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ABSTRACT: N-Acetyl modification, a chemical modification com-
monly found on biomacromolecules, plays a crucial role in the
regulation of cell activities and is related to a variety of diseases.
However, due to the instability of N-acetyl modification, accurate and
rapid identification of N-acetyl modification with a low measurement
cost is still technically challenging. Here, based on hydroxylamine
deacetylation and nanopore single molecule chemistry, a universal
sensing strategy for N-acetyl modification has been developed.
Acetohydroxamic acid (AHA), which is produced by the hydroxyl-
amine deacetylation reaction and serves as a reporter for N-acetylation
identification, is specifically sensed by a phenylboronic acid (PBA)-
modified Mycobacterium smegmatis porin A (MspA). With this strategy,
N-acetyl modifications on RNA, DNA, proteins, and glycans were
identified, demonstrating its generality. Specifically, histones can be treated with hydroxylamine deacetylation, from which the
generated AHA can represent the amount of N-acetyl modification detected by a nanopore sensor. The unique event features of
AHA also demonstrate the robustness of sensing against other interfering analytes in the environment.
KEYWORDS: MspA, boronic acid, N-acetyl modification, hydroxylamine, acetohydroxamic acid.

Chemical modifications on biomacromolecules play
decisive roles in the regulation of the growth, develop-

ment, and physiological activities of organisms.1,2 They are
catalyzed by exquisitely specific enzymes with a reaction
repertoire3 that includes methylation,4 acetylation,5 ubiquiti-
nation,6 phosphorylation,7 glycosylation,8,9 etc. N-Acetyl
modifications, one of the most important chemical modifica-
tions in organisms, have been reported to exist in RNA,10,11

DNA,12 proteins13 and glycans.14 N-Acetylation refers to the
process of introducing an acetyl group to a nitrogen atom,
which is usually catalyzed by the corresponding N-
acetyltransferase (NAT) in living organisms.5,15,16 N-Acetyl
modifications play an irreplaceable regulatory function in gene
regulation.17,18 In recent years, accurate identification and
functional analysis of N-acetyl modifications on biomacromo-
lecules have been one of the most intensive research topics in
life sciences.
Conventionally, N-acetylation on biomacromolecules can be

identified by mass spectrometry (MS),19,20 antibody recog-
nition,21 reverse transcription mismatch,22 etc. According to a
recent report, the modification sites of ac4C in human mRNA
may also be predicted by computer algorithms established by
machine learning.23 The most commonly used identification
strategy is by first digesting target biomacromolecules into
fragments by enzymes, then using antibodies for the specific
enrichment of N-acetyl fragments, and finally performing liquid
chromatography−mass spectrometry-mass spectrometry (LC-

MS/MS) analysis.24−26 However, this strategy inevitably
requires complex operations, extended time, and expensive
instruments. Besides, antibodies targeting N-acetylation can
only recognize specific target sequences and thus lack
versatility. Other modifications around N-acetyl modifications
and the complexities of fragments would also affect the
targeting efficiency of antibodies.21 Additionally, the N-acetyl
groups on nucleic acids are prone to spontaneous deacetylation
under neutral or alkaline conditions,27 which brings challenges
to the accurate identification of N-acetyl modifications.
Sinclair et al.28 found that hydroxylamine (NH2OH) can

perform a rapid chemical deacetylation reaction with N4-
acetylcytidine (ac4C) on RNA without causing detectable
RNA hydrolysis. Wang et al.12 used hydroxylamine to
deacetylate DNA, which demonstrated N-acetyl modifications
on DNA by comparing the immunoblot analysis and MS
results of DNA before and after hydroxylamine treatment. In
fact, the reaction of hydroxylamine with N-acetylated groups
would also produce acetohydroxamic acid (AHA).29 Owing to
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the unique bidentate metal chelating properties,30 AHA is
widely used in the nuclear31,32 and biomedicine33−35

industries. It however has never been used in any previous
studies of N-acetylation identification.
Nanopores, routinely used in the sequencing of nucleic

acids,36,37 are also versatile single molecule sensors of
DNA,38,39 RNA,40,41 proteins,42,43 and saccharides.44 Some
chemically modified nanopores can also directly identify small
molecules. Acknowledging the high resolution of nanopores
and the accompanying machine learning algorithm, nanopore
events generated by small molecules can be automatically
identified without any ambiguity.45 These features of nanopore
sensing suggest the feasibility of universal N-acetylation
identification carried out by suitably engineered nanopores.
Although nanopore identification of N-acetylated peptides46

has been previously reported, the previously demonstrated

sensing strategy requires prior knowledge of the peptide
sequence and the presence of a reference peptide that contains
an identical sequence but no N-acetylation. It also fails to
demonstrate the generality to sense other N-acetylated
molecules or peptides of other sequences. Besides, to gain an
optimum resolution, existing nanopores were made to contain
extremely narrow constrictions, prohibiting translocation of
oversized biomacromolecules such as proteins or protein-
nucleic acid complexes like histones. Although proteins may be
detected by nanopores using an electro-osmotic trapping
strategy,43,47 this sensing strategy is in principle not suitable to
identify N-acetylation modification on proteins because natural
proteins may simultaneously contain multiple modifications
and the electro-osmotic trapping strategy fails to demonstrate a
sensing specificity only for N-acetylation.

