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Abstract

Cigarette smoking is a major risk factor for developing pulmonary and cardiovascular diseases as well as some
forms of cancer. Understanding the mechanisms by which smoking contributes to disease remains a major
research focus. Increased levels of carbonylated serum proteins are present in smokers; albumin is the major
carbonylated protein in the bronchoalveolar lavage fluid of older smokers. We have investigated the suscepti-
bility of human serum albumin (HSA) to a,b-unsaturated aldehyde-induced carbonylation when exposed to
whole-phase cigarette smoke extract (CSE). Fluorescence studies with fluorescent probes showed depletion of
HSA Cys34 free thiol and marked decrease of free Lys residues. Spectrophotometric and immunochemical
carbonyl assays after carbonyl derivatization with 2,4-dinitrophenylhydrazine revealed the formation of cova-
lent carbonyl adducts. Nanoscale capillary liquid chromatography and electrospray tandem mass spectrometry
analysis detected acrolein and crotonaldehyde Michael adducts at Cys34, Lys525, Lys351, and His39 at all
the CSE concentrations tested. Lys541 and Lys545 were also found to form a Schiff base with acrolein. The
carbonyl scavenger drugs, hydralazine and pyridoxamine, partially prevented CSE-induced HSA carbonylation.
Carbonylation of HSA associated with cigarette smoking might result in modifications of its antioxidant
properties and transport functions of both endogenous and exogenous compounds. Antioxid. Redox Signal. 12,
349–364.

Introduction

Cigarette smoking is one of the major risk factors for
developing pulmonary and cardiovascular diseases like

emphysema, chronic bronchitis, chronic obstructive pulmo-
nary disease, myocardial infarction, and atherosclerosis, as
well as some forms of malignancies, particularly lung and
throat cancer (9).

Whole cigarette smoke (CS) is a complex aerosol consisting
of a vapor and particulate phase, containing at least 4,800
identified constituents (28), although most of these are present
in vanishingly small concentrations. Many noxious com-
pounds in cigarette smoke act as oxidants, proinflammatory
agents, carcinogens (or a combination of these), or tumor
promoters (28, 46). In addition to nicotine, identified com-
pounds include pyridine alkaloids, ammonia, phenols,
N-nitrosamine, polycyclic aromatic hydrocarbons, quinones,
benzo(a)pyrene, hydrogen cyanide, carbon monoxide and

dioxide, and reactive oxygen=nitrogen species (ROS=RNS)
(28, 33). In addition, cigarette smoke contains high concen-
trations of reactive volatile aldehydes, such as acetaldehyde,
formaldehyde (saturated aldehydes) and a,b-unsaturated al-
dehydes, including acrolein (2,3-propenal) and crotonalde-
hyde (2-butenal), which are particularly harmful because of
their high reactivity and high toxicity.

a,b-Unsaturated aldehydes, though reactive, are long-lived
compared with most ROS=RNS and oxidizing intermediates,
possessing half-lives ranging from a few hours to days, and
then can diffuse long distances before reacting with proteins,
so acting as ‘‘toxic second messengers’’ (1). Acrolein and other
aldehydes are present in saliva or exhaled breath condensate
in low micromolar concentrations in healthy subjects and are
elevated up to 10-fold in heavy smokers (5, 6). Exposure of
saliva to crotonaldehyde and acrolein, at concentrations
known to be present in CS, resulted in an increase of protein
carbonyls and a parallel decrease in -SH groups (53).
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Exposure of human plasma to gas-phase CS produces pro-
tein carbonyl accumulation and loss of protein sulfhydryl
groups (47), aldehydes contained in CS being chiefly respon-
sible for the observed protein modifications (41). Exposure to
CS (or inhaled acrolein) results in the formation of specific
protein–acrolein adducts in the lung, plasma, and in the aorta
of exposed mice (15). These observations suggest that, despite
its high reactivity, free acrolein is transported from the lung
into systemic circulation and to vascular sites (15). Smokers’
urine contains high concentrations (6–8mM) of acrolein me-
tabolites, demonstrating the presence of systemic acrolein and
the contribution of acrolein metabolism (13).

The common feature of a,b-unsaturated aldehydes (reac-
tive carbonyl species) is the presence of an unsaturated car-
bonyl group that confers on them the capacity to form stable
covalent adducts with nucleophilic amino acids (i.e., Cys, His,
and Lys residues in proteins), often resulting in protein car-
bonylation (2, 3, 17, 18). Introduction of carbonyl groups into
amino acid residues is the most general byproduct of protein
oxidative damage and quantification of carbonyl content,
determined as 2,4-dinitrophenylhydrazine (DNPH) deriva-
tives, is generally used to estimate the oxidative damage of
proteins (20, 30, 31).

Increased levels of protein carbonyls have been found in
serum proteins of smokers compared with nonsmokers (34,
45), whereas no difference was seen between heavy and light
smokers (45). Furthermore, recent studies showed that albu-
min is the major carbonylated protein in the bronchoalveolar
lavage fluid of older smokers with long-term smoking histo-
ries, even in the absence of lung diseases (36, 50).

Several approaches have been used to evaluate CS. Typi-
cally, cells and protein solutions are exposed to smoke ex-
tracts. Because of the ease of collection, the most common
methods of collecting CS include bubbling whole CS through
an aqueous solution, usually phosphate-buffered saline (PBS),
to collect the aqueous phase of gas=vapor phase (cigarette
smoke extract, CSE), or sampling total particulate matter
(TPM) on a Cambridge filter (a standard glass-fiber Cam-
bridge filter pad that retains 99.9% of all particulate matter
with a size >0.1 mm), or by other trapping methods (thus
collecting the particulate phase). CSE contains most of the
components inhaled by smokers. The generation of CSE in
aqueous solutions results in the collection of only the water-
soluble components of whole CS (14). CSE is added to the
culture medium of a cell culture or to protein solutions, at
different dilutions. TPM is extracted with an organic solvent,
usually dimethyl sulfoxide, to collect the lipid-soluble phase
(cigarette smoke condensate, CSC), and the organic extract
is then added to the cell-culture medium or to protein solu-
tion. To study the effects of native CS in cell culture, direct-
exposure methods have been developed. Whole-phase CS
solution can be prepared with a homemade ‘‘apparatus’’
(consisting of a glass Erhlenmeyer flask with a side arm, a 500-
ml pipette tip, and a water pump) so devised as to simulate the
manner in which the respiratory tract lining fluid is exposed
to CS during the process of smoking by humans (43). The
smoke is permitted to come into contact with the thin layer of
buffer solution in the bottom of the flask, avoiding direct
bubbling. The resultant dark yellow solution is termed whole-
phase CS solution. The pH of the whole-phase CS solution is
adjusted to 7.4 by addition of sodium hydroxide solution,
after which it is filtered through a 0.22-mm Millipore filter.

