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A
dramatic increase in the industrial
production and use of nanoparticles
(NPs) has taken place over the past

decades, yet the potential toxic effects of
NPs are far from being clearly understood.1

Carbon black nanoparticles (CB NPs) are
widely used in industrial production.2 These
particles are most often produced by con-
trolled incomplete combustion or thermal
decomposition of hydrocarbons. The ex-
pected increase in worldwide demand for
CB NPs (for example in the production of
tires, rubbers, plastics and printing inks) and
their prevalence in the environment due to
large-scale production requires that we un-
derstand how these particles interact with
biological processes.
CB NPs and their respirable aggregates/

agglomerates are classified as possibly car-
cinogenic to humans (group 2B).3,4 Of pri-
mary concern is the possible synergy between
CB NPs and toxic pollutants which them-
selves present particle-induced toxicity. In-
deed, approximately 90% of CB is used in
rubber applications,5,6 and CB along with
aromatic amines (AA) are major raw materi-
als for automobile tire manufacturing.7 AA
represent one of the most important classes
of occupational or environmental pollutants.
They are a common byproduct of chemical
manufacturing (dyestuffs, pesticides, rub-
bers, or pharmaceuticals), coal and gasoline
combustion, and pyrolysis reactions. Many
AA are toxic tomost living organisms due to
their genotoxic or cytotoxic properties.8 AA
account for 12% of the chemicals either
known to be or strongly suspected to be car-
cinogenic in humans.9 Exposure assessment

studies have shown that workers employed
in the rubber manufacturing industry are
exposed to numerous airborne xenobiotics,
including AA, which have been shown to be
carcinogenic and/or mutagenic.10 Since CB
NPs and AA compounds coexist in such
industrial work settings, the possibility that
carcinogenic AAmetabolism in cells is mod-
ified by CB NPs needs to be explored.
Most of the observed biological effects of

NPs are likely due to their interactions with
proteins,11 including enzymes involved in
various biological pathways.12 To gain a better
understanding of the toxicological effects
of CB NPs, including their carcinogenicity,
it is crucial to characterize their interactions
with xenobiotic/carcinogen-metabolizing
enzymes (XME). NPs have been reported to
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ABSTRACT Carbon black nanoparticles (CB NPs) and their respirable aggregates/agglomerates

are classified as possibly carcinogenic to humans. In certain industrial work settings, CB NPs coexist

with aromatic amines (AA), which comprise a major class of human carcinogens. It is therefore crucial

to characterize the interactions of CB NPs with AA-metabolizing enzymes. Here, we report molecular

and cellular evidence that CB NPs interfere with the enzymatic acetylation of carcinogenic AA by

rapidly binding to arylamine N-acetyltransferase (NAT), the major AA-metabolizing enzyme. Kinetic

and biophysical analyses showed that this interaction leads to protein conformational changes and

an irreversible loss of enzyme activity. In addition, our data showed that exposure to CB NPs altered

the acetylation of 2-aminofluorene in intact lung Clara cells by impairing the endogenous NAT-

dependent pathway. This process may represent an additional mechanism that contributes to the

carcinogenicity of inhaled CB NPs. Our results add to recent data suggesting that major xenobiotic

detoxification pathways may be altered by certain NPs and that this can result in potentially harmful

pharmacological and toxicological effects.

KEYWORDS: lung Clara cells . xenobiotic metabolism . irreversible inhibition .
enzyme . protein conformation
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exert different types of effects on enzymes, including
catalytic activation, stabilization, or inactivation.13�16

With respect to carcinogen-metabolizing enzymes,
recent studies have shown that certain NPs, such as those
consisting of polystyrene17 or silver,18 can inhibit the
activity of an important class of XME, the cytochrome
P450 isoenzymes.
ArylamineN-acetyltransferases (NAT) are XMEwhich

are particularly relevant for assessing the effects of CB
NPs on AA metabolism. Indeed, NAT catalyze the
acetyl-CoA-dependent N- and/or O-acetylation of AA
and theirN-hydroxylatedmetabolites.19 TheN-acetyla-
tion reaction leads to the detoxification of AA through
the production of chemically stable arylacetamides.
Conversely, O-acetylation of hydroxylamines leads to
faster rate of production of reactive electrophilic com-
pounds. Therefore, NAT-dependent acetylation of AA is
a major biotransformation pathway which can have
pharmacological and toxicological consequences. In
particular, variations in NAT activity have long been
associated with susceptibility to different cancers,
some of which are also related to AA exposure.20

