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NANOPORE BIOSENSORS FOR DETECTION OF PROTEINS AND NUCLEIC ACIDS

FIELD OF INVENTION

The present disclosure relates to nanopore biosensors based on a modified cytolysin
protein. The nanopore biosensors accommodate large molecules including folded proteins and
nucleic acids -including double stranded {ds) DNA, and showed augmented activity, solubility and

electrical properties, as compared with other nanopore biosensors.

BACKGROUND

The transport of ions or molecules across a biological membrane is a fundamental process in
cellular life and is tightly regulated by ion channeis, transporters and pores. Recently, researchers

d* ™ * nanopores in single-molecule

have adopted biological,’ solid-state,” DNA origami® and hybri
analysis.” Biological nanopores have advantages compared to their synthetic counterparts, mostly
because they can be reproducibly fabricated and modified with an atomic level precision that cannot
yet be matched by artificial nanopores. Biological nanopores, however, also have drawbacks. The
mechanical stability of biological nanopores depends on individual cases. Alpha hemolysin from
Staphylococcus aureus {oHL) and porin A from Mycobacterium smegmatis (MspA) nanopores remain
open in lipid bilayers at high-applied potentials and can cope surprisingly well with extreme

Bb, 8

conditions of temperature,’ pH® 7 and denaturant concentrations.”™ ® However, most of other

porines and channels are much less robust. Arguably, however, the biggest disadvantage of
biclogical nanopores is their fixed size. For example, the dimensions of aHL, MspA or aerolysin
nanopores allowed the analysis of single stranded nucleic acids, aptamers or small peptides,® but
their small internal diameter (1 nm} precludes the direct investigations of other important
biological systems such as folded enzymes or ribozymes.

Recently a significant number of studies sampled the translocation of folded proteins
through artificial nanopores.’ However, the investigation of proteins with solid-state nanopores is

difficult because proteins have a non-uniform charge distribution, they often adsorb to the

fnanoperes—surfaee—fandftheyftﬁanslocate—ftoofquieklyft—ofbefpreper—lyfs—amp!ed:ﬁFar—the,Pbec—aus&

proteins have compact folded structure, the diameter of the nanopore should be similar to that of
the protein.!®™ Recently, we have introduced Cytolysin A from Salmonella typhi (ClyA) as the first
biological nanopore that aliows the investigation of natively folded proteins.” The ClyA structure is

ideal for this task because proteins such as thrombin (37 kDa) or malate dehydrogenase {dimer, 35

kba monomer) can he electrophoretically trapped between the wide cis entrance (5.5 nm, table 1)

and the narrower trans exit {3.3 nm, table 1}, and can therefore be sampled for several minutes.

lonic currents through ClyA are so sensitive to the vestibule environment that blockades of human
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and bovine thrombin can be easily distinguished.” Our work was based on a ClyA construct where
the two native cysteine residues of ClyA-WT (C87 and C285) were replaced by serine (ClyA-$5).7
However, ClyA-SS monomers showed low water solubility and low activity when compared to ClyA-
WT monomers (Figure S1), and in planar lipid bilayers spontaneously opened and closed (gated) at
applied potentials higher than +60 mV or lower than -90 mV,

Thus, there remains a need in the art for nanopore biosensors with high sensitivity for target
analytes as well as high water solubility and stability at a range of potentials. Nanopore biosensors
should have favorable properties of oligomerization, voltage dependent gating, and electrical noise
in single-channel current recordings. The present disclosure relates to engineered nanopores in
which specific substitutions to the native cysteine residues and other residues confer additional

properties as compared with ClyA-WT and ClyA-SS.

SUMMARY

One aspect of the present disclosure relates to a modified ClyA pore comprising a plurality of
subunits, wherein each subunit comprises a polypeptide represented by an amino acid sequence at
least 80% identical to SEQ 1D NO:1 whereln exactly one Cys residue is substituted with Ser. in some
embodiments, the Cys residue is C285. In certain embodiments, each subunit of the modified ClyA
pore comprises at least one additional amino acid substitution selected from 199Q, E103G, F166Y,
and K294R. For example, each subunit may comprise a polypeptide represented by an amino acid
sequence of SEQ ID NO:2. In certain embodiments, exactly one Cys residue in each subunit is
substituted with Ala. In some embodiments, each subunit of the modified ClyA pore comprises at
least one additional amino acid substitution selected from L203V and H207Y. For example, each

subunit may comprise a polypeptide represented by an amino acid sequence of SEQ ID NO:3.

In some embodiments, the modified ClyA pore comprises at least 12 subunits. For example,
the modified ClyA pore may comprise 12 subunits or may comprise 13 subuniis. In certain

embodiments, the modified ClyA pore has a cis diameter of at least 3.5 nm. In certain embodiments,

the modified ClyA pore has a trans diameter of at least 6 nm. In some embodiments, the modified
ClyA pore remains open when the voltage across the modified ClyA pore ranges from -60 +90 to -

150mV.

In some embodiments, a protein analyte binds within the lumen of the modified ClyA pore.

A protéin analyte may bind to more than one site within the fumen of the modified ClyA pore. In
some embodiments, the protein analyte is a protein with a molecular weight in the range of 15-70

kDa\.
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BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows a ribbon representation of S. typhi ClyA nanopores constructed by homology
modeling from the E. coli ClyA structure (PDB: 2WCD, 90% sequence identity).”” In Fig. 1a, one
protomer is highlighted, with the secondary structure elements shaded in dark grey from N to C
terminii; other protomers are shown alternating in pale grey. The side chain of the amino acids
changed by directed evolution experiments are displayed as spheres. The two native cysteine
residues and Phenylalanine 166 are labeled. Fig. 1b indicates the sequence changes in ClyA-SS, ClyA-
CS and ClyA-AS relative to ClyA-WT.

Figure 2 shows the oligomerization and nahopore formation of ClyA-WT, ClyA-S5 and
evolved ClyA variants, Fig. 2a shows the oligomerisation of ClyA nanopores examined by 4-20% BN-
PAGE. Proteins (1 mg/ml} were pre-incubated with 0.5% DDM for 30 min at room temperature
before loading into the gel (40 ug/lane}. Lane 1: Protein ladder, {ane 2: ClyA-WT, iane 3: ClyA-SS, lane
4: ClyA-AS and lane 5: ClyA-CS. Fig. 1b shows the unitary nanopore conductance distribution
obtained from 100 nanopores reconstituted in planar lipid bilayers for ClyA-WT (top), ClyA-CS
(middle) and CIyA-AS (bottom) nanopores after pre-oligomerization in 0.5% DDM. Recordings were

carried out at -35 mV in 15mM Tris.HCI, pH 7.5, 150mM NaCl and the temperature was 28°C.

Figure 3 shows the unitary conductance of 62 ClyA-CS nanopores extracted from the lowest
{Fig. 3a), second lowest {Fig. 3b) and third lowest {Fig. 3c) oligomeric band of ClyA-CS separated on
4-20% acrylamide BN-PAGE. ClyA-CS monomers were pre-incubated in 0.5% DDM and loaded on a
BN-PAGE as described in Figure 2. The bands that were excised are boxed and marked with an arrow
on the insets. Recordings were carried out at -35 mV, 28° C in 15mM Tris.HCI pH 7.5 containing

150mM Nacl.

Figure 4 shows the current blockades provoked by HT on the three types of ClyA-CS
nanopores. In Fig. 4a, from left to right, cut through Type |, Type il and Type Iit ClyA nanopores (grey)

containing HT (black) in the nanopore vestibule. Type Il and Type 1l ClyA nanopores were modeled
as 13mer (Type 11} or 14mer (Type i) as described in supplementary information. Fig. 4b shows HT
blockades to Type I (left), Type [l (middle} or Type W {right) ClyA-CS nanopores at -35 mV. HT current
blockades to Type | and Type Il ClyA-CS switched between L1 {IRES% =56+1 and 6811, respectively)

and L2 (IRES% =23#3 and 311, respectively) current levels. The blockades lasted for several

most represented current blockade (70%), while in Type Il ClyA-CS L2 was mostly populated (96%).
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HT current blockades to Type IlI ClyA-CS nanopores only showed L2 current levels {IRES=32%9).
Recordings were carried out at -35 mV in 15mM Tris.HC| pH 7.5 150mM NaCl. The traces in Fig. 4b
were collected applying a Bessel low-pass filter with 2000 Hz cutoff and sampled at 10 kHz and the

temperature was 28°C.

Figure 5 shows protein translocation through Type | and Type {i ClyA-CS nanopores. Fig. 5a
shows the voltage dependency of HT blockade dwell times determined for Type | (holiow circles) and
Type 1l (filled rectangles) ClyA-CS nanopores. Lifetimes at each voltage were calculated from single
exponential fits to cumulative distributions {n<3} constructed from dwell times of at least 50
blockades. The lines indicate double exponential fits to the experimental points. Fig. 5b shows the
HT current blockades to Type t {left) and Type Hi {right) ClyA-CS nanopores at -150 mV. The blockades
showed only £2 current levels for both nanopores (IRES% =23%2 and 3115, for Type | and Type |I
CIyA-CS respectively). Fig. 5¢ shows a typical HT current blockade on Type [ ClyA-CS at -150 mV
showing “shoulder” and “spike” current signatures. Recordings were carried in 15 mM Tris.HCl, pH
7.5, 150mM NaCl in presence of 20 nM HT. The traces in Fig. 5b were collected applying a Bessel
low-pass filter with 2000 Hz cutoff and sampled at 10 kHz. The trace in ¢ was collected applying a
Bessel low-pass filter with10 kHz cutoff and sampled at 50 kHz. The temperature was 28°C. Errors

are given as standard deviations.

Figure 6 shows the characterization of purified ClyA monomers. a} Solubility of purified ClyA
monomers examined by 4-20% acrylamide BN-PAGE. Equal amounts {40 pg) of purified ClyA
monomers {no detergent} were supplemented with ~10% glycerol and 1x of NativePAGETM Running
Buffer and 1x Cathode Buffer Additive {InvitrogenTM) and loaded in each lane: Lane 1: markers, Lane
2: CIyA-WT, Lane 3: ClyA-SS, Lane 4: ClyA-CS, Lane 5: ClyA-AS. b) Overexpression of ClyA variants,
Equal amounts of bacterial peflets derived from overnight cultures overexpressing ClyA variants
were resuspended to ~100 mg/ml concentration and disrupted by sonication followed by
centrifugation at 20°000g for 10 min {42C}. 20 pL of the supernatant containing the soluble fraction

of ClyA proteins were loaded on lanes 2, 4, 6 and 8 of a 12% acrylamide SDS-PAGE. The lysate pellets

were brought to the original volume by adding a solution containing 15mM, Tris.HCl pH 7.5, 150 mM_
NaCl and 2% SDS w/v. 20 pb of such solution were loaded on lanes 3, 5, 7 and 9 of the same 12 %
acrylamide SDS-PAGE. Therefore, Lane 1: protein marker, Lanes 2 and 3: ClyA-SS supernatant and
pellet fractions, respectively; Lanes 4 and 5: ClyA-WT supernatant and pellet fractions, respectively;

Lane 6 and 7: CIyA-CS supernatant and pellet fractions, respectively; and Lane 8 and 9: ClyA-AS

incubated with 100 pl of 1% horse erythrocytes suspension {110 pt final volume) and the decrease
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of turbidity was measured at 650 nm {OD650nm). CiyA-WT is shown as a thick grey line, ClyA-SS as a
thick black line, ClyA-CS as a thin black line and CiyA-AS as a dashed line. d) The rates of hemalysis
{calculated as the inverse of the time to reach 50% of turbidity} plotted against protein

concentratlon CIyA -WT (tnangle thick grey line}, ClyA-5S (squares thick b!ack line}, CIyA~AS (cwctes

dashed ime) and ClyA- CS {dlamonds thln black Ime)

Figure 7 shows an example of the screening of the oligomerization of ClyA variants using 4-
20% acrylamide BN-PAGE. a} Round 4. Lane 1, 2: ClyA-CS, lane 3 and 4: 4ClyA5, lane 5 and 6: 4ClyA3,
lane 7 and 8: 4ClyAl, lane 9 and 10: 4ClyA2, lane 11 and 12: 4ClyA6. Samples were prepared as
explained in Figure 6a supplemented with 0.05% (even lane number} or 0.1% (odd lane numbers}
SDS. SDS was used to counter the “smearing” effect of large quantity of DDM in the samples. b}
Round 5. Lane 1, 2: 5ClyA2, lane 3: 5ClyA1, lane 4: ClyA-AS. Samples were supplemented with 0.05%
SDS. Oligomerization was triggered by the addition of 1% DDM and ClyA variants were partly purified
by Ni-NTA affinity chromatography as described in methods.

Figure 8 shows noise characteristics of three types of ClyA nanopores under -35 mV
potential in 150 mM NaCl, 15 mM Tris.HCI. Current power spectral densities of the Type | {dashed
line), Type Il (dotted line) and Type Il (light gray solid line) ClyA-CS nanopores at -35 mV obtained
from 0.5 s traces. The current power spectral density at 0 mV is shown in black. Each line

corresponds to the average of power spectra calculated from 3 recordings carried out on different

single channels.

Figure 9 shows the duration of HT (a) and FP (b} blockades on Type | ClyA-SS pores. Traces
were recorded at a sampling rate of 10 kHz with an internal low-pass Bessel filter set at 2 kHz. Each
plotted value corresponds to the average determined using at least 3 different single channels.

Errors are given as standard deviations.

Figure 10 shows the typical HT current blockades on Type | ClyA at -150 mV showing

“shoulder” and “spike” current signatures. Recordings were carried in 15 mM Tris.HCI, pH 7.5,

10,000 Hz cutoff filter and sampied at 50,000 Hz.

