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ABSTRACT: Mapping proteins at a specific subcellular location is
essential to gaining detailed insight on local protein dynamics. We have
developed an enzymatic strategy to label proteins on a subcellular level
using arylamine N-acetyltransferase (NAT). The NAT enzyme activates
an arylhydroxamic acid functionality into a nitrenium ion that reacts
fast, covalently, and under neutral conditions with nucleophilic residues
of neighboring proteins. The electron density on the aromatic ring proved
important for probe activation as strong labeling was only observed
with an arylhydroxamic acid bearing an electron donating substituent.
We further demonstrate that, using this electron rich arylhydroxamic
acid, clear labeling was achieved on a subcellular level in living cells that
were transfected with a genetically targeted NAT to the nucleus or the cytosol.

In order to understand cellular organization and protein
homeostasis, it is crucial to obtain proteomic information at

a subcellular resolution over time. Common approaches to
profile protein content and protein interactions include cell
fractionation, immunoprecipitation, and chemical- or photo-
cross-linking.1−3 While these techniques are very useful for
many applications, it remains a challenge to identify transient,
low affinity, or distal interacting proteins of a specific protein of
interest (POI).1,2 In addition, these approaches often require
isolation of the POI from its native cellular environment,
leading to the identification of many nonspecific interactors.
To realize proteomic mapping of endogenous proteins within

living cells, proximity-dependent protein labeling by a genet-
ically targetable enzyme, such as biotin ligase (BioID)4,5 or an
engineered ascorbate peroxidase (APEX),6,7 has emerged as a
powerful system. BioID is based on an engineered biotin ligase
(BirA*), which converts biotin and ATP into a biotin-adenylate
mixed anhydride (biotin-AMP).5 As biotin-AMP is reactive
toward nucleophiles, proteins that reside in close proximity of
BirA* will be covalently modified with biotin. While BioID is
used successfully for many applications, it has limited use for
temporal proteomic profiling due to the long-required labeling
times (6−24 h).6 In contrast, APEX generates short-lived free
phenoxyl radicals by oxidizing biotin-phenol in the presence of
1 mM of hydrogen peroxide for 1 min that will react within
<1 ms with electron-rich amino acids.7,8 The biotinylated proteins
are then enriched using streptavidin beads and identified by
mass spectrometry.8−10 Though, the exposure of cells to high
levels of peroxide (1 mM), needed for the enzymatic reaction
by APEX, might cause adverse effects, such as the induction of a
cellular stress response.11

In order to avoid the use of hydrogen peroxide and still
preserve fast labeling times for subcellular protein labeling, we
set out to establish a novel enzymatic proximity labeling strategy
using arylamine N-acetyltransferase (NAT; Figure 1). NATs are
xenobiotic metabolic enzymes catalyzing N- and O-acetylation
of arylamines and N-hydroxylated arylamines conducting a
ping-pong bibi mechanism using acetyl coenzyme A as an acetyl
source.12,13 Humans have two isoenzymes, hNAT1 and hNAT2,
that vary in tissue distributions and substrate specificity.14−16

Besides the direct acetylation of arylamines, an additional
enzymatic conversion observed for NATs is the catalysis of the
N,O-acetyl transfer of N-acetyl-N-hydroxyarylamines (hydroxa-
mic acids) into N-acetoxy-arylamines (Figure 1A).17 Depending
on the aryl substituents, these N-acetoxy esters undergo fast
heterolytic N−O bond cleavage into nitrenium ions.18,19 Although
nitrenium ions are relatively stable in aqueous environments,
up to microseconds depending on the substituents, they are
highly reactive toward nucleophilic residues residing in DNA,
RNA, and proteins with rates approaching the diffusion
limit.20,21 Because of this mechanism and the reactivity toward
nucleophilic residues, it has been postulated that these meta-
bolic conversions of arylamines are the onset of the observed
carcinogenicity of these compounds.22−25 For our studies,
we envisioned that we could exploit this unique N,O-acetyl
transfer capacity of NAT for subcellular protein labeling by
subjecting synthetic hydroxamic acid probes directly to cells.
Subcellular activation of these probe is then established by
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overexpressing the NAT enzyme at a specific cellular location
of interest.
To evaluate whether the NAT enzyme can be successfully

