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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
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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.

hemical modifications on biomacromolecules play

decisive roles in the regulation of the growth, develop-
ment, and physiological activities of organisms."”” They are
catalyzed by exquisitely specific enzymes with a reaction
repertoire’ that includes methylation,” acetylation,” ubiquiti-
nation,’ phosphorylation,” glycosylation,”’ etc. N-Acetyl
modifications, one of the most important chemical modifica-
tions in organisms, have been reported to exist in RNA,'!
DNA,"” proteins'® and glycans.'* N-Acetylation refers to the
process of introducing an acetyl group to a nitrogen atom,
which is usually catalyzed by the corrgsgonding N-
acetyltransferase (NAT) in living organisms.”’ 16 N-Acetyl
modifications 8play an irreplaceable regulatory function in gene
regulation.'”'® 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),'”*° antibody recog-
nition,”" reverse transcription mismatch,** 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.”” 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-
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MS/MS) analysis.”*">° 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.”’ Additionally, the N-acetyl
groups on nucleic acids are prone to spontaneous deacetylation
under neutral or alkaline conditions,”” which brings challenges
to the accurate identification of N-acetyl modifications.
Sinclair et al.*® found that hydroxylamine (NH,OH) can
perform a rapid chemical deacetylation reaction with N*-
acetylcytidine (ac4C) on RNA without causing detectable
RNA hydrolysis. Wang et al.'” 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).*” Owing to
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Scheme 1. Schematic Diagram of Nanopore Identification of N-Acetylation®
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“The 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.
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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 () is marked with a red band. (d) Event scatter plot
of %I, 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 %I, generated by the data in (d). The corresponding Gaussian fitting result

is overlaid on the data.

the unique bidentate metal chelating properties,”” AHA is
widely used in the nuclear’”’” and biomedicine® ™
industries. It however has never been used in any previous
studies of N-acetylation identification.

Nanopores, routinely used in the sequencing of nucleic
acids,*®*” are also versatile single molecule sensors of
DNA,*** RNA,*" proteins,“’43 and saccharides.*’ 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.”> 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 peptides*
has been previously reported, the previously demonstrated
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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

43,47
strategy,

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.

https://doi.org/10.1021/acssensors.3c02350
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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 %I, 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 S mM. (e) Event
scatter plot of %I, 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 S 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 %I, 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 (I,) 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 mM MOPS, pH 7.0. A potential of +150 mV
was continually applied.

An engineered Mycobacterium smegmatis porin A (MspA) biomacromolecules, meaning that N-acetylation existing on
nanopore modified with a phenylboronic acid (PBA) was proteins can be well identified even if the target analyte is too
previously developed,™*>** with which a variety of molecules large to translocate through the pore. Thus, a PBA-modified
containing the cis-diol moiety have been identified. As MspA could identify N-acetylation by identifying AHA
previously investigated, hydroxamic acids can reversibly react produced during hydroxylamine deacetylation. For simplicity,
with boronic acid,*™>* suggesting that they may be directly this strategy is referred to as “nanopore identification of N-

acetylation by hydroxylamine deacetylation” (NINAHD)

probed in a nanopore lumen. However, to the best of our
(Scheme 1) all throughout this manuscript.

knowledge, the nanopore sensing of hydroxamic acids has
never been previously demonstrated.

Generally, any N-acetylation can be treated with hydroxyl- B RESULTS AND DISCUSSION
amine deacetylation to produce acetohydroxamic acid (AHA). Observation of PBA—AHA Interaction Using Nano-
The produced AHA, which is a kind of hydroxamic acid, can pore. To generate a PBA-modified MspA nanopore, a hetero-
be accurately identified by the PBA-modified MspA so that N- octameric MspA containing a sole cysteine at site 90 was first
acetylation is 1dent1ﬁed ThlS sensing strategy iS, in principle, Prepared (Methods section, Supporting Information (SI))
compatible with any molecules containing an N-acetylation Afterward, a sole PBA was chemically conjugated to the
moiety, demonstrating wide generality. This sensing strategy cysteine by Michael addition (Figure 1a). For simplicity, this

also does not rely on the translocation or unfolding of large PBA-modified MspA nanopore is referred to as MspA-90PBA
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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 KC],
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 la). The AHA, which has a tautomeric structure
similar to a cis-diol, can reversibly interact with the phenyl-
boronic acid adapter at the pore constriction*”** (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 1/7.4 decreases but the 1/7,, remains unchanged.

The open pore current (I,) and the blockage current (I,,) are
defined in Figure lc. To quantitatively describe event
characteristics, other event parameters such as the percentage
blockage (%I, = (I, — I;)/I,), noise amplitude (SD), event
dwell time (t,), and interevent interval (t,,) were extracted
from each event and used for further data analysis. The event
scatter plots are %I, versus SD (Figure 1d), and the
corresponding event histogram of %I, (Figure le) 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 (1/7,,) 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 (1/7.4)
remains constant, independent of the AHA concentration. This
fits with the unimolecular dissociation mechanism (Figure S4
and Table S2). The event distributions of %I, SD, t.g and t,,
are also summarized in Figure SS and Table S3. The limit of
detection (LOD) of AHA is 10 uM (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
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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 tRNA™
anticodon.”” Ac4C was later found in tRNA*, tRNA® 18S
rRNA,** and mRNA.>> 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.”” 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)*® 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,”’
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 %I, 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 %I, 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 S
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

https://doi.org/10.1021/acssensors.3c02350
ACS Sens. 2024, 9, 1359—-1371
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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 S 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 %I, 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.