Figure 11 shows dsDNA translocation through ClyA nanopores. On the right of the current

traces, ClyA (pore shaped structure) and neutravidin {dark gray) are depicted , and the dsDNA is

"shown as a black-line: a) ‘Sections through of CIyA from S-typhi constructed by -homology modeling

from the E. coh ClyA structure {PDB 2WCD 90% sequence |dent|ty) CIyA is shown with pore

measurements including the Van der Waals radii of the atoms, and the approximate location of
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residue 103 {serine in the WT sequence} on the pore indicated. b) at +100 mV (level lg:100=1.7410.05
nA), the addition of 0.12 uM of 290 bp dsDNA 1 to the cis side of a ClyA nanopore provokes short
current blockades of lg=0.6310.01 (level 1%, = 1.1030.03 nA, n=3} that are due to the

“translocation of dsDNA through the pore. Addition of neutravidin to the cis chamber converted the

short current blockades to higher conductive and long-lasting current blockades with 1ges=0.6810.01
{level 1,100=1.19£0.01) due to the partial translocation of DNA through the pore. The open pore
current was restored by reversing the potential to -100 mV {red asterisk). The inset shows a typical
transient current blockade. ¢} Details for a current blockade due to the formation of a cis
pseudorotaxanes at +100 mV d) Formation of a trans pseudorotaxanes at -100 mV by threading the
dsDNA:neutravidin complex (see above) from the trans side (level 1,5 = 1.02£0.03 nA,
lres=0.62+0.01, n=4). The electrical recordings were carried out in 2.5 M NaCi, 15 mM Tris.HCl pH 7.5
at 22°C. Data were recorded by applying a 10 kHz low-pass Bessel filter and using a 20 ps (50 kHz)

sampling rate.

Figure 12 shows formation of a nanopore-DNA rotaxane. a) representation of the
hybridisation of the DNA molecules used to form the rotaxane. Arrowheads mark the 3’ ends of
strands. b) rotaxane formation. At -100 mV following the addition of the DNA hybrid 3 (1 pM)
complexed with neutravidin {0.3 uM) and oligo 4 (1 uM) to the trans compartment, the open pore
current of ClyA-2 (loage = -1.7110.07 nA, n=4} is reduced to level 1405 = 1.1£0.04 nA (lges value of
0.64+0.02, n=4), indicating that dsDNA threads the pore from the trans side. Stepping to +100 mV
(red asterisk) produced a current block with lges = 0.7720.04 (level 2,540 = 1.3130.09 nA, n=4),
indicating that the DNA is stilt occupying the pore at positive applied potentials. Level 2 most likely
corresponds to ssDNA occupying the vestibule of the pore. Successive switching to positive applied
potentials did not restore the open pore current (Figure 16), confirming that a rotaxane is
permanently formed. c-e) Rotaxane removal. ¢} at +100 mV the ionic current through ClyA-2
nanopores showed a multitude of fast current blockades (Figure 15}, suggesting that the ssDNA
molecules attached at the cis entrance of the pore transiently occupy the lumen of the pore, d) after
‘the rotaxane is formed (Figure 12b), at +100 mV the nanopore shows a steady ionic current (level
2,100} Suggesting that a single DNA molecule is occupying the pore. e} 20 minutes after the addition
of 20 mM DTT to the cis compartment the DNA molecules atop the ClyA pore are removed and the
open pore current at +100 mV is restored (lg.g = 1.7840.07, n=4). Recordings were performed as

described in Figure 11.

Figure 13 shows the ssDNA blockades to ClyA-CS. At +100 mV, the addition of 2 pM of a

biotinylated ssDNA (5a) to the cis side of ClyA-CS nanopores in the presence of 0.6 UM neutravidin
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provoked transient current blocks (1.2420.02 nA, lzes = 0.69+0.04, n=3), indicating that ssDNA can
enter the lumen of the pore but only transiently. The subsequent addition of the complementary
ssDNA strand (5b} converted the current blockades into level 1,4y blocks (1.2240.13 nA, lges =

0.6710.01, n=3), indicating that the dsDNA can now translocate the entire length of the pore.

Figure 14 shows the transport of DNA through ClyA nanopores. a) schematic representation
of the strand displacement reaction that promotes the release of DNA from the pore. b) at +50 mV
and in the presence of 3 (0.3 uM) ClyA-2 showed a steady open pore current {lo.s0= 0.8520.01 nA,
n=3), showing that the ssDNA strands attached to the pore do not thread through the lumen of the
pore and prevent the translocation of dsDNA form solution. ¢) the addition of the ssDNA strands 6
{40 nM) to the cis chamber produced long lasting current blockades with Iges = 0.70+0.02 , (level 2,5
= 0.59£0.02 nA, n=5) indicating that the dsDNA hybrid is threaded the pore. d} the subsequent
addition of 1 uM of 7 to the trans chamber (+50 mV), which also contains 0.3 uM neutravidin,
promoted the release of the DNA thread and restored the open pore current. Subsequently, dsDNA
molecules are sequentially captured and released as shown by multiple blocked and open pore
currents. For the sake of clarity, neutravidin is not included in the cartoon representation. The
electrical recordings were carried out in 2.5 M NaCl, 15 mM Tris.HC! pH 7.5 at 22°C. Data were
recorded by applying a 10 kHz low-pass Bessel filter and using a 20 ps {50 kHz) sampling rate. The
current signal in panel d was digitally filtered at 2 kHz with a post- acquisition fow-pass Gaussian
filter. The applied potential of this experiment was set to +50 mV to facilitate the observation of the

multiple block and release (Figure 14d), as at higher applied potentials the capture of the DNA in cis

is very fast.

Figure 15 shows the results of control experiments showing that all components of Figure 12
are necessary to form a DNA rotaxane. a) the absence of the bridging sequence 4 does not allow the
linkage between ClyA-2 and 3. After the complex is captured at -100 mV it is readily expelled from
the pore at +100 mV {asterisk) as shown by the typical current signature of an open pore current for

ClyA-2 at +100 mV. b) the absence of 2 from the pore top (e.g. after cleavage with DTT) does not

to +100 mV {red asterisk) the open pore current is restored. ¢} Typical current recording for a ClyA-2
nanopore at +100 mV. d) all points histogram (5 pA bin size} for 20 seconds of the current trace
shown in a. Level lgygo = 1.7120.07 nA, level A = 1.6240.12 nA, level B = 1.4340.05 nA and level C =
1.28+0.06 nA, corresponding to the lges values of 0.9410.04, 0.8440.03 and 0.7510.03, respectively.

The values, calculated from 12 éxperinierits, might Tepresent the DNA strands lodging within-the

lumen of ClyA.
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Figure 16 shows the Current versus voltage (IV) relationships for ClyA-2 nanopores a) a
typical curve for ClyA-2 before (lightest grey lfine} and after {black line) rotaxane formation. The
medium-grey line indicates the same nanopore after the DNA molecules attached to the nanopore
are removed by the addition of DTT. The current recordings were measured by applying an
automated protocol that ramped the voltage from -100mV to +100 mV in 4 seconds. b) -V cuwe§
calculated from the average of four experiments showing the steady-state {1 s} ClyA-2 open pore
current levels (white spheres) and ClyA-2 open pore current levels in a rotaxane configuration {black
spheres). The unitary conductance values of the nanopores as calculated from the slopes of the |-V
curves were 17.1 nS for ClyA-2 at both positive and negative bias, 10.8 nS for the rotaxane at

negative bias and 13.0 nS at positive bias. The rotaxanes were prepared as described in Figure 12.

Figure 17 shows dsDNA current blockades to ClyA-CS. On the right of each current trace the
cartoon represents the physical interpretation of the current recordings. a-d) current recordings for
ClyA-2 after hybridisation with a 67 (indicated with asterik} at different applied potentials. e) at +50
mV, upon hybridisation with 6 {40 nM) and 2,the DNA duplex 3 (0.3 pM) is transported through the
pore as shown by the drop in the ionic current from lg.s0= 0.8520.01 nA, to a level 2,55 block
{1aes=0.70+0.02). Reversal of the applied potential to -50 mV restores the open pore current (lg.so =
0.83 + 0.00). f) the subsequent addition of 1 uM neutravidin {black} to the trans chamber locked the
DNA thread within the pore as revealed after the reversal of the potential to -50 mV when a blocked

pore level {Iges = 0.67120.02) was observed.

Figure 18 shows selective DNA translocation through ClyA-2 pores. a) left, at 450 mV the
ionic current through ClyA-2 nanopores showed fast and shallow current blockades, suggesting that
the ssDNA molecules attached at the cis entrance might transiently occupy the lumen of the pore.
Middle, after dsDNA strand 1 (50 nM} is added to the cis chamber the current signals did not change,
indicating that dsDNA does not translocate ClyA-2. Right, 20 minutes after the addition of 20 mM
DTT to the cis compartment the DNA molecules atop the ClyA pore are removed and the DNA can

translocate through the pore. b} same experiment as described in panel a but in the presence of 1

1M of neutravidin. c) same as in panel b, but at +100 mV.,

Figure 19 shows Voltage dependence of the interaction of a ssDNA-dsDNA hybrid construct
with ClyA-CS pores. a} depiction of the DNA molecules used in the experiments described in paneis b

(feft) and c (right). b) current blockades of the DNA hybrid 3 (panel a, left) in complex with

neutravidin at +50 mV {ieft), +70 mV {middle) and +100 mV (right). ¢} current blockades of the DNA

hybrid 3:6 {panel a, right) in complex with neutravidin at +50 mV (left), +70 mV {middle) and +100
mV (right}.
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Figure 20 shows strand release with Boolean logic. The OR gate is represented at the top and
the AND gate at the bottom. DNA is represented as directional lines, with the arrow head denoting
the 3’ end. The sections within the same DNA strand represent DNA domains that act as a unit in
hybridization, branch migration or dissociation. Domains are represented by the letter D followed by
a number. T denoies a toehold dorﬁain. .A starred dorﬁain represents_a domain complementary_iri

sequence to the domain without a star. Figure 14 shows the implementation of the first reaction of

the OR gate.

Figure 21 shows alternative transport of DNA through ClyA nanopores. a} schematic of the
release of the DNA thread by strand displacement showing the implementation of the second
reaction of the OR gate described in Figure 18. b} open pore current of ClyA-2 at +35 mV. c) addition
of DNA strands 3 (1 uM} and 8 (0.5 uM) to the cis chamber produce fong lasting current blockades,
indicating that the dsDNA hybrid is threading the pore, d) at +35 mV the subsequent addition of 1
1M of 9 to the trans chamber, which also might contain 1 pM neutravidin, promoted the release of
the DNA thread and restored the open pore current, Subsequently, other dsDNA molecules are
captured and then released as shown by the cycles of blocked and open pore currents. Data were

recorded by applying a 10 kHz low-pass Bessel filter and using a 20 ps (50 kHz) sampling rate.

DETAILED DESCRIPTION

The present disclosure relates to nanopore biosensors which may be used for a variety of
applications, including but not limited to detection and quantification of proteins and translocation
of DNA, The nanopores are based on pore-forming bacterial cytotoxins, which act as channels for
large macromolecules such as proteins and nucleic acids. Nucleic acids may include DNA, for
example, single stranded DNA (ssDNA} or double stranded DNA (dsDNA), RNA, peptide nucleic acids,

and/or nucleic acid analogs.

Modified Nanopore Biosensors

pore proteins. Exemplary pore proteins include, but are not limited to cytolysins, hemolysins, porins,

DNA packaging protein, and motor proteins. Pore proteins may be bacterial or viral proteins.

In certain embodiments, the modified pore protein is a pore-forming cytotoxic protein, for

30

example, ‘a bacterial cytolysin. The cytolysin may be a Cytolysin A (ClyA) from a gram-negative

hacteria such as Salmonelia or Escherichia coli {E. coli). In some embodiments, the modified cytolysin
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is a modified ClyA from Salmonella typhi {S. typhi) or Saimonella paratyphi (S. paratyphi). In some
embodiments, the modified ClyA pore comprises a plurality of subunits, wherein each subunit
comprises a polypeptide represented by an amino acid sequence at least 80% identical to SEQ ID

NO: 1. In certain embodiments, the subunits are represented by an amino acid sequence at least

85% identical, 90% identical, 95% identical, or 100% identical to SEQ ID NO:1. identical may refer to
amino acid identity, or may refer to structural and/or functional identity. Accordingly, one or more
amino acids may be substituted, deleted, and/or added, as compared with SEQ ID NO:1.
Modifications may alter the pore lumen in order to alter the size, binding properties, and/or

structure of the pore. Modifications may alsc alter the ClyA pore outside of the lumen.

In certain embodiments, each subunit comprises a polypeptide represented by an amino
acid sequence at least 80% identical to SEQ ID NO:1, wherein exactly one Cys residue is substituted
with Ser. Each subunit may be represented by an amino acid sequence that is at least 85%, 90%,
959%, 96%, 96%, 98%, or 99% identical to SEQ ID NO:1, and additionally exactly one Cys residue may
be substituted with Ser, The Cys residue may be Cys 87 and/or Cys 285 in SEQ ID NO:1. In some
embodiments, the Cys residue is Cys285. Other amino acid residues may be substituted, for
example, with amino acids that share similar properties such as structure, charge, hydrophobicity, or
hydrophilicity. In certain embodiments, substituted residues are one or more of L99, £103, F166, and
K294. For example, the substituted residues may be one or more of L99Q, E103G, F166Y, and K294R.
An exemplary subunit may comprise substitutions L99Q, E103G, F166Y, K294R, and C285S. Thus,
each subunit may comprise a polypeptide represented by an amino acid sequence of SEQ ID NO:2,
An exemplary modified ClyA pore comprising subunits in which exactly one Cys residue is substituted

with Ser may be called ClyA-CS.

The modified ClyA pore may comprise a plurality of subunits, wherein each subunit
comprises a polypeptide represented by an amino acid sequence that is at least 80% identical to SEQ
ID NO:1, wherein exactly one Cys residue is substituted with Ala. The cysteine residue may be Cys 87

or Cys 285. Each subunit may be represented by an amino acid sequence that is at least 85%, 90%,

95%, 96%, 96%, 98%, or 99% identical to SEQ ID NO:1, and exactly one Cys residue may be
substituted with Ser andfor exactly one Cys residue may be subsituted with Ala. In some
embodiments, each subunit is represented by an amino acid sequence that is at least 85%, 90%,
95%, 96%, 96%, 98%, or 99% identical to SEQ ID NO:1, and additionally exactly one Cys residue may

be substituted with Ser and exactly one Cys residue may be subsituted with Ala. Other amino acid

structure, charge, hydrophobicity, or hydrophilicity. In certain embodiments, substituted residues
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are one or more of 199, E103, F166, K294, L203 and H207. For example, the substituted residues
may be L98Q, E103G, F166Y, K294R, L203V, and H207Y. An exemplary subunit may comprise 199Q,
E103G, F166Y, K294R, L203V, and H207Y, and C285S. Accordingly, each subunit may comprise a
polypeptide represented by an amino acid sequence of SEQ ID NO:3. An exemplary modified ClyA
pore comprising subunits in which exactly one Cys residue is substituted with Ser and exactly one

Cys residue is substituted with Ala may be called ClyA-AS.