used for labeling of proteins and to assess the influence of
electronic factors on the labeling efficiency,18,19 we synthesized
three different arylhydroxamic acid (AHA) containing probes
that varied in the electron donating and withdrawing properties
of the linker used to connect the AHA active group to an azide
moiety (active probes 1, 3, and 5; Figure 2B and C). Azides are
well-known handles that can be used for visualization of the
labeled proteins using established bioorthogonal chemistries,
including the copper(I)-catalyzed alkyne−azide cycloaddition
(CuAAC) and the strain-promoted alkyne−azide cycloaddition
(SPAAC).26 In addition, we synthesized a set of structurally
similar probes containing an acetamide, lacking the hydroxyl
functionality (control probes 2, 4, and 6, Figure 2B and C).
As the hydroxyl is essential for the N,O-acetyl transfer by NAT,
we use these as control probes in our experiments as nitrenium
ion formation is impeded.
The AHA probes were obtained in reasonable to good yields

starting from iodophenyl building blocks containing the different
azide linkers, using a copper-mediated Ullman-type coupling to
THP-protected N-hydroxy acetamide in heated DMF (Figure 2B,
Supporting Information).27 Other attempts to obtain the hydrox-
amic acid functionality, such as a partial reduction of a nitro group
followed by acetylation28−30 or the Pd-catalyzed Buchwald−
Hartwich amination,31,32 proved less satisfactory. Removal of the
THP protecting group afforded active probes 1, 3, and 5 in good
yields. Control probes 2, 4, and 6 were obtained after a similar
Ullman-type reaction using the acetamide.
Having the probes in hand, we started to explore the ability

of hNAT1 to activate the AHA probes for covalent protein
modification in vitro (Figure 2A). First, His-tagged hNAT1 was
expressed in E. coli and partly purified using Ni2+ NTA affinity

chromatography (Figure S1). Subsequently, activation of
probes 1−6 with the hNAT1 eluate was followed in time and
the protein labeling was visualized by the SPAAC reaction using
DBCO-Cy5.5 9 (Figures 2E and S2). To our delight, protein
labeling of the hNAT1 eluate was evidenced within minutes
using the hydroxamic acid 1, containing an electron-donating
ether linkage. Significant lower labeling was observed using
active probes 3 and 5, whereas negligible labeling was detected
by incubating hNAT1 with the control probes 2, 4, and 6.
We next determined the amount of protein that is labeled by

the AHA probes. For this, we incubated semipurified hNAT1
with AHA reactive probe 7, containing a biotin moiety (see
Supporting Information), and enriched the labeled proteins
using streptavidin beads. Similar to the AHA reactive probe 1,
high protein labeling was observed within minutes using the
AHA probe 7, while negligible labeling was observed with
control probe 8 (Figure 2E and S3A). To our satisfaction, on
bead enrichment of the biotinylated proteins was achieved in a
concentration-dependent manner, and close to full recovery
was observed using 0.5−5 mM of AHA probe 7 under these
conditions (Figures 2F and S3B).
We were interested in whether the observed protein labeling

occurs in a proximity-dependent manner. Therefore, the partial-
purified hNAT1 enzyme was spiked into a set of three other
purified proteins (e.g., bovine serum albumin, BSA; green
fluorescent protein, GFP; and the FK506 binding protein,
FKBP) or into human embryonic kidney (HEK-293T) cell
lysate (Figure 3A). The protein mixtures were incubated with
the most active AHA probe 1 for 1 h, and the labeled proteins
were visualized by the SPAAC reaction using DBCO-Cy5.5 9
(Figures 3B and S4). While labeling of proximal proteins was
observed in both experimental setups, the hNAT1 enzyme was
superiorly labeled, indicating the activated AHA probes
favorably reacted with nucleophilic residues in close proximity
of the hNAT1 active site. It should be noted that adding AHA
probe 1 to cell lysate in the absence of recombinant hNAT1
also resulted in significant protein labeling, likely due to the
endogenously expressed transferase enzymes.
To verify whether our NAT strategy was applicable for

labeling in living cells and to assess the level of activation of our
probes by endogenously expressed hNAT enzymes, we incu-
bated HEK-293T cells with the AHA probe 1, 3, and 5 as well
as the control probes 2, 4, and 6 for 1 h (Figure 3C and S5).
The protein lysate was subjected to the SPAAC reaction using a
DBCO-Cy5.5 9 or the CuAAC reaction using a Cy5.5-alkyne
10 and analyzed by SDS-PAGE (Figure 3C and Figure S5A).
Active probe 1 showed significant protein labeling in cells,

