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Acrolein is a major component of cigarette smoke and cooking fumes. Previously, we reported that acrolein compromises chro-
matin assembly; however, underlying mechanisms have not been defined. Here, we report that acrolein reacts with lysine resi-
dues, including lysines 5 and 12, sites important for chromatin assembly, on histone H4 in vitro and in vivo. Acrolein-modified
histones are resistant to acetylation, suggesting that the reduced H4K12 acetylation that occurs following acrolein exposure is
probably due to the formation of acrolein-histone lysine adducts. Accordingly, the association of H3/H4 with the histone chap-
erone ASF1 and importin 4 is disrupted and the translocation of green fluorescent protein-tagged H3 is inhibited in cells exposed
to acrolein. Interestingly, in vitro plasmid supercoiling assays revealed that treatment of either histones or ASF1 with acrolein
has no effect on the formation of plasmid supercoiling, indicating that acrolein-protein adduct formation itself does not directly
interfere with nucleosome assembly. Notably, exposure of histones to acrolein prior to histone acetylation leads to the inhibition
of remodeling and spacing factor chromatin assembly, which requires acetylated histones for efficient assembly. These results
suggest that acrolein compromises chromatin assembly by reacting with histone lysine residues at the sites critical for chromatin
assembly and prevents these sites from physiological modifications.

Acrolein (Acr) is an �,�-unsaturated aldehyde that ubiqui-
tously exists in cigarette smoke, kitchen cooking oil, and ex-

haust of automobiles (1–3). Acr has been implicated in the devel-
opment of multiple human diseases, such as bladder cancer (4),
lung cancer (5–7), Alzheimer’s disease (8–10), and cardiovascular
diseases (11, 12). Acr contains a carbonyl group and an olefinic
double bond, which makes it highly reactive to many cellular mol-
ecules, including proteins and DNA (13–16). Recent studies show
that Acr could be a potential major carcinogen of smoking-related
lung cancer via induction of DNA damage and inhibition of DNA
repair (14, 15, 17, 18). In addition to its role in inducing DNA
damage and mutagenicity, the other biological effects of Acr are
most likely through its direct interaction with nucleophilic amino
acids, primarily cysteine, lysine, and histidine, in critical protein
targets (11, 12, 19). These proteins include transcription activa-
tion factor NF-�B (20, 21), caspases that regulate cell apoptosis (7,
22), and proteins involved in redox signaling regulation (16, 19).
As a highly reactive chemical, in theory, Acr could react with a
large number of other proteins and affect their functions. How-
ever, the molecular consequences of the formation of Acr-protein
adducts remain unclear.

In a previous study, we found that Acr interacts with histone pro-
teins to form Acr adducts (23). Moreover, Acr exposure dramatically
downregulates critical posttranslational modifications on newly
synthesized histones, such as H4K12ac and H3K9&K14ac, and
compromises chromatin assembly (23). Recent studies have pro-
vided insight into the roles of histone modifications and histone
chaperones in regulating chromatin assembly (24–27). Histone
modifications affect chromatin assembly in various ways, includ-
ing the regulation of histone folding and processing, histone nu-
clear import, and the interaction between histones and histone
chaperones (28–31). For example, H4K5&K12ac, a diacetylation
catalyzed by histone acetyltransferase 1(HAT1)-RbAp46, is de-
tected on newly synthesized histone H4 from yeast to humans as

an early modification occurring on H3-H4 (32–36). The
H4K5&K12 double mutants are imported into the nucleus less
efficiently than wild-type histones (32, 37). Moreover, HAT1-
RbAp46 and H4K5&K12 regulate the association of H3-H4 with
the translocator protein importin 4 and the histone chaperone
ASF1 (31, 32, 36, 37). These results indicate that H4K5&K12
might regulate chromatin assembly pathways by regulating
H3-H4 nuclear import. Other histone acetylations, such as
H4K79ac and H4K91ac (38), H3K9ac and H3K27ac (39), and
H3K56ac (40–43), have also been reported to play roles in
chromatin assembly, probably by regulating the interaction be-
tween histones and histone chaperones. The reduction of
H4K12ac that we previously observed in cells exposed to Acr
might be due to the reaction of Acr with H4K12. However, we
have not determined if Acr targets H4K12 and other lysines
important for chromatin assembly and, if so, how they affect phys-
iological modifications at the same sites. Moreover, it is also not
known whether Acr directly targets HAT and interferes with its en-
zyme activity, leading to the reduction of histone acetylations.

Histone chaperones bind to histones and regulate histone
transfer, transport, or storage, thereby modulating chromatin
assembly (24, 26, 27, 36). Newly synthesized H3-H4 molecules
associate with HAT1, which acetylates H4K5&K12 (31, 32, 34,
35, 44). After acetylation, the histones are bound to ASF1,
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which associates with importin 4. Thus, downregulation of
H4K12ac may disrupt the association of H3/H4 with ASF1 and
importin 4, inhibiting histone nuclear translocation (28, 45,
46). After nuclear import, the H3-H4 dimer of the ASF1 com-
plex is transferred to the central histone chaperone CAF-1,
which binds two H3-H4 dimers to form (H3-H4)2 tetramers
and deposits them onto replicating DNA through the CAF-1–
proliferating cell nuclear antigen interaction (47, 48). Indepen-
dently of Acr-induced downregulation of histone modifica-
tions, the formation of Acr adducts with histone chaperones
may directly affect both the interaction between histones and
histone chaperones and the nucleosome assembly activity of
histone chaperones.

In this study, we used mass spectrometry and several biochem-
istry approaches to explore the molecular mechanism whereby
Acr compromises chromatin assembly. We found that the forma-
tion of Acr-histone lysine adducts is probably the main contribu-
tor of Acr-induced reduction of histone acetylation at the sites
important for histone-protein interactions. Accordingly, the asso-
ciation of H3/H4 with ASF1 and importin 4 is disrupted in cells
following Acr exposure. Furthermore, the exposure of histones to
Acr in vitro prevents histone acetylation by the CREB-binding
protein (CBP) HAT and inhibits RSF (remodeling and spacing
factor)-mediated chromatin assembly, which requires acetylated
histones for efficient assembly. Interestingly, Acr modification it-
self, either on histones or on ASF1, has little or no effect on pro-
tein-protein interaction and plasmid supercoiling in vitro. Taken
together, our data identify the molecular mechanisms underlying
Acr-induced inhibition of chromatin assembly and suggests that
prevention of physiological modifications at critical sites might be
a novel mechanism whereby Acr-protein adducts perturb protein
functions.

MATERIALS AND METHODS
Cells and plasmids. Plasmid pcDNA3.1-FLAG-H3.1 was constructed in
our previous study (49). This plasmid was transfected into BEAS-2B cells
with Lipofectamine 2000 (Invitrogen) and selected with hygromycin (500
�g/ml) to generate a BEAS-2B-FLAG-H3.1 stable cell line. A cDNA frag-
ment of H3.1 was amplified by PCR with pcDNA3.1-FLAG-H3.1 as a
template. Forward primer 5=-CAGATCTATGGCTCGTACGAAGCA
AAC-3= and reverse primer 5=-ATCTAGACTAGGCGTAGTCGGGC
ACG-3= were used. The fragment was cloned into the BglII/XbaI sites of
puHD-EGFP to generate the puHD-EGFP-H3.1 construct. The plasmid
was transfected into UTA6 human osteosarcoma cells, which contain tet-
racycline transactivator tTA, with Lipofectamine 2000 (Invitrogen) and
selected with zeocin (60 �g/ml) to generate an inducible UTA6-EGFP-
H3.1 stable cell line.

The immortalized human bronchial epithelial cell line BEAS-2B, the
BEAS-2B-FLAG-H3.1 stable cell line, and the UTA6-EGFP-H3.1 stable
cell line were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum. Cells were grown overnight
to �70 to 80% confluence and exposed to Acr as previously described
(23). A glutathione S-transferase (GST)–CBP plasmid was kindly pro-
vided by Kazunari Yokoyama. A BS II plasmid was obtained from Add-
gene. FLAG-tagged Rsf-1 and hSNF2H baculoviruses for RSF purification
and a GST-ASF1B construct were generously provided by Danny Rein-
berg.