Aqueous extract of CS can also be prepared by extracting
thrice the whole-phase CS solution with an equal volume of
diethyl ether. The aqueous extract is made free of solvent by
applying a gentle suction under vacuum. This solution is
termed aqueous extract of CS (43).

With extracts of smoke, the individual constituents of the
crude smoke condensate mixture will be effective to a differ-
ent extent, according to their physicochemical properties,
mainly their solubility. The generation of CSE in aqueous
solutions results in the collection of only the water-soluble
(particulate) components of whole CS (14). Water-soluble
components of CS can readily reach both the systemic circu-
lation (16) and interstitial cells (29), suggesting that com-
pounds found in CSE may mimic in vivo situations. This is
further supported by observations that in vivo smoke expo-
sure can mimic in vitro CSE challenge (16).

We describe here the susceptibility of human serum albu-
min (HSA) to a,b-unsaturated aldehyde-induced carbonyla-
tion when exposed to whole-phase CSE, which is widely used
as a model system to study in vitro effects of CS (14, 16, 43).

Materials and Methods

Chemicals

Delipidized crystalline HSA (*99% agarose gel electropho-
resis), DNPH, fluorescamine (4-phenyl-spiro [furan-2(3H),
1’-phthalan]-3,3’-dione), hydralazine, pyridoxamine dihydro-
chloride, and LC-MS grade solvents (Chromasolv) were pur-
chased from Sigma-Aldrich Chemie GmbH (Milan, Italy).
N-[6,7-(amino-4-methylcoumarin-3-acetamido)hexyl]-30-[20-
pyridyldithio] propionamide (AMCA-HPDP) was obtained
from Pierce Biotechnology (Rockford, IL). Anti-dinitrophenyl-
KLH antibodies, rabbit IgG fraction and goat anti-rabbit IgG,
horseradish peroxidase conjugate were purchased from Mole-
cular Probes (Eugene, OR). ECL Plus Western blotting detection
reagents were purchased from Amersham Biosciences Europe
GmbH (Milan, Italy). Sequence grade-modified trypsin was
obtained from Promega (Milan, Italy). All other reagents were of
analytic grade. Research-grade cigarettes (3R4F) were purchased
from the College of Agriculture, Kentucky Tobacco Research &
Development Center, University of Kentucky (USA).

Preparation of whole-phase cigarette smoke extract

Whole-phase CSE from Kentucky 3RF4 reference cigarettes
was prepared as previously described (43). Mainstream
smoke from one cigarette (10 puffs) was allowed to dissolve
(for 10 s each puff ) in 1 ml of 50 mM potassium phosphate
buffer (PBS), pH 7.4. The resultant dark yellow solution was
defined as 100% whole-phase CSE and was filtered through a
0.22-mm Millipore filter (Bedford, MA) to remove bacteria and
large particles. The pH of the whole-phase CSE was adjusted
to 7.4 by addition of 2 M sodium hydroxide solution. To en-
sure standardization between experiments and batches of
CSE, CSE preparations were made uniform by measurement
of absorbance at 340 nm. CSE was freshly prepared immedi-
ately before use for each experiment and diluted to an ap-
propriate concentration with 50 mM PBS.

Preparation of human mercaptalbumin (HSA-SH)

Delipidized serum albumin (12 mg=ml, 0.18 mM) was
quantitatively converted to mercaptalbumin (HSA-SH), in
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which the single thiol of HSA is completely reduced, by
treatment with 1.5 mM DTT in 50 mM PBS, pH 7.4, for 15 min
at room temperature. The excess of DTT was then removed by
exhaustive dialysis against 50 mM PBS, pH 7.4.

Exposure of HSA-SH to CSE

HSA-SH (molecular mass, 66.486 kDa) concentration was
determined by measuring the absorbance at 280 nm, by using
an extinction coefficient of 39,800 M=cm. HSA-SH (4 mg=ml,
60 mM) was treated for 60 min, at 258C, with various concen-
trations of CSE (1%, 4%, 16%, and 64%, vol=vol), with gentle
rotary shaking. The removal of CSE was accomplished with
exhaustive dialysis against PBS at 48C. As the whole-phase
CSE reveals an intrinsic fluorescence when measured by using
an excitation wavelength of 340 nm and an emission wave-
length of 440 nm, at 258C, complete CSE removal was checked
by measuring its related fluorescence in the dialysis buffer. All
reported experiments were carried on in CSE-free buffer.

Labeling of HSA free sulfhydryl group
with AMCA-HPDP

After treatment with various concentrations of CSE, HSA
samples (400 mg) were mixed with three volumes of 100%
acetone, and protein was allowed to precipitate for 30 min at
�208C, followed by centrifugation at 10,000 g for 10 min, at
48C. Protein pellets were resuspendend in AMCA-HPDP so-
lution (100 mM in 50 mM phosphate buffer, pH 7.4) at a molar
ratio of 1:6 in favor of AMCA-HPDP. Samples were incubated
for 60 min at room temperature in the dark to ensure com-
plete blocking of exposed sulfhydryl groups. AMCA-HPDP-
labeled HSA samples were precipitated with acetone, as in the
previous step, and resuspended with an equal volume of 2�
nonreducing Laemmli SDS-PAGE sample buffer.

Detection of HSA sulfhydryl group with AMCA-HPDP
by SDS-PAGE

Approximately 10mg protein for each sample was loaded
on 10% SDS-PAGE. At the end of the electrophoretic run
under nonreducing condition, the gel was rinsed with Milli-Q
water and transferred to the platform surface of a UV trans-
illuminator (lexc¼ 340 nm). On UV activation, brilliant blue
bands of HSA could be seen by the naked eye and were re-
corded by a camera, Canon S5IS. Densitometric analysis was
performed after scanning the gels by using Image J 1.40d
(National Institutes of Health, Bethesda, MD).

Albumin-AMCA-HPDP fluorescence-emission
spectrum

The fluorescence-emission spectrum of AMCA-HPDP-
labeled HSA (0.2 mM) was determined at 258C by using an
excitation wavelength of 345 nm and scanning at emission
wavelengths from 360 to 550 nm. Fluorescence data were
collected with a Kontron SFM-25 spectrofluorometer, by
using 10�10 mm quartz cuvettes.