whereas the control probe 2 showed labeling intensities similar
to that observed for cells that were not subjected to any probe
or in the absence of copper or the Cy5.5-alkyne 10. Protein
labeling by AHA probe 1 in living cells was already observed
within minutes, indicating that this probe is easily diffused into
the cell and quickly activated by the NAT enzyme (Figure S6).
Although less pronounced labeling was observed for active
probes 3 and 5 using the purified hNAT1 protein above, we did
observe protein labeling using these probes in living cells
(Figures 3C and S5B). This indicates that the probes can be
activated inside living cells by endogenous hNAT1, although
we cannot exclude that other potential activating enzymes, such
as hNAT2 of arylamine sulfotransferases,33 are involved.
More intense signals of the labeled proteins using active

probe 1 were observed using DBCO-Cy5.5 9, while the back-
ground labeling by the SPAAC reaction was much higher than

Figure 1. Overview of local protein labeling by the NAT enzyme on a
molecular level (A) and a cellular level (B).
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observed for the CuAAC reaction (Figure S5A) and could not
be reduced by blocking nucleophilic residues by iodoacetamide
treatment. For this reason, we used the CuAAC reaction for
visualizing labeled proteins by NAT in further cell experiments.
Unfortunately, protein labeling was not observed by incu-

bating HEK-293T cells with the biotinylated probe 7 (data not
shown). Since the hNAT1 enzyme was able to activate the
active probe 7 in vitro, the absence of protein biotinylation in
living cells might be explained by difficulties of the biotinylated
probe to enter the cells.
Subsequently, we evaluated whether our NAT labeling

strategy can be used for the subcellular tagging of proteins by
overexpressing hNAT1 at a specific cellular region. For this, we
targeted the hNAT1, equipped with an HA tag, in HEK-293T
cells toward the nucleus using a nuclear localization signal
(NLS). As we observed that modification of the C-terminus
of NAT inactivates the enzyme (data not shown),16,34 we
incorporated the localization signal on the N-terminus of the
hNAT1 protein. Transient transfection of HEK-293T cells
with plasmids encoding the NLS-HA-hNAT1 showed high
expression levels and correct localization of the enzyme, as
evidenced by confocal microscopy of fixed cells that were
stained with antibodies against hNAT and the HA tag (Figure S7).
Importantly, the endogenous levels of hNAT in HEK-293T

cells were not observed, indicating that endogenous NAT
expression levels are low compared to expression levels of the
localized hNAT1.
The subcellular labeling potential by nuclear localized hNAT1

was measured for all probes 1−6, whereby the transfected living
cells were first incubated with the probes for 1 h, followed by
fixation and the CuAAC reaction using Fluor488-alkyne 11
(Figure 4A and Figure S8). To our delight, enhanced subcellular
protein labeling was observed in the nucleus using hydroxamic
acid 1 in the cells overexpressing the NLS-HA-hNAT1. The
labeling intensity of active probe 1 correlated with the protein
expression levels of the hNAT1 enzyme. Cells that were not
transfected with the NLS-HA-hNAT1 did not show pronounced
protein labeling. Furthermore, the background of transfected cells
treated with control probe 2 was similar to transfected cells that
were subjected to the CuAAC reaction, but not treated with any
probe. In contrast to AHA probe 1, AHA probe 3 did show
increased labeling in all cells compared to the control probe 4;
however, no subcellular labeling was observed, and the labeling
intensities did not correlate with the cellular hNAT1 expression
levels (Figure S9). In addition, AHA probe 5 showed very similar
labeling intensities to that observed for the control probe 6,
indicating that this probe, as well as active probe 3, are not
suitable for use in subcellular labeling applications (Figure S9).

