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ABSTRACT: DNA lesion such as metholcytosine(mC), 8-OXO-guanine(OG), inosine(I) etc could cause the genetic diseases. 
Identification of the varieties of lesion bases are usually beyond the capability of conventional DNA sequencing which is 
mainly designed to discriminate four bases only. Therefore, lesion detection remain challenge due to the massive varieties 
and less distinguishable readouts for minor structural variations. Moreover, standard amplification and labelling hardly 
works in DNA lesions detection. Herein, we designed a single molecule interface from the mutant K238Q Aerolysin, whose 
confined sensing region shows the high compatible to capture and then directly convert each base lesion into distinguishable 
current readouts. Compared with previous single molecule sensing interface, the resolution of the K238Q Aerolysin nanopore 
is enhanced by 2-order. The novel K238Q could direct discriminate at least 3 types (mC, OG, I) lesions without lableing and 
quantify modification sites under mixed hetero-composition condition of oligonucleotide. Such nanopore could be further 
applied to diagnose genetic diseases at high sensitivity. 

Epigenetic modified DNA nucleotide causes protein 
dysfunction inducing tumor or even cancer diseases. 
Current, mass spectrometry and fluorometry are the 
approaches to identify the modified nucleotide. In a typical 
HPLC/mass spectrometry analysis,1 lesion unit could be 
discriminate at high resolution. However require tedious 
HPLC purification of the specific lesion part. Other reagent 
or labelling process using fluorometry provide feasibility as 
well as accuracy, however lack of generalization to each 
lesion varients. In addition, the damaged nucleotide with 
most common instance, the methylated cytosine (mC) 
occurred at a frequency per 1 million repeats.2 Due to the 
massive types of lesion and the low occurrence, the 
sequencing and identification of the lesion unit in the 
heterogenous mixed condition is challenging for 
conventional approaches. 

A generalized label-free single molecule technique is 
required to address these limitations. The nanopore 
technique can be the most prominent technique aiming 
DNA sequencing and lesion nucleotide detecting. In the 
proof-of-concept experiment,5 a single-stranded DNA 
molecule is driven through α-haemolysin under an electric 
field. Transient ionic current is obtained to direct measure 

the polynucleotide length. More recently, the nanopore 
catalyzed by phi29 DNA polymerase is engineered allowing 
real time detection of numerous nucleotide additions.3 
Nanopore is also engineered by site directed mutagenesis to 
slow down the DNA translocation owing to stronger non-
covalent interaction allowing base identification.4 
Nonetheless, none of these techniques achieved the 
detection of nucleotide lesion, owing to the mass 
contribution of alternated nucleotide base side chain is too 
small.  

A more sensitive nanopore is required, for instance, 
MspA,5 ClyA,6 CsgG,7 Aerolysin,8 YaxAB complex,9 FraC,10 
OmpG,11 Lysenin,12 CymA,13 FhuA,14 etc. Alternatively, 
careful design of nucleotide chain forming a hairpin 
structure or primer which could hook the segment inside 
the nanopore lumen. This approach allows the oxidative 
derivatives and even mispairing domain fall into the 
sensitive region to be detected. 15-16 Among the above 
mentioned nanopores, aerolysin from Aeromonas 
hydrophila owes the smallest pore diameter, 1.1 nm 17 The 
Wild-Type (WT) Aerolysin could identify single base 
difference 8 and single methylated cytosine 18 at the end of a 
homonucleotide mixture solution. However, the detection 



 

of multiple lesion types in a heteronucleotide mixture 
unlabeled is still challenging. 

In previous researches, it has been shown that the 
interaction between analyte and sensing interface of a 
nanopore as well as the steric effect both dominant the 
sensitivity. The confined space in a nanopore enhances the 
weak interaction force including the H-bond, van der Waal 
force, the electrostatic force so as to enhance the single 
molecule probing capability. A series of Aerolysin nanopore 
e.g. K238E,19 K238F,20 K238G,20 R282G,21 Q212R,21 N226Q,21 
K238C,22 K238Y,22 and other Aerolysin nanopores23 are 
designed to allow the discrimination of single nucleotide, 
single amino acid and even peptide at single molecule level. 