Antibodies. Anti-FDP-K (ab48501), anti-histone H3 (ab1791), anti-
acetyl-histone H4 Lys5 (ab124636), anti-acetyl-histone H4 Lys12
(ab61238), and anti-�-tubulin (ab11317) antibodies were purchased
from Abcam; anti-HAT1 (sc376200), anti-importin 4 (sc292402), and
anti-ASF1B (sc79849) antibodies were purchased from Santa Cruz Bio-

technology; an anti-FLAG antibody (F3165) was purchased from Sigma;
and an anti-GST antibody (MA4-004) was purchased from Pierce.

Cell fractionation, Co-IP, and Western blot analysis. BEAS-2B cells
that stably expressed FLAG-tagged histone H3.1 treated or not treated
with Acr (4 � 107) were suspended in 1.5 ml of hypotonic buffer (10 mM
Tris-HCl [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol
[DTT], protease inhibitors) for 10 min on ice and centrifuged at 2,500 �
g for 10 min after being passed four times through a 25-gauge needle to
obtain the cytosolic fraction. The supernatant was collected and further
ultracentrifuged at 25,000 rpm for 30 min before coimmunoprecipitation
(Co-IP). Immunoprecipitation (IP) and Western blot analysis were car-
ried out as described elsewhere (23).

Identification of histone modifications by LC-MS/MS and database
searching. Recombinant histones H2A and H4 were treated with 50 �M
Acr at 37°C overnight. For identification of histone modifications by Acr
in vivo, IP with FDP-K antibody was performed to enrich Acr-modified
histones from BEAS-2B cells exposed to 100 �M Acr for 2 h. The resulting
Acr-modified proteins were separated by SDS-PAGE, digested in gel with
the desired enzymes, and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) as described previously (50, 51). Briefly,
LC-MS/MS was carried out with an LTQ-Orbitrap XL mass spectrometer
(Thermo Scientific, San Jose, CA) coupled online with an EASY-nLC-
1000 (Thermo Scientific, San Jose, CA). For MS/MS analysis of peptides,
a cycle of one full Fourier transform scan (350 to 1,400 m/z, resolution
of 60,000 at m/z 400) was followed by 10 cycles of data-dependent
MS/MS acquired in the LTQ with normalized collision energy set at
35%. MS/MS data were extracted and searched against a decoy data-
base consisting of a normal SwissProt database concatenated with its
randomized version (SwissProt.2013.6.17.random.concat with a total
of 455,294 protein entries) with a developmental version of Protein
Prospector (v5.10.10; University of California, San Francisco). Homo
sapiens was set as the species (20,501 entries) for analysis of data. The mass
tolerances for parent and fragment ions were set as 	20 ppm and 	0.6
Da, respectively. For trypsin digestion, trypsin was set as the enzyme with
five maximum missed cleavages allowed. Protein N-terminal and lysine
acetylation, cysteine carbamidomethylation, asparagine deamidation,
N-terminal conversion of glutamine to pyroglutamic acid, methionine
oxidation, lysine methylation, lysine and arginine dimethylation, lysine
trimethylation, aldimine-modified arginine, aldimine-modified lysine,
N(ε)-3-formyl-3,4-dehydropiperidino (FDP)-modified lysine, N(ε)-3-
methylpyridinium (MP)-modified lysine, propanal-modified histidine,
and glygly-modified lysine were selected as variable modifications. The
expectation value threshold was set at �0.05 for peptide identification.

HAT assays. EpiQuick HAT activity/inhibition assays were performed
in accordance with the manual instructions, with slight modification.
HT2 histone peptides were left untreated or treated with 100 �M Acr,
incubated overnight at 37°C, and then used as substrates for HAT activity
assays. The cytosolic fractions isolated from BEAS-2B cells were used as
sources of HAT enzyme.

For CBP HAT assays, 1 �g of recombinant H3.1 or H4 was treated with
0, 25, 50, or 100 �M Acr in 1� phosphate-buffered saline (PBS) overnight
at 37°C and then incubated with 0.1 �g of GST-CBP prepared from Esch-
erichia coli and acetyl coenzyme A (acetyl-CoA) in 1� HAT buffer (50
mM Tris-Cl [pH 8.0], 10% glycerol, 0.1 mM EDTA, 1 mM DTT) for 1 h at
37°C. In the other case, 0.1 �g of GST-CBP proteins was treated with 0, 25,
50, or 100 �M Acr in 1� PBS overnight at 37°C, followed by removal of
Acr by dialysis, and then incubated with 1 �g of recombinant H4 and
acetyl-CoA in 1� HAT buffer for 1 h at 37°C. The acetylation of H3.1 or
H4 was analyzed by Western blotting with antibody to H3K9&K14ac or
H4K12ac, respectively. The same samples were also probed with the anti-
FDP-K antibody to monitor histone-Acr adduct formation.

HAT assays of FLAG-HAT1 were carried out similarly by replacing
GST-CBP with FLAG-HAT1.

Purification of H3.1-H4 tetramer and GST pulldown assay. Recom-
binant Xenopus histones H3, H2A, H2B, and H4 were expressed and pu-
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rified separately from E. coli as described by K. Luger et al. (52, 53). Re-
folding of histone tetramers was performed essentially as described
previously (52, 53), with recombinant histones H3.1 and H4. The refolded
H3.1-H4 mixture was loaded onto a HiLoad 16/600 Superdex 200 gel
filtration column (GE Healthcare). Gel filtration fractions were collected
and analyzed by both measurement of optical density at 276 nm and
Coomassie blue staining. The fractions from 70 to 79 ml, which contained
H3.1-H4 tetramers, were pooled and concentrated. GST-ASF1B protein
was expressed in and purified from E. coli as previously described (54). For
GST pulldown assays, 5 �g of H3.1-H4 tetramers was treated with 0, 25,
50, or 100 �M Acr in 1� PBS and then mixed with 5 �g of GST-ASF1B. In
some cases, 5 �g of GST-ASF1B was first treated with 0, 25, 50, or 100 �M
Acr and then mixed with 5 �g of H3.1-H4 tetramers. The reaction mixture
was incubated with shaking for 30 min at 4°C in binding buffer (20 mM
Tris-HCl [pH 7.5], 200 mM NaCl, 0.1% [wt/vol] bovine serum albumin
[BSA], 5 mM 2-mercaptoethanol, 0.01% IGEPAL CA-630, 10% glycerol).
Ten microliters of glutathione-agarose was then added, and the mixture
was rotated for 30 min. The resin was washed three times with 1 ml of
W500 (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.1% [wt/vol] BSA, 5
mM 2-mercaptoethanol, 0.1% IGEPAL CA-630, 10% glycerol) and three
times with 1 ml of W200 and eluted with boiling resin in 1� SDS-PAGE
sample buffer.

Time-lapse fluorescence microscopy analysis. UTA6-EGFP-H3 sta-
ble cells were generated and maintained in DMEM supplemented with
tetracycline and zeocin. Expression of enhanced green fluorescent protein
(EGFP)-tagged H3 was induced by removal of tetracycline and overnight
growth in normal DMEM. The cells were treated with 20 �M MG132 for
2 h and then treated with 100 �M Acr for an additional 2 h or not treated
with Acr. Images were captured every 2 min.

Plasmid supercoiling assay. A plasmid supercoiling assay was per-
formed as described elsewhere (30, 55). Either core histones or GST-
ASF1B was treated with 0, 25, or 50 �M Acr in 1� PBS overnight at 37°C.
A 0.09-�g sample of core histones was mixed with 0.8 �g of GST-ASF1B.
The mixture was then incubated with 0.1 �g of BS II plasmid relaxed with
topoisomerase I (Promega) to introduce plasmid supercoiling. The DNA
was extracted and analyzed by electrophoresis on a 1.2% agarose gel and
then ethidium bromide stained.