Here we report molecular and cellular evidence that
CB NPs interfere with the enzymatic acetylation of
carcinogenic AA by rapidly binding to NAT enzymes.
Kinetic and biophysical analyses showed that this
interaction leads to protein conformational changes
and irreversible losses in enzyme activity.

RESULTS AND DISCUSSION

To investigate the effects of CB NPs on the NAT-
dependent biotransformation of AA, we used well-
characterized commercially available CB NPs (FW2)
from Degussa. Supplementary Table 1 (see Supporting
Information) summarizes their key physicochemical
characteristics (diameter, surface area, zeta potentials,
and hydrodynamic diameters of the suspended parti-
cles in water, PBS, and DMEM F-12). These CB NPs are
carbonaceous NPs that possess surface sites contain-
ing mono- and dicarboxylic acids, as well as carbonyl
groups of aldehydes and ketones.21 The aggregate size
is not equal to the primary particle size (13 nm) and the
mean hydrodynamic diameter of the aggregates was
close to 300 nm. Similar levels of CB NP aggregation

Figure 1. Inactivation of endogenous NAT activity in Clara cells and impairment of 2-AF acetylation by cultured Clara cells
uponexposure to CBNPs. (A) Cell extracts (15mg/mLprotein concentration)were exposed toCBNPs (50�400μg/mL) at 37 �C
for 30 min. Extracts exposed only to PBS were used as controls. Residual NAT activity in cell extracts was assessed by HPLC
using 2-AF as a substrate (gray bars). After centrifugation, the relative amounts (relative density) of NAT in the supernatant
(green bar) and in the CB NP-pellets (blue bar) were measured in western-blots using the Multigauge software (FujiFilm,
Japan). The 100%value for the CBNP-pellets (blue bars) corresponds to the amount of NAT enzymepresent in extract (15mg/
mL total protein) not incubated with CB NPs. Error bars indicate the SD values. (B) Cells in 6-well plates were exposed to
different concentrations of CB NPs for 2 h. Following CB NP treatment, cells were washed and grown in fresh culture medium
in the presence of 500 μM of 2-AF. The amount of acetylated-2-AF in culture medium was quantified by HPLC. The maximal
amount of acetylated 2-AF generated in 1 h (100%)was equivalent to 320 pmol. Error bars indicate the SD values (/, p < 0.05).
In addition to cell counting, antiactin western-blots were used to ascertain whether the numbers of cells in the wells at the
beginning of the experiment and at the end were the same (lower panel).
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Figure 2. Effect of CB NPs on human recombinant NAT1. (A) NAT1 was incubated with different concentrations of CB NPs
(5�40 μg/mL) at 37 �C for 30 min and then residual activity was measured using PAS as substrate (gray bars). NAT1 exposed
only to PBSwas used as control. Error bars indicate the SD values. After centrifugation (30min at 100 000 g), supernatants and
NP-pellets were analyzed byWestern blot using an anti-NAT antibody. (B) NAT1 (30 nM, final concentration) was treated with
CB NPs (at final concentrations between 115 and 460 nM corresponding to 10�40 μg/mL) at 37 �C and the residual activity
was assayed with PAS in aliquots taken at various times. Inset: plots of the natural logarithm of percent residual activity
versus time. The apparent first-order inactivation constants (kobs) were calculated from linear regressions. The apparent
second-order rate constant (kinact

app) was determined using linear regression (kobs versus CB NPs concentration). Error
bars indicate the SD values (C) Far UV spectra of human NAT1 (3 μM) in the presence (gray line) and in the absence
(black line) of CB NPs (40 μg/mL).
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have been reported previously.22,23 We have observed
that these CB NPs are internalized very rapidly by cell
monolayers (requiring exposures of as little as 30 min)
and the internalized amount remains nearly constant
between 2 and 24 h.24 Moreover, these CB NPs have
been shown to exert biological effects in lung and renal
epithelial cells.22,23