By testing with model nucleotide segment (dA4), the 
residence time in K238E and K238G are 20 and 50 times 
longer than the WT, inducing higher sensitivity. With such 
better performance, the K238G successfully discriminated 
the methylated cytosine in a mixed hetero-nucleotide 
segment unlabeled. Nonetheless, during the analysis 
process, the scatter distribution demonstrating the 
population of the two substrates overlapped heavily 
suggesting poor separation (denoted as S, correlates to the 

half-peak width following previous protocol24) that hinders 
further discrimination of mixture of more types of lesion 
units at different positions of a heteronucleotide. Previous 
mutation into largest side chain Glycine (G) did not provide 
sufficient resolution which demonstrates that spatial effect 
does not dominant the nucleotide sensing mechanism. 
Herein, the weak interaction between each base and ‘key’ 
amino acid (i.e. K238) is considered. Glutamine (Q) was 
then chosen due to its strong interaction with nucleotide 
bases. 25 The single point mutation was performed by 
substitute lysine at 238 into Glutamine, denoted as K238Q. 
Applying our model nucleotide chain, dA4, K238Q reads the 
residue current and residence time as 34.5±0.5 pA 
(corresponding I/I0 = 0.58) and 122±19 ms respectively at 
120 mV, which induce a half-peak width 0.5 pA. Comparing 
to WT and all mutants, the time domain resolution has 
reached the best Aerolysin been so far reported, which 
meets the requirement of discriminating 3 types (mC, OG, I) 
and quantify modifications under mixed hetero-
composition condition.  

 

 

Figure 1 K238Q Aerolysin nanopore measuring modified oligonucleotide. The modified nucleotide is 8-oxo-guanine, Inosine, 
5-methylcytosine at different positions and quantification. (A) a typical K238Q Aerolysin inserted into artificial lipid bilayer 
with substrates added from cis side. Additional zoomed-in diagram showing the position of 238 site inside the Aerolysin 
lumen and the sensing mechanism to dA4. The implementation of Glutamine provides stronger interaction to model segment 
(dA4) than WT. (B) Interaction signals from dA4 with WT aerolysin. The scatter plot shows the event distribution of dX4 (X = 
A, C, T), dT4 and dC4 could not be discriminated. (C) Interaction signal from dA4 with K238Q. Residence time (τ) is prolonged 
2 orders of magnitude, inducing better separation (S) capability. The scatter plot shows the event distribution of dX4 (X = A, 
C, T), all can be discriminated. 

 

Results  

Assessment of the new K238Q aerolysin nanopore 

We examined the sensing ability of K238Q with our model 
DNA, dA4. The residence time of the interaction is taken as 
an indicator which demonstrated 2 orders of magnitude 
increase than the WT, reached 122±19 ms at 120 mV bias 
voltage. The prolonged residence time reflects that the dA4 
and nanopore interaction is enhanced attributes to the 
glutamine (Q) replacement. The residue current (I) of the 
interaction is also regarded. In the case of dA4 probed by 

K238Q, the I is ca. 34.5±0.5 pA (corresponds to I/I0=0.58) 
which is only slightly higher than WT (I/I0=0.51). Through 
the test with the model segment, the strong interaction 
between Glutamine (Q) and the nucleotide base reflects in 
the much longer residence time. The performance of K238Q 
discriminating dA4 with small half-peak width (1.0 pA) 
suggesting good nucleotide identifying ability with great 
potential. 

Then, the homo-oligonucleotide, deoxycytosine dC4, and 
deoxythymine dT4 were added successively to the dA4 
measurement. Each substrate appeared distinguishable 



