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ABSTRACT: The electrophilic lipid oxidation product 4-hydroxy-2-nonenal (HNE) reacts with proteins to
form covalent adducts, and this damage has been implicated in pathologies associated with oxidative
stress. HNE adduction of blood proteins, such as human serum albumin (HSA), yields adducts that may
serve as markers of oxidative stress in vivo. We used liquid chromatography-tandem mass spectrometry
(LC-MS-MS) and the P-Mod algorithm to map the sites of 10 adducts formed by reaction of HNE with
HSA in vitro. The detected adducts included Michael adducts formed at histidine and lysine residues.
The selectivity of HNE in competing adduction reactions was evaluated by analysis of kinetics for HNE
Michael adduction at six targeted HSA histidine residues. Reaction kinetics were analyzed by selected
reaction monitoring in LC-MS-MS using stable isotope tagging with phenyl isocyanate. Rate constants
ranged over 4 orders of magnitude, with the order of reactivity being H242> H510 > H67 > H367 >
H247 ≈ K233. The most reactive target, H242, is located in a fatty acid- and drug binding cavity in
subdomain IIa of HSA and appears to be a hot-spot for HNE modification. Analysis of adduction kinetics
together with HSA structure and target residue pKa values suggest that location in the hydrophobic binding
cavity and low predicted pKa of H242 account for its high reactivity toward HNE. H242 adducts may be
preferred products of adduction by lipophilic electrophiles and may comprise a family of biomarkers for
oxidative stress.

The formation of oxidants is a hallmark of chemical
toxicity, inflammation, and other types of environmental
stresses (1, 2). Oxidative stress and oxidants also are involved
in human diseases that account for significant morbidity and
mortality, including cancer, atherosclerosis, neurodegenera-
tive diseases, metabolic syndrome, and type 2 diabetes (3-
9). Although oxidative stress derives fundamentally from the
excessive flux of reduced oxygen species, such as superoxide,
hydrogen peroxide and hydroxyl radicals, secondary products
of lipid, DNA and protein oxidation may play critical roles
in oxidant-associated molecular pathologies. Lipid peroxi-
dation yields a variety of electrophilic, nonradical products,
such as malondialdehyde, hydroxyalkenals, oxoalkenals,
epoxyalkenals, andγ-ketoaldehydes (10, 11). 4-hydroxy-2-
nonenal (HNE),1 generated from the oxidation ofω-6
polyunsaturated fatty acids, is a prototypical lipid peroxida-

tion product that modifies protein nucleophiles by both 1,4-
addition (Michael addition) and 1,2-addition (Schiff base
formation) to theR,â-unsaturated carbonyl system (12-17).
HNE has been shown to be neurotoxic (18), to induce
apoptosis (19, 20), to cause changes in global gene expression
(21), and to inactivate several enzymes through modification
of nucleophilic amino acid residues (22-24). In addition,
anti-HNE immunoreactivity has been found in tissue from
patients with Alzheimer’s disease (25, 26), chronic alcoholic
liver disease (27), atherosclerosis (28, 29), and diabetes (30).
These observations indicate that HNE protein modifications
are characteristic of pathologies associated with oxidative
stress that is thought to underlie many diseases.

A major barrier to effective clinical evaluation of oxidative
stress is a paucity of good biomarkers, despite years of work
in this area. Isoprostane products of lipid oxidation are
considered “gold standard” biomarkers for the assessment
of systemic oxidative stress and have been extensively
validated in animal and human studies (31, 32). A recent
comparison of several different biomarkers in rodent models
of oxidative stress indicated that only plasma isoprostanes
and plasma protein-bound malondialdehyde equivalents
accurately reflected the course of oxidative stress in vivo
(33). The nature of the protein aldehyde adducts measured
was not clarified, but these probably include adducts to
abundant serum proteins, such as albumin.

Human serum albumin (HSA) is a 66-kDa protein neces-
sary for colloidial stability of blood. HSA plays a major role
in bioavailability of drugs, is well-known to carry various
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lipophilic molecules through the circulatory system (34, 35),
and is an attractive target for biomarker studies because it is
highly abundant, constituting over half of total serum protein
(36). HSA contains numerous nucleophilic residues that react
with electrophiles (37-40) and is easily isolated from plasma
and serum by affinity capture with hydrophobic dyes (41)
or antibodies (42). Because the lifetime of HSA in plasma
is approximately 3 weeks, damage to HSA is indicative of
relatively recent events in vivo (34).

The application of MS-MS together with new data analysis
algorithms provides powerful tools for sequence specific
analysis of protein adducts, and we have used this approach
to map a number of different covalent adducts on proteins
(16, 43-47). However, a key issue in evaluating specific
protein adducts as candidate biomarkers is the relative
reactivity of different protein nucleophilic sites with elec-
trophiles, which ultimately dictates the levels of different
adducts. We recently described an N-terminal stable isotope
tagging method to quantify specific protein adducts in LC-
MS-MS of tryptic digests of modified proteins (48). Here
we have adapted this LC-MS-MS approach to discover
potential biomarkers of oxidative stress as HNE adducts on
HSA and to characterize the kinetics of these competing
adduction reactions. We identified several histidine and lysine
residues as sites for the adduction of HSA by HNE in vitro.
Application of stable isotope tagging for relative quantitation
of the adducts allowed us to compare rates for modification
of the different residues simultaneously. Evaluation of kinetic
reactivity in the context of HSA structure suggests that both
noncovalent complexation of the electrophile with specific
protein sites and basicity of nucleophile targets govern
reaction rates. These factors may enable predictions of “hot
spots” for protein adduction and the identities of candidate
biomarkers for oxidative stress.