The present disclosure further relates to nucleic acids encoding the modified ClyA pores. In
some embodiments, a nucleic acid encoding a modified ClyA pore is represented by a nucleotide
sequence that is at least 80%, 90%, 95%, 96%, 96%, 98%, or 99% identical to SEQ ID NO:4. A nucleic
acid may be represented by SEQ ID NO: 5 or SEQ ID NO:6. Nucleotide sequences may be codon

optimized for expression in suitable hosts, for example, E. coli.

The modified ClyA pore may have a pore lumen of at least 3 nm in diameter, for example,
the diameter may measure 3 nm, 3.5 nm, 4 nm, 45 nm, 5 nm, 5.5 nm, 6 nm, 6.5 nm, 7 nm, or
greater. The size of the pore lumen may depend on the analyte to be detected by the modified ClyA
pore.The cis diameter of the pore lumen may be at least 3.5 nm and/or the trans diameter of the
ClyA pore may be at least 6§ nm. In general, cis refers to the end of the modified ClyA pore to which
an analyte is added, while trans refers to the end of the modified ClyA pore through which the
analyte exits after translocating the length of the pore tumen. In artificial lipid bilayers, for example,
the trans end of a pore may be inserted in the lipid bilayer, while the ¢is end of the pore remains on
the same side of the lipid bilayer. Accordingly, the ¢is diameter of the pore is the diameter of the
opening at the ¢is end of the pore, and the opening to which an analyte is added, while the trans

diameter of the pore is the diameter at the opening of the trans end of the pore, from which an

analyte exits.

The size of the pore lumen may also depend on the number of subunits in the modified ClyA
pore. For example, larger pores which are made up of 13 or 14 subunits may have larger lumens

than pores made up of 7 subunits. in some embodiments, the modified ClyA pores comprise 12 or

‘more subunits. th-certain-embodiments; the-modified CiyA pores comprise 12 subunits; In certain

embodiments, the modified ClyA pores comprise 13 subunits, or comprise 14 subunits. The subunits
may preferentially assemble in 12mers and/or 13mers, depending on the amino acid sequence of

the subunits. In some embodiments, each subunit comprises a polypeptide as disclosed herein.

Within -a-single-modified:ClyA pore; each-of the:subunits-may-be identical,-or the subunits-may be:

different, so that subunits in a modified ClyA pore may comprise sequences that differ from

-sequences-of-other-polypeptide-subunits-in-the-same-modified-ClyA-pore:-In-certain-embodiments;
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modified ClyA pores as disclosed herein, such as ClyA-CS pores, may form more than one subtype
depending on subunit composition. For example, there may be at least 2 or 3 different subtypes (i.e.,
Type |, Type 1, Type 1) of modified ClyA-CS pore, depending on subunits. Each subtype may have
different conductance measurements, as compared with other subtypes. Subtypes may be

preferentiaily formed by subunits of a particular polypeptide sequence.

The substitutions in specific residues may confer new properties on the modified ClyA pores,
as compared with wild-type ClyA pores found in nature. Voltage dependent opening and closing
{gating) of the pore at specific voltages is one property. in planar lipid bilayers, for example, ClyA-SS
spontaneously opens and closes at applied potentials that are greater than +60mV or lower than -90
mV. In some emboadiments, the modified ClyA pores as described herein remain open when the
voltage across the pore {i.e., the voltage across the membrane which the modified ClyA pore is in})
ranges from +90 mV to -150 mV. Accordingly, the modified ClyA pore may remain open when the
voltage across the pore is held at +90, +85, +80, +75, +70, +65, +60, +55, +50, +45, +40, +35, +30,
+25, 420, +15, +10, +5, 0, -5, -10, -15, -20, -25, -30, -35, -40, -45, -50, -60, -65, -70, -75, -80, -85, -90, -
95, -100, -110, -115, -120, -125, -130, -135, -140, -145, -150 mV, and/or the voltage across the pore
is adjusted between +90 mV and -150 mV (inclusive), or any subrange of voltages in between. in
certain embodiments, the modified ClyA pores show low electrical noise as compared with the signal
{i.e., the current block measured). Thus, the noise inherent in a modified ClyA pore is reduced when
pores as described herein are used. An exemplary modified ClyA pore shows noise measurements of
_1.5pArms__ to 3 pA rms__under __-35mV in 150mM NaCl 15mM Tris-HCI pH 7.5___ conditions.
Notably, it is possible to reduce noise by increasing the salt concentration and/or altering the length

of time during which a current block Is measured.

In some embodiments, the modified ClyA pores show solubility properties that differ from
wild-type ClyA pores. For examples, monomers of the modified ClyA pores may be soluble in water,
and/or in other solutions where surfactants such as SDS or DDM are not present, Stable oligomers

are modified ClyA pores that are capable of withstanding applied potentials of +150 mV to -150 mV

across membranes or lipid bilayers into which the modified ClyA pores are inserted.

Nanopores with Ligands

A-further-aspect of the present. disclosure relates te-nanopore biosensers-in-which- modified.

ClyA pore proteins are combined with ligands that have selective binding properties. In some

embodiments;-these-modified-pores-and.ligands. are.-used.to.identify. protein-analytes.in.complex
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biological samples, for example, in a tissue and/or a bodily fluid. The target protein analyte may be
present in a low concentration as compared to other components of the sample. In some
embodiments, ligands may alsc be used to target subpopulations of macromelecular analytes based
on conformation or on functional properties of the analytes. The presence of a ligand may increase
the association of the target protein analyte with the modified pore. For example, the ligands may
act as a selectivity filter at the entrance of the pore, increasing capture of the target protein while

repulsing other non-target proteins in the sample.

Exemplary ligands include but are not limited to aptamers, antibodies, receptors, and/or
peptides that hind to the target protein. In some embodiments, ligands may be inhibitors of the

target protein, which suppress the binding of the target protein to the modified ClyA pore,

In certain embodiments, a ligand that binds to a target protein analyte is added to a sample
prior to the detection steps described above. This step may provide additional confirmation that a
target protein analyte is present. Thus, a method for detecting at ieast one target protein in a
sample may comprise comprises (a} contacting the sample with a ligand that binds to a target
protein; (b} contacting the sample with a modified ClyA pore as disclosed herein; (b) applying an
electrical potential across the modified ClyA pore; (c} measuring electrical current passing through
the modified ClyA pore at one or more time intervals; and (d} comparing the electrical current
measured at one or more time intervals with a reference electrical current, wherein a change in
electrical current relative to the reference current indicates that the presence of the target protein
in the sample. In addition, the change in electrical current may be compared with a sample that was
not contacted with a ligand prior to measuring the electrical current through the modified ClyA pore.
If a target protein analyte is indeed present, the addition of a ligand will suppress the binding of the
target protein to the modified ClyA pore, and a current block would not be detected. in contrast, a
current block would be detected when the ligand was not added. With both results together, the
presence and the concentration of the target protein could be determined. For example, in a given

sample containing many different proteins including a target protein analyte, the sample may

initially give X blockades per second. After addition of an excess of a specific ligand, the sample may
give {X-n) blockades per second. Thus, n may reflect the blockades per second produced by the
target protein analyte in the original sample, which, in turn, may provide information about the

concentration of the target protein analyte in the original sample.

In-certain embodiments, varying electrical potentials-are applied across the -modified ClyA

pbre. For ex'am;'::'!e, the electrical po'tential 'applied across the modified C]yA poré may range from -90

“mVto + 90 mV. The electrical potential may be =90 mV, -85 mV; =80 mV, =75 mV, =70 mV, =65 mV,=60"
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mV, -55 mV, -50 mV, -45 mV, -40 mv, -35 mV, -30 mV, -25 mV, -20 mV, -15 mV, -10 mV, -5 mV, 0 mV,
+5 mV, +10 mV, +15 mV, 420 mV, +25 mV,+30 mV, +35 mV, +40 mV, +45 mV, +50mV, +55 mV, +60
mv, +65 mV, +70 mV , +80 mV, +85 mV, and/or +30 mV . For each potential, the electrical current
may be measured and compared with one or more reference electrical currents. In some
er;ll;ordrirmrents, a referenc; _eiéctricai c&;rfént is measured in an open, unblocked pore. In some
embodiments, a reference efectrical current is measured in a modified ClyA pore that is bound to a

known protein, for example, a protein whose presence or absence will be determined in solution.

In some embodiments, a modified ClyA pore as described herein may be conjugated to one
or more aptamers, When more than one aptamer is conjugated, the aptamers may be the same
aptamer or may be different aptamers. The one or more aptamers may be conjugated to a cysteine
residue in the modified ClyA pore. In some embodiments, a modified ClyA pore comprises a cysteine
residue in place of another amino acid residue in the pore. This cysteine residue substitution may be
combined with other amino acid substitutions, deletions, and/or additions made relative to the wild-
type pore protein. For example, modifications within the pore lumen may be engineered to alter the
size, binding properties, and/or structure of the pore. In some embodiments, cysteine residues are
substitued with other amino acids such as serine residues. The modified pore protein may be a pore
comprising multiple subunits, for example, 12 subunits, in which at least one subunit comprises a
maodified amino acid. In certain embodiments, the modified ClyA is from a gram-negative bacteria
such as Salmonella or Escherichia coli (E. coli). In some embodiments, the modified cytolysin is a
modified ClyA from Salmonella typhi (S. typhi} or Salmonella paratyphi (S. paratyphi). In some
embodiments, the modified A modified ClyA pore comprises 12 subunits, each subunit comprising a

sequence shown in SEQ ID NO: 2.

An aptamer may be a nucleic acid aptamer comprising DNA, RNA, and/or nucleic acid
analogs. An aptamer may be a peptide aptamer, such as a peptide aptamer that comprises a variable
peptide loop attached at both ends to a scaffold. Aptamers may be selected to bind to a specific

target protein analyte. In certain embodiments, two or more aptamers are conjugated to the same

maodified ClyA pore. For example, 5, 6, 7, 8, or. 9 aptamers may be conjugated to a modified CiyA
pore, Alternatively, 10, 11, or 12 aptamers may be conjugated to a modified ClyA pore. If more than
one aptamer is conjugated to the modified ClyA pore, the aptamers may be positioned at least 2 nm

apart.

In certaln embodiments, a modified ClyA pore as described herein is combined with one or

more peptide ligands, Peptide ligands may be attached to the modified ClyA pores via disulfide

linkages, cross-linking, and/or chemical ligation. The modified ClyA pare may also be engineered as
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a fusion protein in which one or more peptide ligands is fused to at least one subunit of the modified
ClyA pore. In some embodiments, the modified ClyA pore is combined more than one peptide ligand.
The peptide ligands may be the same ligand or may be different ligands. Exemplary peptide ligands

include, but are not limited to, receptors, antibodies, inhibitors, activators, and/or other peptide

ligands that bind to "’Eargetipro;ceihs.

Target Analytes
1. Protein analytes

In some embodiments, the modified ClyA pore protein is engineered to allow protein
analytes to bind within the lumen of the pore. This binding mediates a robust, reproducible current
block, which is readily distinguished from the unblocked ionic currents measured in unbound pores.
The protein analytes may range from 15-70 kDa in molecular weight, for example, exemplary protein
anhalytes may have a molecular weight of 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, or 70 kDa. The

analyte may be a dimer or other multimer of a smalier protein.

In some embodiments, the modified ClyA pore proteins comprise more than one site of
binding and/or residence for protein analytes. For example, a modified ClyA pore protein may
comprise two sites: level 2 may be associated with residence of the protein analyte at a deep, more
sterically constrained site, while the level 1 may be associated with residence of the protein analyte
at a position closer to the wider cis entrance of the pore. Protein analyes may move between the
two sites, thus eliciting two current levels seen within the same current blockade event. Thus, a
modified ClyA pore proteins may provide more than one (i.e., two) current level measurement upon

binding to a protein analyte.

In some embodiments, the modified ClyA-CS pores as described herein are capable of
detecting and quantifying protein analytes. The modified ClyA pores may distinguish between

homologs of the same protein, for example, bovine thrombin and human thrombin.

a. Detection and ldentification of Proteins

Another aspect of the present disclosure relates to detection of specific proteins in a sample.
In some embodiments, a method for detecting the presence of at least ane protein analyte in a
sample comprises {a} contacting the sample with a modified ClyA pore as disclosed herein; (b)

applying one or more electrical potentials across the modified ClyA pore; {c) measuring current

30

passing through the modified ClyA pore at each_of the one or more electrical potentials; and (d)

comparing measured currents with reference currents, wherein a change in currents relative to the

reference currents indicates the presence of the protein analyte in the sample. in some
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embodiments, the change in currents is a decrease in current. In some embodiments, a target
protein has a molecular weight in the range of 15-50 kDa, for example, a molecular weight of 15, 20,
25, 30, 35, 40, 45, or 50 kDa. The reference current may be a current measured through the
modified ClyA pore in the absence of a ligand, and/or a current measured through the modified ClyA
pore in the presence of a reference ligand. In some embodiments, the reference ligand and the-
protein analyte are identical. In certain embodiments, the reference ligand and the protein analyte
are at least 75%, 80%, 85%, 90%, or 95% identical, Thus, in some embodiments, a method for
identifying a protein analyte in a sample comprises {a) contacting the sample with a modified ClyA
pore as described herein; (b} applying one or more electrical potentials across the modified ClyA
pore; (c} measuring currents passing through the modified ClyA pore at each of the one or more
electrical potentials; and (d) comparing measured currents with one or more reference currents
from a known ligand, wherein a match between the measured currents and the reference currents
indicates the protein analyte and the known ligand are identical. Similarly, a non-match between the
measured currents and the reference currents may indicate that the protein analyte and the known

ligand are not identical.

In some embodiments, the modified ClyA pore comprises amino acid substitutions,
deletions, and/or additions, as compared with the wild-type pore protein. For example,
modifications within the pore lumen may be engineered to alter the size, binding properties, and/or
structure of the pore. In some embodiments, cysteine residues are substitued with other amino
acids such as serine residues. The modified pore protein may be a pare comprising multiple subunits,
for example, between 7-11 subunits, 12 subunits, 13 subunits, or 14 subunits, in which at least one
subunit comprises a modified amino acid. In certain embodiments, the modified ClyA is from a gram-
negative bacteria such as Salmonella or Escherichia coli {E. coli). In some embodiments, the modified
cytolysin is a modified ClyA from Safmonella typhi (S. typhi) or Salmonelia paratyphi (S. paratyphi). In
some embodiments, the modified A modified ClyA pore comprises 12 subunits, each subunit

comprising a sequence shown in SEQ 1D NO: 1.