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 %I, 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 f-p-ribofuranoside in the presence of hydroxyl-
amine. Here, the methyl f-p-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
f-p-ribofuranoside is captured by the pore, additional upward
bump events on top of the methyl -p-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 -p-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
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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 S min interval were also analyzed to derive the conversion
ratio of ac4C to Cyd and AHA (Figure S1S and Table SS).
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 N*-acetyl-2'-
deoxycytidine (4acC) as well (Figure 3a). N*-Acetyl-2’-
deoxycytidine (4acC) has been reported to appear widely in
eukaryotic DNAs.'” 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
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Figure 4. Nanopore analysis of the deacetylation product of N°-acetyl-L-lysine. (a) Chemical reaction of Nf-acetyl-L-lysine treated with
hydroxylamine. (b) Representative trace acquired with N®-acetyl-L-lysine treated with hydroxylamine. N°-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 uL 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 N°-acetyl-L-lysine is equivalent to a final
concentration of I mM. AHA binding events are marked with red dots. (c) Event scatter plot of %I, versus SD generated by N®-acetyl-L-lysine
treated with hydroxylamine (1 = 727). (d) Concentration dependence plot of AHA versus the reactant N%-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 ug/uL 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. SO uL 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 %I, 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.

of 5 mM. No nanopore events were observed at this stage Hydroxylamine deacetylation of 4acC can also be monitored
because the 4acC lacks the cis-diol moiety to interact with the in a time-lapse assay, similar to that performed with ac4C.
PBA (Figure 3b top). Afterward, a hydroxylamine solution Single channel recordings were continually performed for 20
(pH 7.0) was further added to the cis chamber to reach a final min. Events recorded in S 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
$17 and Table S6). According to the results of this time-lapse
assay performed at these conditions, ~35% of 4acC was

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

converted.
observed when 4acC was treated with hydroxylamine. The hydroxylamine deacetylation process of both ac4C and
However, both the nucleotide reactant and the product are 4acC occurs rapidly at room temperature (22 °C). However,
not directly detectable by MspA-90PBA due to the lack of cis- when identically treated with the hydroxylamine solution (pH
diol (Figure 3c). 7.0) and evaluated by MspA-90PBA, at room temperature, the
1364 https://doi.org/10.1021/acssensors.3c02350
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Figure S. Nanopore analysis of D-GIcNAc treated with hydroxylamine. (a) D-GlcNAc deacetylation reaction was driven by hydroxylamine. (b)
Representative trace acquired with p-GIcNAc treated with hydroxylamine. AHA binding events (marked with red dots) and another type of binding
event (marked with gray bands) were consistently observed. p-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 L 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 p-GlcNAc is equivalent to a final concentration of 1 mM. (c) Event scatter
plot of %I, versus SD generated by p-GIcNAc 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.

hydroxylamine deacetylation treatment of N'*-acetylcytosine difference in the required reaction temperature enabled the
fails to produce any AHA events (Figure S18), suggesting that direct differentiation of 4acC and N'*acetylcytosine using
deacetylation was not happening at this condition. Instead, N*- NINAHD, although NINAHD cannot directly identify 4acC
acetylcytosine and hydroxylamine were mixed with a final and N*-acetylcytosine when they are present as a mixture.
concentration of 167 and 6.7 M, respectively. The mixture was Identification of N-Acetyl Modifications on Amino
then incubated at 80 °C for 2 h (Hydroxylamine Treatment Acids and Proteins. On proteins, various types of N-acyl
section, SI). Afterward, a volume of 3 uL of reaction product modifications are found, among which the N-acetyl mod-
was added to the cis chamber followed by magnetic stirring, ification is the most widely seen.’® As an important post-
and the measurement was carried out at +150 mV. translational modification, N-acetyl modification affects protein
Immediately afterward, AHA events were observed (Figure functions through multiple mechanisms, including regulation
S18), indicating that hydroxylamine deacetylation of N*- of protein stability,”” enzyme activity,’" subcellular local-
acetylcytosine was happening at a high reaction temperature. A ization,”’ and control of protein—protein (protein—DNA)
hypothetical reason for the phenomenon described above is interactions.””*® N°-Acetyl-L-lysine, an important modified
that the ribose has electron-withdrawing ability so that the N- amino acid at the N-terminal tail of nucleosomal histones,** is
acetyl group of 4acC can be attacked by the nitrogen atom on associated with gene activation.
hydroxylamine. The lack of the ribose structure has made NINAHD was first carried out with N°-acetyl-L-lysine. N°-
hydroxylamine deacetylation of N*-acetylcytosine more Acetyl-L-lysine and hydroxylamine were mixed with final
difficult. However, hydroxylamine deacetylation performed at concentrations of 167 and 6.7 M, respectively. The mixture
a high reaction temperature reduced this difficulty.”” This was then incubated at 80 °C for 2 h (Hydroxylamine
1365 https://doi.org/10.1021/acssensors.3c02350
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Treatment section, SI). Afterward, a volume of 3 uL 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 N°-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 %I, 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 N®-acetyl-L-lysine (Figure 4a—d)
was from the deacetylation process.

A concentration dependence curve of the detected AHA
versus the reactant N°-acetyl-L-lysine concentration is also
plotted in Figure 4d, suggesting the capacity of NINAHD in
the quantification of N°-acetyl-L-lysine. Nanopore sensing was
performed with different concentrations of N°-acetyl-L-lysine
but with a fixed concentration of hydroxylamine (Figure S21).
The higher input concentration of N®-acetyl-L-lysine results in
a higher appearance rate of AHA events. According to the
measured 1/7,, value and the calibration curve of AHA sensing
(Figure S4i), the concentration of the N°-acetyl-L-lysine can be
consequently quantified.

The conversion ratio of NS-acetyl-L-lysine under this
reaction condition is shown in Figure S21g; ~60% of the
NP-acetyl-L-lysine was converted.

The identification of the N-acetyl modifications of N°-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 I11-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 tails®* and are expected to be detectable
by NINAHD.