 

signature signal suggests the single K238Q aerolysin 
nanopore is capable to identify the dX4 (X=A, C, T) from the 
mixed solution. The histogram of residue current show 
clear Gaussian distribution of the mixture of the dX4. 
Moreover, considering the peak distribution of I, the 
adenine contributes the smallest value (34.5±0.5 pA), then 
cytosine (40.1±1.0 pA) and thymine (42.5±1.0 pA) The 
larger residue current corresponds to larger steric 
exclusion. Comparing to the molecular weight of the four 
deoxylnucleotide bases (G<A<T<C), the steric effect of 
single nanopore analysis however is in different ordering 
(A<G<T<C). The result suggests the non-covalent 
interaction is more pronounced than the steric effect 
interaction. From the structure inspection, the replacement 
of the positive charged arginine (K) with uncharged 
glutamine (Q) makes the lumen more negatively charged 
due to the unpairing with E258 causing decreased energy 
barrier for the cations. Moreover, the glutamine per se 
interact strongly with nucleotide base attributes to 
hydrogen bond as well as he van-der-waals force. 25 
Typically, the glutamine (Q) interacts strongest with 
Adenine (dA), which in turn explained the best 
identification to our model segment, dA4. Moreover, dA4, dC4 
and dT4 have a separation (S) of SdA-dT = 3.67 pA, SdT-dC = 1.23 
pA. The strongest non-covalent interaction between Q and 
dA provides the best separation ability of K238Q in 
discriminating the homo-nucleotide segments. 

 

Figure 2 The distribution of current and duration from K238Q 
interaction with X4 (X= A, C, T). The color bar illustrates the 
accumulation of each DNA segment. From the top figure, A4 was 
first introduced, then C4 and T4 were added successively with 
different peaks raised correlate to each segment. A histogram 
of the current distribution of the mixture was plotted at the 
bottom figure to demonstrate the current distribution and 
separation ability of K238Q. The data were acquired in 1.0 M 
KCl, 10 mM Tris and 1.0 mM EDTA at pH 8.0 and +120 mV in the 
presence of 2.0 μM dX4. 

Single base detection 

WT aerolysin could discriminate homonucleotide strand, 
5’-XA3 (X=A, G, T, C) in a mixture solution,26 while the 
discrimination of heteronucleotide remain poor attributes 
to the insufficient current resolution. To evaluate the 
sensitivity of K238Q Aerolysin nanopore is capable to probe 
single nucleotide base in a heteronucleotide sequence, we 
designed the heteronucleotide as 5’-XGTA (X=A, C, T, G). The 
heteronucleotide strands were mixed sequentially and 
examined by K238Q and the results are given in Figure 3. 
The two current indicators, residue current and residence 
time of the blockages are examined. Regarding to residue 
current, the blockages show clear current level which are 
centered at 44.40±0.22 pA, 46.16±0.24 pA and 46.78±0.40 
pA for AGTA, TGTA and CGTA respectively, the averaged 



 

residence time, AGTA contributes the largest duration 
which is 49.42 ms, the TGTA and CGTA give the duration at 
22.63 ms and 11.08 ms respectively. The current separation 
of the analytes are SAGTA-TGTA = 1.76 pA, STGTA-CGTA = 0.62 pA. 
To this end, we have shown that the K238Q could 
discriminate the single base difference in a hetero-
nucleotide mixture without labelling or amplification 
process.  

Single base modification detection 

The WT aerolysin has showed their capability to 
discriminate the single methylation group at the 5’ end of a 
homonucleotide chain (i.e. CAAA vs. mCAAA) 18. Later, 
mutant analog K238G 27 enables the discrimination of 
methylation occurred in the 2nd position from 5’ end of a 
randomly designed hetero chain (i.e. ACGA vs. AmCGA). 
However, other types of eqigenetic modification could not 
be properly discriminated due to the poor sensitivity. In this 
content, we show the ability of K238Q in sensing three types 
of DNA lesion (i.e. oG, I, mC) occurred in a hetero chain. 