Scheme 1. Schematic Diagram of Nanopore Identification of N-Acetylationa

aThe hydroxylamine first reacts with the N-acylated group to generate hydroxamic acid. The hydroxamic acid, which reversibly reacts with the
phenylboronic acid (PBA) adapter in an MspA nanopore, acts as a reporter for the nanopore identification of N-acetylation. In principle, any N-
acylated analyte, including but not limited to small molecules, glycans, RNA, DNA, and histone, could be detected by this strategy, demonstrating
the generality of this method.

Figure 1. AHA sensing using MspA-90PBA. (a) Schematic diagram of AHA sensing using a nanopore. MspA-90PBA, a phenylboronic acid (PBA)-
modified MspA nanopore, was applied for AHA (red) sensing. (b) Schematic diagram of the chemical reaction between AHA and PBA. (c)
Representative trace acquired with AHA as the sole analyte. The measurement was carried out using MspA-90PBA in a buffer of 1.5 M KCl and
200 mM MOPS, pH 7.0. AHA was added to the cis chamber with a final concentration of 1 mM. A potential of +150 mV was continually applied.
The open pore current of MspA-90PBA (Ip) is marked with a dashed line. The blockage level (Ib) is marked with a red band. (d) Event scatter plot
of %Ib versus standard deviation (SD) generated by AHA binding events (n = 692). All data were from nanopore measurements, as described in
(c). Only a single population of events was observed. (e) Histogram of %Ib generated by the data in (d). The corresponding Gaussian fitting result
is overlaid on the data.
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An engineered Mycobacterium smegmatis porin A (MspA)
nanopore modified with a phenylboronic acid (PBA) was
previously developed,44,45,48 with which a variety of molecules
containing the cis-diol moiety have been identified. As
previously investigated, hydroxamic acids can reversibly react
with boronic acid,49−52 suggesting that they may be directly
probed in a nanopore lumen. However, to the best of our
knowledge, the nanopore sensing of hydroxamic acids has
never been previously demonstrated.
Generally, any N-acetylation can be treated with hydroxyl-

amine deacetylation to produce acetohydroxamic acid (AHA).
The produced AHA, which is a kind of hydroxamic acid, can
be accurately identified by the PBA-modified MspA so that N-
acetylation is identified. This sensing strategy is, in principle,
compatible with any molecules containing an N-acetylation
moiety, demonstrating wide generality. This sensing strategy
also does not rely on the translocation or unfolding of large

biomacromolecules, meaning that N-acetylation existing on
proteins can be well identified even if the target analyte is too
large to translocate through the pore. Thus, a PBA-modified
MspA could identify N-acetylation by identifying AHA
produced during hydroxylamine deacetylation. For simplicity,
this strategy is referred to as “nanopore identification of N-
acetylation by hydroxylamine deacetylation” (NINAHD)
(Scheme 1) all throughout this manuscript.

■ RESULTS AND DISCUSSION
Observation of PBA−AHA Interaction Using Nano-

pore. To generate a PBA-modified MspA nanopore, a hetero-
octameric MspA containing a sole cysteine at site 90 was first
prepared (Methods section, Supporting Information (SI)).
Afterward, a sole PBA was chemically conjugated to the
cysteine by Michael addition (Figure 1a). For simplicity, this
PBA-modified MspA nanopore is referred to as MspA-90PBA

Figure 2. Nanopore sensing of ac4C mixed with hydroxylamine. (a) Ac4C deacetylation reaction was driven by hydroxylamine. The products of
the reaction are Cyd (blue) and AHA (red). (b) Comparison of the binding events generated by ac4C and Cyd. In separate measurements, ac4C
and Cyd were separately added to the cis chamber, with a final concentration of 1 mM for each analyte. (c) The event scatter plot of %Ib versus SD
generated by standard AHA (red, n = 721), ac4C (orange, n = 581), and Cyd (blue, n = 543). The data were acquired from independent
measurements of three standard analytes. (d) Representative trace acquired with ac4C. Some Cyd events were also occasionally observed,
indicating that spontaneous deacetylation of ac4C is happening. Ac4C was added to the cis chamber with a final concentration of 5 mM. (e) Event
scatter plot of %Ib versus SD generated by ac4C sensing (n = 442), as described in (d). (f) Representative trace acquired with ac4C mixed with
hydroxylamine. Ac4C was first added to the cis chamber with a final concentration of 5 mM, and then hydroxylamine solution (pH 7.0) was further
added to reach a final concentration of 40 mM. The mixture was then thoroughly magnetically stirred, and the measurement was carried out
immediately afterward. (g) Event scatter plot of %Ib versus SD generated by results acquired with ac4C mixed with hydroxylamine (n = 5920), as
described in (f). In (d) and (f), the binding events of AHA, ac4C, and Cyd are, respectively, marked with red, orange, and blue colors. The
blockage currents (Ib) of AHA, ac4C, and Cyd events are, respectively, marked with red, orange, and blue dashed lines. All of the above
measurements were carried out as described in the Methods section (SI) in a buffer of 1.5 M KCl, 200 mMMOPS, pH 7.0. A potential of +150 mV
was continually applied.
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throughout this paper. To probe the interaction between AHA
and PBA by a nanopore, single channel recording was
performed with an MspA-90PBA in a buffer of 1.5 M KCl,
200 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH
7.0. AHA was added to cis at a final concentration of 1 mM. A
transmembrane potential of +150 mV was continually applied
(Figure 1a). The AHA, which has a tautomeric structure
similar to a cis-diol, can reversibly interact with the phenyl-
boronic acid adapter at the pore constriction49,53 (Figure 1b)
so that nanopore events of AHA binding and dissociation can
be observed. In the corresponding nanopore measurements,
immediately after the addition of AHA, consecutive appear-
ance of nanopore binding events was observed (Figure 1c). In
contrast, no events were observed prior to AHA addition,
confirming that these nanopore events were generated by the
added AHA. On the other hand, no binding events were
observed at all when the same measurement was carried out
however with M2MspA (Figure S1), which has an almost
identical pore structure but lacks the PBA adapter. This further
confirms that the introduced PBA adapter is critical in the
generation of the AHA events, and the sensing mechanism is
well-supported. AHA nanopore sensing was also performed at
different pHs (Figure S2). It can be observed that the lower
the measurement pH, the shorter the dwell time of the event.
At pH 6.0, no binding events were seen. The rate of event
appearance at pH 7.0 and 8.0 was significantly higher than that
at pH 9.0 (Figure S2e). If not otherwise stated, all subsequent
measurements were performed at pH 7.0. Nanopore sensing of
AHA was also performed at varying voltages. As shown in
Figure S3 and Table S1, with an increase in the applied
voltages, the 1/τoff decreases but the 1/τon remains unchanged.
The open pore current (Ip) and the blockage current (Ib) are