Lung epithelial cells are known to be a primary
defense against pulmonary toxicants and represent
possible targets in lung carcinogenesis.25 We reported
previously that functional human NAT1 (or its murine
ortholog, NAT2) is present in different types of pul-
monary epithelial cells, such as Clara cells or type II
alveolar cells. These data indicated that inhaled AA
may undergo NAT-dependent biotransformation in
lung epithelium. Clara cells represent up to 80% of
the epithelial cell population of the distal airways26 and
have been shown to be involved in the biotransforma-
tion of environmental chemicals.27�29 The role of Clara
cells in the carcinogenesis of pulmonary epithelia is
also well documented.26 We therefore assessed the
sensitivity of NAT enzyme to CB NPs by exposing
extracts from cultured Clara cells to different concen-
trations of CB NPs (Figure 1). Exposure of Clara cell
extract to CB NPs (50 to 400 μg/mL) caused significant
concentration-dependent inactivation of the endo-
genous NAT enzyme (Figure 1A). CB NPs at 95 μg/mL
inactivated 50% of cellular NAT. After centrifuging the

extract samples to sediment the CB NPs, immunoblot
analysis of the extract supernatants showed a CB NP
dose-dependent decrease in immunoreactive NAT en-
zyme which paralleled the losses observed in the
enzyme activity assay. Immunoblot analysis of the
pellet samples showed that the loss of immunoreactive
NAT enzyme from the supernatants was mainly due to
its accumulation in the CBNP-pellets (Figure 1A). These
data suggest that a direct interaction between CB NPs
and the endogenous NAT enzyme led to its functional
impairment. To confirm this hypothesis, we investi-
gated the ability of CB NPs to impair the cellular N-
acetylation of 2-aminofluorene (2-AF, a prototypic
carcinogenic substrate of NAT) in living cells. We
exposed Clara cells to CB NPs for 2 h and subsequently
to 2-AF for 1 h. We observed that the amount of
acetylated 2-AF in the cell culture medium decreased
in a dose-dependent manner, with an IC50 of ∼10 μg/
cm2 (Figure 1B). Overall, these data indicated that
exposure to CB NPs altered 2-AF acetylation in intact
lung epithelial cells by impairing the endogenous NAT-
dependent pathway. We obtained similar results with
A549 cells, a lung alveolar epithelial cell line (data not
shown).
Human recombinant NAT1 enzyme was used to

investigate the effect of CB NPs on NAT activity at the
molecular level. NAT1 enzymewas incubated for 30min
with various concentrations of CB NPs (up to 40 μg/mL).