RSF-mediated chromatin assembly. Recombinant RSF purification
and RSF-mediated chromatin assembly were performed as described by
Loyola et al. (56). Briefly, 100 �g of histone octamers was first dialyzed in
low-salt buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl) to generate
mostly H2A-H2B dimers and H3.1-H4 tetramers and then treated with 0
or 100 �M Acr at 37°C overnight. A 1.8-�g sample of an H2A-H2B dimer
and H3.1-H4 tetramer mixture was then incubated with GST-CBP and
acetyl-CoA at 37°C for 1 h in 1� HAT buffer (50 mM Tris-Cl [pH 8.0],
10% glycerol, 0.1 mM EDTA, 1 mM DTT) to produce acetylated histones,
including H2A/H2B. The core histone mixture was further incubated
with 2 �g of BS II plasmid in the presence of 0.3 �g of recombinant
RSF, 150 �g of BSA, 3 mM ATP, 30 mM phosphocreatine (Sigma), 0.2
�g of phosphocreatine kinase (Sigma), 5 mM MgCl2, 50 mM KCl, 10
mM Tris-Cl (pH 7.6), 0.2 mM EDTA, and 5% glycerol in a final reac-
tion volume of 150 �l. The reaction mixture was incubated at 30°C
overnight and then subjected to partial micrococcal nuclease (MNase)
digestion to assess the formation of regular nucleosomal arrays. The
MNase concentration was optimized (192 U/ml) to obtain clear
nucleosome arrays. DNA was extracted and analyzed by electrophore-
sis on a 1.5% agarose gel.

Statistical analysis. Gel staining and Western blot intensities were
quantified with ImageJ processing software (National Institutes of
Health). Relevant results are represented as mean values 	 standard de-
viations (SD; error bars). Significance was assessed by Student’s t test. A
P value of 
0.05 was considered statistically significant. The number of
times each experiment was repeated is indicated in the figure legends.

RESULTS
Identification of the sites of Acr-lysine adducts on recombinant
histones H2A and H4 following Acr exposure by mass spec-
trometry. We previously reported the formation of Acr-lysine
adducts on histones with antibodies that recognize Acr-lysine ad-
ducts (23). However, it has not been determined which lysines are
targeted by Acr. We used LC-MS/MS to define the sites of Acr-
lysine adducts on recombinant histones H2A and H4 exposed to
Acr. Peptide sequencing by MS/MS allows unambiguous identifi-
cation of modified histone peptides. Aldimine-lysine, MP-lysine,
and FDP-lysine are three major adducts that Acr forms with lysine
residues, causing mass additions of 38, 76, and 94 Da, respectively
(Fig. 1A). Figure 1B displays a representative MS/MS spectrum of
an Acr-modified peptide (m/z 674.85932�) from H2A. As shown
in Fig. 1B, the observation of a series of y (y2, y3, y5�y9) and b (b3,
b4, b7�b10) ions identified this peptide with the sequence 90NDE
ELNK(MP)LLGK100, in which K96 has a mass addition of 76 Da,
corresponding to MP-modified lysine. To further confirm this
sequence, we have compared its MS/MS spectrum with that of the
corresponding unmodified H2A peptide (m/z 636.84332�) (Fig.
1C). When comparing the modified and unmodified forms, any
fragment ions containing K96(MP) would have a defined mass
difference (�76 Da). As expected, while b3, b4, y2, and y3 have the
same masses in both spectra (Fig. 1B and C), y5�y9 and b7�b10

represent the changes correlating with the modification identified.
Together, these results unambiguously identified the Acr-modi-
fied peptide of H2A.

Similarly, Fig. 1D displays a representative MS/MS spectrum of
an Acr-modified peptide (m/z 710.40242�) from H4 treated with
Acr. On the basis of the series of y (y4�y9, y11) and b (b2, b3,
b5�b7, b9, b11) ions observed, the peptide sequence was identified
as 25DNIQGITK(FDP)PAIR36, in which K32 has a mass addition
of 94 Da, corresponding to an FDP-modified lysine. In compari-
son with its unmodified H4 peptide (m/z 663.38232�) (Fig. 1E),
the molecular masses of the ions containing K32 (i.e., y5�y9, y11,
b8, b9, and b11) in Fig. 1D are indeed 94 Da higher than those of the
corresponding unmodified forms in Fig. 1E, further confirming
the identification of FDP modification of K32.

In total, we have identified 13 Acr-modified peptides from H4
and 3 Acr-modified peptides from H2A (Table 1). In our previous
study, we observed remarkable reduction of cytosolic H4K12 acet-
ylation in cells exposed to Acr and hypothesized that Acr-lysine
adducts are attributable to the reduction (23). In agreement with
this prediction, we identified the Acr-modified H4K12 peptide

9GLGK(MP)GGAK16 (m/z 382.2272�) in Acr-treated recombi-
nant H4 (Table 1). H4K5,12 acetylations regulate histone nuclear
import and chromatin assembly (32). Notably, we also detected
the Acr-modified H4K5 peptide 4GK(MP)GGKGLGK12 (m/z
439.26262�), suggesting that H4K5ac could be downregulated by
Acr along with H4K12ac in Acr-exposed cells. These data provide
strong evidence that Acr might inhibit the acetylation of newly
synthesized histones by forming Acr-lysine adducts. Interestingly,
we also found that despite the high coverage of H2A and H4 in
trypsin-digested samples, not all lysine residues formed adducts
with Acr (Table 1), indicating specificity of Acr reactions with
lysine residues by an unknown mechanism.

Identification of the sites of Acr-lysine adducts on histone
H4 in cells exposed to Acr by mass spectrometry. Several Acr-
modified histone lysine sites were detected by mass spectrometry
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FIG 1 Identification of Acr-modified lysines in recombinant H2A and H4 by LC-MS/MS. (A) Acr forms three major adducts with histone lysine residues:
aldimine-modified lysine (A-lysine) with a mass addition of 38 Da, MP-modified lysine (MP-lysine) with a mass addition of 76 Da, and FDP-modified
lysine (FDP-lysine) with a mass addition of 94 Da. These three types of mass addition can be detected by LC-MS/MS. (B, C) Identification of Acr-modified
lysines in recombinant H2A by LC-MS/MS. Acr-treated H2A was separated by 14% SDS-PAGE and subjected to in-gel digestion with trypsin. The
digestion products obtained were analyzed by LC-MS/MS to identify possible Acr-modified peptides. The peptide corresponding to Acr-modified

90NDEELNK(MP)LLGK100 (MH2
�2 674.86) is shown in panel B. The observation of a series of y (y2, y3, y5�y9) and b (b3, b4, b7�b10) ions identified this

peptide with a sequence of 90NDEELNK(MP)LLGK100, in which K96 has a mass addition of 76 Da, corresponding to an MP-modified lysine. (C) The
unmodified peptide 90NDEELNKLLGK100 (MH2

�2 636.84) from H2A identified by LC-MS/MS. (D, E) Identification of Acr-modified lysines in recom-
binant H2A and H4 by LC-MS/MS. (D) The peptide corresponding to Acr-modified 25DNIQGITK(FDP)PAIR36 (MH2

�2 710.40) from H4 identified by
LC-MS/MS. The observation of a series of y (y4�y9, y11) and b (b2, b3, b5�b7, b9, b11) ions identified this peptide sequence as 25DNIQGITK(FDP)PAIR36,
in which K32 has a mass addition of 94 Da, corresponding to an FDP-modified lysine. (E) The unmodified peptide 2DNIQGITKPAIR36 (MH2

�2 663.38)
from H4 identified by LC-MS/MS.
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after in vitro reaction with recombinant histones (Fig. 1). How-
ever, this cannot mimic in vivo conditions well. To identify Acr-
modified histone sites in cells treated with Acr, total histones were
isolated by acid extraction from BEAS-2B cells following Acr ex-
posure and subjected to mass spectrometry. BEAS-2B cells were
treated with 100 �M Acr for 2 h because our previous cytotoxicity
analysis showed �90% cell viability under those conditions and
that �80% cell viability was considered to give meaningful out-
comes in in vitro toxicogenomic studies (23). Moreover, the con-
centrations of Acr in respiratory tract lining fluid exposed to gas
phase cigarette smoke can be as high as 80 �M (57). Shorter treat-
ment times can also minimize the length of time that cells are
under stress. No Acr modifications were detected by this method