Quantification of lysine residues

Lysine residues were measured with fluorescamine fluo-
rescence (19). The nonfluorescent compound fluorescamine
reacts with primary amino groups in a matter of milliseconds

to produce a fluorescent product, whereas unreacted fluor-
escamine hydrolyzes in a matter of seconds to nonfluorescent
products, effectively removing it from the reaction. In a typ-
ical assay, 270ml of control or CSE-treated HSA (2.66 mM) was
added to 1.35 ml of sodium borate buffer (200 mM, pH 8.5)
and mixed; 180 ml of fluorescamine (1 mM in acetone) was
added with vortexing. After incubation at 258C for 15 min in
the dark, fluorescence was measured between 400 and 600 nm
by using an excitation wavelength of 390 nm. All albumin
samples were diluted appropriately in borate buffer to yield a
range of fluorescence in which a linear relation between
fluorescence and amine concentrations was observed. The
fluorescence of CSE-treated albumin was expressed relative to
that of HSA-SH (control sample), considered as 100%.

Quantification of arginine residues

The amount of free arginine residues in CSE-treated HSA
was determined by using 9,10-phenanthrenequinone re-
agent (49). In this assay, 200-ml HSA samples (0.5 mg=ml,
7.5 mM, in 50 mM PBS, pH 7.4) were mixed with 600 ml of 9,10-
phenanthrenequinone (150 mM in ethanol) and 100ml NaOH
(2 M) and incubated at 608C for 3 h. After incubation, 900ml
HCl (1.2 M) was added to each sample and incubated in the
dark at room temperature for 1 h. The fluorescence-emission
spectrum of labeled HSA (0.8 mM) was determined at 258C by
using an excitation wavelength of 312 nm and scanning at
emission wavelengths from 300 to 600 nm. Fluorescence data
were collected with a Kontron SFM-25 spectrofluorometer, by
using 10�10 mm quartz cuvettes.

NanoLC-MS=MS analysis

The CSE-induced structure modifications of HSA were
characterized with nanoscale capillary liquid chromatogra-
phy and electrospray tandem mass spectrometry (nanoLC-
ESI-MS=MS) analysis of incubated samples after reduction
with NaBH4, an established procedure for adduct stabiliza-
tion, followed by enzymatic digestion with trypsin. Peptide
mass mapping provided identification of the peptides, ac-
counting for *80–90% of the protein sequence, as previously
reported (3).

All digested peptide mixtures were separated with online
reversed-phase (RP) nanoscale capillary liquid chromatogra-
phy (nanoLC) and analyzed with electrospray tandem mass
spectrometry (ESI-MS=MS). Chromatography was performed
by using a Surveyor LC system (ThermoFinnigan Italia,
Milan, Italy) on a 180 mm�10 cm column packed with 5-mm
Biobasic-18 stationary phase (Thermo, Superchrom, Milan,
Italy). The pump flow rate was split 1:75 for a column flow
rate of 1 ml=min. The column effluent was directly electro-
sprayed by using the silica emitter source without further
splitting. Mobile phases A and B were 0.1% formic acid in
water and in methanol, respectively. The separation of pep-
tides obtained with enzymatic digestion was achieved with a
gradient of 0–100% B over a 65-min period. Before the next
analysis, both the precolumn and the column were first wa-
shed with 100% solvent B for 10 min and then equilibrated
with 100% solvent A for 20 min. For the identification of
peptides, an LTQ XL-Orbitrap mass spectrometer was used
(Thermo Scientific, Milan, Italy), and the electrospray inter-
face (dynamic nanospray probe; Thermo Scientific, Milan,
Italy) was set as follows: spray voltage, 1.6 Kv; capillary
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Table 1. Predicted Acrolein and Crotonaldehyde Covalent Adducts on Cys, His, and Lys Residues

Modification Target amino acid Structure Mass shift (Da, isotopic value)

ACR Michael adduct (reduced form) Cys 58.04186

Lys 58.04186

His 58.04186

CRO Michael adduct (reduced form) Cys 72.05751

Lys 72.05751

His 72.05751

ACR double Michael adduct (reduced form) Lys 116.15828

ACR Schiff base (reduced form) Lys 40.0313

FDP-lysine (reduced form) Lys 96.05751

MP-lysine (reduced form) Lys 77.03912

Arginine adduction by ACR Arg 56.02621

CRO Schiff base (reduced form) Lys 54.09044

Mercaptoethanol disulfide Cys 75.99829

ACR, acrolein; CRO, crotonaldehyde; FDP-lysine, N(epsilon)-(3-formyl-3,4-dehydropiperidino)lysine; MP-lysine, N(epsilon)-(3-
methylpyridinium)lysine.
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temperature, 2208C; capillary voltage, 30 V; tube lens offset,
120 V; no sheath or auxiliary gas flow. The analyses were
performed in positive polarity enabling the data-dependent
scan mode. The MS spectra were acquired in profile mode by
Orbitrap in the following conditions: scan range, 250–
2,000 m=z in full-scan mode with full-scan injection wave-
forms enabled; the AGC target setting was 5�105; maximum
inject time, 500 ms; scan time, 1 s (60,000 res. Pwr. at 400 m=z,
FWHM). A list of 14 protonated phthlates and siloxanes in-
cluding dibutylphthlate (plasticizer, m=z 279.159086), bis
(2-ethylhexyl)phthalate (m=z 391.284286) and dodecame-
thylcyclohexasiloxane [(Si(CH3)2O)6þH]þ; m=z 445.120025]
was used for real-time internal mass calibration (40). Tandem
mass spectra were recorded by the linear ion trap in centroid
mode for the three most-intense ions (isolation width, 2 m=z;
normalized collision energy, 35 CID arbitrary units; minimum
signal threshold, 5�104), and dynamic exclusion was enabled
(repeat count, three; repeat duration, 10 s; exclusion list size,
25; exclusion duration, 120 s; relative exclusion mass width,
5 ppm). Charge-state screening and monoisotopic precursor
selection was enabled; singly and unassigned charged ions
were rejected.

Acrolein and crotonaldehyde adduct identification

The acquired MS=MS spectra were searched by using the
Bioworks software (rev. 3.3.1 sp1; Thermo Scientific, Milan,
Italy) and by using a database containing only the protein of
interest. The following settings were used for the search en-
gine: mass type, monoisotopic precursor and fragments; en-
zyme, trypsin (KR); missed cleavage sites, five; peptide
tolerance, 5 ppm; fragmentations tolerance, 0.5 AMU; modi-
fications, 5 PTMs per peptide; the variable modifications
considered are listed in Table 1. Results were filtered by set-
ting the peptide probability to 0.005. Peptide ion responses
were determined by measuring the peak areas in the selected
ion chromatograms (SICs) reconstituted by using the most
abundant multicharged filter ions. The peptide responses
were normalized in respect to peptide LSQR ([MþH]þ at m=z

503.2955), chosen as reference peptide because it does not
contain nucleophilic residues.

