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Abstract

Extensive protein carbonylation accompanies cellular exposure to acrolein, a ubiquitous smoke constituent
implicated in life-threatening pulmonary edema in fire victims, a condition involving rapid erosion of the
‘‘watertight’’ properties of respiratory epithelium. Since the identities of lung epithelial proteins that sustain
carbonylation by acrolein are unknown, we sought to identify significant targets in subcellular fractions from
A549 cells after 30 min exposure to either subtoxic or acutely toxic acrolein concentrations (60 or 360 fmol
acrolein=cell). The lower concentration mainly modified cytosolic proteins while the higher concentration also
damaged nuclear, membrane, and cytoskeletal proteins. The multifunctional intermediate filament proteins
vimentin, keratin-18, keratin-7 and keratin-8, were conspicuous targets. Consistent with their mechanical
functions, a loss of cellular adhesive strength accompanied adduction of the two most abundant intermediate
filaments in A549 cells, keratins-8 and -18. Acrolein also elicited redistribution of several chaperones (Hsp40, -70,
-90, and -110) to intermediate filament fractions, suggesting chaperone-mediated autophagy contributes to the
triage of acrolein-adducted proteins. The carbonyl scavenger bisulfite suppressed acrolein toxicity, intermediate
filament adduction, vimentin cross-linking, Hsp90 redistribution, and loss of cellular adhesive strength, while
also suppressing vimentin hyperphosphorylation. These novel observations identify intermediate filaments as
key targets for the reactive smoke constituent acrolein. Antioxid. Redox Signal. 12, 337–347.

Introduction

Since high levels of acrolein are present in smoke
formed on combustion of vegetation, timber, plastics, and

building materials, this toxic 3-carbon electrophile is a key
mediator of smoke inhalation injury (SII) in fire victims in-
haling large doses of smoke (9). Pulmonary edema, a life-
threatening consequence of acute damage to the epithelial
lining of respiratory airways, is a major contributor to mor-
bidity and mortality in SII. The clinical picture in SII is com-
plex, but often involves a latency of 24–72 h, followed by
bronchorrhea, bronchospasm, breathing abnormalities, and
alveolar flooding (18). Although smoke is a complex cocktail
of noxious substances, acrolein appears to play a clear path-
ogenetic role in SII-related pulmonary edema, a conclusion

that is consistent with its strong reactivity towards lung epi-
thelium (16, 17). Although several physiological mechanisms
contribute to maintaining ‘‘dry’’ airspaces within the lung
(33), how acrolein disrupts these processes to induce pulmo-
nary edema is unclear.

The conjugated ab-unsaturated bond of acrolein and re-
lated type-2 alkenes reacts readily with soft nucleophiles to
form carbonyl-retaining Michael adducts (30). Reactions with
glutathione are favored, but acrolein also attacks cysteine
groups in proteins, ensuring that extensive protein carbon-
ylation accompanies cell exposure to acrolein (4). Identifying
targets for modification is worthwhile since such knowledge
can provide mechanistic insight into cellular or metabolic
pathways that are dysregulated by electrophiles. The cellular
targets for other type-2 alkenes such as 4-hydroxynonenal (48)
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and the food contaminant acrylamide (2) are increasingly well
defined, while recent proteomics studies have also identified
various cytoskeleton-associated proteins as acrolein targets
(29, 35). In a recent study, intravenous acrolein administration
caused myocardial damage in mice, including adduction of
sarcomere=cytoskeletal proteins and those involved in energy
metabolism (31). At present, relationships between adduction
of specific proteins and toxic cellular outcomes are unknown
for acrolein, particularly in relation to protein targets within
respiratory epithelium. The possibility that acrolein targets
proteins involved in maintaining the ‘‘watertight’’ properties
of the lung deserves serious attention.

The first aim of this work was to identify novel targets for
acrolein within A549 lung epithelial cells, focusing on damage
occurring under acutely toxic exposure conditions relevant to
the high-dose exposure scenarios prevailing in SII (16, 17).
Second, in an effort to evaluate the toxicological significance
of damage to individual proteins, the carbonyl scavenger bi-
sulfite was used to titrate modification of specific targets
against deleterious cellular outcomes. A third aim was to
explore cellular responses to the adduction of target pro-
teins by studying the recruitment of molecular chaperones to
cell extracts containing acrolein-modified proteins. The heat
shock proteins hsp40, -70, -90, and 110 play broad roles in
maintaining homeostasis during cell stress, including partic-
ipation in the chaperone-mediated autophagic pathway for
removing abnormal proteins (10, 37), but their roles in cellular
responses to acrolein are unknown. Our collective results
show that under exposure conditions eliciting acute toxicity,
acrolein exhibits particular reactivity with intermediate fila-
ments (IF), a family of proteins likely to perform important
functions within lung epithelia. These components of the cy-
toskeleton differ from actin microfilaments and tubulin mi-
crotubules in terms of the large number of genes that encode
them, their broad cellular distribution, relative insolubility,
and diverse cellular functions (32, 38). Recent discoveries
continue to extend known IF functions beyond their histori-
cally recognized role in the provision of mechanical strength
to cells and tissues. The finding that several members of
this protein family are targets for acrolein raises intriguing
questions concerning the mechanistic significance of such
damage to the diversity of biological processes in which IF
participate.