(data not shown). This result was in agreement with our hypoth-
esis that Acr mainly targets cytosolic histones. Since cytosolic hi-
stones represent only a small percentage of the total histones, it has
been difficult for us to isolate enough histones for detection of the
modification. To enrich Acr-modified histones, we pulled down
acid extracts with antibodies against FDP-lysine (FDP-K). Inter-
estingly, Western blot analysis showed only one major band with a
molecular mass of around 55 kDa detectable by FDP-K antibodies
(Fig. 2A). This complex contained histones H3 and H4 since the
band overlapped that corresponding to H3 and H4, respectively
(Fig. 2A). Besides H3 and H4, histones H2A and H2B were also
included in the complex, as evidenced by mass spectrometry de-
tection (data not shown). These results suggest that the complex is
probably formed by Acr-mediated cross-links between histone
proteins and/or histones and other proteins. We identified three
Acr-modified H4 peptides, i.e., 4GK(A)GGK(MP)GLGKGGAK
(D)16 (m/z 419.603�), 0MSGRGK(A)GGK(MP)GLGK12 (m/z
449.582�), and 9GLGK(FDP)GGAK(A)R17 (m/z 488.292�) in
Acr-treated cells (Table 2). While lysines 5 and 16 were aldimine
modified, lysines 8 and 12 were MP and FDP modified, respec-
tively. The results indicate that lysines only in the N-terminal tail
seemed to be modified by Acr in cells. A representative MS/MS
spectrum of an Acr-modified peptide, 4GK(A)GGK(MP)GLGKG
GAK(D)16 (MH3

�3 419.60), from H4 is shown in Fig. 2B, in which
K5 has a mass addition of 38 Da and K8 has a mass addition of 76
Da, corresponding to aldimine- and MP-modified lysines, respec-
tively. These data confirm the formation of Acr-lysine histone
adducts in cells.

TABLE 1 Summary of Acr-modified peptides identified in recombinant
H2A and H4 by LC-MS/MSa

Peptide source
and no. Sequence Mb (Da)

H2A
1 89NDEELNK(FDP)LLGR99 �94
2 89NDEELNK(MP)LLGR99 �76
3 36K(MP)GNYAER42 �76

H4
1 4GK(MP)GGKGLGK12 �76
2 4GKGGK(MP)GLGK12 �76
3 9GLGK(MP)GGAK16 �76
4 21VLRDNIQGITK(MP)PAIR35 �76
5 24DNIQGITK(FDP)PAIR35 �94
6 56GVLK(MP)VFLENVIR77 �76
7 56GVLK(FDP)VFLENVIR77 �94
8 68DAVTYTEHAK(MP)R78 �76
9 68DAVTYTEHAK(A)R(A)78 �38, �38
10 79K(MP)TVTAMDVVYALK91 �76
11 78RK(FDP)TVTAM(oxidation)DVVYALK91 �94
12 80TVTAMDVVYALK(MP)R92 �76
13 80TVTAMDVVYALK(FDP)R92 �94

a H2A and H4 treated with 50 �M Acr were separated by PAGE, the corresponding gel
bands were excised and digested with trypsin, and the resultant peptides were extracted
and subjected to LC-MS/MS analysis. The MP- and FDP-modified peptides were
identified in both H2A and H4 samples, and an aldimine (A)-modified peptide was also
identified in H4 samples. Peptides 1 and 3 show the identification of H4K5MP and
K12MP, respectively, demonstrating that both H4K5 and H4K12, two lysine residues
critical for histone nuclear import, could be modified by Acr.
b M, mass difference.

FIG 2 Identification of Acr-modified histone lysines in cells exposed to Acr. (A) FDP-K IP was carried out to enrich Acr-modified histones from acid extracts
of BEAS-2B cells. Coomassie blue (CB) staining and Western blot (WB) analysis of FDP-K IP sample demonstrate an �55-kDa band containing FDP-K, H3, and
H4. The �55-kDa gel band was excised and digested with trypsin, and the resultant peptides were extracted and subjected to LC-MS/MS analysis to determine
their composition and possible Acr-modified histone lysines. Lane M, molecular size markers. (B) The peptide corresponding to Acr-modified 4GK(A)GGK
(MP)GLGKGGAK(D)16 (MH3�3 419.60) from H4 identified by LC-MS/MS. A, aldimine; D, dimethyl.

TABLE 2 Summary of Acr-modified H4 peptides isolated from
BEAS-2B cells exposed to Acr by LC-MS/MSa

Peptide
no. Sequence Mb (Da)

Protein
name

1 4GK(A)GGK(MP)GLGKGGAK(D)16 �38, �76 H4
2 0MSGRGK(A)GGK(MP)GLGK12 �38, �76 H4
3 9GLGK(FDP)GGAK(A)R17 �94, �38 H4
a The �55-kDa gel band in the FDP-K IP lane in Fig. 2A was excised and digested with
trypsin, and the resultant peptides were extracted and subjected to LC-MS/MS analysis.
The aldimine (A)-, MP-, and FDP-modified peptides were identified. Peptides 1 to 3
show the identification of lysine modifications by Acr at the N terminus of H4,
demonstrating that both H4K5 and H4K12, two lysine residues critical for histone
nuclear import, are modified by Acr in vivo. D, dimethyl.
b M, mass difference.
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Acr-modified histone lysines are resistant to acetylation by
HAT. We have shown that Acr forms adducts with histone lysines.
To investigate how Acr-histone lysine adducts affect physiological
lysine modifications, we performed in vitro HAT activity assays
with recombinant CBP HAT. We first treated recombinant H3
and H4 with Acr. Western blot analysis shows the formation of
FDP-K adducts following Acr treatment (Fig. 3A and B). After
complete dialysis, H3 and H4 treated or not treated with Acr were
subjected to HAT assays. In the absence of Acr, CBP was able to
acetylate H3K9&14 and H4K12 efficiently, whereas this acetyla-
tion was inhibited remarkably by Acr exposure (Fig. 3A and B).
Moreover, the levels of acetylation were negatively correlated with
the amount of Acr-lysine adducts, indicating that inhibition of H3
and H4 acetylation directly associates with the formation of Acr-
lysine adducts.

To test whether Acr-modified histones are resistant to acetyla-

tion by another HAT(s) in addition to CBP, we applied cytosolic
fractions from BEAS-2B containing HAT1 specific for H4K5,12
acetylations in HAT activity/inhibition assays. Less acetylated his-
tone substrate was detected when an Acr-pretreated substrate was
used in the assays than with the untreated control (Fig. 3C). To
further examine how type B HAT affects the acetylation of Acr-
modified histones, we transfected a FLAG-tagged HAT1 plasmid
into BEAS-2B cells and purified FLAG-HAT1 by FLAG affinity gel
purification. The upper part of Fig. 3D shows that purified FLAG-
HAT1 was able to acetylate recombinant histone H4 in vitro. We
then treated recombinant histone H4 with different concentra-
tions of Acr and subjected it to in vitro HAT assays with purified
FLAG-HAT1. The lower part of Fig. 3D shows that Acr modifica-
tion reduced the level of H4K12ac induction by FLAG-HAT1.
These results support the idea that Acr-modified histone lysines
are refractory to acetylation by HAT.