Similarly, histones and hydroxylamine were mixed with a
final concentration of 20 yug/uL 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.
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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.”>*® N-Acetyl-p-glucos-
amine (p-GlcNAc), an N-acetylated derivative of glucose with
one hydroxyl group replaced by an amino group, can form
homopolysaccharides, such as chitin. p-GIcNAc can also form
heteromeric polyacetylglucosamines such as peptidoglycan and
hyaluronic acid. Here, D-GIcNAc was chosen as a representa-
tive of acetylated monosaccharides to demonstrate the
hydroxylamine deacetylation of glycans (Figure Sa). 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 uL 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 Sc). 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 p-GIcNAc has
already happened. It is speculated that the other cluster of
events may correspond to either p-GIcNAc, which is the glycan
reactant, or D-glucosamine, which is a possible reaction
product. However, in separate trials performed with p-GIcNAc
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 p-glucosamine oxime.”” 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 p-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 p-GIcNAc
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-GIcNAc has been well-confirmed, further
demonstrating the generality of this method in the
identification of acetyl modified glycans. Experimentally, the
acetyl modification on p-GIcNAc 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 p-
GlcNAc was immediately achieved by nanopore analysis of the
hydroxylamine deacetylation product of p-GlcNAc. Different
from that acquired with acetylated nucleic acids or proteins,
the hydroxylamine deacetylation of D-GIlcNAc 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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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.
(¢, £, i, 1) 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 %I, 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 uL 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.

To quantitatively evaluate the level of acetylation (Figure S4i) and the measured 1/7,, value, the concentration
modification on glycans, the concentration dependence curve of p-GlcNAc could be quantified.
of the product AHA concentration versus the reactant D- The conversion ratio of D-GIcNAc at this condition was also
GIcNAc concentration was plotted (Figure Sd). Nanopore investigated, as described in Figure S28g, and ~60% of the p-
sensing was performed with different concentrations of p- GIcNAc was converted. The successful identification of N-

GlcNAc but with the concentration of hydroxylamine fixed acetyl-modified glycans thus further confirmed the generality
(Figure $28). According to the calibration curve of AHA of NINAHD.
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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, N*-acetylcytosine, N®-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.

B 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 acids®® 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
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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 sequencer® to show its uses in
point-of-care test (POCT) applications.

B ASSOCIATED CONTENT

Data Availability Statement
All data presented in this work can be provided by the
corresponding authors upon reasonable requests.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.3c02350.

Reagents and materials, experimental section (methods),
and details of figures and tables (PDF)

B AUTHOR INFORMATION

Corresponding Author
Shuo Huang — State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry and Chemical
Engineering, Nanjing University, 210023 Nanjing, China;
Chemistry and Biomedicine Innovation Center (ChemBIC),
Nanjing University, 210023 Nanjing, China; ® orcid.org/
0000-0001-6133-7027; Email: shuo.huang@nju.edu.cn

Authors
Xinyue Li — State Key Laboratory of Analytical Chemistry for
Life Sciences, School of Chemistry and Chemical Engineering,
Nanjing University, 210023 Nanjing, China; Chemistry and
Biomedicine Innovation Center (ChemBIC), Nanjing
University, 210023 Nanjing, China; © orcid.org/0000-
0003-1290-7403
Yuqin Wang — State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry and Chemical
Engineering, Nanjing University, 210023 Nanjing, China;
Chemistry and Biomedicine Innovation Center (ChemBIC),
Nanjing University, 210023 Nanjing, China; ® orcid.org/
0000-0002-9311-241X
Shanyu Zhang — State Key Laboratory of Analytical
Chemistry for Life Sciences, School of Chemistry and
Chemical Engineering, Nanjing University, 210023 Nanjing,
China; Chemistry and Biomedicine Innovation Center
(ChemBIC), Nanjing University, 210023 Nanjing, China;
orcid.org/0000-0003-2300-957X
Panke Zhang — State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry and Chemical
Engineering, Nanjing University, 210023 Nanjing, China;
orcid.org/0000-0001-8562-9972
Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.3c02350

Author Contributions
X.L. and Y.W. contributed equally to this work. S.H., Y.W.,
and X.L. conceived the project. YW. and S.Z. prepared the

https://doi.org/10.1021/acssensors.3c02350
ACS Sens. 2024, 9, 1359—-1371


https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02350/suppl_file/se3c02350_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02350/suppl_file/se3c02350_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02350/suppl_file/se3c02350_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02350/suppl_file/se3c02350_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02350/suppl_file/se3c02350_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02350?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02350/suppl_file/se3c02350_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuo+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6133-7027
https://orcid.org/0000-0001-6133-7027
mailto:shuo.huang@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyue+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1290-7403
https://orcid.org/0000-0003-1290-7403
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuqin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9311-241X
https://orcid.org/0000-0002-9311-241X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shanyu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2300-957X
https://orcid.org/0000-0003-2300-957X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panke+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8562-9972
https://orcid.org/0000-0001-8562-9972
https://pubs.acs.org/doi/10.1021/acssensors.3c02350?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

MspA nanopores. X.L. performed the measurements. P.Z. set
up the instruments. S.H. and X.L. wrote the paper. S.H.
supervised the project.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This project was funded by the National Key R&D Program of
China (Grant No. 2022YFA1304602), the National Natural
Science Foundation of China (Grant Nos. 22225405 and
31972917), the Fundamental Research Funds for the Central
Universities (Grant No. 020514380257), the Programs for
high-level entrepreneurial and innovative talents introduction
of Jiangsu Province (individual and group program), the
Natural Science Foundation of Jiangsu Province (Grant No.
BK20200009), and the Excellent Research Program of Nanjing
University (Grant No. ZYJH004).

B REFERENCES

(1) Wang, C; Zou, P.; Yang, C.; Liu, L.; Cheng, L.; He, X.; Zhang,
L; Zhang, Y,; Jiang, H; Chen, P. R. Dynamic modifications of
biomacromolecules: mechanism and chemical interventions. Sci.
China Life Sci. 2019, 62 (11), 1459—1471.

(2) Zhao, B. S.; Roundtree, I. A;; He, C. Post-transcriptional gene
regulation by mRNA modifications. Nat. Rev. Mol. Cell Biol. 2017, 18
(1), 31-42.