We took the nucleotide, 5’-ACGA as our model segment. 
As examples of epigenetic modification, the guanine (G) was 
modified into I or oG, respectively. Moreover, methylation 
was introduced into the cytosine (C). The modified model 
nucleotides are denoted as 5’-ACIA, 5’-ACoGA, 5’-AmCGA. As 
expected, the K238Q could discriminate each type of lesion 
from each other as demonstrated in Figure 3(a). Following 
the mass increase order of 5’-ACIA, 5’-ACGA, 5’-AmCGA, 5’-
ACoGA, the histogram of the residue current centered at 
59.32±0.44 pA, 58.61±0.42 pA, 57.28±0.35 pA and 
60.30±0.49 pA respectively. The residence time are 
averaged at 11.37 ms, 15.14 ms, 30.13 ms and 12.07 ms. 
Neither the current nor the residence time matches the 
order of mass magnitude, moreover, the modification on the 
single nucleotide base makes ca. 20 Da difference in 
molecule weight, which weigh less than 2% of the model 
nucleotide. We assume the separation of different types of 
epigenetic modification is achieved dominantly from the 
non-covalent interaction between nucleotide base and the 
sensing region rather than simply the steric effect which is 
negligible. Regarding to the separation capability of K238Q 
in lesion detection, SAmCGA-ACGA = 1.33 pA, SACGA-ACIA = 0.71 pA 
and SACIA-ACoGA = 0.98 pA, which are much better than the 
K238G (data not shown). In order to prove the superior 
separation capability comes from the non-covalent 
interaction, we introduce methylcytosine (mC) at different 
positions of a nucleotide segment, then use the K238Q to 
discriminate the position difference from the mixture. 

 

 

Figure 3 The distribution of current and duration from K238Q 
interaction with XGTA (X= A, C, T). The color bar illustrates the 
accumulation of each DNA segment. From the top figure, AGTA 
was first introduced, then TGTA and CGTA were added 
successively with different peaks raised correlate to each 
segment. A histogram of the current distribution of the mixture 
was plotted at the bottom figure to demonstrate the current 
distribution and separation ability of K238Q. The data were 
acquired in 1.0 M KCl, 10 mM Tris and 1.0 mM EDTA at pH 8.0 
and +140 mV in the presence of 2.0 μM XGTA. 



 

 

Figure 4 The distribution of current and duration from K238Q 
interaction with ACGA and the modified segments. The color 
bar illustrates the accumulation of each DNA segment. From the 
top figure, AmCGA was first introduced, then ACGA, ACIA and 
ACoGA were added successively with different peaks raised 
correlate to each segment. A histogram of the current 
distribution of the mixture was plotted at the bottom figure to 
demonstrate the current distribution and separation ability of 
K238Q. The data were acquired in 1.0 M KCl, 10 mM Tris and 
1.0 mM EDTA at pH 8.0 and +180 mV in the presence of 2.0 μM 
ACGA and the modified segments. 

Following the previous model segment, 5’-ACGA, another 
CG pair is introduced making a longer model nucleotide 5’-
ACGCGA. The cytosine at 2nd and 4th position are methylated. 
Since the weight of the methylation group is negligible and 
the nucleotide translocate linearly across the sensing region, 

the longer model nucleotide is modified into 5’-AmCGCGA 
and 5’-AmCGmCGA. The mixture is probed by K238Q and the 
residue current as well as residence time are adopted to 
analyse the blockages. The results are given in Figure 5 
showing the powerful capability of K238Q in discriminating 
methylcytosine at different positions of a nucleotide 
segment. Such outcome could not be achieved by the other 
Aerolysin nanopores especially under label-free, hetero-
composition and mixed condition. 

It is noteworthy that previous 5’-ACGA model showed 
mass contribution is negligible, the trend match well with 
the non-covalent interaction from different position. More 
specifically, the outcome demonstrated the current 
distribution of detected ACGCGA, AmCGCGA and AmCGmCGA 
are centered at 36.36±0.58 pA, 35.36±0.52 pA and 
33.42±0.49 pA respectively. The residence time are 
averaged 39.7 ms, 26.1 ms and 21.8 ms respectively. 
Regarding to the separation ability of K238Q to the 
modified base at different positions, SAmCGmCGA-AmCGCGA = 1.36 
pA, SAmCGCGA-ACGCGA = 0.61 pA. Based on the previous 
oligonucleotides interaction with K238Q, the presence of 
dA interact strongest with Q which provides the longest 
residence time, while dC interact weakest with Q and 
provides relative short residence time. Moreover, the 
nucleotide contains dA gives the largest separation than the 
other segments. According to this correlation, we could 
assume that the glutamine (Q) interact stronger with 
methylcytosine (mC) than cytosine (dC). Even mC position 
and quantification with glutamine (Q) could be measured or 
probed in the Aerolysin nanopore lumen with specified 
design. 