defined in Figure 1c. To quantitatively describe event
characteristics, other event parameters such as the percentage
blockage (%Ib = (Ip − Ib)/Ip), noise amplitude (SD), event
dwell time (toff), and interevent interval (ton) were extracted
from each event and used for further data analysis. The event
scatter plots are %Ib versus SD (Figure 1d), and the
corresponding event histogram of %Ib (Figure 1e) was also
demonstrated, according to which only one narrowly
distributed cluster of events was observed. This is expected
because the PBA adapter efficiently confines the binding
conformation of the AHA so that a high consistency of the
event feature is observed. The reciprocal of the mean
interevent interval (1/τon) is linearly related to the AHA
concentration, which fits with the bimolecular combination
model (Figure S4 and Table S2). It also again confirms that the
generated events were from the added AHA. On the other
hand, the reciprocal of the mean event residence time (1/τoff)
remains constant, independent of the AHA concentration. This
fits with the unimolecular dissociation mechanism (Figure S4
and Table S2). The event distributions of %Ib, SD, toff, and ton
are also summarized in Figure S5 and Table S3. The limit of
detection (LOD) of AHA is 10 μM (Table S4). Here, the
LOD is defined as the minimum concentration of AHA so that
a minimum of five binding events is detected within 10 min of
continuous measurement. The conclusion is based on the
results of three independent repeats as well. Notably, AHA
binding events are highly characteristic, and measurement with
a blank buffer alone (Figure S6) never reports events of similar
event features. To this end, nanopore sensing of AHA was
successfully performed by MspA-90PBA and the sensing
mechanism was also thoroughly validated. The generated

event feature of AHA is highly characteristic and narrowly
distributed, which is desirable for a reporter molecule.

Rapid Identification of N-Acetyl Modifications on
Ribonucleotides. Ac4C, the only acetyl modification found
on eukaryotic RNA, was first identified in the tRNAmet

anticodon.27 Ac4C was later found in tRNAser, tRNAleu, 18S
rRNA,54 and mRNA.55 Ac4C on RNA is catalyzed by N-
acetyltransferase 10 (NAT10) or its homologues.56 A large
number of studies have shown that dynamic N-acetyl
modifications on RNA could affect the stability and the
expression of RNA.57 Identification of N-acetyl modifications
on RNA is thus essential for understanding the physiological
functions of RNA.
When treated with hydroxylamine in an aqueous buffer

solution, the ac4C is quickly deacetylated to produce cytidine
(Cyd)28 and AHA (Figure 2a). Here, AHA, which can be
directly detected by MspA-90PBA, serves as the reporter of the
deacetylation reaction. The amount of AHA molecules, which
is proportional to the appearance rate of the corresponding
nanopore events, also reflects the quantity of the original ac4C
reactant, as well.
In principle, the ribose moiety of ac4C and Cyd also enables

their reversible interaction with MspA-90PBA to produce the
corresponding nanopore events. To probe whether ac4C and
Cyd can be directly differentiated by a nanopore, sensing of
ac4C, Cyd, and their mixture was performed by MspA-90PBA
(Figure S7). Acknowledging the high resolution of the MspA
nanopore, ac4C and Cyd can be directly differentiated even if
they are simultaneously present in the same sample (Figure
2b). The differences of nanopore event features acquired with
ac4C and Cyd were also summarized (Figure S8 and Table
S3). It is thus conclusive that MspA-90PBA can directly
differentiate between ac4C and Cyd, even without any further
treatment. This however requires the analyte to be a nucleotide
so that its ribose moiety is fully exposed to react with the PBA
adapter of the pore. RNA may be hydrolyzed to produce
nucleotides. However, during hydrolysis, the N-acetyl groups
on nucleotides are prone to spontaneous deacetylation,27

which may lead to the loss of N-acetyl information.
More generally, the detection of N-acetyl modifications may