(3) Jackman, J. E; Alfonzo, J. D. Transfer RNA modifications:
nature’s combinatorial chemistry playground. WIREs RNA 2013, 4
(1), 35—48, DOI: 10.1002/wrna.1144.

(4) Deng, X; Chen, K; Luo, G.-Z.; Weng, X,; Ji, Q;; Zhou, T.; He,
C. Widespread occurrence of N6-methyladenosine in bacterial
mRNA. Nucleic Acids Res. 2015, 43 (13), 6557—6567.

(5) Ree, R;; Varland, S.; Arnesen, T. Spotlight on protein N-terminal
acetylation. Exp. Mol. Med. 2018, 50 (7), 1-13.

(6) Pearce, M. J.; Mintseris, J.; Ferreyra, J.; Gygi, S. P.; Darwin, K. H.
Ubiquitin-Like Protein Involved in the Proteasome Pathway of
Mycobacterium tuberculosis. Science 2008, 322 (5904), 1104—1107.

(7) Gao, X; Liu, J; Liu, X; Li, L; Zheng, J. Cleavage and
phosphorylation: important post-translational modifications of
galectin-3. Cancer Metastasis Rev. 2017, 36 (2), 367—374.

(8) Faridmoayer, A.; Fentabil, M. A; Mills, D. C.; Klassen, J. S.;
Feldman, M. F. Functional Characterization of Bacterial Oligosac-
charyltransferases Involved in O-Linked Protein Glycosylation. J.
Bacteriol. 2007, 189 (22), 8088—8098.

(9) Nita-Lazar, M.; Wacker, M.; Schegg, B.; Amber, S.; Aebi, M. The
N-X-S/T consensus sequence is required but not sufficient for
bacterial N-linked protein glycosylation. Glycobiology 20085, 15 (4),
361-367.

(10) Jurénas, D.; Chatterjee, S.; Konijnenberg, A.; Sobott, F;
Droogmans, L.; Garcia-Pino, A;; Van Melderen, L. AtaT blocks
translation initiation by N-acetylation of the initiator tRNA(fMet).
Nat. Chem. Biol. 2017, 13 (6), 640—646.

(11) Bortolin-Cavaillé, M.-L.; Quillien, A.; Thalalla Gamage, S.;
Thomas, J. M; Sas-Chen, A,; Sharma, S.; Plisson-Chastang, C.;
Vandel, L.; Blader, P.; Lafontaine, D. L. J.; Schwartz, S.; Meier, J. L.;
Cavaille, J. Probing small ribosomal subunit RNA helix 45 acetylation
across eukaryotic evolution. Nucleic Acids Res. 2022, 50 (11), 6284—
6299.

(12) Wang, S.; Xie, H; Mao, F; Wang, H,; Wang, S,; Chen, Z,;
Zhang, Y.; Xu, Z.; Xing, J.; Cui, Z.; Gao, X.; Jin, H.; Hua, J.; Xiong, B.;
Wu, Y. N(4)-acetyldeoxycytosine DNA modification marks euchro-
matin regions in Arabidopsis thaliana. Genome Biol. 2022, 23 (1),
No. 5, DOI: 10.1186/s13059-021-02578-7.

(13) Halasa, M.; Adamczuk, K; Adamczuk, G.; Afshan, S.; Stepulak,
A.; Cybulski, M.; Wawruszak, A. Deacetylation of Transcription
Factors in Carcinogenesis. Int. J. Mol. Sci. 2021, 22 (21), No. 11810,
DOI: 10.3390/ijms222111810.

1369

(14) He, J.; Fan, Z,; Tian, Y.; Yang, W.; Zhou, Y.; Zhu, Q.; Zhang,
W, Qin, W,; Yi, W. Spatiotemporal Activation of Protein O-
GlcNAcylation in Living Cells. J. Am. Chem. Soc. 2022, 144 (10),
4289—4293.

(15) Xie, L; Zhong, X; Cao, W, Liu, J; Zu, X; Chen, L.
Mechanisms of NAT10 as ac4C writer in diseases. Mol. Ther.—
Nucleic Acids 2023, 32, 359—368.

(16) Griffiths, W. A.; Spencer, K. D.; Thoden, J. B.; Holden, H. M.
Biochemical investigation of an N-acetyltransferase from Helicobacter
pullorum. Protein Sci. 2021, 30 (12), 2418—2432.

(17) Wang, K;; Zhou, L. Y.; Liu, F.; Lin, L.; Ju, J.; Tian, P. C.; Liu, C.
Y,; Li, X. M,; Chen, X. Z.; Wang, T.; Wang, F.; Wang, S. C.; Zhang, ] ;
Zhang, Y. H.; Tian, J. W.; Wang, K. PIWI-Interacting RNA HAAPIR
Regulates Cardiomyocyte Death After Myocardial Infarction by
Promoting NAT10-Mediated ac(4) C Acetylation of Tfec mRNA.
Adv. Sci. 2022, 9 (8), No. €2106058, DOL: 10.1002/advs.202106058.

(18) Jin, G; Xu, M.; Zou, M.; Duan, S. The Processing, Gene
Regulation, Biological Functions, and Clinical Relevance of N4-
Acetylcytidine on RNA: A Systematic Review. Mol. Ther.—Nucleic
Acids 2020, 20, 13—24.

(19) Ito, S.; Akamatsu, Y.; Noma, A.; Kimura, S.; Miyauchi, K;
Ikeuchi, Y.; Suzuki, T.; Suzuki, T. A single acetylation of 18 S rRNA is
essential for biogenesis of the small ribosomal subunit in
Saccharomyces cerevisiae. J. Biol. Chem. 2014, 289 (38), 26201—
26212.

(20) Zee, B. M; Garcia, B. A.Validation of Protein Acetylation by
Mass Spectrometry. In Protein Acetylation; Hake, S.; Janzen, C., Eds.;
Methods in Molecular Biology; Humana Press: Totowa, NJ, 2013;
Vol. 981, pp 1-11.