In certain embodiments, varying electrical potentials are applied across the modified ClyA
pore, For example, the electrical potential applied across the modified ClyA pore may range from -90
mV to + 90 mV. The electrical potential may be -90 mV, -85 mV, -80 mV, -75 mV, -70 mV, -65 mV, -60
mV, -55 mV, -50 mV, -45 mV, -40 mV, -35 mV, -30 mV, -25 mV, -20 mV, -15 mV, -10 mV, -5 mV, 0 mV,

+5 mV, +10 mV, +15 mV, +20 mV, +25 mV,+30 mV, +35 mV, +40 mV, +45 mV, +50mV, +55 mV, +60

WV, ¥65 MV, F70 MV, F80 MV, +85 mV, and/or #90 mV: At each voltage; theelectricat current may-

be measured and compared with one or more reference electrical currents. In some embodiments, a
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reference electrical current is measured in an open, unblocked pore. In some embodiments, a
reference electrical current is measured in a modified ClyA pore that is bound to a known protein,

for example, a protein whose presence or absence will be determined in solution.

In certain embodiments, the interaction of a protein analyte with a modified ClyA pore
provokes current blocks as compared to open, unbound pores. The amplitude of the current block
may be measured as the residual current percentage (IRES) of the open pore current. In some
embodiments, characteristic current blocks are used to identify a specific protein anaiyte. For
example, current blocks may be short, quick current spikes. Current blocks may be transient, or may
last for more than 1 minute. Current blocks may be shallow or may be deep. A shallow current level
may be indicated by an IRES value of about 41-100%, indicating that the target protein analyte
leaves a residual current that is about 41%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 50%,
95%, or 100% of the open pore current. Conversely, a deep current level may be indicated by an IRES
value of about 0-40%, indicating that the target analyte leaves a residual current that is about 0%,
5%, 10%, 15%, 20%, 25%, 30%, 35%, or 40% of the open pore current. In some embodiments, a
current block comprises more than one current level, for example, a current block may comprise a
shallow current level and a deep current level. In one exemplary modified ClyA pore, a target analyte
may provoke a first current block with an IRES value of about 70% as well as a second current biock
with an IRES value of about 15%. In certain embodiments, the presence and/or identity of a protein
analyte is determined by comparing the shallow and deep current levels from the protein analyte
with shallow and deep current levels from a reference ligand. The inter-conversion between shallow
and deep current levels may be compared, for example, IRES values may be compared, the rate of
conversion between shallow and deep current levels may be compared, the relative durations of the
shallow and deep currents levels may be compared, and/or the number of shallow and deep current

levels may be compared.

For any target protein analyte, when the voltage across the modified ClyA pore is varied, the

percentage of shallow and/or deep current levels may also vary. The distribution of shallow and/or

Thus, in some embodiments, two or more target analytes are distinguished from one ancther on the
basis of their current level measurements. Two or more target protein analytes may be distinguished
by the intensity and duration of their current blocks and/or by their distributions of current levels.

For example, a first protein may show a large decrease in the percentage of shallow levels as the

Voltage across the pore s increased; while asecond proteinmay show amore gradual decrease:
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In certain embodiments, the two or more target proteins about 95%, 90%, 85%, 80%, 75%,
or 70% identical. In certain embodiments, the two or more target proteins or their subunits are
about 65%, 60%, 55%, 50%, or 45% identical. In some embodiments, the two or more target proteins

are species-specific forms of the same protein.

2. Translocation of nucleic acids

One aspect of the present disclosure is a modified ClyA pore that is capable of binding,
detecting, identifying, translocating nucleic acids and/or modulating transport of nucleic acids.
Nucleic acids which translocate through the modified ClyA pores include but are not limited to DNA,
which may or may not carry posttranslational modifications such as methylation; RNA such as
transfer RNA (tRNA), messenger RNA {mRNA), ribosomal RNA {rRNA}, small interfering RNA {siRNA},
micro RNA {miRNA), small nucleolar RNA {snoRNA), small nuclear RNA (snRNA), extracellular RNA
(exRNA), Piwi-interacting RNA (piRNA), and any non-coding RNA {ncRNA}. Nucleic acid analogs such
as 2’-0O-methyl substituted RNA, locked nucleic acid {LNA), morpholino, and peptide nucleic acid

(PNA), dideoxynucleotides, etc.

In certain embodiments, the modified ClyA pores are engineered to translocate DNA such as
ssDNA or dsDNA. While ssDNA in particular may not enter a modified ClyA pore at physiological salt
conditions due to replusive charges from negatively-charged residues in the lumen, DNA
translocates through modified ClyA pores as described herein under conditions of high ionic
strength. In some embodiments, conditions of high ionic strength are {or have the equivalent to the
ionic strength of) a 2.5 M NaCl solution. In certain embodiments, conditions of high ionic strength
are higher than the ionic strength of a 2.5 M NaCl, for example, conditions of high ionic strength may
be be {or may be equivalent to the ionic strength of) 2 2.75 M, 3 M, 3.25M, 3.5 M, 3.75M, 4 M, 4.25
M, 4.5 M, 4.75 M, or 5 M NaCl solution and/or may be {or may be equivalent t0) 2.75 M, 3 M, 3.25
M, 3.5 M, 3.75 M, 4 M, 4.25 M, 4.5 M, 4.75 M, or 5 M KCl solution. The negatively charged residues
lining the internal lumen of the ClyA pore may be screened under these conditions. For example, in
2.5 M NaCl, 15 mM Tris-HCl at pH 7.5, addition of ds DNA to a modified ClyA pore as described
herein at +100 mV may produce a short current blockade due 1o transiocation of dsDNA through the
pore. As demonstrated herein, dsDNA translocates the modified ClyA pores under these conditions.
In addition, ssDNA may translocate the modified ClyA pores, for example under conditions of high

ionic strength and/or in a folded structure. ssDNA may translocate modified ClyA pores at a different

rate than dsDNA.

Accordingly, one aspect of the present disclosure is a method for translocating DNA, for

example dsDNA through a modified ClyA pore that is capable of transiocating DNA, comprising the
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steps of obtaining a modified ClyA pore as described herein, applying a voltage of at least +50 mV
across the modified ClyA pore, adding a sample containing the DNA to the cis opening of the
modified ClyA pore, and measuring the current flowing through the pore. A current blockade
indicates trans!ocatton of the DNA, Current may be restored by reversing the potential toa negatlve
potential, su;:h as -100 mV or -50 mV. ln ;Grhe embodiments, the modified CEyA pore is used under

conditions of high ionic strength,

In some embodiments, the modified ClyA pore for translocating DNA comprises a modified
ClyA pore as described herein. The modified ClyA pores may be engineered to translocate nucleic
acids. For example, the modified ClyA pore may comprise at least 12 subunits, wherein each subunit
comprises a polypeptide represented by an amino acid sequence at least 80% identical to SEQ 1D
NO:1, wherein exactly one Cys residue is substituted with Ser. Each subunit may be represented by
an amino acid sequence that is at least 85%, 90%, 95%, 96%, 96%, 98%, or 99% identical to SEQ ID
NO:1, and additionally exactly one Cys residue may be substituted with Ser. The Cys residue may he
Cys 87 and/or Cys 285 in SEQ ID NO:1. In some embodiments, the Cys residue is Cys285. Other
amino acid residues may be substituted, for example, with amino acids that share similar properties
such as structure, charge, hydrophobicity, or hydrophilicity. In certain embodiments, substituted
residues are one or more of 199, E103, F166, and K294. For example, the substituted residues may
be one or more of L99Q, E103G, F166Y, and K294R. Thus, each subunit may comprise a polypeptide
represented by an amino acid sequence of SEQ 1D NO:2. An exemplary modified ClyA pore

comprising subunits in which exactly one Cys residue is substituted with Ser may be called ClyA-CS.

In some embodiments, the modified ClyA pore recognizes and chaperones a specific DNA
molecule across a biological membrane under a fixed transmembrane potential. The reaction
mechanism may be based on DNA strand displacement. For example, a DNA moiety may be
conjugated to a nanopore in order to allow the transport of selected DNA molecules across the
nanopore via the DNA strand displacement reaction. In certain embodiments, the modified ClyA

pore comprises at least 12 subunits, wherein each subunit comprises C87S, C285S, and D103C

substitutions, and each subunit is conjugated to an oligonucleotide. Accordingly, in some
embodiments, a method for translocating dsDNA comprises {a) obtaining a modified ClyA pore
comprising at least 12 subunits, wherein each subunit comprises C87S, C285S, and D103C
substitutions and is conjugated to an oligonucleotide; (b) applying a voltage of +50 mV across a

maodified ClyA pore as described herein, {c} addmg a sample contammg a dsDNA to the cis opemng of

stranded nucleic acid comprising (i} a sequence that is complementary to at least 15 nuclecbases of
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the oligonucleotide that is conjugated to the ClyA pore, and {ii) a sequence is that is complementary
to at least 12 nucleobases of the double stranded DNA; and measuring the current across the

modified ClyA pore,wherein a decrease in current after step (d} indicates translocation of the double

stranded DNA through the modified CiyA pore.

In some embodiments, the method optionaily comprises adding to a trans opening of the
modified ClyA nanopore a second single stranded nucleic acid comprising a sequence that is
complementary to the first single stranded nucleic acid. Here, an increase in current across the
modified ClyA pore after adding the second single stranded nucleic acid to a trans opening of the

modified ClyA pore indicates that the double stranded DNA has translocated completely through the

pore.

A further aspect of the present disclosure relates to a device for translocating DNA,
comprising: a fluid-filled compartment separated by a membrane into a first chamber and a second
chamber; electrodes capable of applying potential across the membrane; one or more nanopores
inserted in the membrane; a solution of high ionic strength in one chamber of the membrane,
wherein DNA transiocates through the nanopore from the first chamber to the second chamber. In
certain embodiments, the DNA is double stranded. The nanopores may be ClyA pores, for example,
the modified ClyA pores described herein. The pores, such as medified ClyA pores, may have an
inner diameter of at least 2.2 nm. In some embodiments, the membrane is an artificial lipid bilayer.
In some embodiments, the potential across the membrane ranges from -100 mV to +100 mV. The

solution of high ionic strength may comprise 2.5M NaCl.

EXAMPLES

Having provided a general disclosure, the following examples help to illustrate the general
disclosure. These specific examples are included merely to illustrate certain aspects and
embodiments of the disclosure, and they are not intended to be limiting in any respect. Certain
general principles described in the examples, however, may be generally applicable to other aspects

orembodimentsof the disclosure;

Example 1. Tuning the property of ClyA by directed evolution
Directed evolution approaches for tailoring enzymes with desired properties were used to
improve the activity of ClyA-SS, reasoning that mutations that compensate for the deleterious

effects of €875 and C285S substitutions would also increase stability of the nanopore in fipid

"bilayers. Random libraries were generated on the background of ClyA-SS by error prone PCR

(approximately-1-4-mutations.per.gene.per.round). and.screened.for.hemolytic activity. (Figure_6)._.
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The most active variants were then purified by Ni-NTA affinity chromatography and tested for
cligomer formation by BN-PAGE (Figure 7). Selected nanopore variants were finally screened in
planar lipid bilayers for the desired behavior (low electrical noise and ability to remain open at high
applied potentials), which served as final and critical criteria for selection. After just four rounds of
screening, ClyA-CS variants were isolated (Table 1) that showed low electrical noise {Figure 8) and
remained open in planar lipid bilayers from +90 to -150. Remarkably, the serine at position 87
converted back to cysteine, the original residue in the wild-type gene. In order to obtain a cysteine-
less ClyA variant amenable to site-specific chemicai modification, ClyA-CS was subjected to
saturation mutagenesis at position 87, the resulting library was screened, and cysteine-less ClyA-AS
with desired electrical properties (51) was selected. In contrast to ClyA-SS, evolved ClyA nanopores
expressed in £.coli celis in the soluble fraction (Figure 6) and the monomers could be purified in one-
step by affinity chromatography, which allowed a ten fold increase in the production yield {~0.6 mg

per 10 ml culture).

Example 2. Isolation of ClyA nanopores with different size

ClyA oligomers, formed by incubation of ClyA monomers with 0.5% w/v B-dodecyl maltoside
(DDM), revealed multiple bands on a BN-PAGE (Figure 2a}, suggesting that ClyA might assemble into
several oligomeric states. This is particularly intriguing, since the exact stoichiometry of £, coli CiyA
oligomerisation is controversial. The ClyA crystal structure (PDB_ID: 2WCD) revealed a dodecamer
with a 5.5 nm opening on the cis side and a 3.2 nm opening at the trans entrance (including Van der

Waals radii of the amino acid side chains}, while earlier cryo-EM structures revealed nanopores with

8" or 13 subunits.

In planar lipid bilayers, ClyA-WT pre-incubated with DDM showed a wide distribution of
open nanopore conductances spanning approximately 2 nS (Figure 2b, top}, suggesting that also in
lipid bilayers ClyA-WT might assemble into nanopores of different size and/or geometry. The major
peak in the distribution of ClyA-WT unitary conductance {Type | ClyA) represented only 24% of the

reconstituted nanopores and showed an average conductance of 1.8340.06 nS in the conductance

range from 1.7 to 1.9 nS {-35 mV, 15 mM Tris.HCl pH 7.5 and 150mM NaCl}. The distribution of ClyA-
CS open pore conductance showed two major peaks: the first included 37% of the reconstituted
nanopores and corresponded to Type ! ClyA-CS (1.7910.05 nS); while the second (Type !l ClyA-CS)
included 23% of the nanopores and showed an average conductance of 2.1940.09 nS {conductance

range 2.1-- 2.4 nS; Figure 2b, middle}. ClyA-WT and ClyA-AS also showed small percentage of Type-il-

CiyA'(is% and 16%, fespecti"véiy)l The unita'ry'cbndu'cta'nce of CI'yA—AS was especially uniform with

“52% of the reconstituted nanoporescorresponding to Type | ClyA{Figure 2b, bottom}.—
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To establish whether the different bands of ClyA oligomers corresponded to nanopores with
different size, ClyA-CS were extracted from the three major oligomeric bands in the BN-PAGE, and
measurements were made of the unitary open nanopore conductance of 62 nanopores derived from
each band within two days from gel extraction. 62% of ClyA-CS oligomers from the lowest band
formed Type | ClyA-CS nanopores {1.78+0.04 nS, Figure 3a), while 68% of nanopores extracted from
the second lowest band {Figure 3b) reconstituted as Type il ClyA-CS nanopores (2.19 £ 0.09 nS}.
Interestingly, 42% of the nanopores extracted from the third band reconstituted in lipid bilayers as a
third nanopore type (Type ] ClyA} that showed an average conductance of 2.8120.11 nS in the
conductance range 2.5 - 3.0 n$ (Figure 3c).