be achieved by hydroxylamine deacetylation of nucleotide or
RNA followed by nanopore sensing of the produced AHA.
During hydroxylamine deacetylation, AHA, ac4C, and Cyd
may simultaneously exist in the same sample. To evaluate
whether they may be simultaneously detected by the same
nanopore, the event scatter plots of %Ib versus SD generated
by results from all three analytes were simultaneously placed
together (Figure 2c), according to which three fully separated
populations of events were observed. The AHA also produces
events with the lowest %Ib, which can be easily differentiated
from ac4C and Cyd.
Real-time hydroxylamine deacetylation can also be moni-

tored by a nanopore. To start with, single channel recording
was performed in a 1.5 M KCl, 200 mM MOPS, pH 7.0 buffer,
and a +150 mV potential was continually applied. Ac4C was
then added to the cis chamber with a final concentration of 5
mM. Prior to the addition of hydroxylamine, ac4C binding
events and a small number of Cyd binding events were clearly
observed (Figure 2d,e), indicating that the ac4C sample
contains a trace amount of Cyd impurity. However, AHA
events were not observed at this stage. Afterward, a
hydroxylamine solution (pH 7.0 Materials section, SI) was
further added to the cis chamber to reach a final concentration
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of 40 mM. The mixture was magnetically stirred, and the
measurement was carried out immediately afterward. Figure 2f
shows a representative trace acquired after the addition of
hydroxylamine. The event scatter plot of %Ib versus SD shows
that three clusters of nanopore events were observed (Figure
2g). According to Figure 2c, these three clusters of events
were, respectively, identified to be AHA, Ac4C, and Cyd.
Based on the results of the concentration gradient (Figure S9)
and the voltage gradient (Figure S10) assay, the newly
generated event cluster during hydroxylamine deacetylation
was further confirmed to be AHA. In a separate trial, it is also
confirmed that the hydroxylamine does not generate any
nanopore events when probed by MspA-90PBA (Figure S11),
confirming that the added hydroxylamine only acts as a
deacetylation reagent and does not interfere with nanopore
recording.
In the presence of hydroxylamine during the nanopore

sensing of ac4C and Cyd, additive upward bump events on top
of the ac4C and Cyd blockage levels were consistently
observed. This phenomenon was however never observed
when ac4C or Cyd was separately measured and without any
addition of hydroxylamine (Figure S12). To further investigate
this phenomenon, nanopore measurements were carried out
with methyl β-D-ribofuranoside in the presence of hydroxyl-
amine. Here, the methyl β-D-ribofuranoside has a structure
similar to that of ac4C and Cyd by also having a ribose moiety.
Experimentally, when hydroxylamine is present and a methyl
β-D-ribofuranoside is captured by the pore, additional upward
bump events on top of the methyl β-D-ribofuranoside blockage
level were consistently observed (Figure S13). However, the
upward bump events were never observed when hydroxyl-
amine was not used under this condition, further confirming
that the bump events were a result of single molecule
interaction between hydroxylamine and methyl β-D-ribofurano-
side. The above results support the fact that it is the ribose
moiety of ac4C and Cyd that interacts with hydroxylamine. It
is speculated that the hydroxylamine may interact with ac4C
and Cyd to generate a transient intermediate state that was
observed by the nanopore sensor, even if the hydroxylamine
itself is not detectable at all by MspA-90PBA. Although this
interference is negligible, the additive bumps on top of the
ac4C and Cyd blockage levels result in a slight increase of the
SD of the corresponding events.
Hydroxylamine deacetylation of ac4C can also be observed

in a time-lapse assay. First, ac4C was added to the cis chamber

with a final concentration of 5 mM. Then, a hydroxylamine
solution (pH 7.0) was further added to reach a final
concentration of 40 mM. The mixture was then thoroughly
magnetically stirred, and the measurement was continually
performed for 40 min after the hydroxylamine addition. Events
recorded in 10 min intervals were sequentially recorded to
show the reaction process (Figure S14). With time, the binding
events of ac4C gradually decreased, and the binding events of
AHA and Cyd gradually increased.
During the above-described assay, nanopore events within

each 5 min interval were also analyzed to derive the conversion
ratio of ac4C to Cyd and AHA (Figure S15 and Table S5).
Here, the conversion ratio is defined as the ratio of the reactant
such as ac4C that has been deacetylated. The amount of
deacetylated ac4C is equivalent to the AHA concentration,
detectable by MspA-90PBA. Generally, the conversion ratio of
ac4C increases with time in the first 30 min and starts getting
saturated afterward. According to the results of this time-lapse
assay performed at this condition, ∼30% of ac4C was finally
converted to Cyd and AHA.
To this end, hydroxylamine deacetylation of ac4C was

successfully observed by NINAHD. The newly generated
events, which were thoroughly confirmed to be AHA, serve as
an indicator of the N-acetyl modification of the ac4C analytes.
Although ac4C and Cyd do show a noticeable difference when
directly measured by MspA-90PBA, nanopore observation of
the conversion from ac4C to Cyd and the generation of AHA
after hydroxylamine deacetylation provide more solid evidence
for the existence of ac4C in the untreated sample. A time-lapse
assay can also be carried out to derive the conversion ratio of
ac4C during hydroxylamine deacetylation. However, direct
nanopore identification of the ac4C nucleotide or the
identification of ac4C by NINAHD has never been reported
previously.