Spectrophotometric assay with DNPH

Carbonyl groups formed on HSA were quantified by
adding an equal volume of 10 mM DNPH in 2 M HCl to so-
lutions containing the control or CSE-treated protein (400 mg).
Samples were allowed to stand in the dark at room temper-
ature for 1 h, with vortexing every 10 min. Samples were
precipitated with trichloroacetic acid (TCA; 20% final con-
centration, 15 min on ice) and centrifuged at 10,000 g in a
tabletop microcentrifuge for 5 min, at 48C. The supernatants
were discarded, and the protein pellets were washed once
more with TCA and then washed 3 times with 1-ml portions
of ethanol=ethylacetate (1:1) to remove any free DNPH. The
protein samples were resuspended in 1 ml of 6 M guanidine
hydrochloride (dissolved in 50 mM phosphate buffer, pH 2.3)
at 378C for 15 min with vortex mixing. Carbonyl contents
were determined from the absorbance at 366 nm by using a
molar absorption coefficient of 22,000 M=cm (32).

Western blot analysis with anti-DNP antibody

Carbonyl groups formed on HSA were determined with
Western immunoblotting (18). After SDS-PAGE separation on
10% (wt=vol) polyacrylamide gels of *10mg protein for each
sample, samples were blotted to an immobilon P membrane
followed by successive incubations in 2 M HCl and DNPH
(0.1 mg=ml in 2 M HCl) for 5 min each. The membrane was
then washed 3 times in 2 M HCl and 7 times in 100% methanol
for 5 min each, followed by one wash in PBST [10 mM Na-
phosphate, pH 7.2, 0.9% (wt=vol) NaCl, 0.1% (vol=vol) Tween
20] and blocking for 1 h in 5% (wt=vol) nonfat dry milk in
PBST. After washing 3 times with PBST for 5 min each, car-
bonyl formation was probed by 2-h incubation with 5%
milk=PBST containing anti-dinitrophenyl-KLH (anti-DNP)
antibodies (1:10,000 dilution). After three washes with PBST
for 5 min each, the membrane was incubated with a 1:2,000

FIG. 1. Three-dimensional structure
of human serum albumin (HSA) and
location of Cys, His, and Lys residues.
HSA atomic coordinates were down-
loaded from the Protein Data Bank,
accession code 1AO6 (20), and the
figure was generated by using the
Swiss-PdbViewer (25). In HSA primary
structure (lower panel), individual ami-
no acid residues are indicated with the
single-letter code. Positions of Cys, His,
and Lys residues are shown and col-
ored in accordance with their relative
accessibility to the solvent, defined as
described in Materials and Methods.
(For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this ar-
ticle at www.liebertonline.com=ars).
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dilution of the secondary antibody linked to horseradish
peroxidase in 5% milk=PBST for 1 h. After washing 3 times
with PBST for 5 min each, immunostained protein bands were
visualized with enhanced chemiluminescence detection.
Densitometric analysis was performed after scanning the
chemiluminescence films by using Image J 1.40d (National
Institutes of Health).

Carbonylation scavenging assays

The activity of various carbonyl scavengers toward CSE-
induced HSA carbonylation was investigated by incubating
HSA-SH (4 mg=ml, 60 mM) for 60 min, at 258C, with various
concentrations (10 and 100 mM, 1 mM) of hydralazine and
pyridoxamine, with gentle rotary shaking, before exposing
the different protein solutions to 1%, 4%, 16%, or 64%
(vol=vol) CSE, for 60 min, at 258C, with gentle rotary shak-

ing. The removal of carbonyl scavengers and CSE was ac-
complished by protein precipitation with 20% (final
concentration) TCA, for 15 min on ice, and centrifugation at
10,000 g in a tabletop microcentrifuge for 5 min, at 48C. The
supernatants were discarded, and the protein pellets were
washed once more with 20% TCA; the protein pellets were
then resuspended in PBS to 1 mg=ml (*15 mM) HSA (final
concentration) before quantifying protein carbonylation by
the spectrophotometric assay with DNPH, as described
earlier.

Molecular modeling and amino acid residue
relative accessibility

Molecular modeling and analysis of the relative accessi-
bility of Cys, Lys, and His residues in the HSA molecule were
performed by using the molecular visualization program
Swiss-PdbViewer, version 4.0 (25). The figure was created on
the basis of atom coordinates of HSA (PDB code 1AO6) (21).
Maximum accessibility is defined as being the accessible
surface of a Cys, Lys, and His residue in a pentapeptide
GGaaGG in extended conformation. This scale differentiates
core Cys, Lys, and His residues from surface ones. Dark blue
color is attributed to completely buried amino acid residues,
whereas red color is attributed to Cys, Lys, and His residues
with at least 75% of their relative surface accessible.

Results

Albumin is a 66.5-kDa single-chain protein containing 585
amino acids (Fig. 1), 17 disulfide bonds (cystines), and only
one free cysteine, Cys34 (Fig. 1A), which is completely con-
served within mammalian albumins and provides the largest
fraction (*80%) of free thiols in human plasma. It also con-
tains 59 lysines (Fig. 1C) and nine histidines (Fig. 1B). Because
Cys34 thiol is a notable scavenger of plasma reactive species=
oxidants, mainly owing to its very high concentration (*0.4–
0.5 mM) rather than to its fast reactivity with oxidants (52), the
plasma albumin pool serves as a key element of
intravascular=extracellular antioxidant defenses (12, 23, 30).
Recently, we suggested that HSA, through nucleophilic resi-
dues, can act as an endogenous detoxifying agent of circulating
reactive carbonyl compounds (4). Like other a,b-unsaturated
aldehydes, acrolein and crotonaldehyde selectively react with
the sulfhydryl group of cysteine, the imidazole group of his-
tidine, and the e-amino group of lysine (4, 18, 22). As the a,
b-unsaturated aldehydes acrolein and crotonaldehyde are
abundantly present in CS (53), they might react with HSA,
leading to the formation of carbonylated albumin. The possible
covalent modifications of the nucleophilic amino acids His,
Lys, and Cys with acrolein and crotonaldehyde were predicted
and, for each adduct, the isotopic mass shift of the corre-
sponding reduced form was calculated (Table 1) and used as
variable modification in the Sequest search.