Materials and Methods

Reagents

Sodium bisulfite, 17-(allylamine)-17-demethoxygeldanamycin
(17-AAG), goat vimentin antiserum, monoclonal mouse an-
tibodies against phospho-tyrosine, -serine and -threonine, as
well as rabbit anti-DNP and anti-Hsp40 and Hsp110 sera were
obtained from Sigma-Aldrich (St. Louis, MO). Rabbit Hsp90
and Hsp70 antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Peroxidase-coupled anti-rabbit Ig
was supplied by Pierce (Rockford, IL). Acrolein was supplied
by Alexis Biochemicals (Lausen, Switzerland). Dulbecco’s
phosphate-buffered saline (DPBS, glucose and pyruvate-
containing) and dispase (Bacillus polymyxa, 1.75 units=mg)
were purchased from GIBCO (Invitrogen Australia Pty Ltd,
Mt Waverly, VIC). Sequencing grade trypsin from bovine
pancreas was obtained from Roche (Kew, Victoria).

Cell culture

Human A549 adenocarcinoma lung cells (ATCC, Mana-
ssas, VA) were grown in F12K nutrient mixture supplemented
with 10% FBS (vol=vol), gentamicin (100mg=mL), and am-
photericin B (2.5 mg=mL). The cells were harvested by trypsin-
EDTA digestion and resuspended in F12K media supple-
mented with 0.5% FBS. Cell number was determined and cells
were plated in 1.4 mL volumes on 6-well plates at a density of
0.6�106 cells per well. The plates were then maintained at
378C in 5% CO2 overnight before they were washed twice
withDulbecco’sphosphate-buffered saline (DPBS)beforecom-
mencing exposure to acrolein at final concentrations of 0, 25,
50, 75, 100, 150, or 200 mM. To avoid side-reactions with media
constituents, cells were exposed to acrolein in DPBS solutions
(45). Cell ATP levels were measured using a Promega Cell-
Titer-Glo� Luminescent Cell Viability assay kit (Madison, WI)
with luminescence readings taken using a PolarStar Optima
microplate reader (BMG-Labtech, GmbH, Offenburg, Ger-
many). In designated experiments, the hsp90 inhibitor 17-
AAG was added to cell media to a final concentration of 1mM.

To assess the stability of carbonylated IF, cells were ex-
posed to acrolein (75 mM) for 30 min, after which unreacted
aldehyde was removed by rinsing. Fresh solutions of F12K
media containing 0.5% FBS were added before dishes were
returned to the incubator.

Cell fractionation

To evaluate the subcellular distribution of early acrolein-
induced protein damage, A549 monolayers were exposed to
acrolein for 30 min before a Q-Proteome Cell Fraction Kit was
used to prepare cytosolic, nuclear, membrane, and cytoskel-
etal fractions (Qiagen Pty. Ltd., Doncaster, Australia). Protein
concentrations were determined using the BCA assay (Sigma-
Aldrich). Intermediate filaments were isolated using a deter-
gent extraction method that first involved rinsing A549
monolayers three times with Ca2þ- and Mg2þ-free PBS (50).
A 10 mL volume of cell lysis solution was then added to
each dish (Ca2þ- and Mg2þ-free PBS containing 0.6 M KCl,
1% Triton X-100, 10 mM MgCl2, 1% b-mercaptoethanol,
1 mM PMSF, and 0.5 mg=mL p-tosyl-L-arginine methylester).
DNase I was added to a final concentration of 0.5 mg=mL and
the dishes were placed on ice for 5 min. The suspension was
transferred to polypropylene tubes and centrifuged at 2,000 g
for 10 min at 48C, after which the supernatant was discarded.
The IF-containing pellet was then washed via one round of cen-
trifugation (3 min, 2,000 g) in Ca2þ- and Mg2þ-free PBS con-
taining 0.1 mM PMSF and 1% b-mercaptoethanol before it was
finally resuspended in 75mL urea (6 M). Protein concentrations
in 5mL aliquots were then estimated using the BCA assay.

Peptide mass fingerprinting

To identify proteins of interest in cytoskeletal extracts, IF
extract protein (100–200 mg=lane) was resolved on a large 12%
polyacrylamide gel. Following electrophoresis and gel stain-
ing (EZBlue� Gel Staining Reagent, Sigma-Aldrich, Australia),
bands co-migrating with carbonylated targets in parallel im-
munoblots were excised from the gel. The gel fragments were
destained and digested with trypsin before peptides were
extracted using standard techniques (7). Peptides were ana-
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lyzed using a MALDI-TOF=TOF mass spectrometer (4800
Proteomics Analyzer, Applied Biosystems, Foster City, CA)
before the resulting mass spectra were processed using Mas-
cot sequence matching software (Matrix Science, London,
U.K.) (43).