Rapid Identification of N-Acetyl Modifications on
Deoxyribonucleotides. NINAHD is also, in principle,
suitable to be used in the evaluation of N4-acetyl-2′-
deoxycytidine (4acC) as well (Figure 3a). N4-Acetyl-2′-
deoxycytidine (4acC) has been reported to appear widely in
eukaryotic DNAs.12 However, due to the lack of suitable
sensing tools, the distribution of 4acC and the regulation
mechanism of DNA remain not fully investigated. To develop
nanopore-based sensors of 4acC, single channel recording was
carried out similarly to that described in Figure 2. Specifically,
4acC was added to the cis chamber with a final concentration

Figure 3. Nanopore sensing of 4acC mixed with hydroxylamine. (a) 4acC deacetylation reaction driven by hydroxylamine. (b) Representative
traces acquired with 4acC before (top) and after (bottom) being mixed with hydroxylamine. 4acC was added to the cis chamber with a final
concentration of 5 mM. Then, a hydroxylamine solution (pH 7.0) was further added to reach a final concentration of 40 mM. The mixture was
then thoroughly magnetically stirred, and the measurement was carried out immediately afterward. The binding events of AHA are marked with red
color. (c) Event scatter plot of %Ib versus SD generated 4acC mixed with hydroxylamine (n = 1222). Experimentally, all of the above measurements
were carried out as described in the Methods section (SI) in a buffer of 1.5 M KCl, 200 mM MOPS, pH 7.0. A potential of +150 mV was
continually applied.
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of 5 mM. No nanopore events were observed at this stage
because the 4acC lacks the cis-diol moiety to interact with the
PBA (Figure 3b top). Afterward, a hydroxylamine solution
(pH 7.0) was further added to the cis chamber to reach a final
concentration of 40 mM. The mixture was then magnetically
stirred, and the measurement was carried out immediately
afterward. At this stage, AHA events were clearly observed
(Figure 3b bottom), indicating that the deacetylation of ac4C,
which was triggered by the added hydroxylamine, has already
happened. Different from that of ac4C, only AHA events were
observed when 4acC was treated with hydroxylamine.
However, both the nucleotide reactant and the product are
not directly detectable by MspA-90PBA due to the lack of cis-
diol (Figure 3c).

Hydroxylamine deacetylation of 4acC can also be monitored
in a time-lapse assay, similar to that performed with ac4C.
Single channel recordings were continually performed for 20
min. Events recorded in 5 min intervals were separately
recorded to show the process of the reaction (Figure S16).
With time, the binding events of AHA gradually increased.
Generally, the conversion ratio of 4acC increases with time in
the first 30 min and starts getting saturated afterward (Figure
S17 and Table S6). According to the results of this time-lapse
assay performed at these conditions, ∼35% of 4acC was
converted.
The hydroxylamine deacetylation process of both ac4C and

4acC occurs rapidly at room temperature (22 °C). However,
when identically treated with the hydroxylamine solution (pH
7.0) and evaluated by MspA-90PBA, at room temperature, the

Figure 4. Nanopore analysis of the deacetylation product of N6-acetyl-L-lysine. (a) Chemical reaction of N6-acetyl-L-lysine treated with
hydroxylamine. (b) Representative trace acquired with N6-acetyl-L-lysine treated with hydroxylamine. N6-Acetyl-L-lysine and hydroxylamine were
mixed with a final concentration of 167 mM and 6.7 M. The mixture was then incubated at 80 °C for 2 h. Afterward, a volume of 3 μL of reaction
product was added to the cis chamber followed by magnetic stirring, and the measurement was carried out immediately. Here, when the reaction
product is added to the nanopore chamber, the concentration of deacetylated and nonreacted N6-acetyl-L-lysine is equivalent to a final
concentration of 1 mM. AHA binding events are marked with red dots. (c) Event scatter plot of %Ib versus SD generated by N6-acetyl-L-lysine
treated with hydroxylamine (n = 727). (d) Concentration dependence plot of AHA versus the reactant N6-acetyl-L-lysine concentration. The linear
fitting result is overlaid on the data. The error bars correspond to the standard deviations derived from the results of three independent
measurements. (e) Schematic diagram of the identification of N-acetyl modifications on histones. Histones and hydroxylamine were mixed with a
final concentration of 20 μg/μL and 10 M. The mixture was then incubated at 80 °C for 2 h. The incubated sample was then added to the
centrifugal filter with a 3 kDa-molecular weight cut off (MWCO) and centrifuged at 8000 rpm at 4 °C for 1 h. 50 μL of filtrate was added to the cis
chamber and magnetically stirred. The nanopore measurement was carried out immediately afterward. (f) Representative trace acquired with
histones treated with hydroxylamine. AHA events were clearly detected and are marked with red arrows. (g) Event scatter plot of %Ib versus SD
generated from histones treated with hydroxylamine (n = 389). Cluster analysis was performed to remove all randomly appearing events that do
not form any clear cluster. The outlier analysis further grouped the events into AHA binding events (red) and outliers (gray). The measurements
were carried out as described in the Methods section (SI) in a buffer of 1.5 M KCl, 200 mM MOPS, pH 7.0. A potential of +150 mV was
continually applied.
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hydroxylamine deacetylation treatment of N4-acetylcytosine
fails to produce any AHA events (Figure S18), suggesting that
deacetylation was not happening at this condition. Instead, N4-
acetylcytosine and hydroxylamine were mixed with a final
concentration of 167 and 6.7 M, respectively. The mixture was
then incubated at 80 °C for 2 h (Hydroxylamine Treatment
section, SI). Afterward, a volume of 3 μL of reaction product
was added to the cis chamber followed by magnetic stirring,
and the measurement was carried out at +150 mV.
Immediately afterward, AHA events were observed (Figure
S18), indicating that hydroxylamine deacetylation of N4-
acetylcytosine was happening at a high reaction temperature. A
hypothetical reason for the phenomenon described above is
that the ribose has electron-withdrawing ability so that the N-
acetyl group of 4acC can be attacked by the nitrogen atom on
hydroxylamine. The lack of the ribose structure has made
hydroxylamine deacetylation of N4-acetylcytosine more
difficult. However, hydroxylamine deacetylation performed at
a high reaction temperature reduced this difficulty.29 This

difference in the required reaction temperature enabled the
direct differentiation of 4acC and N4-acetylcytosine using
NINAHD, although NINAHD cannot directly identify 4acC
and N4-acetylcytosine when they are present as a mixture.