Taken together, these results show that the three major bands of ClyA oligomers observed
on the BN-PAGE correspond to three distinct nanopore types with different size and different unitary
conductance. This finding is consistent with reports that high order symmetrical oligomeric
structures are often permissive with respect to subunit stoichiometry.” Therefore it can be
hypothesized that Type | ClyA most likely represents the 12mer of the crystal structure, while Type I
ClyA might be the 13mer observed in earlier cryo-EM studies. Both nanopores showed low electrical
noise {Figure 8) and remained open over a wide range of applied potentials {from +90 mV to -150
mV). Type Il ClyA-CS nanopores, which showed higher noise than Type | and Type Il nanopores
(Figure 8) and frequently gated especially at applied potentials lower than -40 mV and higher than

+50 mV, may correspond to a 14mer version of ClyA not observed before.

Example 3. HT as molecular caliper to test ClyA nanopores of different size

The ability to employ nanopores with identical amino acid composition but different size is a
new feature in the biological nanopore field and is important because the size of a nanopore defines
its ability to capture and study a particular molecule.”™ ™ It has been previously shown’ that at -35
mV HT (human thrombin, 37kDa) inflicted well-defined current blockades to Type | ClyA-SS
nanopores that lasted for several minutes. The blockade signal switched rapidly between two

current levels, level 1 {percentage of the open nanopore current (lyss) = 56 £ 1%)] and ievel 2, (lresy

nanopore, Level 2 is most likely associated to HT residence at a deep site, while level 1 is associated
to the residence of HT closer to the cis entrance of the nanopore.” Because thrombin provoked such
a well-defined pattern of current blockades HT was used here as a molecular caliper to compare the

geometries of the different ClyA nanopores.

ClyA-SS nanopore {Table 1), confirming that mutations accumulated in the variants disclosed herein
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most likely did not change the size and geometry of the ClyA nanopore, HT current blockades to
Type 1I ClyA also switched between the two current fevels, but their relative distribution was
different. In Type | ClyA-CS HT mostly lodged at the more superficial binding site (70% occupancy),
while in Type 1l ClyA-CS HT preferred the binding site deeper within the nanopore (96% occupancy).
These results suggest that both ClyA Types most likely retain similar overall nanopore architecture
but provide different steric hindrance to HT. HT blockades to Type Il ClyA were fast {55+48 ms) and
showed only a level 2 current block (lgesy, 0f 3249%), suggesting that Type Il ClyA is large enough to

allow unhindered translocation of HT through the nancpore (see below).

Example 4. Protein translocation through ClyA nanopores.

Thrombin is a globular protein with a molecular volume that can be approximated to a
sphere with diameter of 4.2 nm (SI). Therefore, assuming that Type |, Il and lll ClyA correspond to
nanopores with different oligomeric state (see above), HT should not easily translocate through Type
I and Type il ClyA nanopores (trans diameter, including the Van der Waals radii of the atoms, of 3.3
and 3.7 nm, respectively, Table 1). Contrary, HT has the same diameter as Type Il ClyA {Table 1},
suggesting that the protein might be capable of translocating through this nanopore. A powerful
method to assess whether molecules pass through nanopores is to investigate the voltage
dependence of the duration of the proteins current blockades. The decrease of the duration of the
current blockades with increasing potential is strong evidence that the molecules translocate
through the nanopore. By contrast, an increase in the duration of the current blockades with the
voltage suggests that the proteins are driven into the nanopore but do not translocate through it, "%
5 From -5 mV to -25 mV the dwell time of HT blockades to Type ! ClyA-SS nanopores increased with
the applied potential (Figure 9a), suggesting that HT does not translocate through the nanopores in
this voltage interval. Taking advantage of the fact that Type t and Type 1l evolved ClyA nanopores
remained open at applied potentials up to -150 mV, HT blockades were characterized on Type | and
1 ClyA-CS nanopores from -60 to -150 mV. At applied potentials higher than -100 mV for Type | ClyA-
CS nanopores and -60 mV for Type il ClyA-CS nanopores the dwell times of HT current blockades

strongly decreased with increasing potential (Figure 5a), suggesting that in this potential range HT
molecules translocate through the nanopores. Similarly, Dendra2_M159A (FP, a GFP like protein, 30
kDa protein) displayed an initial increase (from -25 mV to -40 mV) followed by a decrease of the
duration of the current blockades (from -50 mV to -70 mV), suggesting that FP translocates through

Type ! ClyA-SS nanopores at potentials higher than -50 mV (Figure 9b). Comparing the duration of HT

translocation of HT through Type 1t ClyA-CS was about two orders of magnitude faster than for Type |
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ClyA-CS (Figure 5h, Table 1), which is in line with the interpretation that Type | and Type 1l ClyA

describe nanopores with different size.

Example 5. Folded versus unfolded translocation

When a molecule is lodged within the lumen of a nanopgré: the jonic current block is
proportional to the atomic volume of the electrolytes being excluded by the molecule,'®* 1% 6
Therefore, if the molecule translocates through the nanopore with a folded structure, the lgesy
should remain constant at different applied voltages. In contrast, if a protein unfolds upon
translocation, the Iy is expected to change, giving that the volume and shape of the unfolded
polypeptide chain is different to that of the globular protein, The gy values during the translocation
of HT through Type 1 and Type !l nanopores were identical at -35 mV and -150 mV (level 2, Table 1},
suggesting that in this potential range HT does not unfold while in the nanopore. Interestingly, solely
with Type | ClyA-CS nanopores, the current blockades of HT at potentials below -90mV often
terminated with a current block of higher Igesy {shoulder) followed by a current increase (spike) with
respect to the open nanopore current {Figure 5¢ and 10). Although the shoulder in the lpesy values
might indicate that HT unfolds upon translocation, the current spikes that follows the protein
translocation suggest otherwise that ClyA nanopores may need to deform in order to allow the
translocation of folded HT through Type | nanopores.

Example 6: Translocation of dsDNA through a ClyA pore

In this work ClyA-CS was selected for its enhanced activity, solubility and favourable
behaviour in planar lipid bilayers when compared to Wild Type ClyA The internal diameter of the
ClyA dodecamers (3.8 nm at its narrower entrance,” Figure 11a) is larger than the diameter of
dsDNA (2.2 nm for the B form), indicating that dsDNA should readily electrophoretically translocate
through the pore. However, most likely because of the negatively charged residues lining the lumen
of ClyA {pl = 5.1), at physiological salt concentrations ssDNA does not enter the nanopore.” tn view
of previous work with alpha hemolysin (HL} nanopores at high alkaline pH,” ™ the ability of DNA to

translocate through ClyA-CS nanopores was tested at high ionic strength, where the internal charges

of the pore are screéned. T 2.5 M NaCl, 15 mM Tris.HCl pH 7.5 and under +100 mV applied
potential, the addition of 0.12 uM of biotinylated dsDNA 1 (290 bp, Table 2} to the cis compartment
produced transient current blockades {lz) to the open pore current {lo} showing a residual current

(Tpes = Ig / o) of 0.6320.01 (level 1% 40 = 1.2020.03 nA, n=3 experiments), with 2.0£0.6 ms dwell time,

due to-the-entrance-of the-DNA-into-the-lumen-of the-pore-(Figure-11b). The-subsequent-addition-to-

the ¢is compartment of 0.3 pM of neuiravidin, which forms a t'i'ght compiex with biotin, converted

the transient blockades into long lasting current blockades (level 1,350 = 1.1920.01 nA; n=4) with-a
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higher residual current value (Ixes = 0.680.01). The open pore current could be restored by reversal
of the applied potential to -100 mV (Figure 11b). These results suggest that neutravidin prevents the
full translocation of DNA through ClyA nanopores by forming a cis protein:DNA complex where the
DNA occuples the ful[ length of the pore (Flgure 1ic). Trans complexes could also be formed at -160

mV {level 15 = 1 02+O 03 nA, Igs=0.6220.01, n=4) when the dsDNA: neutra\ndln complex is threaded

through the trans side (Figure 11d).
Example 7. A rotaxane system traps a dsDNA within a ClyA nanopore

Rotaxanes are supramolecular interfocked systems in which a linear unit (thread} is
translocated through a microcyclic ring and is tapped by two bulky substituents {stoppers). Such
mechanically joined molecules have applications for example as switches in molecular electronics or
as components in molecular machineries. Rotaxanes have been made from a variety of molecules
including dsBNA” or by locking a biotinylated ssDNA molecules threaded through aHL nanopore
with streptavidin on one side and with a DNA hairpin on the other side {dsDNA can not translocate
through oHL).” Here to prove the translocation of dsDNA through ClyA nanopores a rotaxane
system was built in which a dsDNA molecule added to the trans side of a ClyA nanopore hybridize
with a second DNA strand on the ¢is side after threading through the lumen of the nanopore. A ClyA
nanopore ClyA-2 was used, which contains 12 ssDNA molecules 2 (51 bases, Table 2, Figure 12a)
covalently attached at their 5’ ends to cysteine residues introduced at the cis entrance of the pore
(at position 103, Figure 11a) via disulphide linkages. 2 is designed to act as a rotaxane stopper. The
thread 3 is a dsDNA molecule (59 bp, Table 2) with an additional 31 nucleobases stretch of ssDNA at
the 5 end that is designed to hybrize with the stopper at the cis side through hybridisation with
oligo 6; and a 3’ biotinylated linker that is used for complexation with neutravidin at the trans side.
The linkage between the thread and stopper on the cis side is mediated by a bridging ssDNA
molecule 4 {Table 2, Figure 12a) that is complementary to the first 16 nuclecbases of 2 and to the
last 25 nucleohases of 3. When 3 and 4 are added to the trans compartment, at -100 mV the DNA

thread is captured by the pore and not released from the pore upon reversing of the potential to

Interestingly, at +100 mV the residual current of the rotaxane was higher than the Iges values of the
cis or trans pseudorotaxane threads (0.6810.01 and 0.62%0.01, respecively), suggesting that an
unhybridized ssDNA stretch of 2 is likely to span the pore at this potential (Figure 12b). The rotaxane
could be disassembled by addition of 20 mM DTT to the c¢is chamber, which reduced the disulphide

bond between 2 and ClyA and restored the open pore current at +100 mV (Figure 12¢-12€).

Selective translocation through ClyA-2 pores.
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The data indicate that ClyA-2 excludes non-specific DNA from the pore lumen of the pore,
suggesting that the mesh ssDNA molecules attached to the pore might produce a steric and or
electrostatic impediment for non-tethered DNA translocation. In addition, the DNA attached to the
pore often occupies the pore lumen (Figure 15¢) thus preventing the entrance of other DNA
molecules. When a specific DNA molecule is hybrised to ClyA-2, rapid DNA capture is chserved at
positive applied potentials. The concentration of ssDNA attached to the pore was previously
estimated to be ~ 20 mM.” Therefore, augmented concentration of the dsDNA in the proximity of
the pore mouth may enhance the capture of the specific DNA strands. In this case, unhybridized
strands 2 might still be tethered to the pore, in which case the dsDNA construct might have to

compete with the ssDNA 2 to enter the pore lumen.
Example 8. A nanopore:DNA device utilizing a strand displacement reaction

At high positive applied potentials, the ionic current of ClyA-2 nanopores fluctuated between
the open pore level and several blocked pore levels (Figure 12¢, Figure 15 and 16g,), suggesting the
ssDNA molecules tethered to the top of the pore enter the lumen of ClyA but do not permanently
thread to the trans side of the pore.’ Further suggesting this interpretation; at +100 mV the addition
of a 90mer ssDNA 5a {Table 2) in complex with neutravidin to the cis side of ClyA-CS provoked
transient current blockades (Figure 13) that converted into long fasting DNA translocation events
upon the subsequent addition of equimolar concentrations of the complimentary ssDNA 5b (Table 2,
Figure 13), The translocation of DNA through nanopores is often observed above a threshold
potential®?’ that can be tuned by modulating the charge distribution of the lumen of the pore,**”’
or by changing the ionic strength of the solution.””® Therefore, most likely because of its lower

charge density and/or higher flexibility, these findings indicate that ssDNA has higher threshold for
DNA translocation than dsDNA (Figure 13).

These results suggést that despite the applied potentials a ssDNA molecule attached to the
cis entrance of ClyA is likely to sample the ¢is solution. On the other hand if the DNA molecule

becomes double stranded {e.g. by strand hybridisation) at positive applied potential the dsDNA

strand will translocate through the pore and sample the trdans solution. Therefore, a nanopore:DNA ™
device was designed in which the hybridisation of a specific DNA strand to the cis side of the
nanopore promotes the translocation of the DNA hybrid through the pore. The DNA:nanopore

complex is then disassembled by a strand displacement reaction {Figure 14a}, which will promote

-the transport of DNAacross the bilayer-and-the returty of 2 to-sample the cis chamber: Canveniently; -

a't'pos.itivé ap'pE'ie'd 'pcl)té'ntialils' the addition of dsDNA molecules to the cis side of a CIyA-Z do not

produce current blockades (Figure 18], indicating that the ssDNA molecules attached to ClyA-2™
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prevent or drastically reduce the transiocation of DNA from solution. Therefore, the DNA unit atop
of the nanopore might infer specificity to the system by promoting the translocation of specific DNA
molecules while creating a barrier for the translocation of non-specific DNA. At +50mV, the addition
of 3 to the cis side of ClyA-2 did not produce current blockades, further confirming that the ssDNA
molecules attached to ClyA-2 prevent the DNA in solution from entering the pore {Figure 14h).
Nonetheless, after the addition to the ¢is chamber of 6, which is complementary to the first 15 bases
of 2 and to the last 12 nucleobases of 3 {Table 2}, the dsDNA hybrid nanopore showed permanent
current blockades with Iges = 0,70+0.02 {level 2,5, = 0.5920.02 nA, Figure 14c, n=5), the halimark of
DNA capture. The translocation of 3 to the trans side was confirmed by the formation of a rotaxane
upon addition of neutravidin to the trans chamber (Figure 14c-d, Figure 17e-f}. Crucially, 6 was
designed to include a 10 nucleohases 5'-single-strand extension to serve as toehold for the
dissociation of the rotaxane (Figure 14a). Notably, the addition to the trans chamber of 7, a ssDNA
molecule complementary to 6 {Table 2), released 3 from the nanopore by first hybridising to the
toehold and then promoting strand displacement (Figure 14a). This was observed by the restoration
of the open pore current, because the ssDNA molecule tethered to ClyA returned to the cis side after
3 and 6 are released from the pore (Figure 14d). Remarkably, the nanopore showed a succession of
open and blocked current levels, reflecting a cycle of capture, translocation and release, as the DNA
cargos are captured from the cis chamber, transported through the pore and released to the trans

chamber (Figure 14d).