Western blot analysis

Since the favored Michael addition chemistry forms
carbonyl-retaining adducts, protein carbonyls are sensitive
markers of acrolein-induced protein damage (4). For the
evaluation of total protein carbonyls, cell proteins were ex-
tracted by adding 50mL of 6 M urea to each dish. The contents
were transferred to fresh tubes and, following brief sonica-
tion, 10mL aliquots were assayed for protein content. Aliquots
comprising 15mg protein were treated with an equal volume
of carbonyl derivatizing solution [0.5% 2,4-dinitrophenylhy-
drazine (wt=vol) in 10% trifluoroacetic acid (vol=vol)]. Sub-
sequent steps including sample treatment, resolution on 7.5%
PAGE gels, transfer to nitrocellulose, membrane blocking,
antibody treatment, washing, and membrane development
were as outlined previously (5). Chemiluminescence images
were analyzed with Kodak Molecular Imaging software (Vs.
4.01). In experiments in which vimentin cross-linking, phos-
phoprotein status and heat shock protein recruitment were
evaluated in IF extracts, proteins (20 mg=lane) were resolved
on a 7.5% gel prior to electrophoretic transfer to nitrocellulose.
Membrane blocking, immunorecognition, and washing were
as recommended by the antibody suppliers, with primary
rabbit antibodies used at 1=1,000 dilutions.

Dispase cell dissociation assay

The adhesive strength of A549 monolayers was evaluated
using a modified version of published procedures (19, 21).
Cells were grown to 1-day post-confluency on 60 mm dishes
before they were washed with PBS and exposed to acrolein
(0–200 mM) for 90 min in DPBS. The monolayers were rinsed
2X with PBS to remove unattached cells and then treated for
30 min at 378C with 2 mL dispase solution (2.4 units=mL in
DPBS). The enzyme solution was discarded and replaced with
fresh PBS before cells were subjected to mild mechanical stress
(20 oscillations on a shaking platform). The supernatant was
then carefully transferred to 2 mL centrifuge tubes. Following
centrifugation for 1 min at 2,600 g, pellets comprising dispase-
released cells were resuspended in 1 mL PBS before they were
subjected to an additional round of centrifugation and rinsing
in PBS. The pellet was finally suspended in 100mL sodium
hydroxide (1.0 M) and digested in a hot water bath (708C)
before 10 mL aliquots of hydrolysate were analyzed for protein
content using the BCA assay.

Statistics

Data were analyzed for significant differences by perfor-
ming ANOVA followed by Tukey’s post-hoc test using Sigma-
Stat for Windows (Version 3.5) (Systat Software, San Jose, CA).

Results

Concentration-dependent protein damage and toxicity

Little is known concerning levels of free acrolein in the lung
tissue of SII victims. In the case of burning tobacco, some

indication of the dose of acrolein likely to be received is con-
veyed by the acrolein concentrations reported when smoke
from a single cigarette was bubbled through 10 mL of buff-
ered saline, namely 34–503mM depending on the brand of
cigarette tested (26). Our initial experiments thus sought to
identify acrolein concentrations that elicited acute toxicity and
protein modification (Fig. 1). A549 cells were exposed to 25–
150mM acrolein (i.e., 60–360 fmol=cell) for 30 min before pro-
tein damage was detected via Western blotting (Fig. 1B).
Separate dishes were used to assess cell viability via es-
timation of ATP levels after 4 h (Fig. 1B). Acrolein induced
concentration-dependent loss of cell ATP while also modify-
ing numerous cell proteins (Fig. 1A and B). Even concentra-
tions of acrolein that did not diminish ATP levels during the
4 h duration of the experiment (25–75mM) caused extensive
protein carbonylation (Fig. 1B).

FIG. 1. Acrolein toxicity and protein carbonylation in
A549 lung cells. (A) ATP levels after a 4 h exposure to 25–
150mM acrolein (N¼ 4, mean� SE); A (*) indicates signifi-
cantly different from controls ( p< 0.05, Tukey’s post hoc
test). (B) Protein carbonyls in total cell lysates, and (C) sub-
cellular fractions following a 30 min exposure to acrolein
(15mg protein=lane). Immunoblots shown are representative
of four or more independent determinations.
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Subcellular distribution of protein damage