 



 

 

Figure 5 The distribution of current and duration from K238Q 
interaction with ACGCGA and the modified DNA segments. The 
color bar illustrates the accumulation of each DNA segment. 
From the top figure, AmCGmCGA was first introduced, then 
AmCGCGA and ACGCGA were added successively with different 
peaks raised correlate to each segment. A histogram of the 
current distribution of the mixture was plotted at the bottom 
figure to demonstrate the current distribution and separation 
ability of K238Q. The data were acquired in 1.0 M KCl, 10 mM 
Tris and 1.0 mM EDTA at pH 8.0 and +140 mV in the presence 
of 2.0 μM ACGCGA and the modified segments. 

 

Conclusion 

The K238Q Aerolysin nanopore achieved discrimination 
of different types of epigenetic modified nucleotide at 
different positions with no labelling and amplification. Point 
mutation K238Q prolongs the nucleotide residence inside 
the nanopore lumen thus enhancing the non-covalent 
interaction to be distinguishable.  

We first probed homo-nucleotide, taking example of dA4, 
the residence time is prolonged 2 orders of magnitude than 
WT. More importantly, neither of the two important 
parameters, residue current and residence time, showed 
correlation with the mass contribution, or steric effect. To 

prove this, we designed hetero-nucleotide with single base 
and even side chain difference. The K238Q well separated 
the mixture of these samples, again, not following the steric 
trend. Till this point, the epigenetic modifications 
contribute less than 2% of the weight, consequently, we 
assume the mass contribution is not dominant in our 
nanopore analysis and could be neglected. Then a longer 
model nucleotide with methylated cytosine at different 
positions are introduced for the purpose of single 
nucleotide base precise probing. Both the current and 
residence time decrease with the increase number of 
methylation at different positions. We finally could 
conclude that the non-covalent interaction is sensed and 
utilized for the separation of different types of epigenetic 
modifications at different positions.  

Taking advantage of superior separation ability to the 
epigenetic modification by K238Q, application could be 
applied to real-time monitoring the enzyme cleavage 
process 8 achieving quantification different types of 
damaged nucleotide base. The analysis of longer nucleotide 
chain could be obtained by optimizing the measuring 
condition (e.g. LiCl, MgCl2) 28. Better current separation (S) 
could be achieved by applying an asymmetric salt 
concentration gradient. By controlling the amino acid 
composition at the sensing hot spot, nucleotide bases and 
modified bases interaction with amino acid could be 
predicted, even the interaction between amino acid groups 
from a peptide could be mapped, due to its confined space. 
29-32 Moreover, the parallelization and miniaturization of the 
nanopore based single molecule label-free detection 
method could be applied to real sample diagnose, with most 
prominent example such as the recognition of conformation 
change of homo-nucleotide with its application.33-34 

 

Materials and Methods 

All model nucleotides and modified nucleotides were 
synthesized and purified by Sangon Biotech Co., Ltd. 
(Shanghai, China). Chemical compounds such as the, KCl (≥

99%) and decane (anhydrous, ≥99%) were purchased 
from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). Phosphor 
lipid (1,2-diphytanoyl-snglycero- 3-phosphocholine) 
(powder, ≥99%) was obtained from Avanti Polar Lipids, 
Inc. (Alabaster, AL, USA). The other chemical compounds 
were obtained from Aladine (Shanghai, China). 
Proaerolysin was obtained from Escherichia coli as 
previously described 19,20. The Membrane formation and 
single nanopore experiments were performed identical to 
the standard protocol35. Single channel current was 
obtained from a patch clamp amplifier (Axon 200B) and 
digitized by an A/D converter (DigiData 1440A), Molecular 
Devices, Sunnyvale, CA, USA. All the data points were 
sampled at 100 kHz and filtered at 5 kHz. Data analysis 
procedure follows the previous work26. 
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Fig S1 shows the I-V behavior of K238Q and WT Aerolysin. Fig 
S2 shows discrimination of XGTA by K238Q under asymmetry 
condition. Fig S3 shows discrimination of dG3 and dG4 by 
K238Q. Fig S4 shows discrimination of X3 by K238Q. 
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