Figure 3. Time course analysis of CB NP-bound NAT1 and impairment of NAT activity. (A) CB NPs (40 μg/mL) were
preincubated with purified NAT1 enzyme (100 μg/mL) in 1mL of PBS for 30min at 37 �C to generate CB NP-NAT1 conjugates.
After ultracentrifugation (100 000 g, 30 min, 4 �C), CB NP pellets were recovered in 1 mL of PBS and incubated at 37 �C. At
different time points (0, 1, 3, and 6 h), 100 μL of themixture was taken and submitted to ultracentrifugation. The supernatant
was saved for further analysis. The CB NP pellets were washed once with PBS, and bound NAT1 enzyme was eluted from the
pellets in 20 μL of 4X SDS-sample buffer. Supernatants (50 μL) and eluates (10 μL) were analyzed by SDS-PAGE and Western
blotting (seeMethods). (B) CBNPs (40μg/mL)were preincubatedwith purifiedNAT1enzyme (100μg/mL) in 1mLof PBS for 30
min at 37 �C to generate CB NP-NAT1 conjugates. After ultracentrifugation (100 000g, 30 min, 4 �C), the supernatant was
saved to determine NAT enzyme activity (see Methods). The CB NP pellet was resuspended in 1 mL of PBS and
ultracentrifuged again. CB NP-NAT1 conjugates were resuspended in 100 μL of NAT assay buffer (PBS containing 200 μM
PNPA). NAT activity in the mixture was assayed at 37 �C as described in the Methods using PAS as substrate. NAT1 enzyme
(100 μg/mL) in 1 mL of PBS was used as control.
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NAT activity was significantly inhibited by CB NPs in a
dose-dependentmanner (IC50≈ 15μg/mL) (Figure 2A).
After ultracentrifugation, immunoblot analysis of
supernatant samples using an anti-NAT antibody
showed a CB NP-dose dependent decrease in immu-
noreactive protein which paralleled the losses ob-
served in the enzyme activity. Immunoblot analysis of
pellet samples using the same antibody showed that
the losses of immunoreactive enzyme from the super-
natants were mainly due to its accumulation in CB NP-
pellet (Figure 2A). These results further supported the
existence of a direct interaction between CB NPs and
NAT1 enzyme. We next carried out a time-course study
to analyze the stability of the CB NP-NAT1 conjugates
and found that these conjugates remained stable for at
least 6 h (Figure 3A).
To gain further insights into the mechanisms by

which CB NPs inactivate recombinant NAT1, we per-
formed kinetic analyses. The inhibition was found to
obey an irreversible bimolecular process which can be
represented by the following equation:�d[NAT1]/dt =
kinact 3 [NAT1] 3 [CB NPs], where [NAT1] is the concentra-
tion of active enzyme and kinact is the second-order rate
constant. The apparent first order inactivation rate
constant (kobs = kinact 3 [CB NPs]) was calculated for each
CB NPs concentration from the slope of natural log (ln)
of the residual activity percentage plotted against time.
The second order rate constant was determined from
the slope of kobs against CB NP concentration. CB NP
molarity values were estimated on the basis of a CB NP
diameter of 13 nm. However, due to extensive CB NP
aggregation (with a mean hydrodynamic diameter of
∼300 nm), the true kinetic constant was likely to be
underestimated. Therefore, given the apparent size
heterogeneity of the aggregates, it was not possible
to calculate kinact more precisely, and it should be
considered an apparent constant (kinact

app). Neverthe-
less, the data showed that the enzyme was rapidly
and irreversibly inactivated by CB NPs, with an appar-
ent second-order rate constant (kinact

app) for enzyme
inactivation of 2.90 � 103 M�1

3 sec
�1 (Figure 2B). For

CB NP aggregates of 300 nm, we estimated a value of
3.30 � 107 M�1

3 sec
�1 for kinact

app.
Our centrifugation experiments (Figures 1A and 2A)

suggested that a direct interaction between CB NPs
and the NAT enzyme led to its inactivation. To test
whether CB NP-bound NAT1 was inactive, CB NP
conjugates were assayed for NAT activity (Figure 3B).
These experiments showed that CB NP-NAT1 conju-
gateswere devoid of enzyme activity. To further under-
stand the mechanism underlying the inactivation of
NAT1 by CB NPs, we used CD spectroscopy to assess
whether the CB NPs were responsible for conforma-
tional changes in the enzyme structure. NAT1 far UV
spectra were recorded in the absence or presence of
CB NPs (40 μg/mL, a concentration that yielded nearly
full enzyme inactivation, Figure 2C). The spectrum of

NAT1 without CB NPs showed a positive band near
192 nmand a negative band near 220 nm. The addition
of CBNPs triggered a decrease of the positive band and
an increase of the negative band, which indicated that
secondary structures in NAT1 had changed (Figure 2C).
The CD spectra were deconvoluted, and the deduced
compositions of the secondary structures were analyzed
(Table 1). The presence of CB NPs was accompanied by
a decrease in theR-helical content (14%�6.9%) and an
increase in the β-strand content (33.6%�37.9%). These
CD data demonstrated that the secondary structures of
NAT1 were sensitive to CB NP binding. Overall, our
results suggest that NAT1 helices are destabilized by
CB NP binding, which leads to structural changes and
subsequent enzyme inactivation.
It has been reported that the CB NPs used in our

study (Degussa FW2) are capable of generating reac-
tive oxygen species (ROS) under abiotic conditions.24,30