The DNA strands at the top of CiyA-2 nanopores drastically reduced the capture of non-
specific DNA at both +50 and +100 mV (Figure 18), suggesting that the DNA at the top of the pore
prevented the translocation of dsDNA from solution. Notably, the applied potential was set to +50
mV and not at +100 mV because at +100 mV ClyA-2 occasionally produced long current blockades
that were similar to typical events provoked by the capture of non-specific DNA {Figure 18). Such
current blockades were less frequent at lower applied potentials; hence the experiment was
performed at +50 mV (Figure 14} and +35 mV (Figure 20). An additional reason to work at lower

applied potential, as explained in the legend of Figure 14, is that the frequency of DNA capture is

reduced with the potential, thus at lower potentials the cycles of capture and release are more easily

observed.

ssDNA vs dsDNA translocation

- In-the - rotaxane -configuration-ssDNA-molecules-may-be spanning-the entire length.of the.

pore at positive applied potentials. This is fikely because at +100mV the Iy value of the rotaxane

{0.77)ishigher—than—the Izs values—of the <is=—and—trans-—pseudorotaxanes—{0.68—and—0.62;~
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respectively, Figures 11c¢ and 11d), which have a dsDNA immobilised within the pore. In addition, the
unitary conductance values of the rotaxane as calcuiated from the slopes of the I-V curves were
lower at positive applied potentials (10.8 nS) than at positive bias (13.0 nS, Figure 16). Since ssDNA
has a diameter (d = 1nm) is smaller than dsDNA (d = 2.2 for the B form), these results further
suggesting that ssDNA occupies the pore at positive bias. To further investigate the ability of ssDNA
to span the pore, the ability of DNA hybrid 3, which is formed by a 3’ biotinylated dsDNA section of
59 nucleobasepairs followed by a ssDNA stretch of 31 nucleobases at the 5" end, was tested for
ability to translocate through ClyA-CS pores. At +100 mV, the addition of 3 in complex with
neutravidin to the cis side of a ClyA-CS pore provoked long fasting current blockades with lges=0.67
(Figure 19), the same lges of a cis-pseudorotaxane (0.68), suggesting that at this potential the DNA
hybrid translocate through ClyA and dsDNA spans the fumen of the pore. Since the translocation of 3
can only be initiated from the ssDNA end these results suggest that at +100 mV the ssDNA leading
sequence is capable of translocating the lumen of ClyA. Interestingly, at +50 mV and +70 mV the
current blockades were only transient (Figure 19), suggesting that at this voltage ssDNA cannot pass
the ClyA pore. The addition of strand 6, which is complimentary to the last 12 nucleobases of 3

produced long lasting current blockades +70 mV (Figure 19}, suggesting that threshold for DNA

translocation is reduced.

MATERIALS & METHODS

Screening of ClyA nanopores.

ClyA was expressed in E. cloni® EXPRESS BL21 (DE3) cells (Lucigen) by using a pT7 plasmid.
Transformants were prescreened on Brucella Agar with 5% Horse Blood (BBL™, Becton, Dickinson
and Company), and individually grown and overexpressed in 96-deep-wells plates. Monomers from
cell lysates were first screened for hemolytic activity on horse erythrocytes (bioMérieux) and then
purified by using Ni-NTA affinity chromatography. Purified monomers were oligomerized in the
presence of 0.5% B-dodecyl maltoside (GLYCON Biochemicals GmbH)' and loaded on native gel

electrophoresis gels to check for oligomerisation. The electrical properties of ClyA oligomers were

- then sereened in planar lipid bilayers. -

Purification of evolved ClyA nanopore

ClyA was expressed in £. cloni® EXPRESS BL21 (DE3) cells by using a pT7 plasmid. Monomers

were purified by using Ni-NTA affinity chromatography and oligomerized in the presence of 0.2% B-

dodecyl maltoside (GLYCON Biochemicals GmbH).
Electrical recordings.
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lonic currents were measured by recording from planar bilayers formed from diphytanoyl-
sn-glycero-3-phosphocholine (Avantl Pofar Lipids, Alabaster, AL). Currents were measured with
Ag/AgCl electrodes by using a patch-clamp amplifier (Axepatch 2008, Axon Instruments, Foster City,
CA).®

Construction of ClyA libraries by error-prone PCR,

Libraries were constructed by amplifying the ClyA genes from plasmid DNA using T7
promoter and T7 terminator primers (Tahle 3). In the first mutagenesis round we used as a template
a plasmid containing the synthetic gene encoding for ClyA-SS from Salmonella Typhi. From the
second mutagenesis round we used the DNA plasmids that were derived from the previous round of
selection. In ClyA-SS, the WT sequence was modified by the substitution of the two Cys residues
(positions 87 and 285} with Ser and by the attachment of DNA encoding a Gly-Ser-Ser linker followed

by a C-terminal hexahistidine tag.”

DNA amplification was performed by error prone PCR: 400 pt of the PCR mix (200 ul of
REDTag ReadyMix, 8 uM final concentration of forward and reverse primers, ~400 ng of plasmid
template and ddH,0 up to 400 ul) was split into 8 reaction mixtures containing 0-0.2 mM of MnCl,
and cycled for 27 times {pre-incubation at 952C far 3 min, then cycling: denaturation at 952C for 15
sec, annealing at 552C for 15 sec, extension at 722C for 3 min). These conditions typically yielded 1-4
mutations per gene in the final library. The PCR products were pooled together, gel purified
{QlAquick Gel Extraction Kit, Qiagen) and cloned into a pT7 expression plasmid (pT7-SC1) by
MEGAWHOP procedure:'® ~500 ng of the purified PCR product was mixed with ~300 ng of ClyA-SS
circular DNA template and the amplification was carried out with Phire Hot Start It DNA polymerase
{Finnzymes} in 50 L final volume {pre-incubation at 982eC for 30s, then cycling: denaturation at 982C
for 5 sec, extension at 722C for 1.5 min for 30 cycles). The circular template was eliminated by
incubation with Dpn | (1 FDU} for 2 hr at 372C. The resulted mixture was desalted by dialysis against
agarose gel (2.5 % agarose in Milli-Q water) and transformed into E. cloni® 10G cells {Lucigen) by

electroporation. The transformed bacteria were grown overnight at 372C on ampicillin {100 pg/ml)

LB agar plates typically resulting in >10° colonies, and were harvested for library plasmid DNA

preparation.
Construction of saturation mutagenesis library at position 87 of evolved CiyA

In-order-to-have-a-library containing cysteine—free ClyA variants, the gene-encoding for

4ClyA4' (Table 2) was émblifiéd using the 87NNS 'p'ri'r'h'er (containi'ng a de'géne'rafe' codon at pbsi{ion

87 encoding for the complete set of aminoacids, Table 3) and T7 terminator primers. PCR"
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conditions: 0.3 mL final volume of PCR mix (ReadyMix" ), containing ~400 ng of template plasmid,
cycled for 30 times {pre-incubation at 952C for 3 min, then cycling: denaturation at 952C for 15 sec,
annealing at 552C for 15 sec, extension at 722C for 3 min). The resulting PCR product was cloned into

pT7 expression plasmid by MEGAWHOP procedure using 4ClyA4 circular template (see above).
Construction of the ClyA-WT

CIyA-SS gene was amplified using 87C and 285C primers (Table 3). PCR conditions: 0.3 mL
final volume of PCR mix (150 pl of REDTag ReadyMix, 6uM of forward and reverse primers, ~400 ng
of template piasmid), cycled for 27 times (pre-incubation at 95°C for 3 min, then cycling:
denaturation at 952C for 15 sec, annealing at 552C for 15 sec, extension at 722C for 3 min). The
resulting PCR product was cloned into pT7 expression plasmid by the MEGAWHOP procedure

described above, using ClyA-SS circular template.
Screening of ClyA libraries and hemolytic assay

Since ClyA-SS displays "border of detection" hemolytic activity, during the first two rounds of
the mutagenesis libraries were only screened for activity on Brucelfa Agar with 5% Horse Blood.
From the third selection round, colonies displaying hemolytic activity on Brucella Agar were further
screened for hemolytic activity on horse erythrocytes from the crude lysate after overexpression.
The goal of this work was to obtain ClyA variants that oligomerise well in B-dodyl maltoside {DDM}
and form nanopores with low electrical noise and uniform unitary conductance in lipid bilayers.
Therefore, screening for hemolytic activity alone could not serve as the sole criteria for selection of
such variants (for example WT-ClyA is very hemolytically active, but shows non-uniform unitary
current distribution). Thus, from the 4th round, proteins from the crude lysate were purified by Ni-
NTA affinity chromatography and the oligomerisation of ClyA was tested on BN-PAGE after
incubation in DDM. ClyA nanopores that oligomerised well were then tested in planar lipid bilayers

(with particular stress on uniformity of formed channels, low electrical noise and stability at high

applied potentials).

- Screening for Hemolytic activity on Brucella horse blood agar plates

After the plasmid DNA was electroporated into E. clon/® EXPRESS BL21 (DE3} cells (Lucigen),
transformants were prescreened on Brucella Agar with 5% Horse Blood {BBL™, Becton, Dickinson

and Company) supplemented with 100 pg/ml ampicillin. Clones displaying hemolytic activity, which

30

was observed by a lytic aura around the calohies after overnight growth at 37 2C, were individually

grown in 96-deep-wells plates overnight by shaking at 379C (0.5 mlL 2xYT medium containing
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100pg/mL ampiciltin). The obtained cultures were either pooled for preparation of plasmid DNA
(QlAprep, Qiagen) that served as a template for the next round (rounds 1 and 2}, or used as starters

for protein overexpression {rounds 3 to 5).
Screening for hemolytic activity of crude lysates after ClyA overexpression

Rounds 3 to 5: 50 ul of the starter cultures from 400-600 clones (see above} were inoculated
into 450 pl of fresh medium in new 96-deep-wells plates and the cultures were grown at 372C until
ODgo™0.8. Then IPTG (0.5 mM) was added to induce overexpression, and the temperature was
reduced to 252C for an overnight incubation. Next day, bacteria were harvested by centrifugation at
3000 x g for 15 min at 42C, the supernatant was discarded and pellets were incubated at -702C for
few a hours to facilitate cell disruption. Then pellets were resuspended in 0.3 mL of lysis buffer
{15mM Tris.HCl pH 7.5, 150 mM NaCl, 1 mM MgCl,, 10 pg/ml Iysozyme and 0.2 units/mL DNAse )
and lysed by shaking at 1300 RPM for 30 min at 37 ¢C. 5-30 pl of lysates were then added to 100 ul
of ~1% horse erythrocytes suspension. The latter was prepared by centrifuging horse blood
{bioMérieux) at 6000 x g for 5 mins at 4 2C, the pellet was resuspended in 15 mM Tris.HCI pH 7.5,
150mM NaCl {If the supernatant showed a red color, the solution was centrifuged again and the
pellet resuspended in the same buffer). The hemolytic activity was monitored by the decrease in OD
at 650nm over time (~3-10 min intervals, measured using Multiskan GO Microplate
Spectrophotometer, Thermo Scientific). The hemolytic activity of the clones was compared with the

activity of 2-4 parent clones from the previous round that were grown in the same plates as a

reference.
Screening for oligomerization and nanopore formation of evolved variants.

Rounds 4: 6-12 of the most hemolytically active variants were partially purified from the
same lysates that were used for the screening of hemolytic activity by using Ni-NTA affinity
chromatography: 0.2 mL of crude lysate containing monomeric ClyA was brought to 1 mL with
15mM Tris.HCI pH 7.5, 150mM NaCl supplemented with 1% DDM (to trigger ClyA oligomerization)
for 10 min at 42C. The clarified lysates were allowed to bind to 20 pl (bead volume) of Ni-NTA
agarose beads (Qiagen) for 1 hr by gentle mixing at 42C. The unbound fraction were removed by
centrifugation at 20°000 x g for 10 min at 42C (the supernatant was discarded). Finally, oligomerized

ClyA proteins were eluted with 50 pL of 600 mM imidazole in 15mM Tris,HCl pH 7.5 150mM NaCl

"0.2% DDM: Typically 40 jig of ClyA were supplemented with ~10% glycerol and 1x of NativePAGE™"
_ Running Buffer and 1x Cathode Buffer Additive (Invitrogen™) and then loaded on BN-PAGE (Figure.
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7). Variants that formed oligomers on BN-PAGE were then tested in planar lipid bilayers (with

particular stress on uniformity of formed channels).

In round 5 the ClyA-CS clones that were subjected to saturation mutagenesis at position 87
were screened in order to obtain a cysteine-less ClyA variant amenable to site-specific chemical
modification. Therefore, since that clones containing cysteine at position 87 were expected to show
the highest activity, in this round the clones that showed medium to high hemolytic activity in the

crude lysates were isolated. ClyA variants were then partially purified and selected as explained

above.
Proteins overexpression and purification

E. cloni® EXPRESS BL21 {DE3) cells were transformed with the pT7 plasmid containing the
ClyA gene. Transformants were grown overnight at 372C on LB agar plates supplemented with 100
mg/L ampicillin. The resulting colonies were pooled together and innoculated into 50 ml of LB
medium containing 100 mg/L of ampicillin. The culture was grown at 372C, with shaking at 200 rpm,
until it reached an ODggy 0f 0.6 to 0.8. The expression of ClyA was then induced by the addition of 0.5
mM IPTG and the growth was continued at 20°C. The next day the bacteria were harvested by

centrifugation at 6000 x g for 10 min and the pellets were stored at -70°C.