(21) Fuchs, S. M.; Krajewski, K.; Baker, R. W.; Miller, V. L.; Strahl,
B. D. Influence of combinatorial histone modifications on antibody
and effector protein recognition. Curr. Biol. 2011, 21 (1), 53—S8.

(22) Thomas, J. M,; Briney, C. A.; Nance, K. D.; Lopez, ]. E;
Thorpe, A. L; Fox, S. D.; Bortolin-Cavaille, M. L.; Sas-Chen, A,;
Arango, D.; Oberdoerffer, S.; Cavaille, J.; Andresson, T.; Meier, J. L. A
Chemical Signature for Cytidine Acetylation in RNA. J. Am. Chem.
Soc. 2018, 140 (40), 12667—12670.

(23) Zhao, W.; Zhou, Y.; Cui, Q.; Zhou, Y. PACES: prediction of
N4-acetylcytidine (ac4C) modification sites in mRNA. Sci. Rep. 2019,
9 (1), No. 11112.

(24) Sakaguchi, Y.; Miyauchi, K.; Kang, B. I; Suzuki, T.Nucleoside
Analysis by Hydrophilic Interaction Liquid Chromatography Coupled
with Mass Spectrometry. Methods in Enzymology; Academic Press,
2015; Vol. 560, pp 19-28.

(25) Schilling, B.; Meyer, J. G.; Wei, L.; Ott, M.; Verdin, E.High-
Resolution Mass Spectrometry to Identify and Quantify Acetylation
Protein Targets. In Protein Acetylation; Brosh, R,, Jr., Ed.; Methods in
Molecular Biology; Humana: New York, NY, 2019; Vol. 1983, pp 3—
16.

(26) Su, D.; Chan, C. T,; Gu, C.; Lim, K. S.; Chionh, Y. H.; McBee,
M. E; Russell, B. S; Babu, I. R; Begley, T. J,; Dedon, P. C.
Quantitative analysis of ribonucleoside modifications in tRNA by
HPLC-coupled mass spectrometry. Nat. Protoc. 2014, 9 (4), 828—
841.

(27) Stern, L.; Schulman, L. H. The role of the minor base N4-
acetylcytidine in the function of the Escherichia coli noninitiator
methionine transfer RNA. J. Biol. Chem. 1978, 253 (17), 6132—6139.

(28) Sinclair, W. R; Arango, D.; Shrimp, J. H.; Zengeya, T. T,;
Thomas, J. M.; Montgomery, D. C; Fox, S. D.; Andresson, T;
Oberdoerffer, S.; Meier, J. L. Profiling Cytidine Acetylation with
Specific Affinity and Reactivity. ACS Chem. Biol. 2017, 12 (12),
2922-2926.

(29) Jing, J.; Bankefors, J.; Bonneaud, C.; Sawen, E.; Gerfaud, T.;
Westin, J.; El-Bazbouz, G.; Kandelin, L.; Rousseau, A.; Olsson, J.;
Karlsson, A.; Nord, L.; Bouix-Peter, C.; Helander Kenne, A.; Boiteau,
J.-G.; Tomas, L.; Hennequin, L.; Harris, C. S. Rapid and Selective
Cleavage of Amide Groups at Neutral pH: Applications from
Hyaluronic Acid to Small Molecules. Eur. J. Org. Chem. 2018, 2018
(23), 2995—3000.

https://doi.org/10.1021/acssensors.3c02350
ACS Sens. 2024, 9, 1359—-1371


https://doi.org/10.1007/s11427-019-9823-1
https://doi.org/10.1007/s11427-019-9823-1
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1002/wrna.1144
https://doi.org/10.1002/wrna.1144
https://doi.org/10.1002/wrna.1144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkv596
https://doi.org/10.1093/nar/gkv596
https://doi.org/10.1038/s12276-018-0116-z
https://doi.org/10.1038/s12276-018-0116-z
https://doi.org/10.1126/science.1163885
https://doi.org/10.1126/science.1163885
https://doi.org/10.1007/s10555-017-9666-0
https://doi.org/10.1007/s10555-017-9666-0
https://doi.org/10.1007/s10555-017-9666-0
https://doi.org/10.1128/JB.01318-07
https://doi.org/10.1128/JB.01318-07
https://doi.org/10.1093/glycob/cwi019
https://doi.org/10.1093/glycob/cwi019
https://doi.org/10.1093/glycob/cwi019
https://doi.org/10.1038/nchembio.2346
https://doi.org/10.1038/nchembio.2346
https://doi.org/10.1093/nar/gkac404
https://doi.org/10.1093/nar/gkac404
https://doi.org/10.1186/s13059-021-02578-7
https://doi.org/10.1186/s13059-021-02578-7
https://doi.org/10.1186/s13059-021-02578-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms222111810
https://doi.org/10.3390/ijms222111810
https://doi.org/10.3390/ijms222111810?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.omtn.2023.03.023
https://doi.org/10.1002/pro.4207
https://doi.org/10.1002/pro.4207
https://doi.org/10.1002/advs.202106058
https://doi.org/10.1002/advs.202106058
https://doi.org/10.1002/advs.202106058
https://doi.org/10.1002/advs.202106058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.omtn.2020.01.037
https://doi.org/10.1016/j.omtn.2020.01.037
https://doi.org/10.1016/j.omtn.2020.01.037
https://doi.org/10.1074/jbc.M114.593996
https://doi.org/10.1074/jbc.M114.593996
https://doi.org/10.1074/jbc.M114.593996
https://doi.org/10.1016/j.cub.2010.11.058
https://doi.org/10.1016/j.cub.2010.11.058
https://doi.org/10.1021/jacs.8b06636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-019-47594-7
https://doi.org/10.1038/s41598-019-47594-7
https://doi.org/10.1038/nprot.2014.047
https://doi.org/10.1038/nprot.2014.047
https://doi.org/10.1016/S0021-9258(17)34590-8
https://doi.org/10.1016/S0021-9258(17)34590-8
https://doi.org/10.1016/S0021-9258(17)34590-8
https://doi.org/10.1021/acschembio.7b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.7b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201800304
https://doi.org/10.1002/ejoc.201800304
https://doi.org/10.1002/ejoc.201800304
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(30) Keth, J.; Johann, T.; Frey, H. Hydroxamic Acid: An Underrated
Moiety? Marrying Bioinorganic Chemistry and Polymer Science.
Biomacromolecules 2020, 21 (7), 2546—2556.