Figure 2. (A) Schematic overview of hNAT1 labeling using synthesized AHA probes. (B) Synthetic route and (C) structures of active and control
probes 1−8. For probes 2, 4, and 6: (i) CuI, DMEDA, Cs2CO3, DMF, 80 °C, 1−2 days. For probe 8: (ii, a) CuI, DMEDA Cs2CO3, DMF, 80 °C,
1−2 days. (b) Biotin-alkyne S12, CuSO4, sodium ascorbate, H2O, tBuOH, DMF, rt, 16 h. (iii) CuI, DMEDA, Cs2CO3, DMF, 80 °C, 1 day. For
probe 1: (iv) PPTS, EtOH, 55 °C, 1 day. For probe 3 and 5: (v) 4 M HCl in dioxane, CH2Cl2, 2 h. (vi) Using THP protected probe 1: (a) Biotin-
alkyne S12, CuSO4, sodium ascorbate, H2O, tBuOH, rt, 16 h. (b) PTTS, EtOH, 55 °C, 16 h. (D) Fluorophore 9−11 used to visualize the labeled
proteins. (E) Purified hNAT1 was incubated with probes 1−8 at indicated times and visualized by the SPAAC reaction using DBCO-Cy5.5 7 or by
streptavidin IR-800. (F) Enrichment of biotinylated hNAT1 by AHA probe 7 using streptavidin magnetic beads. The percentage indicates the level
of protein recovery on the beads relative to the input.
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To further validate the general use of the NAT enzyme for
subcellular labeling, we targeted the hNAT1 to the cytosol
using the nuclear export signal (NES). HEK-293T cells trans-
fected with the cytosolic targeted hNAT1 (NES-HA-hNAT1)
were incubated with the probes 1 and 2 followed by the

CuAAC reaction (Figures 4B and S8). In agreement with the
results observed for NLS-HA-hNAT1, enhanced subcellular
labeling in the cytosol was observed using probe 1 in cells
transfected with NES-HA-hNAT1, and intensities correlated to
the NAT expression levels. Again, very low protein labeling was

Figure 3. Evaluation of proximal protein labeling by hNAT1. (A) Experimental overview. (B) Semipurified hNAT1 was added to proteins (BSA,
GFP, and FKBP) or HEK-293T lysate and incubated with probes 1 or 2. Proteins were visualized by the SPAAC reaction using DBCO-Cy5.5 9. (C)
Living HEK-293T cells were incubated with probes 1−6 for 1 h. Labeled proteins were visualized by the CuAAC reaction using Cy5.5-alkyne 10.

Figure 4. Nuclear and cytosolic labeling was observed by localized hNAT1 using the hydroxamic acid 1 within minutes. (A) NLS-HA-hNAT1
transfected HEK-293T cells were incubated with the active probe 1, control probe 2, or no probe (−) followed by the CuAAC reaction using
Fluor488-alkyne 11 (green). HA-hNAT1 was stained against the HA-tag (red) and the nucleus using DAPI (gray). (B) Labeling of NES-HA-hNAT1
transfected cells followed by similar staining as in A. (C) Nuclear protein labeling in time by NLS-HA-hNAT1 transfected HEK-293T cells using the
active probe 1 (similar labeling and staining as in A). Scale bar = 25 μm.
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observed using the control probe 2, as evidenced with confocal
microscopy.
Finally, since subcellular labeling was only observed using

active probe 1 in cells transfected by NLS-HA-hNAT1, we
examined the subcellular protein labeling in time using this
probe (Figure 4C and Figure S10). To our satisfaction, initial
nuclear protein labeling was observed within 5 min and increas-
ingly intense subcellular labeling was evidenced over time.
In summary, with this chemoenzymatic labeling strategy based

on hNAT1, we show fast and covalent protein labeling at a
subcellular level, while avoiding the use of potentially cell-
disturbing cofactors. hNAT1 recognizes arylhydroxamic acids
resulting in the formation of highly reactive nitrenium ions that
react covalently with nucleophilic residues in and in close prox-
imity of the hNAT1 enzyme. The electronic properties of the
probes seem important for subcellular use. We hypothesize that
the increased subcellular labeling using active AHA probe 1
compared to AHA 3 and 5 might be explained by the decreased
stability of the acetoxy ester intermediate. Due to the electron-
rich oxygen at the para position of the arylamine probe 1, the
acetoxy-ester intermediate is likely less stable, resulting in fast
nitrenium ion formation.18,19 We have used the nitrenium ion
activation of probe 1 by hNAT1 for clear local labeling in the
nucleus as well as the cytosol within minutes in living cells. We
envision that this enzymatic NAT labeling approach is suitable
for a proteomics setup with high spatial and temporal resolu-
tion and thereby holds great promise as an approach to unravel
fundamental cell biology questions.
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