The peflets containing monomeric ClyA were thawed and resuspended in 20 mL of wash
buffer (10 mM imidazole, 150 miM NaCl, 15 mM Tris.HCI, pH 7.5), supplemented with 1 mM MgCl;
and 0.05 units/miL of DNAse | and the bacteria were lysed by sonication, The crude lysates were
clarified by centrifugation at 6000 x g for 20 min and the supernatant was mixed with 200 pL of Ni-
NTA resin {Qiagen) pre-equilibrated with wash buffer. After 1 h, the resin was loaded into a column
{Micro Bio Spin, Bio-Rad) and washed with ~5 ml of the wash buffer. ClyA was eluted with
approximately ~0.5 mL of wash buffer containing 300 mM imidazole. Protein concentration was

determined by Bradford assay and the purified proteins were stored at 42C.

Construct of ClyA models

The 13mer and 14mer ClyA nanopores were medeled from the 12mer of the crystal
structure (PDB code: 2WCD) as foilow: A central axis was constructed through the length of the
12mer (ax12), and the distance between the C-alpha atom of residue 114 in the monomer A (114Ca-

A) and the ax12 was measured giving the approximate radius of the pore (r12). The distance (d)

between-the 114Ca-A and the equivalent-atonyin monomer B {114Ca-B) was used to calculate the

approximate circumference of the 12mer (¢12 = d x 12), 13mer {c13 = d x 13) and 14mer {c14 = d x
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14). The radius of the three oligomers (r12, r13 and r14) was then calculated from the circumference
using simple trigonometry. The 12mer, 13mer and 14mer were then buift by placing the monomers
at distances r12, r13 and r14, respectively, from the central ax and rotated over an angle of 360°/12,
360°/13 and 360°/14, respectively. The 12mer that was built using this method reproduced perfectly
the 12mer of the X-ray crystal structure {RMS$=0.29 A), showing the high degree of symmetry anci

feasibility to construct higher order pores.?

The size of the nanopore opening was obtained by increasing the Van der Waals radii of the
atoms of ClyA until the pore closed. Then the increased value of the Van der Waals radii was taken
as the radius of the pore. The diameter of thrombin was calculated from a sphere corresponding to

the measured molecular volume of the protein.”
Electrical recordings in planar lipid bilayers.

The applied potential refers to the potential of the trans electrode. ClyA nanopores were
inserted into lipid bilayers from the cis compartment, which was connected to the ground. The two
compartments were separated by a 25-um thick polytetrafluoroethylene film (Goodfeliow
Cambridge Limited) containing an orifice ~100 pum in diameter. The aperture was pretreated with ~5
uL of 10% hexadecane in pentane and a bilayer was formed by the addition of ~10 plL of 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in pentane {10 mg/mL) to both electrophysiology
chambers. Typically, the addition of 0.01-0.1 ng of oligomeric ClyA to the cis compartment {0.5 mL}
was sufficient to obtain a single channel. Electrical recordings were carried out in 150 mM NadCl, 15
mM Tris.HCI pH 7.5. The temperature of the recording chamber was maintained at 28°C by water

circulating through a metal case in direct contact with the bottom and sides of the chamber,

Data recording and analysis

Electrical signals from planar bilayer recordings were amplified by using an Axopatch 200B
patch clamp amplifier (Axon Instruments) and digitized with a Digidata 1440 A/D converter (Axan

Instruments)._Data were recorded by using Clampex 10.2 software {Molecular Devices) and the

" subsequent analysis was carried out with Clampfit software (Molecular Devices). Open pore currents’

and HT blockades were recorded by applying a 10 kHz low-pass Bessel filter and sampling at 50 kHz if
not otherwise stated. For unitary channe! conductance distributions data collection, traces were

further filtered digitally with Gaussian low-pass filter with 200 Hz cutoff. The open pore currents

—were determined for all'inserted channels at both +35-and =35 mV toensure that the pore inserted-

with the correct orientation {the unitary conductance of ClyA is higher at positive applied potentials

when reconstituted from the cis side} and values corresponding to -35 mV were used to construct

33



WO 2014/153625 PCT/BE2014/000013

the distributions. Open pore current values {lp) for ClyA and blocked pore current values (lg) for HT

were calculated from Gaussian fits to all points histograms (0.3 pA bin size).? Histograms for HT and

BT blockades were prepared from at least 10 current blockade at least 0.5 s long. The residual
current values {Iges} were calculated as: Ipesy = |5 / Io %. When HT produced two current levels within

5 the same blocka;ic_e, their relative con;cributions {Figure 41;, 'fable 1) were deduced from the area of
the peaks obtained from Gaussian fits to the éll points histogram.® HT blockade lifetimes were
calculated by fitting the cumulative distribution of the block dwell times for at least 50 events to a
single exponential.®> From -5 to -20 mV HT blockade lifetimes were measured by applying a cyclic
sweep voltage protocol consisting of 3 steps. In the first “capture” step, the applied potential was

10  set to -60 mV for 2 seconds. In the second “release” step the applied potential was decreased to the
voltage of interest (-5 to -20 mV) for 2-10 sec where HT released from the pore. Finally in the
“regeneration” step the potential was briefly reversed to + 35 mV for 0.2 seconds to regenerate a

new unblocked open pore state. At least 50 sweeps were averaged and the part of the trace
corresponding to release step was fit to single exponential. The duration of the FP biockades (dwell

15  times), which occasionally showed both level 1 and level 2 currents, were distributed over two
orders of magnitude and were not fit well with exponential functions. Therefore, median dwel times

are quoted for FP. The traces were recorded at a sampling rate of 20 kHz with an internal low-pass
Bessel filter set at 5 kHz. The measurements were performed in 150 mM Nacl, 15 mM Tris.HCl, pH

7.5. Graphs were made with Origin (OriginLab Corporation) and the temperature set at 28°C. All

20  values quoted in this work are based on the average of at least three separate recordings, unless

otherwise specified.
ClyA pores for DNA translocation

DNA preparation

ssDNA molecules were purchased from Integrated DNA Technologies {IDT). 1 was made by
25  PCR where one of the two primers was 5 biotinylated. 3 was formed by incubating two
complementary ssDNA-molecules, one of which contained a biotin moiety at the 3’ end. The DNA_
hybrid was then purified from the excess ssDNA by affinity chromatography. 5 and 6 were HPLC
purified by IDT.

Preparation of ClyA pores

30 ClyA was expressed in £, coli (DE3) pLysS cells by using a pT7 plasmid. Monomers containing

a C-terminal oligo-histidine tag were expressed in E. coli cells and the soluble fraction purified by Ni-

NTA affinity chromatography. ClyA dodecamers were formed by the addition of 0.2% B-dodecyl
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maltoside (DDM), and were separated from monomers by blue native poly-acrylamide gel

electrophoresis. The lowest band of oligomeric ClyA-CS was extracted and stored at 49C.

ClyA-2 nanopores were prepared by covalently attaching 2 to a ClyA protein where the two
WT cysteine residues (positions 87 and 285) were substituted-with serine (ClyA-SS}, and a-cysteine
was introduced at position 103 {aspartate in the WT gene; ClyA-55Cp3). ClyA-SSCyo3 wWas constructed
from ClyA-SS, which also encoded a Gly-Ser-Ser linker followed by a C-terminal hexahistidine tag, by
using the megaprimer method™ using Phire® Hot Start DNA Polymerase (Finnzymes}. The DNA (5'-
TTTTTTTTTATCTACGAATTCATCAGGGCTAAAGAGTGCAGAGTTACTTAG-3'), containing a protected thiof
group attached to the 5 hydroxyl of the DNA strand via a C6 linker {5ThioMC6-D, IDT), was then
conjugated to ClyA-55C;,; monomers, purified and oligomerised as described, Purified oligomers

were stored at -80 °C in 20% glycerol.

DNA preparation

1 was made by PCR amplification of a pT7-ClyA-WT DNA template using a 5’ biotinylated
forward primer (bio-5' TAATACGACTCACTATAGGG-3'} and a non-biotinylated reverse primer (5'-
CATCAGCAGCACTTTGATATCGCCCACC-3') using Tagq DNA Polymerase from REDTag® ReadyMix™ PCR
Reaction Mix (Sigma). After a maximum number of 35 cycles the PCR product of 24 reaction tubes
(50 uL each tube) was purified by using a PCR quick purification kit (QIAGEN) and the size of the

construct checked by using a 2% agarose gel {TAE buffer). The typical sample concentration was

~200 ng/ut.

3 was formed by incubating a 3 biotinylated ssDNA  molecule (5-
GGATGACCTGATCCAGATATTTATTATACAGGTCCAGCGCACCGTCAGCCCAATCGCACTTTTCACAAAAAGA
GAGAGAGATCGATTACC-3"-bio, 3a) with a 20% excess of a partially complimentary ssDNA (5'-
GGTAATCGATCTCTCTCTCTTITITGTGAAAAGTGCGATTGGGCTGACGGTGCGCTGGAC-3', 3b, Table 4).
The temperature was brought to 95°C for one minute and then decreased stepwise to room

temperature. At around the estimated annealing temperature, the temperature was decreased in

2°C steps, each held for one minute. The hybrid DNA was then purified from the excess of ssDNA by
affinity chromatography, using a biotin-binding column containing monomeric avidin immobilised on
agarose beads (Thermo Scientific Pierce). 3 was eluted in Biotin Blocking/Elution Buffer according to
the protocol. Typically a DNA concentration of ~400 ng/uL was obtained. The size of the dsDNA was
checked by using a 2% agarose gel in TAE buffer. The purified dsDNA was stored at -20 °C in the

presence of 2 uM EDTA.
Electrical recordings
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If not otherwise specified, the signal was collected at sampling rate of 50 KHz using a 10 kHz
Bessel filter. The lipid bilayer was formed by the addition of 1 to 2 plL of a 10% solution of 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC} in pentane {w/v). The electrical potential was
applied by using Ag/AgCl electrodes submerged in agar bridges (3% w/v low melt agarose in 2.5 M
NaCl buffer). The applied potential refers to the potential of the working electrode connected to the
trans compartment of the chamber. ClyA nanopore solutions (0.01-0.1 ng) were added to the ¢is
compartment, which was connected to the ground electrode. After the insertion of a single channel,
excess protein was removed by several cycles of perfusion. Electrical recordings were carried out in
2.5 M NaCl, 15 mM Tris.HCI pH 8.0, at 22°C. The errors indicate the standard deviation from the

average for at least three independent repeats, which are indicated with the letter n.

INCORPORATION BY REFERENCE

All publications and patents mentioned herein are hereby incorporated by reference in their
entirety as if each individual publication or patent was specifically and individually indicated to be
incorporated by reference. In case of conflict, the present application, including any definitions

herein, will control.

EQUIVALENTS

While specific embodiments of the subject invention have been discussed, the above specification is
illustrative and not restrictive. Many variations of the invention will become apparent to those
skilled in the art upon review of this specificatibn and the claims below, The full scope of the
invention should be determined by reference to the claims, along with their full scope of

equivalents, and the specification, along with such variations.
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Table 1. Parameters for ClyA-SS and the three types of ClyA-CS nanopores. The diameter of Type |

ClyA-SS and ClyA-CS was taken from the crystal structure of E. coli ClyA. The diameter of Type Il and

Type il ClyA-CS-was.measured-from models that were created by adding one (Type Il} or two (Type_

1) subunits to the structure of the 12mer ClyA (crystal structure} as described in the supplementary

information:-The diameters-of the nanopores-were-determined-including-the Van-der Waals-radii-of-

40




WO 2014/153625

the atoms (supplementary information). Errors are given as standard deviations. (¥Data taken

PCT/BE2014/000013

from”)
Press 1o [aees " ooaes "
Trans diameter, nm 3.3 3.3 37 4.2
Cis diameter, nm 5.5 5.5 5.9 6.5
Nanopore conductance at -35 mV, nS 18+01 | 1.78+0.04 2192009 2811011
Nanopore conductance at -150mV, nS NA 1.50+0.03 {1.8520.06 | NA
HT Occupahcy ofl2at-35mV, % 2215 30£10 9612 100
HT Level 1 at -35 mV, Ires% 5611 56+1 6811 NA
HT Level 2 at -35 mV, lpes% 23+1 23+3 31+1 3249
HT Qccupancy of L2 at-150 mV, % NA 100 100 NA
HT Level 2 {-150 mV), Ixes, % NA 2312 31+5 NA
HT Dwell time at -150 mV, ms NA 1.0+04 2351186 NA
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Table 2. Mutations accumulated during the directed evolution rounds of the ClyA-SS gene.

Round |[Name Clone ID Sequence changes relative to WT-ClyA

0 ClyA-SS dSCiyA C87S, C285S

3 3CIyAl C87S, F166Y, K230R, C285S

3 3ClyA2 Q73R, F166Y, C2855

3 3ClyA3 Q33R,Q56H, €875,0122G, €285S5

4 4ClyAl 14T,N1285,5145],C2858

4 AClyA2 $1101, C285S, F166Y, T223A

4 4CIlyA3 T391,C2855, F166Y, K230R

4 ClyA-CS 4ClyA4 L99Q,E103G, F166Y, C285S, K294R

4 4ClyAS l4T, Q73R, C2858

4 4ClyA6 Q73R, F166Y, C285S

5 SClyAL C87A, L99Q,E103G, (€2855, F166Y,N2205, Q289R,
K294R, H307Y

5 5ClyA2 C87A, L99Q,E103G, (2855, F166Y, Q28SR, K2894R,
H307Y

5 ClyA-AS 5CIyA3 C87A, L99Q,E103G, C2858, F166Y, 1203V, K294R, H307Y
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Table 3. Primers: N stands for A, G, C, or T; S is G or C, thus NNS codon encodes for the full set of

amino acids.
Name Sequence SEQ ID NO
87NNS GAAGCTACCCAAACGGTTTACGAATGGNNSGGTGTGGTTACCCAGCTGCT | 17
G
T7 promoter | TAATACGACTCACTATAGGG 18
T7 GCTAGTTATTGCTCAGCGG 19
terminator
87C GTTTACGAATGGTGTGGTGTGGTTACCCAG 20
285C CGCTGCTGATATTCATTACAGGTATTAATCATTTITC 21

Table 4. Summary of DNA molecules used in this work. 1 was prepared by PCR as described in

methods. 3 was formed by incubating 3a with a 20% excess of 3b and purified by affinity

chromatogtraphy as described in methods. The complimentary sequences in the two DNA strands

are shown in italics.