To facilitate identification of individual acrolein targets,
cells were fractionated into cytosolic, membrane, nuclear, and
cytoskeletal extracts prior to protein carbonyl determination
(Fig. 1C). Extracts were prepared after 30 min exposure to
either an acrolein concentration that did not elicit overt tox-
icity (25 mM) or the 150mM concentration that significantly
decreased ATP levels (Fig. 1A). Consistent with the preva-
lence of protein cysteine groups in the reduced state within
cytosol (i.e., facile targets for soft electrophiles), cytosolic
proteins were extensively modified by both the subtoxic and
acutely toxic concentrations (Fig. 1C). In contrast, proteins in
extracytosolic fractions (membrane, nuclear, and cytoskeletal)
incurred minimal damage at the low acrolein concentration
while showing substantial adduction at the high concentra-
tion (Fig. 1C). Cytoskeletal proteins were extensively dam-
aged at the highest concentration (Fig. 1C). The extensive
protein carbonylation elicited by low concentration acrolein in
total cell extracts (Fig. 1B) thus seems to mainly reflect damage
to abundant cytosolic proteins, with cell fractionation facili-
tating detection of damaged proteins in other cell compart-
ments at higher exposure levels (Fig. 1C).

Characterization of IF damage

Peptide mass fingerprinting was first used to identify tar-
gets in cytoskeletal extracts prepared using the Q-Proteome
Cell Fractionation kit (Qiagen, Doncaster, Victoria) (bands of
interest in the *45–55 kDa mass range are highlighted in Fig.
1C). Since the targets were tentatively identified as interme-
diate filament (IF) proteins, a detergent-based protocol was
used to extract IF proteins after brief exposure of cells to a
wider range of acrolein concentrations. Protein carbonyl
analysis of the resulting IF extracts revealed four major targets
(Fig. 2B), the identities of which were confirmed during a
second round of peptide mass fingerprinting as vimentin and
keratins-7, -8 and -18 (Table 1).

As in Fig. 1C, while four IF proteins were damaged by
150 mM acrolein (Fig. 2A), clear differences in susceptibility
were evident at lower acrolein concentrations (Fig. 2C). To
relate these findings to protein abundance, Fig. 2B depicts a
Coomassie blue-stained gel obtained during SDS-PAGE of
IF extracts from native A549 cells. Vimentin was only mod-
erately abundant yet highly vulnerable to modification,
showing saturation of adduction at the lowest acrolein con-
centration (25 mM, Fig. 2C). The least abundant of the four IF
targets (Fig. 2B), keratin-7, was highly susceptible, exhibiting
saturation of adduction at 50 mM and higher acrolein con-
centrations (Fig. 2A and C). In contrast, keratins-8 and -18
were highly abundant (Fig. 2B) yet only incurred substan-
tial damage at the most acutely toxic concentrations (Fig.
2A and C).

Differential protection of individual IF proteins
by bisulfite

Since bisulfite strongly inhibits acrolein-mediated protein
adduction and toxicity (5), this scavenger was used to explore
relationships between cytoprotection and protection of spe-
cific IF targets (Fig. 3). Bisulfite strongly suppressed cellular
ATP depletion elicited by a 4 h exposure to 150 mM acrolein,
with 50 mM and higher bisulfite concentrations completely

preventing ATP loss (Fig. 3A). Suppression of IF carbonyla-
tion accompanied the cytoprotection, with the greatest pro-
tection at mid-range concentrations afforded towards the
most abundant yet least susceptible IF targets, keratins-8 and
-18 (Fig. 3B and C). The most vulnerable IF targets, vimentin
and keratin-7, were only fully protected at the highest bisulfite
concentration. Cytoprotection thus appeared to correlate with
protection of the most abundant IF targets rather than the
most vulnerable IF species.

Vimentin cross-linking

In recent work, formation of high-mass protein aggregates
coincided with the loss of carbonylated proteins in cells sub-

FIG. 2. Concentration-dependent carbonylation of vi-
mentin and keratins by acrolein in A549 cells. (A) Carbo-
nyls in IF extract proteins (15 mg=lane) exposed to 25–150mM
acrolein for 30 min; (B) Coomassie blue stained IF extract
from native A549 cells, and (C) band intensity from carbo-
nylated IF. Immunoblots shown are representative of four or
more independent determinations.

Table 1. Proteins Identified during Proteomic

Analysis of Bands Co-migrating with Carbonylated

Species in IF Extracts from Acrolein-Treated

A549 Cells

Protein
identity*

Protein
score{

Confidence
interval (%)

Mass
(kDa){

IEP
(pH)

Peptide
count§

Keratin-18 134 100 47.3 5.27 17
Keratin-8 149 100 53.7 5.52 20
Keratin-7 73 99.364 51.4 5.42 12
Vimentin 76 99.696 49.6 5.19 12

*Identity of protein with greatest number of peptide matches
within band of interest.

{Mowse score determined from peptide mass fingerprinting.
Protein scores greater than 72 are significant ( p< 0.05).

{Post-translational modifications (e.g., glycosylation) may contrib-
ute to differences in the order of IF protein migration during
SDS=PAGE compared to expectations based on mass estimates.