Acr exposure does not change CBP HAT activity in vitro and
“total” HAT activity in vivo. Previously, we demonstrated that
Acr exposure downregulates N-terminal tail acetylations of cyto-
solic histones H3 and H4 in cells (23). This is likely due to the
formation of Acr-histone adducts, which prevents the sites from
being normally acetylated. In addition to Acr-histone adduct for-
mation, the reduced expression of modifying enzymes or altered
enzyme activity might also contribute to the reduction of histone
modifications following Acr exposure. To test this, we first mea-
sured the expression levels of HAT1, a HAT specific for free
H4K5&K12, before and after Acr treatment. Figure 4A shows that
HAT1 expression in BEAS-2B cells did not decrease following Acr
exposure. We next tested if HAT activity is affected by Acr expo-
sure in vitro and in cells. Recombinant GST-CBP was treated with
different concentrations of Acr and subjected to HAT assays with
recombinant histone H4 as the substrate. In the absence of Acr,
GST-CBP was able to acetylate histone H4, as evidenced by in-
creased levels of H4K12ac and H4K5ac (Fig. 4B, compare lanes 1
and 2). Intriguingly, the levels of H4 acetylation remained un-
changed in the presence of Acr (Fig. 4B, lanes 2 to 5), indicating
that CBP HAT activity was not changed by Acr modification of the
enzyme. Since HAT1 specifically acetylates free H4K5&12, we
next examined the effect of Acr on the activity of HAT1. We
treated purified FLAG-HAT1 with different concentrations of Acr
(0, 25, 50, and 100 �M) for 2 h and subjected it to a HAT activity
assay. As shown in Fig. 4C, the activity was slightly reduced only
when 100 �M Acr was used.

We next examined the effects of Acr on HAT activity in cells.
We isolated cytosolic fractions from cells treated or not treated
with Acr and measured the HAT activities of these fractions with
an EpiQuick HAT activity/inhibition assay kit. When cytosolic
fractions isolated in the presence of sodium butyrate, an inhibitor
of histone deacetylases (HDACs), were used, a smaller amount of
acetylated histone substrate was detected following Acr exposure
than in the untreated control (Fig. 4D), indicating that HAT ac-
tivity in cells might be affected by Acr exposure. This is partially in
agreement with in vitro results (lane 5 in Fig. 4C). However, HAT
activity remained the same before and after Acr treatment when
the cytosolic fractions were isolated in the absence of sodium bu-
tyrate (Fig. 4D), indicating that the cytosolic “total” HAT activity,
i.e., the net changes in the dynamic addition and removal of acetyl
groups by HATs and HDACs, remains the same in Acr-treated
and untreated cells. Together, the data support the idea that re-
duced histone posttranscriptional modifications (PTMs) by Acr

FIG 3 Acr-modified histones are resistant to acetylation. (A and B) Recom-
binant histone H3 (A) or H4 (B) was treated with Acr overnight prior to HAT
reaction with CBP. The samples obtained were subjected to Western blot (WB)
analysis with antibodies specific for H3K9&K14ac, H4K12ac, and FDP-lysine,
which represent Acr-lysine adducts. Band intensities were quantified with Im-
ageJ software. For comparison, the levels of H3ac/H4ac in lane 1 and Acr-H3/
Acr-H4 in lane 4 were set as 1. The data shown are the mean values 	 SD from
three independent experiments. *, P 
 0.05; **, P 
 0.01. CB, Coomassie blue.
(C) Histone peptides were treated with Acr (0 and 100 �M) at 37°C overnight.
After Acr was removed from the reaction mixture, Acr-treated and untreated
histones were subjected to HAT assays with the EpiQuick HAT activity/inhi-
bition assay kit. Cytosolic fractions from normal BEAS-2B cells were used as
enzymatic sources. The data shown are the mean values 	 SD from assays
performed in triplicate. *, P 
 0.05. (D, top) Recombinant histone H4 was
treated with Acr overnight prior to HAT reaction with different dose of FLAG-
HAT1. The samples obtained were subjected to Western blot analysis with
antibodies specific for H4K12ac and FDP-lysine, which represent Acr-lysine
adducts. (D, bottom) Experiments were carried out as described for panel B,
except that FLAG-HAT1 replaced GST-CBP as an enzyme source.
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exposure in cells are most likely due to the formation of Acr-
histone adducts.

Acr modification of histone chaperone ASF1B has subtle ef-
fects on its interaction with H3-H4. Chromatin assembly is
mainly regulated by histone modifications and histone chaperone
proteins. We have demonstrated that Acr inhibits histone acety-
lations likely through the formation of Acr-histone lysine adducts
at the sites important for chromatin assembly. However, it is not
known whether Acr also targets histone chaperones, thereby com-
promising chromatin assembly, possibly by interfering with inter-
actions between histone chaperones and histones. To determine
how the Acr modifications of histone chaperones affect their in-
teraction with histones, we performed in vitro GST pulldown as-
says with GST-fused ASF1B and histone H3-H4 tetramers. We
first treated GST-ASF1B with different concentrations of Acr. The
formation of Acr-ASF1B adducts was confirmed by Western blot-
ting with an FDP-K antibody (Fig. 5A). Acr-modified GST-ASF1B
was then incubated with H3-H4 tetramers, and the GST-ASF1B
complex was pulled down by GST beads, followed by Western
blotting to determine the interaction between ASF1B and H3-H4
by measuring the levels of histone H3 in the complex. In the ab-
sence of Acr, GST-ASF1B interacted with H3-H4, whereas GST
alone failed to bind to H3-H4 (Fig. 5A, compare lanes 6 and 7).
Importantly, the level of H3 in the Acr-modified GST-ASF1B
complex was comparable to that in the untreated ASF1B complex
and remained unchanged as the Acr dose increased (Fig. 5A), sug-
gesting that Acr modification of ASF1B has subtle effects on the
interaction between ASF1B and histones. To analyze whether Acr-
histone adducts have similar effects on the interaction between
ASF1B and histones, we first treated H3-H4 tetramers with Acr
and then tested their binding to untreated GST-ASF1B by GST

pulldown assays. The binding of Acr-modified H3-H4 to ASF1B
was not changed at the 25 and 50 �M doses of Acr. The interaction
was slightly decreased when the tetramers were treated with 100
�M Acr (Fig. 5B). However, this could be interpreted in light of
the fact that there is less input H3 in this particular sample, prob-
ably because of heavy Acr modifications. Taking these results to-
gether, we conclude that Acr modification itself has little or no
effect on protein-protein interactions.

Acr exposure disrupts the association of histones with his-
tone chaperone and translocator proteins in cells. The interac-
tion between histones and the histone chaperone ASF1B was
slightly decreased only when histone proteins were treated with
100 �M Acr in vitro. Exposure of cells to 100 �M Acr should not
generate the same amount of Acr-ASF1B or Acr-histone adducts
as seen after the in vitro treatment of ASF1B or histones with 100
�M Acr, since in cells Acr will first be scavenged by glutathione
and the rest will react with other cytosolic proteins. Therefore,
Acr-ASF1B adducts or Acr-histone adducts themselves may have
no effects on the associations in cells exposed to 100 �M Acr.
However, reduction of H4K5,12 acetylations due to the formation
of Acr adducts might have an impact on the interaction because it
has been shown that these modifications are required for the as-
sociation of histones with ASF1B and importin 4 (31, 33, 46). To
test this possibility, we first established BEAS-2B cells stably ex-
pressing FLAG-tagged H3 and determined the levels of H3-inter-
acting proteins before and after Acr exposure by FLAG IP, fol-
lowed by Western blotting assays. In agreement with our previous
results, H4K12ac was downregulated by Acr exposure (compare
lanes 1 and 4 in Fig. 5C). Moreover, the levels of importin 4,
ASF1B, and HAT1 expression (compare lanes 1 and 4 in Fig. 5C)
were not altered upon Acr exposure, indicating that changes in

FIG 4 Effects of Acr exposure on HAT expression and activity. (A) HAT1 protein levels were not changed by Acr exposure in BEAS-2B. BEAS-2B cells were
treated with Acr for 2 h. Cytosolic fractions were then extracted for Western blot analysis with HAT1 antibody. Tubulin was used as the loading control. (B) The
HAT activity of GST-CBP was not affected by Acr exposure. Recombinant GST-CBP was treated with Acr overnight and then used for a HAT activity assay with
recombinant H4 as the substrate. The acetylation reaction was monitored by Western blotting (WB) with H4K5ac and H4K12ac antibodies. Coomassie blue (CB)
staining of GST-CBP and H4 is shown. (C) The HAT activity of FLAG-HAT1 was not affected by Acr exposure in vitro. Purified FLAG-HAT1 was treated with
Acr overnight and then used for a HAT activity assay with recombinant H4 as the substrate. The FLAG-HAT1 level was determined by Western blotting with
FLAG antibody. The acetylation reaction was monitored by Western blotting with H4K5ac antibody. Coomassie blue staining of H4 is shown. (D) The “total”
HAT activity of cytosolic fractions was not changed by Acr exposure. After BEAS-2B cells were treated with 100 �M Acr for 2 h or not treated with Acr, cytosolic
fractions were isolated in the absence (�) or presence (�) of sodium butyrate, an HDAC inhibitor (HDACi). HAT assays were performed with histone peptides
as substrates and cytosolic fractions as an enzyme source. The average values 	 SD of three independent experiments are presented. *, P 
 0.05.

