades to
type | ClyA-CS nanopores.

Although the confinement of the protein:DNA com-
plex inside ClyA-CS is likely to influence the dissocia-
tion of the HT:-TBA complex, some thermodynamic
parameters might still be retrieved, for example by
comparing the mean dwell times of individual block-
ades obtained from aptamers with single base substitu-
tions. Abasic substitutions at position 3 in TBA reduced
~3-fold the mean dwell time of L1a blockades, while the
substitution of T3 with adenine increased the mean
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dwell time of L1a blockades by about 3-fold (Table 1).
The same substitutions at position 12 in TBA produced
a similar effect on the mean dwell time of L1b block-
ades, despite the remarkable difference shown by the
mean dwell time values of L1a and L1b blockades
(Table 1). Therefore, using the Eyring—Polanyi equa-
tion it is possible to calculate the contribution of the
m-stacking interaction between the DNA aptamer and
HT, an interaction commonly found in DNA binding
proteins.>® From the average values of the dissociation
rates measured from L1a and L1b blockades (Table 1),
we found that thymine stabilized the HT:TBA interac-
tion by 0.6 kcal mol™" and adenine by 1.2 kcal mol™".

CONCLUSION

We have shown that ClyA biological nanopores can
sample the interaction between thrombin and the
G-quadruplex fold of the thrombin binding aptamer.
The binding affinity constant for the aptamer:protein

MATERIALS AND METHODS

All materials were purchased from Sigma-Aldrich, enzymes
were from Fermentas, and DNA was from Integrated DNA
Technologies (IDT) unless otherwise specified. Throughout the
text, N indicates the number of independent experiments and n
the total number of data points in the data set.

Preparation of Aptamers and Human Thrombin. The sequences of
the aptamers are listed in Table 2. Stock solutions of DNA
aptamers were prepared by dissolving the lyophilized powder
in 10 mM Tris-HCl, pH 8.5, up to a concentration of 100 uM.
Aliguots were then stored at —20 °C. Stock solutions of human
thrombin were prepared by dissolving the lyophilized protein
(Sigma-Aldrich) in H,0 up to a concentration of 0.2 NIH units/uL
and were aliquoted and stored at —20 °C. The molar concentra-
tion of HT was calculated from its unit concentrations, with
1 NIH unit/mL = 10 nM.%°

Expression and Purification of ClyA Nanopores. In this work we
used an engineered variant of ClyA from Salmonella typhi,
ClyA-CS, which contains L99Q, E103G, F166Y, C285S, and
K294R mutations relative to ClyA-WT and a C-terminal hexa-
histidine tag. ClyA-CS monomers were expressed in E. cloni
EXPRESS BL21 (DE3) cells and purified using Ni-NTA affinity
chromatography. Oligomers were then formed by adding 0.2%
n-dodecyl-beta-p-maltoside (DDM, GLYCON Biochemicals
GmbH). Type | ClyA-CS and type Il ClyA-CS oligomers were
separated from monomers and several other oligomeric ClyA
forms?’ using a blue native polyacrylamide gel electrophoresis
(BN-PAGE, Bio-Rad). In this work we gel extracted the lowest and
the second lowest band, which are likely to correspond to the
12-meric (ClyA type I) and 13-meric (ClyA type Il) form of ClyA.
Aliquots were stored at 4 °C in 0.2% DDM and 10 mM EDTA.”

Electrical Recordings in Planar Lipid Bilayers. Single-channel re-
cordings were performed as described before.®" In short, a 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids)
lipid bilayer was formed across a ~100 um Teflon (Goodfellow
Cambridge Limited) aperture separating two compartments (cis
and trans) filled with 140 mM NacCl, 5 mM KCl, and 15 mM Tris-
HCI, pH 7.5. An electrical potential was applied to the trans side
using Ag/AgCl electrodes. ClyA nanopores were inserted into
lipid bilayers from the cis compartment, which was connected
to the ground. After the insertion of a single nanopore, the
excess of protein was removed by several cycles of perfusion.
Human thrombin was added to the cis chamber at a final
concentration of 10 nM. Aptamer solutions (Table 2) were
added at concentrations ranging from 10 to 500 nM and were
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interaction is easily measured by following the reduc-
tion of the frequency of the HT blockades provoked by
the binding of the aptamer. One additional advantage of
this technique is that at high negative applied potentials
the protein:DNA complex can be trapped inside the
nanopore and analyzed by electrical recordings. The
captured HT:TBA complex provoked two kind of block-
ades that were clearly distinguished by their residual
current and lifetime values. Modifications to the TBA
sequence allowed the assignment of the two current
blockades to two isomeric binding configurations, mode
A and B (Figure 1), recently observed in two crystal-
lographic studies, in which the TBA rotated by 180°
around the TBA G-quadruplex axis. Nanopore recordings
revealed that the HT in mode A has a higher binding
affinity for TBA than its isomeric binding configuration.
Therefore, the ClyA nanopore provides a new tool that
might be useful for the identification of subtle hetero-
geneity in protein:-DNA complexes.

incubated with thrombin in the electrophysiology chamber for
5 min prior to recording.

Data were recorded by applying a 2 kHz low-pass Bessel
filter and using a 10 kHz sampling rate. An additional digital
Gaussian filter at 2 kHz was applied postacquisition to the cur-
rent recordings. The electrical signals were amplified by using
an Axopatch 200B patch clamp amplifier (Axon Instruments)
and digitized with a Digidata 1320 A/D converter (Axon
Instruments). Data were recorded by using Clampex 10.2 soft-
ware (Molecular Devices), and the subsequent analysis was
carried out with Clampfit software (Molecular Devices) and
OriginPro 8.6 (OriginLab). All experiments were carried out
at 24 °C.

Determination of the Thrombin:Aptamer Complex Blockades. Resi-
dual current values (l,es0;) Were calculated from blocked pore
current values (lg) and open pore current values (o) as lreso, =
100 X Ig/lo. Ig was determined from Gaussian fits to all HT:
aptamer events collected using the “single-channel search”
function in Clampfit. /o was determined from the Gaussian fit
to all point current histograms.

The dissociation constant (Ky) of the HT:aptamer complex
was determined from titration experiments. The HT concentra-
tion was 10 nM, and aptamers were added from a stock solution
(10 or 100 uM). The concentration of HT:TBA complexes was
measured from the frequency of unbound thrombin capture
at —140 mV as [HT:TBA] = 10 — [HT]unbound- The concentration of
unbound aptamer [TBAlunbound Was calculated from the initial
concentration of TBA ([TBAlo) as [TBAlunbound = [TBAlp — (10 —
[HTlunbound)r Where [HTlunbound Was measured from the fre-
quency of unbound thrombin capture at —140 mV. The plot
of the concentration of HT:TBA blockades versus the concentra-
tions of HT npound 9ave a saturation curve that was then fitted
according to the one-site binding isotherm. The Ky is the
concentration of aptamer at 50% signal saturation.

The lifetimes of the HT:aptamer complexes were deter-
mined at 100, 120, 140, and 150 mV by using the “single-channel
search” function in Clampfit. A threshold level was set for the
complex blockades. Events shorter than 2 ms were ignored in
the analysis of TBA, TBA-T3A, TBA-AT3, and TBA-T12A experi-
ments. No additional limitations were set for the analysis of TBA-
AT12 experiments. The process of event collection was mon-
itored manually. The resulting event lifetimes (7. from one
experiment were binned together as cumulative distributions
and fitted to a single exponential to retrieve the lifetimes of
the complexes (7). Finally, the average of the obtained ks
values, calculated as 1/7., for each experiment was calculated.
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