§Number of peptides matched.
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jected to brief acrolein exposure followed by recovery in
aldehyde-free media (5). To determine whether carbonyl IF
adducts undergo similar decay, A549 cells were exposed to a
30 min pulse of acrolein before they were washed and allowed
to recover for up to 2 h in acrolein-free media (Fig. 4A). As in
recent studies of the reversibility of Michael adducts at cys-
teine (28), the intensity of carbonylated IF targets declined
during the recovery period (Fig. 4A).

The possibility that the decline in IF carbonyl adducts
might involve cross-linking reactions was confirmed by the
detection of vimentin-containing aggregates after 3 h ex-
posure to acrolein (Fig. 4B). Intriguingly, acrolein elicited
concentration-dependent increases in the mass of aggregated
products, suggesting acrolein-adducted vimentin cross-
linked with distinct proteins under different exposure condi-
tions (arrows highlight several vimentin-containing bands in
Fig. 4B). Consistent with their ability to suppress vimentin

adduction (Fig. 3B), high bisulfite concentrations strongly
inhibited vimentin cross-linking (Fig. 4C).

Consequences of IF damage

Phosphorylation regulates many IF functions, including
the organization and solubility of filament networks, inter-
actions with accessory proteins, and roles in cellular adhesion,
cell death, and vectorial transport (32, 39). To determine
whether the phosphorylation status of IF targets alter during
toxicity, Western blotting was used to evaluate IF phospho-
tyrosine levels in cells after a 30 min exposure to acrolein (Fig.
5A). Despite its susceptibility to adduction (Fig. 2A), phos-
photyrosine levels in vimentin only increased at the acutely
toxic 150 mM concentration (Fig. 5A). Phosphotyrosine levels
in the other three IF targets were unaltered by 100 mM and
lower concentrations of acrolein (Fig. 5A). A 30 min exposure

FIG. 3. Bisulfite protects against acrolein-induced toxicity
and IF carbonylation in A549 cells. (A) ATP levels after a 4 h
exposure to 150mM acrolein in the presence of 10–200mM
bisulfite. A (*) indicates a significant difference from controls
( p< 0.05, Tukey’s post hoc test); (B) carbonyl levels in IF
proteins after a 30 min exposure (15mg protein=lane), and (C)
band intensity of carbonylated IF proteins. Immunoblots
shown are representative of three or more independent de-
terminations.

FIG. 4. Acrolein-induced formation of vimentin-containing
high-mass species and protection by bisulfite. (A) Time-
course of loss of carbonylated IF in cells recovering from a
prior 30 min exposure to 75mM acrolein (15 mg protein=lane).
NE, no exposure; NR, no recovery. (B) Western blot obtained
with anti-vimentin antibody showing formation of high-mass
species (arrows) within IF extracts from A549 cells after a 3 h
exposure to acrolein. (C) Co-incubation of acrolein with cy-
toprotective bisulfite concentrations suppress vimentin-
crosslink formation. The immunoblots in (A) and (B) were
obtained with anti-vimentin antibody and depict 20 mg
protein=lane (representative of three or more independent
determinations).
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to 25–150 mM acrolein also failed to alter phosphoserine or
phosphothreonine levels in the four IF targets (data not
shown). The highest bisulfite concentrations strongly sup-
pressed vimentin hyperphosphorylation during a 30 min ex-
posure to 150mM acrolein (Fig. 5B).

A 90 min exposure to acrolein diminished the adhesive
strength of A549 monolayers, as revealed by the increase in
dispase-releasable proteins in monolayers subjected to mild
mechanical stress (Fig. 6A). Significant reductions were pro-
duced by high concentrations that carbonylated the most
prevalent IF proteins, keratin-8 and �18 (i.e., 100mM and
higher, Fig. 3B). Consistent with their ability to protect
keratins-8 and -18, 50mM and higher bisulfite concentrations
blocked the loss of cellular adhesive strength induced by
150 mM acrolein (Fig. 6B).

Molecular chaperone redistribution

To establish whether acrolein elicits chaperone redistribu-
tion to damaged IF, Western blotting was used to detect
Hsp110, Hsp90, Hsp70, and Hsp40 in IF fractions from
acrolein-treated cells (Fig. 7). As with previous reports, Hsp70
was associated with IF in control cells (27). A 3 h exposure
to acrolein caused concentration-dependent increases in all
chaperones within IF fractions (Fig. 7A–D). A clear threshold
applied to the response, since while 25 mM acrolein strongly
modified vimentin (Fig. 2A), this concentration did not in-
crease chaperone levels within IF extracts (Fig. 7A–D). In
contrast, 50, 75, and 100 mM acrolein modestly increased IF-
associated levels of all four chaperones, with Hsp40 the most
strongly responsive marker at these concentrations (Fig. 7A–
D). Consistent with the extensive IF damage it caused, 150mM
acrolein strongly increased IF-associated levels of the two
large chaperones, Hsp90 and -110 (Fig. 7C and D).