Mercaptalbumin was treated for 60 min with various con-
centrations of whole-phase CSE (1%, 4%, 16%, and 64%,
vol=vol), followed by exhaustive dialysis (48 h) against PBS,
with several changes to assure complete CSE removal. HSA
samples exposed to increasing concentrations of CSE show an
increase in the 350–550 nm fluorescence-emission intensity
after excitation at 340 nm, with a fluorescence maximum at
440 nm, indicating that some components of CSE, which
shows autofluorescence when analyzed under the same

FIG. 2. Whole-phase CSE-induced fluorescence emission
intensity of HSA. HSA-SH was exposed to 1%, 4%, 16%, and
64% (vol=vol) CSE and exhaustively (48 h) dialyzed against
PBS, with several changes. All experiments were carried on in
CSE-free media. HSA samples exposed to increasing con-
centrations of CSE show an increase in the 350- to 550-nm
fluorescence emission intensity after excitation at 340 nm,
with an intensity peak at 440 nm, indicating that some com-
ponents of CSE, which shows autofluorescence when ana-
lyzed under the same emission and excitation wavelengths,
were bound to HSA. Maximum fluorescence-emission in-
tensity at 440-nm wavelength vs. CSE concentration is shown.
The maximum value of fluorescence emission intensity of
control HSA (HSA-SH) was considered as 100%. Data are
presented as the mean� SD of three replicate measurements.
(Inset) Fluorescence-emission spectra at excitation wavelength
of 340 nm. From top to bottom: HSA treated with 64%, 16%,
4%, and 1% CSE or vehicle (control).
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FIG. 3. Quantification of Cys34
thiol modification by using the
sulfhydryl-specific fluorescent
reagent AMCA-HPDP. HSA-SH
solutions were treated with ve-
hicle (control) or 1%, 4%, 16%,
and 64% (vol=vol) CSE, exhaus-
tively dialyzed against PBS, and
labeled at Cys34-free -SH with
AMCA-HPDP, as described in
Materials and Methods. Condi-
tions for protein separation by
nonreducing SDS-PAGE, visuali-
zation of bound AMCA-HPDP,
and subsequent gel staining with
CBB were as described in Mate-
rials and Methods. (A) AMCA-
HPDP–labeled HSA samples were
analyzed with UV light exposure
(lexc¼ 340 nm). (B) The same gel
stained with CBB. (C) Densito-
metric analysis of AMCA-HPDP
binding. Changes in fluorescence
intensities of AMCA-HPDP-HSA
bands in comparison with fluo-
rescence of control HSA (HSA-
SH), considered as 100%, are
shown. Data are presented as the
mean� SD of three replicate
measurements.

FIG. 4. Fluorescence-emission intensity of
AMCA-HPDP–labeled HSA. HSA-SH solutions
were treated with vehicle (control) or 1%, 4%, 16%,
and 64% (vol=vol) CSE, exhaustively dialyzed
against PBS, and labeled at Cys34-free -SH by
AMCA-HPDP, as described in Materials and
Methods. Maximum fluorescence-emission inten-
sity at 432-nm wavelength vs. CSE concentration
is shown. The maximum value of fluorescence-
emission intensity of control HSA (HSA-SH) was
considered as 100%. Data are presented as the
mean� SD of three replicate measurements. (Inset)
Fluorescence-emission spectra at 345-nm excitation
wavelength. From top to bottom: HSA treated with
vehicle (control) or 1%, 4%, 16%, and 64% CSE.
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emission and excitation wavelengths, were bound to HSA
(Fig. 2).

The identification of Cys34 as a target of CSE-induced
protein modification was established by using AMCA-HPDP,
a fluorescent probe that is specific for sulfhydryl groups (26).
After separation by nonreducing SDS-PAGE, AMCA-HPDP–
labeled albumin samples can be detected in gel on UV acti-
vation. In this case, the loss of the AMCA-HPDP signal is
proportional to the degree of Cys34 thiol modification. The
results of HSA labeling with AMCA-HPDP are presented in
Fig. 3. HSA exposed to CSE clearly exhibited a decrease in the
Cys34 sulfhydryl group relative to control HSA-SH (mer-
captalbumin) (Fig. 3A). Comparison of the fluorescent image
(Fig. 3A) with the CBB staining image (Fig. 3B) of the same gel
demonstrated equal protein loading in each lane. Densito-
metric analysis of AMCA-HPDP binding to Cys34 thiol con-
firmed that the extent of labeling was drastically reduced in
HSA exposed to 4% CSE and negligible in HSA exposed to
more-concentrated CSE solutions (Fig. 3C).

The identification of Cys34 as a target of CSE-induced
protein modification was further established in a com-

plementary experiment by monitoring the AMCA-HPDP
fluorescence-emission spectrum (Fig. 4, inset). When conju-
gated with CSE-treated HSA, AMCA-HPDP revealed a re-
markable reduction in its fluorescence-emission spectrum,
recorded between 350 and 550 nm (Fig. 4, inset). Modification
of Cys34 thiol, evaluated by the loss of AMCA-HPDP binding
and evidenced by the marked reduction of the fluorophore
fluorescence-emission maximum, was quantified as 20% and
45% in HSA exposed to, respectively, 1% and 4% CSE (Fig. 4).
Exposure of HSA to 16% and 64% CSE decreased the AMCA
fluorescence to *10% of that of control HSA-SH (mercaptal-
bumin), considered as 100% (Fig. 4).

Together with cysteine, lysine residues are major targets
for formation of carbonyl derivatives (20). The nonfluorescent
compound, fluorescamine, reacts rapidly with primary
amines in proteins, such as the terminal amino group of
peptides and the e-amino group of lysine, to form highly
fluorescent pyrrolinone-type moieties. Decrease in free-lysine
residues in HSA exposed to various concentrations of CSE,
assessed with the reduction of fluorescamine fluorescence
(Fig. 5, inset), occurred progressively with the increasing CSE
concentrations, with *25% of the fluorescamine fluorescence
lost after HSA incubation with 64% CSE (Fig. 5).

Determination of free arginine side chains by using 9,10-
phenanthrenequinone revealed that Arg residues were not
modified by CSE exposure, at any of the CSE concentrations
used (not shown).