(31) Govindan, P.; Sukumar, S.; Subba Rao, R. V. Partitioning of
uranium and plutonium by acetohydroxamic acid. Desalination 2008,
232 (1), 166—171.

(32) Taylor, R. J.; May, I; Wallwork, A. L.; Denniss, I. S.; Hill, N. J;
Galkin, B. Y.; Zilberman, B. Y.; Fedorov, Y. S. The applications of
formo- and aceto-hydroxamic acids in nuclear fuel reprocessing. J.
Alloys Compd. 1998, 271—273, 534—537.

(33) Fishbein, W. N.; Carbone, P. P. Urease Catalysis. J. Biol. Chem.
1965, 240 (6), 2407—2414.

(34) Marwick, C. New drugs selectively inhibit kidney stone
formation. JAMA 1983, 250 (3), 321—322.

(35) Neganova, M. E.; Klochkov, G. S.; Aleksandrova, R. Y.; Aliev,
G. The Hydroxamic Acids as Potential Anticancer and Neuro-
protective Agents. Curr. Med. Chem. 2021, 28 (39), 8139—8162.

(36) Cherf, G. M.; Lieberman, K. R;; Rashid, H.; Lam, C. E;
Karplus, K.; Akeson, M. Automated forward and reverse ratcheting of
DNA in a nanopore at S-A precision. Nat. Biotechnol. 2012, 30 (4),
344—348.

(37) Manrao, E. A,; Derrington, I. M.; Laszlo, A. H.; Langford, K.
W.; Hopper, M. K; Gillgren, N.; Pavlenok, M.; Niederweis, M,;
Gundlach, J. H. Reading DNA at single-nucleotide resolution with a
mutant MspA nanopore and phi29 DNA polymerase. Nat. Biotechnol.
2012, 30 (4), 349—-353.

(38) Vercoutere, W.; Winters-Hilt, S; Olsen, H.; Deamer, D.;
Haussler, D.; Akeson, M. Rapid discrimination among individual
DNA hairpin molecules at single-nucleotide resolution using an ion
channel. Nat. Biotechnol. 2001, 19 (3), 248—252.

(39) Igbal, S. M.; Akin, D.; Bashir, R. Solid-state nanopore channels
with DNA selectivity. Nat. Nanotechnol. 2007, 2 (4), 243—248.

(40) Wang, Y.; Guan, X;; Zhang, S; Liu, Y.; Wang, S; Fan, P,; Du,
X; Yan, S;; Zhang, P,; Chen, H. Y,; Li, W;; Zhang, D.; Huang, S.
Structural-profiling of low molecular weight RNAs by nanopore
trapping/translocation using Mycobacterium smegmatis porin A. Nat.
Commun. 2021, 12 (1), No. 3368.

(41) Wang, Y; Zheng, D; Tan, Q; Wang, M. X; Gu, L. Q.
Nanopore-based detection of circulating microRNAs in lung cancer
patients. Nat. Nanotechnol. 2011, 6 (10), 668—674.

(42) Liu, Y.; Pan, T ; Wang, K.;; Wang, Y.; Yan, S.; Wang, L.; Zhang,
S; Du, X,; Jia, W,; Zhang, P.; Chen, H. Y,; Huang, S. Allosteric
Switching of Calmodulin in a Mycobacterium smegmatis porin A
(MspA) Nanopore-Trap. Angew. Chem. Int. Ed. 2021, 60 (44),
23863—23870.

(43) Liu, Y; Wang, K;; Wang, Y,; Wang, L.; Yan, S.; Dy, X,; Zhang,
P.; Chen, H. Y.; Huang, S. Machine Learning Assisted Simultaneous
Structural Profiling of Differently Charged Proteins in a Mycobacte-
rium smegmatis Porin A (MspA) Electroosmotic Trap. J. Am. Chem.
Soc. 2022, 144 (2), 757—768.

(44) Zhang, S.; Cao, Z.; Fan, P.; Wang, Y,; Jia, W.; Wang, L.; Wang,
K; Liu, Y.; Du, X;; Hu, C,; Zhang, P.; Chen, H. Y,; Huang, S. A
Nanopore-Based Saccharide Sensor. Angew. Chem., Int. Ed. 2022, 61
(33), No. €202203769, DOI: 10.1002/anie.202203769.

(4S) Liu, Y.; Zhang, S.; Wang, Y.; Wang, L.; Cao, Z.; Sun, W.; Fan,
P.; Zhang, P.; Chen, H. Y.; Huang, S. Nanopore Identification of
Alditol Epimers and Their Application in Rapid Analysis of Alditol-
Containing Drinks and Healthcare Products. J. Am. Chem. Soc. 2022,
144 (30), 13717—13728.

(46) Huo, M.-Z; Hu, Z-L; Ying, Y.-L; Long, Y.-T. Enhanced
identification of Tau acetylation and phosphorylation with an
engineered aerolysin nanopore. PROTEOMICS 2022, 22 (5-6),
No. 2100041.

(47) Schmid, S.; Stdmmer, P.; Dietz, H,; Dekker, C. Nanopore
electro-osmotic trap for the label-free study of single proteins and
their conformations. Nat. Nanotechnol. 2021, 16 (11), 1244—1250.