In the case of Hsp90, high acrolein concentrations also
promoted the formation of high-mass Hsp90-containing
species that displayed a mass of *180–190 kD during
SDS=PAGE (Fig. 7A and B). It is likely this product formed via

intermolecular cross-linking during the processing of dam-
aged proteins by Hsp90-containing complexes (see below).

Consistent with its ability to block IF adduction, bisulfite
strongly inhibited acrolein-induced chaperone recruitment
to IF extracts (Fig. 7A–D). In general, only the two highest
concentrations of bisulfite suppressed the increases in IF-
associated chaperones (Fig. 7C). Since these concentrations
protected the two most abundant IF targets (Fig. 3B and C),
together with the finding that no chaperone redistribution
was elicited by the 25mM acrolein concentration which
damaged vimentin, chaperone redistribution to IF may pri-
marily occur upon damage to abundant IF proteins. Bisulfite
also attenuated formation of high-mass Hsp90-containing
species in acrolein-treated cells (Fig. 7C).

Effect of Hsp90 inhibitor

To clarify mechanisms underlying chaperone redistribu-
tion to acrolein-adducted IF, and determine whether this
phenomenon influences toxic responses to acrolein, the effects
of the hsp90 antagonist 17-AAG on acrolein-induced ATP
depletion (Fig. 8A) and IF-associated Hsp90 (Fig. 8B) were
examined. The hsp90 inhibitor enhanced acrolein-induced

FIG. 5. Western blot showing vimentin tyrosine hyper-
phosphorylation during acrolein exposure and suppression
by bisulfite. (A) IF extracts prepared following a 30 min ex-
posure of A549 cells to 25–150mM acrolein were evaluated for
phosphorylation status using an anti-phosphotyrosine anti-
body (arrow highlights the hyperphosphorylated vimentin
band). (B) Bisulfite suppresses basal and acrolein-induced
vimentin phosphorylation; 20mg protein=lane in (A) and (B).
Immunoblots shown are representative of three or more in-
dependent determinations.
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FIG. 6. Acrolein-induced loss of cellular adhesive
strength and prevention by bisulfite. (A) Dispase-releasable
protein from confluent A549 monolayers after 90 min expo-
sure to acrolein (25–200 mM) prior to dispase treatment
(30 min) and subjection to mild mechanical stress. (B) Pro-
tection by bisulfite against the loss of cellular adhesive
strength elicited by a 90 min exposure to 150mM acrolein.
The values shown are mean� SE from three to four inde-
pendent experiments.
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ATP depletion across a range of acrolein concentrations (Fig.
8A). While 17-AAG did not prevent acrolein-induced redis-
tribution of monomeric Hsp90 to IF, the inhibitor did block
formation of high-mass Hsp90-containing aggregate (Fig. 8B).

To determine whether Hsp90 redistribution was a gener-
alized cellular response to acrolein exposure, Hsp90 levels
were measured in various fractions prepared after a 3 h
treatment with 150 mM acrolein (Fig. 8C). Intriguingly, Hsp90
was present in cytosolic extracts from both control and
acrolein-treated cells, although acrolein treatment strongly
increased levels of high-mass Hsp90-containing species in this
extract (Fig. 8C). Hsp90 was not detected in either nuclear or
membrane extracts from control or acrolein-treated cells (Fig.
8C). In contrast, Hsp90 levels strongly increased in cytoskel-
etal extracts during acrolein exposure (Fig. 8C), suggesting
chaperone redistribution directly follows damage to these cell
constituents.

Discussion

The over 65 members of the IF class belong to five sub-
families, of which all possess an a-helical rod domain flanked
by N-terminal head and C-terminal tail domains (40). The
highly conserved rod domains promote formation of coiled-
coil dimer structures while the head and tail domains contain
motifs that interact with adaptor proteins, ensuring IF act as
scaffolds for many cell-signaling molecules (24). The terminal

domains include phosphorylation motifs that are targets for
various kinases including stress-activated kinases, suggesting
one function of IF proteins includes an ability to act as
‘‘phosphate sponges’’ during cellular stress (20, 39). Our study
breaks new ground by implicating members of three IF sub-
families as targets for acrolein, namely keratins-18 (‘‘acidic’’ or
Type-1 IF family), -7 and -8 (‘‘basic’’ or Type-2) and vimentin
(Type-3). Assuming similar damage occurs in vivo, the finding
that lung epithelial cell IF are very susceptible to acrolein
adduction could have mechanistic ramifications for SII path-
ogenesis.