These properties are likely due to industrial manufac-
turing processes (involving a post-treatment with
oxidants) which create mono- and dicarboxylic acid
groups and carbonyl groups of aldehydes and ketones
on the surface of these CB NPs.21 ROS are generally
destructive in nature, and NAT enzymes are well-
known to be inactivated by oxidative species.31 Thus,
we investigated whether thiol-reducing agents could
protect NAT1 from inactivation by CB NPs. Incubating
the enzyme with CB NPs in the presence of high
concentrations (1, 2, or 4 mM) of DTT (1,4-dithio-
threitol) or GSH (reduced glutathione) afforded no

TABLE 1. Analysis of the Composition of the Secondary

Structures with or without CB NPsa

R helix (%) β sheet (%) other (%) rmsd

w/o NPs 14 33.6 52.4 0.031
with NPs 6.9 37.9 55.2 0.048

a Deconvolution of the CD spectra was carried out using CONTIN software included in
CDpro http://lamar.colostate.edu/∼sreeram/CDPro/33 with a database consisting
of 42 soluble proteins.

TABLE 2. Effects of Reducing Agents on Recombinant

NAT1 Activity in the Presence or Absence of CB NPs

(40 μg/mL)a

conditions activity (%)

control 100
NAT1 þ CB NPs 4.5( 4
NAT1 þ CB NPs þ GSH (2 mM) 6.1( 7
NAT1 þ CB NPs þ GSH (4 mM) 9.3( 5
NAT1 þ CB NPs þ DTT (1 mM) 22( 12
NAT1 þ CB NPs þ DTT (2 mM) 18( 6

a The values shown are means of three independent experiments, in which each
treatment was performed in quadruplicate. Assays were done with PAS as
substrate. Values obtained with GSH and DTT are not statistically different from
the value obtained with NAT1þCB NPs (ANOVA followed by Student t-test with
Bonferroni correction). p < 0.05 for NAT1þCB NPs versus Control.
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significant protection against CB NP-mediated NAT1
inactivation (Table 2). We conclude that the ROS
intrinsically produced by CB NPs had no significant
effect on NAT activity.
Overall, our cellular and mechanistic studies pro-

vide evidence that CB NPs can alter the biotransfor-
mation of AA carcinogens through the impairment of
the NAT-dependent acetylation pathway (Figure 4).
This process may represent an additional mechan-
ism that may contribute to the carcinogenicity of

inhaled CB NPs. Co-exposure to CB NPs and aromatic
chemicals such as AA is a very likely occupational
hazard in several industrial work settings.7 Although
the data presented here were obtained using in vitro

approaches and therefore cannot be inferred di-
rectly to in vivo studies, our results support the view
that major xenobiotic detoxification pathways may
be altered by certain NPs, and that this can lead to
potentially harmful pharmacological and toxicologi-
cal effects.17,18

METHODS

Materials. FW2 (13 nm) carbon black nanoparticles (CB NPs)
were obtained from Evonik Industries/Degussa (Frankfurt,
Germany). Details about these NPs are given below. para-
Aminosalicylic acid (PAS), acetyl (Ac)CoA, 1,4-dithiothreitol
(DTT), reduced glutathione (GSH), protease inhibitor cocktail,
and nickel agarose resin were obtained from Sigma. The Bradford
protein assay kit was supplied by Bio-Rad. All other reagents
were purchased from Euromedex unless otherwise noted. Poly-
clonal antihuman NAT1 (which cross-reacts with murine NAT2)
were kindly provided by Pr. Edith Sim (Oxford University, UK).

Stock solutions of CB NPs (2 mg/mL) were prepared in pure
water and sonicated 10 min to improve dispersal of particles.
The CB NPs used did not bind the aromatic amine substrates
used in this study (data not shown).