Table 2 reports the covalent adducts identified in HSA ex-
posed to different doses of CSE. Several Michael adducts of
both a,b-unsaturated aldehydes, acrolein and crotonalde-
hyde, were identified, involving Cys, His, and Lys residues. In
particular, according to our previous studies (3), Cys34 was
found to be a reactive nucleophilic site, able to form Michael
adducts with both the a,b-unsaturated aldehydes. Structure
elucidation of the modified peptides, as well as the adduction
sites, was fully characterized by MS=MS analysis. The Fig. 6
exemplary shows the LC-ESI-MS=MS spectra of the HSA
tryptic fragment containing the Cys34 residue (ALVLIAFA-
QYLQQCPFEDHVK), after HSA incubation in the absence
(Fig. 6A) and presence (Fig. 6B) of 16% CSE. The y and b
fragmentation pattern well demonstrates the disulfide bond of
Cys34 –SH group with the reducing agent b-mercaptoethanol
in control HSA (Fig. 6A) and the Michael adduction of acro-
lein on the Cys34 thiol when HSA was incubated in the
presence of 16% CSE (Fig. 6B). We previously found that,
besides Cys34, Lys525 is also a reactive nuclophilic target of
a,b-unsaturated aldehydes (3). Accordingly, in the present
study, we found that Lys525 is covalently adducted through a
Michael adduction mechanism by both acrolein and croto-
naldehyde. The LC-ESI-MS=MS spectra and the y and b ion
fragment attribution of Lys525-containing peptide (KQTAL-
VELVK) are shown in Fig. 7 for both control HSA (Fig. 7A)
and HSA incubated with 16% CSE (Fig. 7B). His39 also was
found to be covalently modified through acrolein and croto-
naldehyde Michael adducts (Table 2). Other Michael adducts
were identified only at the highest CSE dose, involving
Lys351, Lys137 (as acrolein and crotonaldehyde Michael ad-
ducts), and His338 (as acrolein Michael adduct). Finally,
Lys541 and Lys545 were found to form a Schiff base with
acrolein at all the CSE concentration tested, whereas no
Schiff base due to reaction with crotonaldehyde was observed
(Table 2).

FIG. 5. CSE-mediated blocking of Lys residues in CSE-
treated HSA. HSA-SH solutions were treated with vehicle
(control) or 1%, 4%, 16%, and 64% (vol=vol) CSE and ex-
haustively dialyzed against PBS. Quantification of modified
(carbonylated) Lys residues was assessed by the decrease
in fluorescamine fluorescence at excitation wavelength of
390 nm, as described in Materials and Methods. Maximum
fluorescence-emission intensity at 463 nm vs. CSE con-
centration is shown. The maximum value of fluorescence-
emission intensity of control HSA (HSA-SH) was considered
as 100%. Data are presented as the mean� SD of three rep-
licate measurements. (Inset) Fluorescence-emission spectra at
390 nm excitation wavelength. From top to bottom: HSA
treated with vehicle (control) or 1%, 4%, 16%, and 64% CSE.
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The dose-dependent effect of CSE-induced modifications of
Cys34-containing peptide by acrolein and crotonaldehyde
Michael adducts is shown in Fig. 8A. An almost linear in-
crease for both the modified peptides is evident up to 16%
CSE, whereas a marked reduction of the covalent peptides
was observed at a dose of 64% CSE. This reduction might be
due to the formation of cross-links involving Cys34 and tak-
ing place because of the massive carbonylation of the protein.
Figure 8B shows the CSE dose-dependent increase in acrolein
adducted to Lys525, which linearly increased up to 64% CSE.

One of the most-applied techniques for determination of
protein carbonyl content is the reaction of carbonyl groups
with DNPH to form a protein-bound 2,4-dinitrophenylhy-
drazone, which can be detected spectrophotometrically by its
absorbance at 370 nm. The spectrophotometric method de-
veloped by Levine and colleagues (31, 32) has become a
standard method for quantitative determination of protein
carbonylation. The DNPH-derivatized proteins can also be
detected immunochemically after SDS-PAGE separation and
Western blotting by using anti-DNP antibodies (20). The ex-
tent of carbonyl-group formation in HSA exposed to CSE,
quantified by using the spectrophotometric DNPH assay, is
shown in Fig. 9. Exposure of HSA to 1% and 4% CSE increased
only by a small extent the albumin carbonyl content, whereas
exposure of HSA to 16% and 64% CSE induced a marked
albumin carbonylation (Fig. 9). The results of carbonylation-
specific immunochemical detection after SDS-PAGE separa-
tion and Western blotting by using anti-DNP antibodies are
presented in Fig. 10A: the albumin exposed to CSE clearly
exhibited a progressive increase in carbonyl content with the
increase in CSE concentration. Comparison of the chemilu-
minescence image (Fig. 10A) with the CBB-staining image
(Fig. 10B) of the same gel demonstrated equal albumin load-
ing in each lane. Densitometric analysis of the chemilumi-

nescence film quantified the relative increase in carbonylation
of CSE-treated HSA compared with that of control HSA
(mercaptalbumin) (Fig. 10C).

The possibility of preventing CSE-induced HSA carbonyl-
ation was investigated by incubating HSA with increasing
concentrations of the carbonyl-scavenging drugs hydral-
azine or pyridoxamine, before exposing the protein to CSE.
Carbonyl-scavenging drugs containing thiol or amine func-
tional groups act therapeutically in preventing protein
carbonylation by trapping the carbonyl precursors and alde-
hydes formed during the lipid and sugar oxidation process to
form nontoxic adducts. Hydralazine is a vasodilating anti-
hypertensive drug that traps acrolein bound to protein, with
formation of the corresponding hydrazone derivatives, and
thus reduces the carbonyl stress in vivo and prevents acrolein-
induced cell toxicity (11, 24). It also is an efficient scavenger of
free a,b-unsaturated aldehydes (24). Pyridoxamine is one of
the three natural forms of vitamin B6 and an intermediate in
transamination reactions catalyzed by vitamin B6–dependent
enzymes. Pyridoxamine is a potent inhibitor of the chemical
modification of proteins (mainly Lys residues) by peroxidiz-
ing lipids during lipid-peroxidation (lipoxidation) reactions
and traps reactive intermediates formed during lipid per-
oxidation (42). Pyridoxamine also is an inhibitor of advanced
glycoxidation end products (AGEs), and its trapping abil-
ity was recently extended to 1,4-dicarbonyls, a class of reac-
tive compounds such as 2,5-hexanedione and endogenous
4-ketoaldehydes (1).

Both hydralazine (a reactive carbonyl species scavenger)
(Fig. 11A) and pyridoxamine (a ROS and reactive carbonyl
species scavenger) (Fig. 11B) significantly prevented CSE-
induced HSA carbonylation at the higher concentration tested
(1 mM), the latter also being efficient in preventing carbon-
ylation at micromolar concentrations (Fig. 11).