Identification of N-Acetyl Modifications on Amino
Acids and Proteins. On proteins, various types of N-acyl
modifications are found, among which the N-acetyl mod-
ification is the most widely seen.58 As an important post-
translational modification, N-acetyl modification affects protein
functions through multiple mechanisms, including regulation
of protein stability,59 enzyme activity,60 subcellular local-
ization,61 and control of protein−protein (protein−DNA)
interactions.62,63 N6-Acetyl-L-lysine, an important modified
amino acid at the N-terminal tail of nucleosomal histones,64 is
associated with gene activation.
NINAHD was first carried out with N6-acetyl-L-lysine. N6-

Acetyl-L-lysine and hydroxylamine were mixed with final
concentrations of 167 and 6.7 M, respectively. The mixture
was then incubated at 80 °C for 2 h (Hydroxylamine

Figure 5. Nanopore analysis of D-GlcNAc treated with hydroxylamine. (a) D-GlcNAc deacetylation reaction was driven by hydroxylamine. (b)
Representative trace acquired with D-GlcNAc treated with hydroxylamine. AHA binding events (marked with red dots) and another type of binding
event (marked with gray bands) were consistently observed. D-GlcNAc and hydroxylamine were mixed with a final concentration of 167 mM and
6.7 M. The mixture was then incubated at 80 °C for 2 h. Afterward, a volume of 3 μL of reaction product was added to the cis chamber followed by
thorough magnetic stirring. The measurement was then carried out immediately afterward. Here, when the reaction product is added to the
nanopore chamber, the concentration of deacetylated and nonreacted D-GlcNAc is equivalent to a final concentration of 1 mM. (c) Event scatter
plot of %Ib versus SD generated by D-GlcNAc treated with hydroxylamine (n = 1312). The AHA events are marked in red. The unknown binding
events, which also appear as a cluster of events, are marked in gray. (d) Plot of the product AHA concentration versus the reactant D-GlcNAc
concentration. The curve fitting was performed by Origin using the linear fitting function. The calculation results were derived from the results of
three independent measurements. The measurements were carried out as described in the Methods section (SI) in a buffer of 1.5 M KCl, 200 mM
MOPS, pH 7.0. A potential of +150 mV was continually applied.
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Treatment section, SI). Afterward, a volume of 3 μL of the
reaction product was added to the cis chamber followed by
magnetic stirring, and the measurement was carried out at
+150 mV immediately (Figure 4a). Since N6-acetyl-L-lysine
and L-lysine do not produce any events when probed by MspA-
90PBA, only AHA binding events were observed (Figures 4b
and S19). The corresponding event scatter plot of %Ib versus
SD was also demonstrated, according to which only a single
cluster of events was observed (Figure 4c). According to
previous results (Figure 1), this cluster of events was confirmed
to be AHA. The hydroxylamine-treated L-lysine however does
not report any AHA events (Figure S20), further confirming
that the AHA observed with N6-acetyl-L-lysine (Figure 4a−d)
was from the deacetylation process.
A concentration dependence curve of the detected AHA

versus the reactant N6-acetyl-L-lysine concentration is also
plotted in Figure 4d, suggesting the capacity of NINAHD in
the quantification of N6-acetyl-L-lysine. Nanopore sensing was
performed with different concentrations of N6-acetyl-L-lysine
but with a fixed concentration of hydroxylamine (Figure S21).
The higher input concentration of N6-acetyl-L-lysine results in
a higher appearance rate of AHA events. According to the
measured 1/τon value and the calibration curve of AHA sensing
(Figure S4i), the concentration of the N6-acetyl-L-lysine can be
consequently quantified.
The conversion ratio of N6-acetyl-L-lysine under this

reaction condition is shown in Figure S21g; ∼60% of the
N6-acetyl-L-lysine was converted.
The identification of the N-acetyl modifications of N6-acetyl-

L-lysine also suggested that NINAHD was performed directly
with histone. Detailed steps of NINAHD performed with
histones are described in Figure 4e. Here, the histone sample
(type III-S, Macklin, Product No.: H920439) was from the calf
thymus. It contains nucleosomal histones (H2A, H2B, H3, and
H4) and connecting histones (H1). Numerous post-transla-
tional modifications, including N-acetylation, are present on
nucleosomal histone tails64 and are expected to be detectable
by NINAHD.
Similarly, histones and hydroxylamine were mixed with a