Production and Purification of Recombinant Human NAT1. Escher-
ichia coli BL21 (DE3) cells containing a pET28a-based plasmid
were used to produce 6x-HIS tagged NAT1, as described
previously.32 Purified NAT1 was reduced by incubating it with
10 mM DTT for 10 min at 4 �C and dialyzing it against
phosphate-buffered saline, pH 7.5 (PBS). Purity was assessed
by SDS-PAGE, and protein concentrations were determined
using the Bradford reagent following the manufacturer's in-
structions and bovine serum albumin as a standard.

Activity of recombinant NAT1. NAT1 activity was detected in a
total volume of 100 μL. Samples containing recombinant
enzyme were first incubated with PAS in PBS at 37 �C for 5
min. PNPA (200 μM) was added to start the reactions. The
samples were then incubated for various periods (up to 30 min)
at 37 �C and the absorbance was measured every 2 min at
450 nm. All assays were performed in triplicate under initial
reaction rate conditions. Enzyme activity is expressed as a
percentage of the control. In all reaction mixtures, the final
concentration of NAT1 was 30 nM.

Interaction of Recombinant NAT1 with CB NPs. In all subsequent
experiments, the final concentration of NAT1 during the

incubation steps with the CB NPs was 100 μg/mL (3 μM). The
effect of CB NPs on NAT1 activity was assessed by incubating
the purified enzyme with various concentrations of CB NPs in
PBS for 30 min at 37 �C. Aliquots were then assayed for NAT1
activity. In parallel, aliquots were ultracentrifuged (100 000 g, 30
min, 4 �C). The supernatant was saved for further Western blot
analysis, and the CB NP pellet was washed with PBS and
ultracentrifuged again. NAT1 proteins bound to CB NP pellets
were eluted by incubationwith 4� SDS-sample buffer and used
for Western blot analysis.

Effects of Reducing Agents on CB NP-Dependent Inhibition of Recom-
binant NAT1. We tested the ability of reducing agents to protect
NAT1 from the oxidative effects of CB NPs by coincubating the
NAT1 enzyme with CB NPs at 40 μg/mL in presence of high
concentrations of GSH or DTT (two ROS scavengers). Upon
incubation at 37 �C for 30 min the residual NAT1 activity of
themixture wasmeasured. Control assays were carried out with
GSH or DTT in the absence of CB NPs andwere found to have no
effect on NAT1 enzyme activity (data not shown).

Kinetic Analysis of CB NP-Dependent NAT1 Inactivation. NAT1 (final
concentration of 30 nM) was incubated with CB NPs (at final
concentrations between 115 and 460 nM) at 37 �C in PBS. At
various time intervals, aliquots were removed and assayed for
residual activity. The data were fitted to an irreversible pseudo-
first-order process (ln [residual activity] = �kobst) where kobs is
the first-order inactivation rate constant obtained for each CB
NP concentration and t is the time (in seconds). The second-
order inactivation rate constant (kinact) was determined from the
plot of the kobs values as a function of CB NP concentration as
kobs = kinact[CB NPs]. KaleidaGraph version 3.5 (Abelbeck/Sy-
nergy, Reading, PA) was used formathematical treatment of the
kinetic data.

Circular Dichroism. Circular dichroism measurements were
achieved using an Aviv215 spectropolarimeter. Protein samples
were exhaustively dialyzed against 10 mM sodium phosphate,
pH 7.5. Far-UV CD spectra were acquired from 180 to 260 nm
through a cylindrical cell with a 0.02 cm path length. Ellipticity

Figure 4. Model showing interaction between CB NPs and the NAT-dependent acetylation pathway.
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was recorded at 0.5 nm intervals with an averaging time of
1 s/step. The protein concentrationwas 960 μg/mL. Tominimize
the signal-to-noise ratio, five successive scans were averaged
and the baseline acquired using dialysis buffer alone under
strictly identical conditions was then subtracted. Resulting
spectra were then normalized to the protein concentration
expressed as the differential molar extinction coefficient (Δε)
per residue. Secondary structure predictions were deduced
from the normalized spectra using the CDPro package (ref 33,
http://lamar.colostate.edu/∼sreeram/CDPro/main.html).