Inhibition of Chromatin Assembly by Acrolein

December 2016 Volume 36 Number 23 mcb.asm.org 3001Molecular and Cellular Biology

http://mcb.asm.org


protein levels were not attributable to the changes in interactions
between histones and these proteins. As expected, the interaction
between H3 and ASF1B decreased dramatically following Acr ex-
posure (compare lanes 3 and 6 in Fig. 5C). The association of H3
with importin 4 was also disrupted by Acr treatment (Fig. 5C).

However, the levels of HAT1 in H3 complex were not altered
upon Acr exposure, again supporting the idea that reduction of
H4K12ac levels is probably due not to aberrant HAT expression or
activity but to Acr-histone lysine adduct formation. Disruption of
associations of histones with histone translocators and chaperone

FIG 5 Acr inhibits nuclear import of histones by disrupting the interaction between histones and their translocator protein. (A, B) Effects of Acr modification
on the interaction between ASF1B and histones in vitro. GST-ASF1B was treated with Acr, mixed with H3-H4 tetramers, and then subjected to GST pulldown
assays, followed by Western blotting with the antibodies indicated (A). H3-H4 tetramers were treated with Acr and then mixed with GST-ASF1B and subjected
to GST pulldown assays (B). Bar graphs showing relative quantification of histone H3 levels in GST pulldown samples normalized to ASF1B. The data shown are
the mean values 	 SD from three independent experiments. **, P 
 0.01. (C) Disruption of association of histones with a histone chaperone and a translocator
protein in cells exposed to Acr. BEAS-2B cells that stably express FLAG-tagged histone H3 were treated with 100 �M Acr for 2 h or not treated with Acr. Cytosolic
fractions were isolated and subjected to FLAG IP, followed by Western blotting with the antibodies indicated. Nab, no antibody (negative control). (D, E) Acr
exposure inhibits the nuclear import of nascent histones. (D) Time-lapse experiments were performed to study the effects of Acr on nascent histone nuclear
import. EGFP-H3 expression was induced overnight in inducible UTA6-EGFP-H3 cells. The cells were treated with 20 �M MG132 for 2 h and then treated with
100 �M Acr for an additional 2 h (Acr) or not treated with Acr (Ctrl). The cellular distribution of EGFP-H3 was monitored with an immunofluorescence confocal
microscope. (a, b) Untreated UTA6-EGFP-H3 cells at 0 (a) and 120 (b) min. (c, d) Acr-treated UTA6-EGFP-H3 cells at 0 (c) and 120 (d) min. Newly synthesized
EGFP-H3 was retained in the cytoplasm following Acr exposure, as indicated by the red arrow. (E) Percentages of cells with retained GFP signals in the cytoplasm.
The number of cells with EGFP-H3 retained in the cytoplasm was determined and divided by the total cell number. The data shown are the mean values 	 SD
from four independent experiments. **, P 
 0.01. (F) Ratio of cytosolic to nuclear H3 distribution following Acr exposure. Cells were treated or not treated with
MG132 before and after Acr exposure. The cytosolic and nuclear fractions were extracted and subjected to Western blot analysis with H3 antibodies. Band
intensities were quantified with ImageJ software. Each column shows the ratio of the H3 level in the cytoplasm to that in the nucleus. The data shown are the mean
values 	 SD from four independent experiments. **, P 
 0.01.
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proteins may reflect a mechanism by which Acr regulates chroma-
tin assembly.

Inhibition of histone nuclear import by Acr. Histone H3
failed to properly interact with importin 4 in Acr-exposed cells
(Fig. 5C), suggesting that histone translocation from the cyto-
plasm to the nucleus might be affected by Acr treatment. To visu-
alize the dynamic movement of newly synthesized histones from
the cytoplasm to the nucleus, we combined the inducible GFP-
tagged histone expression system with time-lapse microscopy. We
first generated a stable UTA6 human osteosarcoma cell line with
tetracycline-repressive GFP-tagged H3 (GFP-H3). After inducing
GFP-H3 expression by removing tetracycline from the medium,
we monitored histone nuclear import by comparing the cellular
localization of GFP-H3 signals before and after Acr treatment.
Aggregation of Acr-modified histones may undergo degradation.
Therefore, to maximize the intensity of the GFP signals that we
can detect, we used the proteasome inhibitor MG132 to prevent
possible GFP-H3 degradation. We treated the cells with 100 �M
Acr and monitored the cellular distribution of GFP-H3 for 2 h by
time-lapse microscopy. Histones fused to GFP have been used as a
marker for the nucleus in the staining of living cells. Not surpris-
ingly, GFP-H3 signals were exclusively localized in nuclei and the
intensities remained unchanged in untreated cells, indicating that
newly synthesized histones were normally translocated into the
nucleus in the absence of Acr (Fig. 5D, a and b). In contrast, in the
presence of Acr, clear GFP signals accumulated in the cytoplasm of
several cells and GFP signals in nuclei were generally lower than in
the control (Fig. 5D, c and d). We calculated the number of cells
showing retained signals in the cytoplasm at the 0- and 2-h time
points. About 10% of the cells displayed GFP signals in the cyto-
plasm following this treatment (Fig. 5E). We next quantified the
ratio of cytosolic to nuclear distribution of H3 by Western blot-
ting. Figure 5F shows that the ratio was increased by Acr exposure,
especially in the presence of MG132, indicating that there is an
accumulation of histone proteins in the cytoplasm following Acr
exposure and that the aggregates trigger proteosomal degradation.
These results suggest that histone translocations were notably in-
hibited in cells following Acr exposure.

Acr exposure inhibits RSF-mediated chromatin assembly
that requires histone acetylation for efficient assembly. To in-
vestigate the effects of Acr-protein adducts on chromatin assem-
bly, we carried out in vitro plasmid supercoiling assays. ASF1B was
incubated with core histones and then mixed with relaxed circular
DNA. Untreated ASF1B was shown to introduce supercoils into
circular DNA (lane 7 in Fig. 6A). Remarkably, Acr-modified
ASF1B was able to introduce supercoils as efficiently as untreated
ASF1B did (lanes 7 to 9 in Fig. 6A). Furthermore, ASF1B also
efficiently induced supercoils into relaxed plasmid DNA in the
presence of core histones treated with 25 or 50 �M Acr prior to the
reaction (lanes 1 to 3 in Fig. 6A), indicating that the chromatin
assembly activity of ASF1B was not affected by either Acr-modi-
fied histones or Acr-modified ASF1B. Together, our results sug-
gest that Acr modifications of either histones or chaperone pro-
teins have no direct effect on plasmid supercoiling that does not
require histone acetylations.