final concentration of 20 μg/μL and 10 M. The mixture was
then incubated at 80 °C for 2 h. To minimize the interferences
caused by nanopore trapping of the protein or the peptide
during single channel recording, the reaction product was
ultrafiltrated prior to its addition to the nanopore chamber.
More technical details have been described in the Hydroxyl-
amine Treatment section (SI). Immediately after sample
addition, a variety of events were soon detected, among
which AHA events were clearly identified (Figures 4f and S22).
However, events other than AHA were also detected. To focus
on the discussion of AHA events, all events acquired with
histone were first treated with a density-based spatial clustering
of applications with noise (DBSCAN) model to computation-
ally remove all events that were not identified as cluster events.
With the previous knowledge of the event features of AHA,
outlier detection algorithms were then employed to identify
AHA binding events (Figure S23). According to the results
described in Figures 4g and S23, identification of AHA from
hydroxylamine deacetylation-treated histone was clearly
confirmed.
To evaluate whether the observed AHA events were

spontaneously generated or generated by hydroxylamine
deacetylation, NINAHD was also performed with histone
treated with ultrapure water instead of hydroxylamine.

However, all remaining experimental conditions were kept
identical (Figure S24). At this condition, no AHA events were
observed at all, which further confirmed that the previously
observed AHA events from histone were generated from the
deacetylation reaction.

Identification of N-Acetyl Modifications on Glycans.
Acetylation is also commonly seen on bacterial glycoconju-
gates, which has important consequences for biotic and abiotic
recognition events and bacterial fitness.65,66 N-Acetyl-D-glucos-
amine (D-GlcNAc), an N-acetylated derivative of glucose with
one hydroxyl group replaced by an amino group, can form
homopolysaccharides, such as chitin. D-GlcNAc can also form
heteromeric polyacetylglucosamines such as peptidoglycan and
hyaluronic acid. Here, D-GlcNAc was chosen as a representa-
tive of acetylated monosaccharides to demonstrate the
hydroxylamine deacetylation of glycans (Figure 5a). To start
with, D-GlcNAc and hydroxylamine were mixed with a final
concentration of 167 mM and 6.7 M, respectively. The mixture
was then incubated at 80 °C for 2 h (Hydroxylamine
Treatment section, SI). Afterward, a volume of 3 μL of
reaction product was added to the cis chamber followed by
magnetic stirring, and the measurement was carried out at
+150 mV immediately. During corresponding nanopore
measurements, two kinds of nanopore events were observed
in the trace (Figure 5b) and the corresponding event scatter
plot (Figure 5c). The events of a shorter blockage amplitude
were identified to be AHA, consistent with those separately
acquired with AHA (Figure 1). The detection of AHA also
indicates that hydroxylamine deacetylation of D-GlcNAc has
already happened. It is speculated that the other cluster of
events may correspond to either D-GlcNAc, which is the glycan
reactant, or D-glucosamine, which is a possible reaction
product. However, in separate trials performed with D-GlcNAc
or D-glucosamine, no events with defined and consistent
features were detected by MspA-90PBA (Figure S25). It is
hypothesized that D-glucosamine may further react with
hydroxylamine to form D-glucosamine oxime.67 To testify
this, nanopore sensing was performed with D-glucosamine
treated with hydroxylamine. The generated events report
identical event features compared with the unknown binding
events generated by the reaction product of D-GlcNAc treated
with hydroxylamine (Figure S26). In order to further confirm
that the unknown product is D-glucosamine oxime, mass
spectrometry analysis of the reaction product of D-GlcNAc
treated with hydroxylamine was also performed (Figure S27),
according to which our hypothesis was confirmed.
To this end, the detection of AHA from hydroxylamine

deacetylated D-GlcNAc has been well-confirmed, further
demonstrating the generality of this method in the
identification of acetyl modified glycans. Experimentally, the
acetyl modification on D-GlcNAc has prohibited its efficient
interaction with MspA-90PBA, so that direct sensing of D-
GlcNAc by MspA-90PBA cannot be successfully carried out.
However, when treated with hydroxylamine, the sensing of D-
GlcNAc was immediately achieved by nanopore analysis of the
hydroxylamine deacetylation product of D-GlcNAc. Different
from that acquired with acetylated nucleic acids or proteins,
the hydroxylamine deacetylation of D-GlcNAc also produces a
highly characteristic event, likely from D-glucosamine oxime.
This unique feature, which is never seen from hydroxylamine
deacetylated nucleic acids, amino acids, or protein, serves to
confirm the identification of D-GlcNAc without any ambiguity.
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To quantitatively evaluate the level of acetylation
modification on glycans, the concentration dependence curve
of the product AHA concentration versus the reactant D-
GlcNAc concentration was plotted (Figure 5d). Nanopore
sensing was performed with different concentrations of D-
GlcNAc but with the concentration of hydroxylamine fixed
(Figure S28). According to the calibration curve of AHA

(Figure S4i) and the measured 1/τon value, the concentration
of D-GlcNAc could be quantified.
The conversion ratio of D-GlcNAc at this condition was also

investigated, as described in Figure S28g, and ∼60% of the D-
GlcNAc was converted. The successful identification of N-
acetyl-modified glycans thus further confirmed the generality
of NINAHD.