Name

DNA sequence

SEQID NO

la

Bio-

LY TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAARTAATTT
TETTTAACTTTAACGARAGGAGATATACATATCGACGGGTATCTTTGCGGAACAGALC
GETCGAAGTTGTCAARAGTCGCGATTGAARCGGCTGACGGTGCGCTGGACCTGTA
TAATARATATCTGGATCAGGTCATCCCGTGGARAAACCTTTGACGAAACGATTARA
AGAACTGAGCCGTTTCARARCAGGAATACAGTCAAGAAGCETCCGTCLTGGTGGG
CGATATCABAGTGCTGCTGATG3!

7

ib

5" CATCAGCAGCACTTTGATATCGCCCACCAGGACGGACGCTTCTTGACTGTAT
TCCTGTTTGARACGGCTCAGTTCTTTAATCGTTTCGTCAAAGAETTTTCCACGGG
ATGACCTGATCCAGATATTTATTATACAGGTCCAGCGCACCGTCAGCCGTTTCA
ATCGCACTTTTCACAACTTCCACCGTCTGTTCCGCARAGATACCCGTCATATGT
ATATCTCCTTCTTARAGTTAARACARAATTATTTCTAGAGGGARACCGTTGTGGT
CTCCCTATAGTGAGTCGTATTAZ’

5/ TTTTTTTTTATCTACGAATTCATCAGGGCTARAGAGTGCAGAGTTACTTAGS

r

3a

5’ GGATGACCTGATCCAGATATTTATTATACAGGTCCAGCGCACCGTCAGCCCA
ATCGCACTTTTCACAAAAAGAGAGAGAGATCGATTACCS' ~bio

10

l3p. |-

B GETAATCCGATCTCTCTCTCTTTITTGTGAAAAGTGCCGATTGEECTGACGGTGLC

GCTGGAC-3'

S

5/ AATARATATCTGGATCAGGTCATCCCTAAGTAACTCTGCALS!

12

5a

5" GGATGACCTGATCCAGATATTTATTATACAGGTCCAGCGCACCGTCAGCCCA
ATCGCACTTTTCACAARAAGAGAGAGAGATCGATTACC3  bia

13

5'GETAATCGATCTCTCTCTCTTTTTGTGAARAGTGCGATTGEGCTGACGGTGC

14

5’ GCCCTATATTATCAGGTCATCCCTAAGTAACTCTGCA3!

15
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Name DNA sequence SEQ 1D NO
7 5 TGCAGAGTTACTTAGGGATGACCTGATAATATAGGGC 3! 16
ClyA SEQUENCES - ) B B
Description Sequence SEQID NO
Protein sequence for 5. | MIMTGIFAEQTVEVVKSAIETADGALDLYNKYLDOVIPWKTFDETIKEL | SEQ ID NO:1
typhi ClyA (ClyA-WT) SRFKQEYSQEASVLIVGDIKVLLMDSQDKYFEATQTVYEWCGVVTOLLS
AYILLFDEYNEKKASAQKDILIRILDDGYKKLNEAQKSLLTSSQSFNNASG
KLLALDSQLTNDFSEKSSYFOQSQVDRIRKEAYAGAAAGIVAGPFGLIISYS
IAAGVIEGKLIPELNNRLKTVQNFFTSLSATVKQANKDIDAAKLKLATEIA
AIGEIKTETETTRFYVDYDDLMLSLLKGAAKKMINTCNEYQOQRHGKKTL
FEVPDV

Protein sequence for | MTGIFAEQTVEVVKSAIETADGALDLYNKYLDOVIPWKTFDETIKELSRF | SEQ 1D NO:2

CiyA with C285S KQEYSQEASVLVGDIKVLLMDSQDKYFEATQTVYEWCGVVTOLLSAY!
QLFDGYNEKKASAQKDILIRILDDGVKKLNEAQKSLLTSSQSFNNASGKL

substitution [ClyA-CS) LALDSQLTNDFSEKSSYYQSQVDRIRKEAYAGAAAGIVAGPFGLIISYSIA
AGVIEGKLIPELNNRLKTVONFFTSLSATVKOQANKDIDAAKLKLATEIAAL
GEIKTETETTRFYVDYDDLMLESLLKGAAKKMINTSNEYOQRHGRKTLFE
VPDVYGSSHHHHHH* :

Protein sequence for | MTGIFAEQTVEVVKSAIETADGALDLYNKYLDQVIPWKTFDETIKELSRF | SEQ ID NO:3

ClyA-AS KQEYSQEASVLVGDIXVLLMDSODKYFEATOQTVYEWAGVVTQLLSAYI
QLFDGYNEKKASAQKDILIRILDDGVKKLNEAQKSLLTSSQSFNNASGKL
LALDSQLTNDFSEKSSYYQSQVDRIRKEAYAGAAAGIVAGPFGLIISYSIA
AGVVEGKLIPELNNRLKTVOQNFFTSLSATVKQANKDIDAAKLKLATEIAA
IGEIKTETETTRFYVDYDDLMLSLLKGAAKKMINTSNEYQQRHGRKTLF
EVPDVGSSYHHHHH?*

Nucleotide sequence for | CCTGCGTAGATAAGCAGGAAGCAGGCAGTATTTCCAGCTTCTGGAA | SEQID NO: 4

S. typhi ClyA

TGTTAAAGCTACAAAAGTTIGTCTGGAGGTAATAGGTAAGAATACTT
TATAAAACAGGTACTTAATTGCAATTTATATATTTAAAGAGGCAAAT
GATTATGACCGGAATATTIGCAGAACAAACTGTAGAGGTAGTTAAA
AGCGCGATCGAAACCGCAGATGGGGCATTAGATCTTTATAACAAAT
ACCTCGACCAGGTCATCCCCTGGAAGACCTTTGATGAAACCATAAA
AGAGTTAAGCCGTTITAAACAGGAGTACTCGCAGGAAGCTTCTGTT
TTAGTTGGTGATATTAAAGTITTGCTTATGGACAGCCAGGACAAGT
ATTTTGAAGCGACACAAACTGTTTATGAATGGTGTGGTGTCGTGAC
GCAATTACTCTCAGCGTATATTTTACTATTTGATGAATATAATGAGA
AAAAAGCATCAGCCCAGAAAGACATTCTCATTAGGATATTAGATGA
TGGTGTCAAGAAACTGAATGAAGCGCAAAAATCTCTCCTGACAAGT
TCACAAAGTTTCAACAACGCTTCCGGAAAACTGCTGGCATTAGATA
GCCAGTTAACTAATGATITTITCGGAAAAAAGTAGTTATTITCCAGTCA

.CAGGTGGATAGAATTCGTAAGGAAGCTTATGCCGGTGCTGCAGCC

GGCATAGTCGCCGGTCCGTTTGGATTAATTATTICCTATTCTATIGCT
GCGGGCGTGATTGAAGGGAAATTGATTCCAGAATTGAATAACAGG
CTAAAAACAGTGCAAAATTTCTTTACTAGCTTATCAGCTACAGTGAA
ACAAGCGAATAAAGATATCGATGCGGCAAAATTGAAATTAGCCACT
GAAATAGCAGCAATTGGGGAGATAAAAACGGAAACCGAAACAACC
AGATTCTACGTTGATTATGATGATTTAATGCTTTCTTTATTAAAAGG

- AGCTGCAAAGAAAATGATTAACACCTGTAATGAATACCAACAAAGA -
[ CACGGTAAGARAGACGCTTTTCGAGGTTCCTGACGTCTGATACATITT

CATTCGATCTGTGTACTTTTAACGCCCGATAGCGTAAAGAAAATGA
GAGACGGAGAAAAAGCGATATTCAACAGCCCGATAAACAAGAGTC

GTTACCGGGCTGACGAGGTTATCAGGCGTTAAGCTGGTAG
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Description

Sequence

SEQ 1D NO

Nucleotide sequence for
ClyA with 2853
substitution {ClyA-CS})

ATGACGGGTATCTTTGCGGAACAGACGGTGGAAGTTGTGAAAAGT

GCGATTGAAACGGCTGACGGTGCGCTGGACCTGTATAATAAATATC
TGGATCAGGTCATCCCGTGGAAAACCTTIGACGAAACGATTAAAGA
ACTGAGCCGTTTCAAACAGGAATACAGTCAAGAAGCGTCCGTCCTG

GTGGGCGATATCAAAGTGCTGCTGATGGATTCTCAGGACAAATATT |

TTGAAGCTACCCAAACGGTTTACGAATGGTGTGGTGTGGTTACCCA
GCTGCTGTCCGCATATATTCAGCTGTTCGATGGATACAACGAGAAA
AAAGCGAGCGCGCAGAAAGACATTCTGATCCGCATTCTGGATGACG
GCGTGAAAAAACTGAATGAAGCCCAGAAATCGCTGCTGACCAGCTC
TCAATCATTTAACAATGCCTCGGGTAAACTGCTGGCACTGGATAGCC
AGCTGACGAACGACTTTTCTGAAAAAAGTTCCTATTACCAGAGCCA
AGTCGATCGTATTCGTAAAGAAGCCTACGCAGGTGCCGCAGCAGGT
ATTGTGGCCGGTCCGTTCGGTCTGATTATCTCATATTCGATTGCTGC
GGGCGTTATCGAAGGTAAACTGATTCCGGAACTGAACAATCGTCTG
AAAACCGTTCAGAACTTTTTCACCAGTCTGTCTGCTACGGTCAAACA
AGCGAATAAAGATATCGACGCCGCAAAACTGAAACTGGCCACGGA
AATCGCTGCGATTGGLGAAATCAAAACCGAAACGGAAACCACGEG
CTTTITATGTTGATTACGATGACCTGATGCTGAGCCTGCTGAAAGGTG
CCGCGAAGAAAATGATTAATACCTCTAATGAATATCAGCAGCGTCA
CGGTAGAAAAACCCTGTTTGAAGTCCCGGATGTGGGCAGCAGCCAL
CACCATCATCACCACTAAAAGCTTGGATCCGGCTGCTAACAAAGCCC
GAA

SEQID NO:5

Nucleotide sequence for

CiyA-AS

ATGACGGGTATCTTITGCGGAACAGACGGTGGAAGTTGTGAAAAGT
GCGATTGAAACGGCTGACGGTGCGCTGGACCTGTATAATAAATATC
TGGATCAGGTCATCCCGTGGAAAACCTTTGACGAAACGATTAAAGA
ACTGAGCCGTTTCAAACAGGAATACAGTCAAGAAGCGTCCGTCCTA
GTGGGCGATATCAAAGTGCTGCTGATGGATTCTCAGGACAAATATT
TTGAAGCTACCCAAACGGTTTACGAATGGGCGGGTGTGGTTACCCA
GCTGCTGTCCGCATATATTCAGCTGTTCGATGGATACAATGAGAAA
AAAGCGAGCGCGCAGAAAGACATTCTGATCCGCATTCTGGATGACG
GCGTGAAAAAACTGAATGAAGCCCAGAAATCGCTGCTGACCAGCTC
TCAATCATTTAACAATGCCTCGGGTAAACTGCTGGCACTGGATAGCC
AGCTGACGAACGACTTITCTGAAAAAAGTTCCTATTACCAGAGCCA
AGTCGATCGTATTCGTAAAGAAGCCTACGCAGGTGCCGCAGCAGGT
ATTGTGGCCGGTCCGTTCGGTCTGATTATCTCATATTCAATTGCTGC
GGGCGTTGTCEAAGGTAAACTGATTCCGGAACTGAACAATCGTCTG
AAAACCGTTCAGAACTTTTTCACCAGTCTGTCTGCTACGGTCAAACA
AGCGAATAAAGATATCGACGCCGCAAAACTGAAACTGGCCACGGA
AATCGCTGCGATTGGCGAAATCAAAACCGAAACGGAAACCACGCG
CTTITATGTTGATTACGATGACCTGATGCTGAGCCTGCTGAAAGGTG
CCGCGAAGAAAATGATTAATACCTCTAATGAATATCAGCAGCGTCA
CGGTAGAAAAACCCTGTTTGAAGTCCCGGATGTGGGCAGCAGCTAL
CACCATCATCACCACTAAAAGCTT

SEQID NO:%6
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CLAIMS

1. A modified ClyA pore comprising a plurality of subunits, wherein each subunit comprises a
polypeptide represented by an amino acid sequence at least 80% identical to SEQ ID NO:1
wherein exactly one Cys residue is substituted with Ser.

2. The modified ClyA pore of claim 1, wherein the Cys residue is C285.

3 The maodified ClyA pore of claim 1 or claim 2, wherein each subunit comprises at least one
additional amino acid substitution selected from L99Q, E103G, F166Y, and K294R,

4. The madified ClyA pore of any one of claims 1-3, wherein each subunit comprises a
polypeptide represented by an amino acid sequence of SEQ ID NO:2 .

5. The meodified ClyA pore of any one of claims 1-3, wherein exactly one Cys residue is
substituted with Ala.

6. The modified ClyA pore of claim 5, wherein each subunit comprises at least one additional
amino acid substitution selected from 1203V and H207Y.

7. The modified ClyA pore of claim 5 or 6, wherein each subunit comprises a polypeptide
represented by an amino acid sequence of SEQ ID NO:3 .

8. The modified ClyA pore of any ane of claims 1-7, wherein the modified ClyA pore comprises
at least 12 subunits.

9, The modified CiyA pore of claim 8, wherein the modified ClyA pore comprises 12 subunits.
10. The modified ClyA pore of claim 8, wherein the modified ClyA pore comprises 13 subunits.

11. The modified ClyA pore of any ane of claims 1-10, wherein the modified ClyA pore has a cis
diameter of at least 3.5 nm,

12. The modified ClyA pore of any one of claims 1-11, wherein the modified ClyA pore has a
trans diameter of at least 6 nm.

13. The modified ClyA pore of any one of claims 1-12, wherein the modified ClyA pore remains
open when the voltage across the modified ClyA pore ranges from -60 +90 to -150mV .

14. The modified ClyA pore of any one of claims 1-13, wherein a protein analyte binds within the
fumen of the moaitied ClyA pore,

15, The modified ClyA pore of any one of claims 1-14, wherein the protein analyte binds to more
than one site within the lumen of the maodified ClyA pore.

16, The modified Cly A pore of claim 15, wherein the protein analyte is a protein with a
molecular weight in the range of 15-70 kDa.
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Figure 6
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