Table 2. Acrolein- and Crotonaldehyde-Modified HSA peptides Detected by LC-ESI-MS=MS

Acrolein Michael adduct

Cysteine Lysine Histidine

ALVLIAFAQYLQQC*PFEDHVK K*QTALVELVK ALVLIAFAQYLQQCPFEDH*VK
(Cys34) (Lys525) (His39)

LAK*TYETTLEK RH*PDYSVVLLLR
(Lys351){ (His338){

K*YLYEIAR
(Lys137){

Crotonaldehyde Michael adduct

ALVLIAFAQYLQQC*PFEDHVK K*QTALVELVK ALVLIAFAQYLQQCPFEDH*VK
(Cys34) (Lys525) (His39)

LAK*TYETTLEK
(Lys351){

K*YLYEIAR
(Lys137){

Acrolein Lysine Schiff base

ATK*EQLKAVMDDFAAFVEK
(Lys541)
ATKEQLK*AVMDDFAAFVEK
(Lys545)

*Adduction site; {detected only in 64% CSE-treated samples.
None of the listed covalent modifications were detected in control mercaptalbumin (HSA-SH).
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FIG. 6. LC-ESI-MS/MS spectra of HSA tryptic fragment ALVLIAFAQYLQQCPFEDHVK. (A) Control HSA (HSA-SH).
The spectrum shows the product ions of the precursor [Mþ 3H]3þ at m=z 837.42619. Cys34 is found as disulfide with the
reducing agent b-mercaptoethanol. (B) HSA incubated with 16% CSE. The spectrum shows the product ions of the precursor
[Mþ 3H]3þ at m=z 831.44092. Cys34 is modified by an acrolein Michael adduct. Modified fragment ions are labeled with an
asterisk according to the nomenclature of peptide fragmentation.
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FIG. 7. LC-ESI-MS/MS spectra of HSA tryptic fragment KQTALVELVK. HSA was incubated with 16% CSE, reduced
with NaBH4, and then digested by trypsin in reducing conditions. The figure shows the product ions of the peptides
covalently adducted by acrolein (A, precursor ion [Mþ 2H]2þ at m=z 593.87380) and by crotonaldehyde (B, precursor
ion [Mþ 2H]2þ at m=z 600.881719). Lys525 was found to be the adduction site.
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Discussion

Albumin accounts for *60% of total protein in the plasma
of healthy people, being typically present at a concentration of
*0.6 mM (*43 mg=ml) (44). Albumin is the main determi-
nant of plasma oncotic pressure and exhibits many other bi-
ologic functions, such as transport of endogenous and
exogenous compounds (e.g., such as free fatty acids, hor-
mones, and drugs), modulation of capillary permeability, and
neutrophil adhesion and activation (38, 44). Interestingly, an
important amount of albumin is localized extravascularly
(44). Actually, the albumin pool present in extravascular=
extracellular compartments represents more than double the
intravascular pool. Albumin is the largest (>80%) thiol pool in

plasma owing to its only free cysteine, Cys34. In healthy
adults, *70% of total HSA contains the free sulfhydryl group
of Cys34 (human mercaptalbumin, HSA-SH); *25% of the
Cys34 forms a mixed disulfide with low-molecular-weight
thiols, like another cysteine, homocysteine, cysteinylglycine,
or glutathione, generating S-thiolated albumin, the predomi-
nant modification being S-cysteinylation (30, 48); a small
fraction of the Cys34 is more highly oxidized to the sulfinic or
sulfonic acid form (52). Although HSA-SH does not react
particularly fast with oxidants, it can still be considered to be
an important plasma scavenger and a key element of antiox-
idant defenses due to its very high concentration (0.4–0.5 mM)
(12, 23, 30, 52). A central intermediate in this potential anti-
oxidant activity of HSA is the sulfenic acid form of Cys34
(HSA-SOH) (12, 51, 52). However, it is documented that HSA
is quite vulnerable to reactive species (8, 12). Many studies
have shown the presence of elevated levels of carbonylated
albumin in patients with various diseases (7, 27, 35, 37, 39).

Most of the plasma-protecting activity against oxidative=
carbonyl stress has been attributed to the presence of urate
and proteins, especially albumin (10). A number of studies
have reported significantly elevated levels of plasma protein
carbonyls in smokers compared with matched nonsmokers
(34, 45). Albumin is the major carbonylated protein in the
bronchoalveolar lavage fluid in older smokers (36, 50). Re-
cently, we proposed that HSA, through nucleophilic residues,
in particular Cys34, can act as an endogenous detoxifying
agent of circulating reactive carbonyl species in human plas-
ma (4). One can then hypothesize that a,b-unsaturated alde-
hydes can be major mediators of CS-induced albumin
carbonylation.

In this study, we identified the exact a,b-unsaturated al-
dehyde covalent adducts and relative position of the modifi-
cation in human mercaptalbumin exposed to various
concentrations of whole-phase CSE. Potential Cys, His, and
Lys residues for the formation of a,b-unsaturated aldehyde
covalent adducts, with their relative surface accessibility, and
predicted acrolein and crotonaldehyde covalent adducts on
HSA are shown in Fig. 1 and Table 1, respectively.

The increase in the 350- to 550-nm emission fluorescence
intensity of HSA samples exposed to increasing concentra-

FIG. 8. Acrolein and crotonalde-
hyde covalent modifications of
Cys34- and Lys525-containing
peptides. (A) Dose-dependent for-
mation of acrolein (�) and croto-
naldehyde (*) Michael adducts of
Cys34-containing peptide. (B) Dose-
dependent formation of covalently
acrolein-modified peptide KQTAL-
VELVKACR (K525 was found to be
the adduction site). Peptide peak-
area ratios were calculated as de-
scribed in Materials and Methods
and by using the LSQR peptide as
reference.

FIG. 9. Total carbonyl formation in CSE-treated HSA.
HSA-SH solutions were treated with vehicle (control) or 1%,
4%, 16%, and 64% (vol=vol) CSE and exhaustively dialyzed
against PBS. Carbonyl formation was assessed with spec-
trophotometric assay from the absorbance at 366 nm after
DNPH derivatization, as described in Materials and Meth-
ods. Data are presented as the mean� SD of three replicate
measurements.
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tions of CSE indicates that some water-soluble components of
mainstream CS are bound to albumin (Fig. 2).

Exposure of human mercaptalbumin to increasing con-
centrations of CSE progressively induced a marked decrease
in the relative concentration of Cys34 free thiol, whose level
(and therefore that of HSA-SH) was only 10% of bulk HSA
after exposure to 16% and 64% CSE, as shown by the de-
creased binding of the sulfhydryl-reactive fluorophore
AMCA-HPDP (Figs. 3 and 4), and a loss of the e-amino group
of lysine residues, as shown by the reduction of fluorescamine
fluorescence (Fig. 5). Taken together, these results suggest
covalent adduction of a,b-unsaturated aldehydes derived
from mainstream CS to Cys and Lys residues in HSA exposed
to various concentrations of whole-phase CSE. This was

confirmed by LC-ESI-MS=MS analyses (Figs. 6 through 8),
which evidenced the formation of both acrolein (at Cys34,
His39, Lys137, His338, Lys351, and Lys525) and crotonalde-
hyde (at Cys34, His39, Lys137, Lys351, and Lys525) Michael
adducts. LC-ESI-MS=MS analysis also identified other two
adducted peptides, deriving from the formation of a Schiff
base adduct of acrolein with Lys541 and Lys545 (Table 2). As
expected, a,b-unsaturated aldehydes covalent adduction re-
sulted in a marked increase in HSA carbonylation, as mea-
sured by both spectrophotometric determination and Western
immunoblotting with anti-DNP antibodies after DNPH-
derivatization of protein carbonyls (Figs. 9 and 10).