SDS-PAGE and Western blotting. The samples containing 4X SDS
sample buffer were boiled for 5 min at 95 �C, and the proteins
were separated by SDS-PAGE. For Western blotting, proteins
were electrotransferred onto a nitrocellulose membrane. The
membranewas blocked by incubationwith Tris-buffered saline/
Tween 20 (TBS) supplemented with 5% nonfat milk powder for
1 h. Antibodies were added (1/20000) and the membrane was
incubated for 1 h in TBS. Supersignal reagent (Pierce chemical,
Rockford, IL) was used to detect the bound antibodies. The
amount of NAT enzyme was quantified in Western blots using
Multigauge Software (FujiFilm, Japan).

Cell Culture, Total Cell Extracts, and Exposure to CB NPs. The Clara
epithelial cell line34 was kindly provided by Pr. J. M. Sallenave
(Institut Pasteur, Paris, France) and grown in DMEM supplemen-
ted with 20% (v/v) FBS. This cell line is well-described as a lung
epithelial cell model involved in the biotransformation of
xenobiotics in the lung.29,34 Cells were cultured as monolayers
in 35 or 100mm tissue culture dishes at 37 �C. At confluence, the
cells were at a density of 4 � 104 cells/cm2.

To make whole-cell extracts, confluent monolayers were
washed with PBS and scraped into 0.5�1mL of lysis buffer (PBS,
0.1% Triton X-100) containing protease inhibitors. Extracts were
sonicated and centrifuged for 15 min at 13 000 g. Supernatants
(whole-cell extracts) were removed and their protein concen-
tration determined using the Bradford reagent.

The effect of CB NPs on cellular NAT enzyme activity was
assessed by incubating cell extracts (15 mg/mL total protein) to
CB NPs (50 to 400 μg/mL) at 37 �C for 30 min with constant
shaking. NAT activity in treated cell extracts was measured
using 2-AF as a substrate and HPLC to measure product forma-
tion. In parallel, aliquots were centrifuged (10min at 13 000 g) to
separate NP-bound proteins from unbound proteins. After
washes with PBS, NP-bound proteins were eluted with 4� SDS
sample buffer.

NAT Activity in Cells Extracts. NAT activity was measured in cell
extracts using reverse-phase HPLC as described previously.35

Samples (50 μL) were first incubated with 2-AF (1 mM, final
concentration) in assay buffer (PBS, pH 7.5) at 37 �C for 5 min.
AcCoA (1 mM, final concentration) was added and the samples
(100 μL, final volume) were incubated at 37 �C for various
periods of time (up to 30 min). The reaction was quenched by
adding 100 μL of ice-cold acetic acid (15% w/v), and proteins
were recovered by centrifugation for 5 min at 12 000 g. A 20 μL
portion of the supernatant was subjected to C18 reverse-phase
HPLC. Both the parent AA compound and its acetylated meta-
bolite were detected and measured. All assays were performed
in triplicate under initial reaction rate conditions.

Acetylation of 2-AF by Intact Clara Cells in Culture. Acetylation of
2-AF by endogenous NAT in intact cells was measured by
reverse-phase HPLC as described previously.36 Briefly, after
exposure to CB NPs (up to 40 μg/cm2 corresponding to 100
μg/mL), the confluent monolayers (6-well plates, 10 cm2 per
well, 4 � 105 cells/well, ∼100 μg total protein) were washed
with PBS and grown in the presence of 500 μM 2-AF in DMEM
culture medium in a 37 �C incubator. At different time points
(3, 4, 5, and 6 h), aliquots (100 μL) of culture medium were
collected and added to 100 μL of ice-cold aqueous acetic acid
(15% w/v). Samples were then centrifuged and the amount of
acetylated-2-AF was quantified by HPLC analysis. Controls
were performed using the same conditions and with cell
monolayers not exposed to NPs. Both the parent AA com-
pound and its acetylated metabolite were detected and
measured. The appearance of N-acetylated AA and the dis-
appearance of the parent AA in the culture medium were
found to be linear with time.
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