(48) Wang, Y.; Fan, P,; Zhang, S.; Wang, L,; Li, X; Jia, W.; Liu, Y,;
Wang, K,; Du, X; Zhang, P.; Huang, S. Discrimination of

1370

Ribonucleoside Mono-, Di-, and Triphosphates Using an Engineered
Nanopore. ACS Nano 2022, 16 (12), 21356—21365.

(49) Bessler, E.; Deflon, V. M.; Weidlein, J. Borchelate mit
Hydroxamsauren: Bis(hydroximato)borate/Boron Chelates with
Hydroxamic Acids: Bis(hydroximato)borates. Z. Naturforsch. B
1993, 48 (9), 1275—1278.

(50) Das, M. K; Chakraborty, S. Anionic Boron Heterocycles
Derived from Hydroxamic Acids. Synth. React. Inorg. Met.-Org. Chem.
1988, 18 (3), 225-230.

(51) de Figueiredo, A. T.; Deflon, V. M.; Bessler, K. E.; Maichle-
Méssmer, C.; Abram, U. Hydroximato complexes of boron—the X-
ray crystal structures of dicyclohexylammonium bis-
(benzohydroximato)borate chloroform solvate and tetra-n-propylam-
monium bis(benzohydroximato)borate. Polyhedron 2002, 21 (23),
2351-2356.

(52) Denis, P.; Ventura, O. N. Hydroxamic chelates of boric acid, a
density functional study. THEOCHEM 2001, 537 (1), 173—180.

(53) Bagno, A; Comuzzi, C.; Scorrano, G. Site of Ionization of
Hydroxamic Acids Probed by Heteronuclear NMR Relaxation Rate
and NOE Measurements. An Experimental and Theoretical Study. J.
Am. Chem. Soc. 1994, 116 (3), 916—924.

(54) Boccaletto, P.; Stefaniak, F.; Ray, A.; Cappannini, A.;
Mukherjee, S.; Purta, E.; Kurkowska, M.; Shirvanizadeh, N;
Destefanis, E.; Groza, P.; Avsar, G.; Romitelli, A.; Pir, P.; Dassi, E,;
Conticello, S. G.; Aguilo, F.; Bujnicki, J. M. MODOMICS: a database
of RNA modification pathways. 2021 update. Nucleic Acids Res. 2022,
50 (D1), D231-D235.

(55) Arango, D.; Sturgill, D.; Alhusaini, N.; Dillman, A. A.; Sweet, T.
J.; Hanson, G.; Hosogane, M.; Sinclair, W. R.; Nanan, K. K.; Mandler,
M. D,; Fox, S. D.; Zengeya, T. T.; Andresson, T.; Meier, J. L.; Coller,
J.; Oberdoerffer, S. Acetylation of Cytidine in mRNA Promotes
Translation Efficiency. Cell 2018, 175 (7), 1872.e24—1886.e24.

(56) Sharma, S.; Langhendries, J. L.; Watzinger, P.; Kotter, P,
Entian, K. D.; Lafontaine, D. L. Yeast Kre33 and human NAT10 are
conserved 18S rRNA cytosine acetyltransferases that modify tRNAs
assisted by the adaptor Tanl/THUMPDI. Nucleic Acids Res. 20185, 43
(4), 2242-2258.

(57) Dominissini, D.; Rechavi, G. N(4)-acetylation of Cytidine in
mRNA by NAT10 Regulates Stability and Translation. Cell 2018, 175
(7), 1725—1727.

(58) Graf, L. G.; Vogt, R; Blasl, A. T.; Qin, C.; Schulze, S.; Zuhlke,
D.; Sievers, S.; Lammers, M. Assays to Study Enzymatic and Non-
Enzymatic Protein Lysine Acetylation In Vitro. Curr. Protoc. 2021, 1
(11), No. e277.

(59) Grénroos, E.; Hellman, U.; Heldin, C.-H.; Ericsson, J. Control
of Smad7 Stability by Competition between Acetylation and
Ubiquitination. Mol. Cell 2002, 10 (3), 483—493.

(60) Hirschey, M. D.; Shimazu, T.; Goetzman, E.; Jing, E.; Schwer,
B.; Lombard, D. B.; Grueter, C. A.; Harris, C.; Biddinger, S.; Ilkayeva,
O. R; Stevens, R. D,; Li, Y.; Saha, A. K;; Ruderman, N. B,; Bain, J. R;
Newgard, C. B.; Farese, R. V,, Jr.; Alt, F. W,; Kahn, C. R;; Verdin, E.
SIRT3 regulates mitochondrial fatty-acid oxidation by reversible
enzyme deacetylation. Nature 2010, 464 (7285), 121—125.

(61) Inuzuka, H; Gao, D.; Finley, L. W.; Yang, W.; Wan, L,;
Fukushima, H.; Chin, Y. R;; Zhai, B.; Shaik, S.; Lau, A. W.; Wang, Z.;
Gygi, S. P.; Nakayama, K.; Teruya-Feldstein, J.; Toker, A.; Haigis, M.
C.; Pandolfi, P. P.; Wei, W. Acetylation-dependent regulation of Skp2
function. Cell 2012, 150 (1), 179—193.

(62) Westerheide, S. D.; Anckar, J.; Stevens, S. M.; Sistonen, L.;
Morimoto, R. L. Stress-Inducible Regulation of Heat Shock Factor 1
by the Deacetylase SIRT1. Science 2009, 323 (5917), 1063—1066.

(63) Chen, J.; Fu, Y,; Day, D. S,; Sun, Y,; Wang, S,; Liang, X,; Gu, F.;
Zhang, F.; Stevens, S. M.; Zhou, P.; Li, K; Zhang, Y,; Lin, R. Z;
Smith, L. E. H,; Zhang, J; Sun, K; Melero-Martin, J. M.; Han, Z,;
Park, P. J.; Zhang, B.; Pu, W. T. VEGF amplifies transcription through
ETS1 acetylation to enable angiogenesis. Nat. Commun. 2017, 8 (1),
No. 383.