Finally, the carbonyl-scavenger drugs, hydralazine and
pyridoxamine, partially prevented CSE-induced HSA

FIG. 11. Effect of carbonyl scav-
enger activity on CSE-induced
HSA carbonylation. HSA-SH solu-
tions were incubated with vehicle
(control; �) or 10 mM (^), 100mM
(&), or 1 mM (*) hydralazine (A) or
pyridoxamine (B), for 60 min, before
exposing protein solutions to 1%,
4%, 16%, and 64% (vol=vol) CSE, for
60 min. After protein precipitation
with 20% (final concentration) TCA,
protein carbonylation was quanti-
fied with the spectrophotometric
assay with DNPH, as described in
Materials and Methods. Data are
presented as the mean� SD of three
replicate measurements.

FIG. 10. Total carbonyl
formation in CSE-treated
HSA. HSA-SH solutions
were treated with vehicle
(control) or 1%, 4%, 16%,
and 64% (vol=vol) CSE and
exhaustivelydialyzedagainst
PBS. (A) The increase in
HSA carbonyl content was
assessed as DNP-protein
adducts with Western im-
munoblotting probed with
anti-DNP antibodies and
visualized with enhanced
chemiluminescence, as de-
scribed in Materials and
Methods. (B) The same gel
stained with CBB. (C)
Densitometric analysis of
carbonyl content. Changes in
carbonylation signal in com-
parison with carbonylation
of control HSA (HSA-SH),
considered as 100%, are
shown. Data are presented
as the mean� SD of three
replicate measurements.
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carbonylation, the latter being more effective also at micro-
molar concentrations (Fig. 11).

As a whole, our observations raise the possibility that
albumin carbonylation induced by tobacco smoke (36, 50)
can be, at least in part, attributable to water-soluble a,b-
unsaturated aldehydes of CS. We cannot exclude that other
oxidative modifications contributed to albumin carbon-
ylation, but our observations suggest that a,b-unsaturated
aldehyde–induced carbonylation of Cys, Lys, and His resi-
dues is preponderant.

a,b-Unsaturated aldehyde adducts on albumin can be of
particular interest to smokers, because the use of albumin as
biomarker of oxidative=carbonyl stress can be more useful
than others for larger studies, given that HSA is present in
higher concentrations in blood than is DNA or other proteins,
is not subject to enzymatic repair, carbonylated albumin is
relatively stable, and only small amounts of plasma are re-
quired for analysis. A key question when considering the
significance of albumin carbonylation associated with CS is
whether this can be simply a biomarker for the presence of
oxidative=carbonyl stress or this can have some substantive
consequence on physiologic HSA functions. Other several
questions must be addressed, such as (a) does covalent HSA
adduction by a,b-unsaturated aldehydes impair its functional
properties? For instance, its antioxidant properties, its binding
of plasma low-molecular-weight thiols or its buffer function
for nitric oxide through S-nitrosylation of Cys34 (38), the latter
resulting in a detrimental release of nitric oxide? (b) Does
covalent HSA adduction by a,b-unsaturated aldehydes
change the ligand-binding properties of drugs with important
therapeutic role in human diseases? (c) May a,b-unsaturated
aldehydes become new pharmacologic targets for carbonyl-
sequestering agents in smokers? In principle, most (if not
each) modifications of the protein can be expected to modify
its conformation and hence its binding properties.

The introduction of carbonyl derivatives can modify the
conformation of the polypeptide chain, thus determining the
partial or total inactivation of proteins (17–19). Carbonylation
of HSA associated with cigarette smoking may result in mod-
ifications of its biologic properties. Depletion of Cys34 free
sulfhydryl group could potentially results in a marked de-
crease in circulating antioxidant thiols in smokers, as HSA
comprises the largest thiol pool in plasma. It is plausible that
perturbations in plasma thiol redox could be a contributory
mechanism to the promotion of multiorgan chronic disease
by smoking. A disturbed transport function of carbonylated
serum albumin can impair intercellular and interorgan traffic
of endogenous compounds such as fatty acids, bilirubin, and
hormones, as well as delivery of a long list of exogenous
compounds (e.g., antibiotics). Thus, albumin also affects the
pharmacokinetics of several drugs. For instance, the single
Cys34 thiol in albumin is capable of reacting with a wide va-
riety of biologically important molecules and forms disulfides
with the drugs disulfiram (a drug used for *50 years in the
treatment of alcoholism, whose anticancer activity has recently
been disclosed), captopril (a thiol-containing angiotensin con-
verting enzyme inhibitor), with anticancer thiol-binding
doxorubicin derivatives or with gold(I) from antiarthritic drugs
like auranofin (38). Cys34 thiol can also be modified by other
drugs like the diuretic ethacrynic acid or penicillin. Whereas
Lys525 is located within the diazepam binding site and is also
the preferred binding of homocysteine (38).

This study also suggests that the development of thera-
peutic approaches to control a,b-unsaturated aldehyde-
induced carbonylation of HSA, which could be involved in
some of the pathophysiological conditions associated with
oxidative=carbonyl stress induced by CS, might be potentially
beneficial in preventing, or attenuating, smoke-related path-
ological conditions characterized by oxidative=carbonyl
stress. Acrolein and other a,b-unsaturated aldehydes could
therefore be potential pharmacologic targets for intervention
strategies with carbonyl-sequestering agent in smokers in
order to inhibit reactive carbonyl species-induced protein
carbonylation and hence to improve plasma mercaptalbumin
homeostasis (1).
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AMCA-HPDP¼N-[6,7-(amino-4-methylcoumarin-
3-acetamido)hexyl]-30-
[20-pyridyldithio] propionamide

CBB¼Coomassie brilliant blue
CS¼ cigarette smoke

CSE¼ cigarette smoke extract
DNP¼dinitrophenyl

DNPH¼dinitrophenyl hydrazine
HSA¼human serum albumin

MS¼mass spectrometry
nanoLC-ESI-MS=MS¼nanoscale liquid chromatography

electrospray ionization tandem
mass spectrometry

RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species

SDS-PAGE¼ sodium dodecylsulfate-
polyacrylamide gel electrophoresis

TCA¼ trichloroacetic acid
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