To further explore the molecular mechanisms that underlie
Acr-induced inhibition of chromatin assembly, we performed
unique RSF chromatin assembly assays (Fig. 6B) (56, 58). RSF is a
histone chaperone complex containing Rsf-1 and SNF2h subunits
(56, 59). Loyola et al. have demonstrated that histone acetylation

does not affect the binding of RSF to histones, whereas acetylation
of H4, H2A, and H2B is important for the RSF-mediated forma-
tion of regularly spaced nucleosomes, although the underlying
mechanisms have not been determined (56, 58). These character-
istics of the RSF assay make it a perfect system with which to
determine whether Acr modification can mimic the acetylation
status of histones and to investigate whether downregulation of
histone acetylation by the formation of Acr-histone lysine adducts
contributes to Acr-mediated aberrant chromatin assembly. To
perform RSF assays, a recombinant RSF complex was purified
from SF9 cells infected with baculoviruses expressing FLAG-
tagged Rsf-1 and hSNF2H (not shown). To prepare acetylated
histones, including acetylated H2A/H2B, reconstituted histone
octamers were subjected to a HAT reaction with or without the
CBP HAT. Purified acetylated or unacetylated histones were then
used in RSF chromatin assembly assays (Fig. 6C, middle, lanes 2
and 3). As expected, more regularly spaced MNase DNA ladders
were detected when acetylated histones were used than with the
control (Fig. 6C, top, compare lanes 2 and 3). Next, we treated
histones with Acr prior to HAT assays. As shown in the middle of
Fig. 6C, the histone acetylation level was remarkably decreased by
pretreatment of histones with Acr (compare lanes 3 and 4). Con-
sequently, less nucleosomal DNA ladders were observed when
Acr-treated histones were used than with the untreated control
(Fig. 6C, top, lanes 3 and 4) and the pattern resembled an unac-
etylated histone sample (Fig. 6C, top, compare lanes 2 and 4).
Moreover, as shown in Fig. 6D, dose-dependent inhibition of
RSF-mediated chromatin assembly by Acr was also observed.
These data suggest that hypoacetylation of histones due to the
formation of Acr-histone adducts is the major contributor to Acr-
induced inhibition of chromatin assembly.

DISCUSSION

Previously, we reported that Acr, a major component of cigarette
smoke and cooking fumes, forms adducts with lysines on histone
proteins and compromises chromatin assembly pathways, proba-
bly by downregulating N-terminal tail acetylations of newly syn-
thesized histones (23). In the present study, we have addressed
possible mechanisms underlying Acr-induced inhibition of chro-
matin assembly. We found that the formation of Acr-histone ad-
ducts itself had little or no effect on protein-protein interactions
and chromatin assembly in vitro. The reduction of physiological
modifications due to the formation of Acr-histone lysine adducts
at sites important for histone nuclear import and chromatin as-
sembly seemed to be the major cause of Acr-mediated inhibition
of chromatin assembly pathways.

We previously demonstrated that the levels of H3K9&14 acety-
lations and H4K12 acetylation are reduced in cells exposed to Acr
and hypothesized that the reduction is, at least in part, a result of
the formation of Acr-histone adducts at those sites (23). In this
study, we used mass spectrometry to determine the sites of Acr-
lysine adducts on histones. We found that Acr reacts with the
majority, but not all, of the lysines on H4 in vitro, including lysines
5, 12, 79, and 91, which are sites believed to be important for
chromatin assembly (Table 1) (32, 33, 38). Interestingly, Acr
formed adducts with lysines only in the N-terminal tail of H4,
including 5 and 12, in cells (Table 2). We further utilized HAT
assays to test how Acr modifications influence lysine acetylation
by HAT. Our data revealed that Acr modifications of recombinant
histones prevent lysine acetylation by the CBP HAT in a dose-
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dependent manner (Fig. 3). The results are in agreement with
those seen upon formaldehyde exposure of recombinant histone
H4 (60). These data support the idea that the observed reduction
of H4K12 acetylation and probably H3K9&14 acetylations in
cells exposed to Acr may occur because of the formation of
Acr-lysine adducts. However, as a highly reactive aldehyde, Acr
might also target a histone-modifying enzyme(s) to alter either
its expression or its function, leading to changes in histone
modifications following Acr exposure. Western blot analysis
showed no changes in the expression of HAT1 (Fig. 4), which is
specific for H4K5,12 acetylations (33). The levels of HAT1 mRNA
were also not changed by Acr exposure (not shown). In addition,
the expression of HAT1 was only slightly reduced following low-
dose (5 �M) treatment, and only on day 7, while the H4K12ac
level started to decrease from day 5 (23). Notably, exposure of the
CBP HAT to Acr prior to the reaction had no effect on CBP HAT
activity (Fig. 4), suggesting that even though Acr forms adducts
with HATs in cells, it is not likely to interfere with their activities.
To test this possibility, we isolated cytosolic fractions from

BEAS-2B cells treated or not treated with Acr and used them as
enzyme sources in HAT assays. The “total” HAT activity, i.e., the
net changes in the dynamic addition and removal of acetyl groups
by HATs and HDACs, remained the same before and after Acr
exposure (Fig. 4). The data support the idea that reduced histone
PTMs caused by Acr exposure are most likely due to the formation
of Acr-histone adducts. In our previous study, we showed that
treatment of BEAS-2B cells with 5 �M Acr, which is physiologi-
cally relevant in terms of the amounts of Acr generated by about
one cigarette, was able to reduce cytosolic H4K12ac and increase
chromatin accessibility (23). Thus, the mechanisms found in
this study are likely applicable to the low concentration as well.

Acetylation of the histone tails may affect chromatin assembly
pathways by two mechanisms. First, some acetylations, such as
H4K5,12ac, are required for the association of histones with trans-
locator protein importin 4 and histone chaperone ASF1 to affect
histone nuclear translocation and histone transfer (45, 46). Sec-
ond, the modifications may directly affect chromatin assembly
processes by facilitating the deposition of histones to DNA and/or

FIG 6 Exposure of histones to Acr inhibits RSF-mediated chromatin assembly. (A) ASF1B-mediated plasmid supercoiling is not changed by Acr exposure.
Plasmid supercoiling was not affected by the exposure of either histones or ASF1B to Acr. For lanes 1 to 3, reconstituted histone octamers were treated with Acr
prior to reaction and then subjected to in vitro plasmid supercoiling assays. For lanes 7 to 9, GST-ASF1B was treated with Acr and then mixed with reconstituted
histone octamers for plasmid supercoiling assays as described in Materials and Methods. A result representative of three independent experiments is shown. (B)
Schematic representation of RSF chromatin assembly assays. (Top) Acetylation (Ac) of histones, especially H2A-H2B, is critical for the efficient formation of
regularly spaced nucleosomes mediated by RSF, which generates nucleosomal DNA arrays when analyzed by partial MNase digestion. (Middle) With unacety-
lated histones, chromatin assembly is greatly inhibited, forming fewer regularly spaced nucleosomes, which are more accessible by MNase digestion, and
generates only up-to-2-mer arrays. (Bottom) Since Acr-modified histones are resistant to acetylation by HAT (Fig. 3), the Acr-treated histones, similar to
unacetylated histones, are assembled into chromatin efficiently by RSF, generating fewer DNA arrays when analyzed by partial MNase digestion. (C) Partial
MNase digestion analysis of RSF assays with Acr-treated histones. Core histones (bottom, Coomassie blue staining) were treated with Acr (lane 4) or not treated
with Acr (lanes 1 to 3) and subjected to acetylation in the presence (lanes 3 and 4) or absence (lanes 1 and 2) of CBP, generating acetylated or less acetylated
histones, as evidenced by Western blotting with antibodies to H4K12ac (middle). These histones were then used in RSF chromatin assembly assays, followed by
partial MNase digestion. DNA was extracted and analyzed by agarose gel electrophoresis. While larger-than-4-mers of polynucleosomal DNA ladder were
observed when acetylated histones were used (lane 3), only bands indicative of monomers and dimers were detected when Acr-exposed histones were used (lane
4). Lane M, DNA size markers. (D) Dose-dependent effects of Acr on RSF chromatin assembly. The assays were carried out as for panel C, except that different
doses of Acr were used.
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regulating nucleosome spacing (56). Whereas the expression lev-
els of ASF1B and importin 4 were not changed following Acr treat-
ment, Acr exposure dramatically decreased the association of
H3/H4 with ASF1B and importin 4 in BEAS-2B cells (Fig. 5C).
Accordingly, time-lapse microscopy analysis showed decreased
GFP signal levels in the nuclei and retained histones in the cyto-
plasm of Acr-exposed cells but not in those of untreated cells (Fig.
5D), which suggests inhibition of histone nuclear import. In con-
trast, the interaction between H3/H4 and HAT1 was not changed
by Acr. Since Acr-histone adducts or Acr-ASF1B adducts them-
selves could affect the associations independently of histone acet-
ylation status, we also performed GST pulldown assays to examine
how protein-protein interactions are affected by Acr exposure.
We found that Acr modifications of either histones or ASF1B had
little or no impact on the association of histones with ASF1B (Fig.
5), suggesting that it is not Acr modifications themselves but re-
duction of physiological acetylations due to Acr adduct formation
that is critical for disruption of histone/histone chaperone inter-
actions. In addition, strong interactions between histone and
ASF1B (Fig. 5A) implied that there might be acetylation on re-
combinant histone proteins. It has been reported that lysine acet-
ylation is abundant in E. coli proteins (61). Thus, it is not surpris-
ing that bacterial purified recombinant histones get acetylated to
some extent. In fact, our Western blot analysis results showed a
low level of H4K5ac on recombinant histone H4 even in the ab-
sence of CBP (Fig. 4B). However, the acetylation level of recom-
binant histones seems very low, given that without acetylation
by CBP, recombinant histones themselves were not able to form
nucleosome arrays in RSF assays (compare lanes 2 and 3 in Fig.
6C). Therefore, it is also possible that histone modifications are
required for the interaction between H3/H4 and ASF1B only in
vivo and not in vitro.