(64) Strahl, B. D.; Allis, C. D. The language of covalent histone
modifications. Nature 2000, 403 (6765), 41—45.

https://doi.org/10.1021/acssensors.3c02350
ACS Sens. 2024, 9, 1359—-1371


https://doi.org/10.1021/acs.biomac.0c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.0c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.desal.2007.12.014
https://doi.org/10.1016/j.desal.2007.12.014
https://doi.org/10.1016/S0925-8388(98)00146-7
https://doi.org/10.1016/S0925-8388(98)00146-7
https://doi.org/10.1016/S0021-9258(18)97338-2
https://doi.org/10.1001/jama.1983.03340030003001
https://doi.org/10.1001/jama.1983.03340030003001
https://doi.org/10.2174/0929867328666201218123154
https://doi.org/10.2174/0929867328666201218123154
https://doi.org/10.1038/nbt.2147
https://doi.org/10.1038/nbt.2147
https://doi.org/10.1038/nbt.2171
https://doi.org/10.1038/nbt.2171
https://doi.org/10.1038/85696
https://doi.org/10.1038/85696
https://doi.org/10.1038/85696
https://doi.org/10.1038/nnano.2007.78
https://doi.org/10.1038/nnano.2007.78
https://doi.org/10.1038/s41467-021-23764-y
https://doi.org/10.1038/s41467-021-23764-y
https://doi.org/10.1038/nnano.2011.147
https://doi.org/10.1038/nnano.2011.147
https://doi.org/10.1002/anie.202110545
https://doi.org/10.1002/anie.202110545
https://doi.org/10.1002/anie.202110545
https://doi.org/10.1021/jacs.1c09259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202203769
https://doi.org/10.1002/anie.202203769
https://doi.org/10.1002/anie.202203769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pmic.202100041
https://doi.org/10.1002/pmic.202100041
https://doi.org/10.1002/pmic.202100041
https://doi.org/10.1038/s41565-021-00958-5
https://doi.org/10.1038/s41565-021-00958-5
https://doi.org/10.1038/s41565-021-00958-5
https://doi.org/10.1021/acsnano.2c09662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c09662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c09662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/znb-1993-0917
https://doi.org/10.1515/znb-1993-0917
https://doi.org/10.1515/znb-1993-0917
https://doi.org/10.1080/00945718808060540
https://doi.org/10.1080/00945718808060540
https://doi.org/10.1016/S0277-5387(02)01187-7
https://doi.org/10.1016/S0277-5387(02)01187-7
https://doi.org/10.1016/S0277-5387(02)01187-7
https://doi.org/10.1016/S0277-5387(02)01187-7
https://doi.org/10.1016/S0166-1280(00)00674-6
https://doi.org/10.1016/S0166-1280(00)00674-6
https://doi.org/10.1021/ja00082a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkab1083
https://doi.org/10.1093/nar/gkab1083
https://doi.org/10.1016/j.cell.2018.10.030
https://doi.org/10.1016/j.cell.2018.10.030
https://doi.org/10.1093/nar/gkv075
https://doi.org/10.1093/nar/gkv075
https://doi.org/10.1093/nar/gkv075
https://doi.org/10.1016/j.cell.2018.11.037
https://doi.org/10.1016/j.cell.2018.11.037
https://doi.org/10.1002/cpz1.277
https://doi.org/10.1002/cpz1.277
https://doi.org/10.1016/S1097-2765(02)00639-1
https://doi.org/10.1016/S1097-2765(02)00639-1
https://doi.org/10.1016/S1097-2765(02)00639-1
https://doi.org/10.1038/nature08778
https://doi.org/10.1038/nature08778
https://doi.org/10.1016/j.cell.2012.05.038
https://doi.org/10.1016/j.cell.2012.05.038
https://doi.org/10.1126/science.1165946
https://doi.org/10.1126/science.1165946
https://doi.org/10.1038/s41467-017-00405-x
https://doi.org/10.1038/s41467-017-00405-x
https://doi.org/10.1038/47412
https://doi.org/10.1038/47412
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors pubs.acs.org/acssensors

(65) Anonsen, J. H; Berud, B.; Vik, A; Viburiene, R.; Koomey, M.
Structural and genetic analyses of glycan O-acetylation in a bacterial
protein glycosylation system: evidence for differential effects on
glycan chain length. Glycobiology 2017, 27 (9), 888—899.

(66) Pascual, S.; Planas, A. Carbohydrate de-N-acetylases acting on
structural polysaccharides and glycoconjugates. Curr. Opin. Chem.
Biol. 2021, 61, 9—18.

(67) Hinzmann, A.; Stricker, M,; Gréger, H. Chemoenzymatic
Cascades toward Aliphatic Nitriles Starting from Biorenewable
Feedstocks. ACS Sustainable Chem. Eng. 2020, 8 (46), 17088—17096.

(68) Ganeshpurkar, A,; Kumar, D.; Singh, S. K. Strategies for the
Synthesis of Hydroxamic Acids. Curr. Org. Synth. 2018, 15 (2), 154—
165.

(69) Lu, H; Giordano, F.; Ning, Z. Oxford Nanopore MinION
Sequencing and Genome Assembly. Genomics, Proteomics Bioinf. 2016,
14 (5), 265—279.

1371

https://doi.org/10.1021/acssensors.3c02350
ACS Sens. 2024, 9, 1359—-1371


https://doi.org/10.1093/glycob/cwx032
https://doi.org/10.1093/glycob/cwx032
https://doi.org/10.1093/glycob/cwx032
https://doi.org/10.1016/j.cbpa.2020.09.003
https://doi.org/10.1016/j.cbpa.2020.09.003
https://doi.org/10.1021/acssuschemeng.0c04981?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c04981?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c04981?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/1570179414666170614123508
https://doi.org/10.2174/1570179414666170614123508
https://doi.org/10.1016/j.gpb.2016.05.004
https://doi.org/10.1016/j.gpb.2016.05.004
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