Figure 6. Four classes of small organic molecules by the NINAHD strategy. (a) Schematic representation of four classes of small molecules when
treated with hydroxylamine. From the left to the right, 2-phenylethylamine, dopamine, N-(2-phenylethyl) acetamide, and N-acetyldopamine were
separately treated as representative molecules of each class. (b, e, h, k) 2-Phenylethylamine, dopamine, N-(2-phenylethyl) acetamide, and N-
acetyldopamine deacetylation reaction driven by hydroxylamine. The moiety that can interact with the PBA adapter is respectively color-marked.
(c, f, i, l) Representative traces, respectively, acquired with 2-phenylethylamine, dopamine, N-(2-phenylethyl) acetamide, and N-acetyldopamine,
treated with hydroxylamine. Different nanopore blockage levels were marked with different color bands. (d, g, j, m) Event scatter plots of %Ib versus
SD generated by results acquired with 2-phenylethylamine, dopamine, N-(2-phenylethyl) acetamide, and N-acetyldopamine, respectively, treated
with hydroxylamine (n = 0, 303, 387, and 2052 events). Small organic molecule and hydroxylamine were mixed with a final concentration of 167
mM and 6.7 M. The mixture was then incubated at 80 °C for 2 h. Afterward, a volume of 3 μL of reaction product was added to the cis chamber
followed by thorough magnetic stirring. The measurement was then carried out immediately afterward. Here, when the reaction product is added to
the nanopore chamber, the concentration of the deacetylated and nonreacted small organic molecule is equivalent to a final concentration of 1 mM.
The measurements were carried out as described in the Methods section (SI) in a buffer of 1.5 M KCl, 200 mM MOPS, pH 7.0. A potential of
+150 mV was continually applied.
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Distinction of Four Classes of Small Organic
Molecules by NINAHD. All of the above demonstrations
have well-confirmed the validity of nanopore identification of
N-acetylation by hydroxylamine deacetylation, with which a
variety of biomolecules such as DNA, RNA, and histone have
been tested. Other than applications in biomolecule analysis, a
large variety of molecules with suitable moieties can be
generally sensed by this strategy. In principle, from the aspect
of NINAHD sensing, all molecules can be classified into four
categories, also referred to as cis-diol(−)ac(−), cis-diol(+)ac-
(−), cis-diol(−)ac(+), and cis-diol(+)ac(+). Here, the “cis-
diol(±)” and the “ac(±)”, respectively, denote whether the
molecule contains a cis-diol and an N-acetyl moiety. The
schematic diagram of this classification principle is also shown
in Figures 6a and S29.
Four demonstrative analytes were also selected to demon-

strate the general principle of NINAHD (Figure 6a). When
probed by MspA-90PBA, 2-phenylethylamine, a representative
cis-diol(−)ac(−), fails to produce any nanopore events, despite
the use of the hydroxylamine treatment (Figures 6b−d and
S30a). Dopamine, a representative cis-diol(+)ac(−), when
sensed by MspA-90PBA, reports the corresponding nanopore
events (Figure S30b). However, after the hydroxylamine
treatment, dopamine fails to generate any AHA events (Figure
6e−g). N-(2-Phenylethyl) acetamide, a representative cis-
diol(−)ac(+), does not produce any nanopore events solely
by itself (Figure S30c). When treated with hydroxylamine,
AHA events can be clearly generated (Figure 6h−j).
Eventually, N-acetyldopamine, a representative cis-diol(+)ac-
(+), reports nanopore events by itself (Figure S30d). However,
when treated with hydroxylamine, AHA events were further
generated and detected by nanopores (Figure 6k−m),
providing more information for nanopore analysis. The
deacetylated product, with its cis-diol moiety retained, also
reports an additive cluster of events. With NINAHD, nanopore
differentiation of all four above-mentioned molecules can be
well achieved. According to this definition, ac4C and Cyd
were, respectively, considered as cis-diol(+)ac(+) and cis-
diol(+)ac(−). However, 4acC, N4-acetylcytosine, N6-acetyl-L-
lysine, and D-GlcNAc belong to the category of cis-diol(−)-
ac(+). Although all cis-diol(−)ac(+) molecules fail to produce
any event when probed by MspA-90PBA solely by itself,
nanopore differentiation of different cis-diol(−)ac(+) mole-
cules can be achieved based on their difference in the
deacetylation condition or the deacetylated reaction product.

■ CONCLUSIONS
To summarize, AHA, which has a tautomeric structure similar
to a cis-diol, was successfully detected by MspA-90PBA,
suggesting that a variety of hydroxamic acids68 could be
detectable by a phenylboronic acid-modified nanopore. AHA
reports highly characteristic and consistent event features
suitable to be used as a molecular indicator for specific
chemical reactions. Generally, a variety of N-acetyl modifica-
tion of biomolecules can be treated with hydroxylamine
deacetylation to produce AHA, which acts as a reporter
detectable by MspA-90PBA. This sensing principle, which is
termed NINAHD, is later tested with nucleic acids, amino
acids, histones, and glycans, and its generality is confirmed.
Similar to that demonstrated with histones from calf thymus,
biological samples can be extracted, enriched, and hydroxyl-
amine-treated prior to nanopore sensing for N-acetyl
modification analysis. Based on the sensing capacity of

MspA-90PBA and the structure of the target analytes, different
sensing modes of NINAHD were systematically demonstrated.
Although sensing of N-acetyl modification can also be carried
out by other conventional analytical methods, a nanopore
strategy that can generally deal with N-acetyl modifications on
biomacromolecules has not previously been known. Although
not demonstrated in this paper, the highly characteristic event
features of AHA and the chemical specificity of the PBA
adapter also suggest automatic and accurate event identi-
fication directly from a complex sample environment.
NINAHD may as well be carried out in a highly portable
nanopore device like a MinION sequencer69 to show its uses in
point-of-care test (POCT) applications.
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