We used in vitro plasmid supercoiling and RSF chromatin as-
sembly assays to test the effects of Acr on different steps of the
chromatin assembly process. RSF chromatin assembly assays re-
quire acetylation of H2A and H2B for efficient assembly (56),
which enables us to examine whether regulation of histone
acetylation status is critical for Acr-mediated inhibition of
chromatin assembly. Our data demonstrate that exposure of
histones or histone chaperones to Acr has no effect on plasmid
supercoiling (Fig. 6A), indicating that Acr modifications them-
selves cannot change these processes. However, inhibition of
histone acetylations, including H2A and H2B, by exposure of
histones to Acr prior to HAT reaction greatly compromises the
formation of regularly spaced nucleosome arrays mediated by
RSF (Fig. 6C and D). These results further support our hypoth-
esis that Acr compromises chromatin assembly pathways via
the formation of Acr-lysine histone adducts at the sites impor-
tant for chromatin assembly, which prevents the sites from
being physiologically acetylated.

In theory, Acr could react with nucleophilic amino acid resi-
dues such as lysine, arginine, histidine, and cysteine on susceptible
proteins, leading to deregulation of protein functions (16, 19, 62).
Protein adducts appeared to have less of an impact on protein
functions than we previously thought because (i) Acr modifica-
tions did not change the enzymatic activity of HATs, even when
the protein was treated with a high concentration of Acr, (ii) Acr
exposure in vitro had little or no effect on protein-protein inter-
actions, and (iii) Acr modifications did not interfere with the his-
tone chaperone activity of ASF1B. In this study, we have found a

new mechanism by which Acr modifications affect protein func-
tions; i.e., Acr compromises protein-protein interaction and chro-
matin assembly by targeting critical sites on proteins and prevent-
ing the sites from physiological (functional) modifications.

Another relatively well-studied mechanism is the conforma-
tional changes in protein domains caused by targeting of critical
residues within the domain by Acr. For instance, IKK� activity
was inactivated by reaction of Acr with an active-site cysteine in
the active loop, which induced conformational changes in the
loop, rendering adjacent amino acids inaccessible to phosphatases
(21). In addition, Wang et al. reported that Acr causes degradation
of DNA repair proteins, including XPA, XPC, hOGG1, PMS2,
and MLH1, suggesting that protein degradation might be another
mechanism whereby Acr-protein adducts change protein func-
tions (15). This is consistent with the results of our time-lapse
microscopy analysis showing retained GFP-H3 signals in cyto-
plasm only when the cells were treated with the proteasome inhib-
itor MG132 (Fig. 5D and data not shown). The ratio of Acr to cell
numbers seemed to be critical for Acr-mediated proteosomal deg-
radation. We propose that, at low concentrations, aldehyde and
other electrophiles interfere with protein functions by reacting
with critical residues on the proteins, thereby inducing conforma-
tional changes in functional domains or preventing the sites from
being physiologically modified. At high concentrations, proteins
are heavily modified by electrophiles, which trigger protein deg-
radation. It would be important to determine the sites and/or the
levels of adducts needed to initiate Acr-mediated proteosomal
degradation.

Acr, as an unsaturated aldehyde, could react with nucleophilic
sites in proteins such as the sulfhydryl group of cysteine, the imi-
dazole moiety of histidine, and the ε-amino group of lysine (11,
62–64). Acr can also form propano adducts with the guanidine
group of arginine (65). Shao et al. used model peptides containing
histidine, lysine, and/or arginine to identify the target of Acr (64,
66). They found that Acr targets histidine and lysine but not argi-
nine on the model peptides. Interestingly, although apoA-I con-
tains five histidine residues, they were not able to detect Acr-his-
tidine adducts on apoA-I proteins. In addition, while high levels of
FDP-K and low levels of MP-lysine formed in all of the model
peptides tested, only MP-lysine was detected when apoA-I was
exposed to Acr. These data suggest that the local amino acid envi-
ronment and protein structure are important for the regulation of
Acr reactivity with proteins. In this study, we used recombinant
histones H2A and H4 to identify sites of Acr-histone lysine reac-
tions. We found that Acr forms adducts with histones at specific
lysine residues. The coverage of lysine residues on H2A and H4 in
trypsin-digested samples was 57% (8 out of 14) and 100% (11),
respectively. However, of all of the lysine residues identified by
mass spectrometry, only a portion of them, 25% (2 out of 8) and
73% (8 out of 11), respectively, were modified by Acr (Table 1),
which suggests selectivity of Acr addition by an unknown mecha-
nism.

In vitro studies have shown that self-association of H4 is much
stronger than self-association of H2A (67), indicating that tertiary
structure may have an impact on the control of Acr-histone lysine
adduct formation, given the similar secondary structures of his-
tone proteins. This may also reflect in vivo status, since our previ-
ous study demonstrated that Acr forms more adducts with his-
tones H3 and H4 than with histones H2A and H2B, as evidenced
by protein carbonyl assays (23). A number of studies have dem-
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onstrated that adjacent amino acids may direct the modification
of specific lysine residues in apoA-I proteins. For example, it was
reported that K-226 is the major target of Acr in apoA-I and it was
hypothesized that an adjacent negatively charged glutamic acid
(Glu-234) could promote electrophilic attack on the side chain of
lysines by facilitating deprotonation of the ε-amino group,
thereby lowering its pK� and increasing its nucleophilicity (64).
Using a peptide that mimics �-helices of apoA-I and apoE, Zheng
et al. further reported that an EXXK motif dictates preferential
lysine modifications by Acr (68). In future studies, it will be im-
portant to investigate whether similar mechanisms are involved in
histone modifications by Acr. In addition to the inherent selectiv-
ity of Acr, there are also other factors causing the failure of fully
reporting all of the Acr-modified sites, including the choice of
digestion enzymes, the abundance of modifications, and MS in-
strument sensitivity.

In summary, we have identified lysine residues on histone H4
that react with Acr in vitro and in cells. We also found that Acr
modifications themselves are not important for the association of
histone proteins with histone chaperones and for chromatin as-
sembly. Abnormal histone acetylations due to the formation of
Acr-lysine adducts appear to be attributable to disruption of pro-
tein-protein interactions and aberrant chromatin assembly. We
propose that prevention of physiological modifications might be a
new mechanism whereby Acr-protein adducts perturb cellular
processes. In fact, Acr treatment led to S-phase accumulation, as
seen in cells with ASF1B knockdown. In combination with its
effects on DNA damage and mutagenicity, Acr has a high potential
to induce carcinogenesis and other human diseases. Future stud-
ies should focus on the global effects of Acr on chromatin struc-
ture and gene expression by using high-throughput methodolo-
gies such as chromatin immunoprecipitation-DNA sequencing
and transcriptome sequencing. Deciphering Acr-induced protein
interaction networks and PTM changes by mass spectrometry will
provide potential biomarkers and therapeutic target for Acr-re-
lated cancers and diseases.
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