Vimentin was especially vulnerable to acrolein, showing
saturation of adduction at the lowest concentration studied
(25mM, Fig. 2B). Vimentin is expressed in endothelial and
mesenchymal tissues where it participates in cell–cell attach-
ment, cell differentiation, stress responses, cell signaling, and
cell motility (22). Emerging as a common target for reactive
electrophiles, vimentin is attacked by species as diverse as the
thiol oxidant diamide (13); sugar-derived glycoxidation
products (25); cyclopentanone prostaglandins (14); the anti-
tumor alkaloid withaferin A (3), and quinone methide tumour
promoters (33). Vimentin is thus vulnerable both to compar-
atively ‘‘hard’’ electrophiles which preferentially target lysine
(e.g., glyoxal) (25) and also ‘‘softer’’ electrophiles that attack
cysteine (e.g., PGA1) (14). Acrolein modifies both lysine and
cysteine residues, although reactivity with the latter is favored
on kinetic grounds (5). The divergent roles vimentin plays in

FIG. 7. Western blotting with anti-Hsp sera reveals acrolein-induced redistribution of molecular chaperones to IF
extracts in A549 cells. The panels depict concentration-response curves (upper blot) and effects of bisulfite (lower blot) on the
redistribution of Hsp40 (A), Hsp70 (B), Hsp90 (C), and Hsp110 (D) to IF extracts prepared from A549 cells after a 3 h
exposure to acrolein (20mg IF protein=lane in each panel). Immunoblots shown are representative of two or three inde-
pendent determinations.
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different tissues complicates the question of whether such
damage compromises vimentin functionality. Recent work
using human fibroblasts found the sugar-derived electrophile
glyoxal targets lysine groups in linker regions of coiled-coil
domains of the rod region of vimentin (25). Redistribution of
vimentin to perinuclear globular aggresomal structures oc-
curred on exposing fibroblasts to glyoxal, suggesting damage
within rod domains disrupted IF dimerization and assembly
(25). In our study, use of fluorescent immunohistochemistry
did not reveal vimentin reorganization during 4 h exposures
of A549 cells to acrolein (data not shown). This may suggest
acrolein modification occurs in head or tail domains that are
less important in oligomerization than the rod domain resi-
dues attacked by glyoxal.

Semiflexible intracellular IF networks help provide tensile
strength to tissues subjected to mechanical deformations (49).
These properties not only reflect IF interactions with neigh-
boring IF proteins within polymeric networks, but also their
ability to form linkages with cytoplasmic domains of integrin
and other membrane-spanning anchor complexes. IF thus
interact with a range of cell adhesion structures including
desmosomes, hemidesmosomes, and matrix adhesions (22).
To determine whether acrolein-induced IF damage disrupts
such functions, cellular adhesive strength was evaluated in
A549 cell monolayers using the dispase dissociation assay, a

common method for assessing the phenotypic impact of ker-
atin mutations (19, 21). Although adduction of the most vul-
nerable IF proteins, vimentin and keratin-7, appeared
saturated at the 50mM concentration, a loss of cellular adhe-
sive strength only occurred at acrolein concentrations that
damaged the more abundant IF proteins, keratins-8 and -18
(Figs. 2B and 6A). This suggests the mechanical roles of vi-
mentin are subtle in the A549 cells, a conclusion concurring
with findings made during studies of the phenotype of
vimentin(�=�) cells (11).

The fact that keratins-8=-18 sustained adduction at acrolein
concentrations that decreased cellular adhesive strength is
consistent with the mechanical roles of keratins in many cell
types (32, 38, 42). Keratins-8 and -18 are often co-expressed as
IF heterodimers within epithelial cells which typically express
at least one Type-1 (e.g., keratin-18) and one Type-2 IF (e.g.,
keratin-8). Keratins-8 and -18 are especially important in
liver, with mutations in these genes accompanying various
enterohepatic disorders (38). If keratin-8 and -18 adduction
by acrolein extends to intact lung—a tissue subjected to
mechanical forces during the normal breathing cycle—any
disruption of keratin-containing IF networks and associated
cell-cell attachment might conceivably erode the ‘‘watertight’’
properties of respiratory epithelium. The availability of lung
epithelial cell lines that form excellent tight junctions may
allow better testing of this idea (15).

The recent finding that inhalational acrolein exposure
caused adduction of mouse vascular proteins (8) is intriguing
given that keratin-7, a preferred target for acrolein identified
in our study, is mainly expressed in endothelial tissues in-
cluding the lining of blood vessels (36). To the best of our
knowledge, keratin-7 has not previously been identified as a
target for electrophiles.

The levels of carbonylated adducts declined in IF targets
following a brief exposure to acrolein (Fig. 4A). Several
mechanisms may contribute to this loss, including chemical
reversal of the Michael addition reaction, proteolytic deg-
radation of damaged proteins, or consumption of the car-
bonyl group during reactions with neighbouring nucleophiles
(5). Concurring with the latter, adducted vimentin partici-
pated in diverse cross-linking reactions, with an unexpected
concentration-dependence in the mass of the aggregates
formed (Fig. 4B). At 25 mM acrolein, two bands formed that
increased vimentin’s mass by just 10–20 kDa, yet at 50 mM, a
band with an additional mass of *60–70 kDa appeared (Fig.
4B). At the most toxic acrolein concentrations (100 and
150 mM), a series of poorly resolved high-mass species ex-
hibiting an additional mass of *120–130 kDa formed (Fig.
4B). These observations suggest cells may tolerate formation
of low mass vimentin-containing aggregates, while high-mass
species are deleterious to cell viability.

The finding that acrolein carbonylated many cytosolic pro-
teins (Fig. 1B) raised the possibility that a common pathway
for clearing abnormal proteins from cytoplasm, chaperone-
mediated autophagy (CMA), would be activated during
acrolein toxicity. This pathway removes individual proteins
via lysosomal proteolysis and is triggered by stresses that
promote protein unfolding and exposure of hydrophobic
KFERQ-like pentapeptide sequences within substrate pro-
teins (10). The resulting recruitment of chaperones and
co-chaperones promotes formation of complexes compris-
ing Hsp70, Hsp90, Hsp40, Hop, Bag-1, and other proteins,

FIG. 8. Effects of 17-AAG on acrolein-induced ATP de-
pletion and Hsp90 redistribution and crosslinking. (A) ATP
levels at 4 h, and (B) IF-associated Hsp90 at 3 h following
exposure to 50, 100, or 150mM acrolein with and without co-
exposure to 1 mM 17-AAG [N¼ 4, mean� SE]. (C) Hsp90
levels in various subcellular fractions following a 3 h expo-
sure to acrolein. In (A), a (*) indicates significantly different
from controls ( p< 0.05, Tukey’s post hoc test). Immunoblots
shown are representative of two or three independent de-
terminations.
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enabling further substrate unfolding and translocation to
lysosomes. While the role of CMA in cellular responses to
electrophiles is poorly characterized, prooxidant chemicals
can activate CMA in some cell types (23). Our finding of in-
creased chaperones in IF extracts from acrolein-treated cells
suggests acrolein triggers chaperone mobilization in an ef-
fort to ‘‘buffer’’ damaged and destabilized IF proteins. How-
ever the hsp90 inhibitor 17-AAG failed to block hsp90
redistribution to IF extracts, indicating this response was
independent of the conformational cycle of Hsp90. ATP-
competitive inhibitors disrupt ATP-driven hsp90 dimeriza-
tion, preventing ‘‘molecular clamp’’ interactions with client
proteins (41).

The fact that 17-AAG blocked formation of high-mass
hsp90-containing aggregates in cells exposed to toxic acrolein
concentrations suggests controlled cross-linking events un-
derlie formation of this high-mass species (Figs. 7 and 8).
Upon ATP binding to hsp90 homodimers during the confor-
mational cycle of hsp90, the two N-terminal ATP-binding
domains are brought into close proximity (44). Our observa-
tions resemble recent findings from reconstituted in vitro
systems comprising yeast Hsp90 and human Hsp90b where
in the presence of ATP or a nonhydrolyzable ATP analogue,
the cross-linking reagent dimethyl suberimidate generated
high-mass Hsp90-containing species (46). Disruption of N-
terminal dimerization using geldanamycin, an Hsp90 inhibi-
tor with affinity for the ATP-binding site, reduced the yield of
high mass species (46). Our analogous findings in intact lung
cells provide powerful evidence for the transient dimerization
of Hsp90 molecules during protein triage within the cellular
environment.

Recent years has seen increasing interest in the use of nu-
cleophilic reagents as carbonyl-sequestering drugs (1, 6). In
earlier work, bisulfite was identified as an efficient acrolein-
scavenger and inhibitor of protein carbonylation during
acrolein toxicity (5, 47). Bisulfite rapidly traps acrolein to form
propanal-3-sulfonate in the first instance (12). The present
work extends these findings by showing that bisulfite
strongly protected against acrolein-induced carbonylation of
specific IF targets (Fig. 2B and C), blocked vimentin cross-
linking (Fig. 3C), suppressed vimentin hyperphosphorylation
(Fig. 5B), prevented the loss of adhesive cell strength (Fig. 6B),
and prevented redistribution of chaperones to IF (Fig. 7).
Collectively, these data indicate that bisulfite complements
endogenous cellular electrophile-scavenging systems such
as the glutathione-S-transferase pathway to trap acrolein
within the intracellular environment at a rate that competes
with the kinetics of the reaction of acrolein with protein
targets.

In conclusion, acrolein displays strong reactivity with IF,
with vimentin and keratin-7 favored targets at low concen-
trations, while keratins-8 and -18 sustained damage at higher
acrolein concentrations. Since these cytoskeletal proteins play
diverse cellular roles, they deserve further attention as key
targets for electrophilic carbonyls in a wide range of disease
states. In particular, future work should address the possi-
bility that adduction compromises the ability of IF networks
to provide tensile strength to respiratory epithelium in
the smoke-exposed lung. Such pathogenetic mechanisms
would represent a novel functional outcome of fundamen-
tal chemical events occurring in the early stages of acrolein
exposure.
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