EXPERIMENTAL PROCEDURES

Reagents.HSA, iodoacetamide, and phenylisocyanate
(PIC) were purchased from Sigma-Aldrich (St. Louis, MO).
[13C6]-PIC (99%) was purchased from Isotech (Miamisburg,
OH). HNE was obtained from Cayman Chemical (Ann
Arbor, MI). A monoclonal mouse antibody to the HNE
Michael adduct was purchased from Oxis Research (Portland,
OR). Tris(carboxyethyl)phosphine (TCEP) was from Pierce
(Rockford, IL) and modified porcine sequencing grade
trypsin was obtained from Promega (Madison, WI). Serum
samples collected from normal human donors were collected
as part of an IRB-approved study and were provided by Dr.
W. G. Yarbrough, Vanderbilt University School of Medicine.

Purification of HSA from Human Serum.HSA was purified
from human serum by affinity chromatography with HiTrap
Blue HP columns (1 mL, Amersham Biosciences, Piscat-
away, NJ). Serum (100µL) was loaded onto a column
preequilibrated with PBS, pH 7.2 at a flow rate of 0.3 mL
min-1. After loading of the sample, the column was washed
for 15 min, and then bound protein was eluted isocratically
with PBS (pH 7.2) containing 2 M NaCl over 35 min. The
A280 peak containing HSA eluted between 16 and 20 min in
a volume of approximately 1.5 mL. The eluent buffer was
removed by centrifugation though 10 000 molecular weight
cutoff spin filters (Millipore). The retained HSA on the filter
was then washed twice with 1 mL of 2 M NaCl prior to use.

SDS-PAGE analysis indicated that the purified HSA
displays comparable purity to commercially purchased
(Sigma) HSA (Supporting Information Figure 1).

Modification of HSA with HNE.HSA was dissolved in
PBS (pH 7.2) to 5µM and treated with 3.2 mM HNE for up
to 24 h at room temperature. The reactions then were
quenched and labile adducts were stabilized by reduction of
HNE carbonyls or Schiff base imines with 100 mM NaBH4

for 15 min at room temperature and then frozen at-20 °C,
while the remaining samples were collected. The samples
then were thawed, and the buffer was removed by ultrafil-
tration through 10 000 molecular weight cutoff spin filters
and the reduced, adducted HSA was resuspended in 0.1 M
ammonium bicarbonate.

Western Blot Analysis of HNE-Adducted HSA.HSA
(Sigma) was treated with HNE as described above, except
that the reaction samples were frozen at-20 °C to stop the
reactions, and the adducts were not reduced with NaBH4 (this
was done because the antibody used was raised against the
unreduced HNE adduct). HNE-modified HSA was resolved
by SDS-PAGE on a 10% NuPAGE Novex Bis-Tris gel
(Invitrogen, Carlsbad, CA) and transferred onto a PVDF gel-
blotting membrane (Invitrogen). The membranes were blocked
with 1:1 mixture of blocking buffer for near-infrared
fluorescent Western blotting (Rockland, Gilbertsville, PA)
and TBS. The membrane was then incubated with a primary
mouse antibody directed toward the histidine-Michael adduct
of HNE (Oxis Research) at a 1:500 antibody dilution in 1:1
blocking buffer/TBST solution overnight at 4°C and washed
three times with TBST. The membrane then was incubated
with an Alexafluor 680-conjugated goat anti-mouse second-
ary antibody (Molecular Probes/Invitrogen) (1:5000 antibody
dilution in 1:1 blocking buffer/TBST) for 2 h at room
temperature and again washed three times with TBST. The
membrane was imaged using the LI-COR Odyssey imaging
system (LI-COR, Lincoln, NE).

Sample Digestion and Preparation for LC-MS-MS Analy-
sis.HNE-adducted, NaBH4-treated HSA samples were dis-
solved in 0.1 M ammonium bicarbonate and disulfides were
reduced with 4 mM TCEP for 30 min at 50°C followed by
alkylation of cysteine thiols with 20 mM iodoacetamide at
room temperature in the dark for 30 min. The reduced,
alkylated HSA samples were digested with modified se-
quencing grade trypsin in a 1:50 trypsin/protein ratio for 16
h at 37°C. Digestions were stopped with 2% (v/v) (2µL)
formic acid and then either labeled with PIC (see below) or
diluted to 1µg mL-1 in 0.1% (v/v) aqueous formic acid for
LC-MS-MS analysis.

PIC Labeling of Modified Peptides.PIC labeling was
carried out as previously described with slight modifications
(48). For N-terminal peptide labeling, digested HSA peptides
were diluted to approximately 0.05 mg mL-1 in 0.1 M
ammonium bicarbonate, pH 8 and treated with 10 mM PIC-
[12C6] (light label) or PIC-[13C6] (heavy label) for 30 min at
37 °C. The reaction was terminated by adding formic acid
to a final concentration of 2% (v/v).

For kinetic analyses of HSA adduction, samples corre-
sponding to all time points were labeled with the light (12C6)-
PIC, and a separate sample from the 24 h time point was
labeled with the heavy (13C6)-PIC. The light PIC labeled
samples each were mixed with an amount of the 24 h PIC-
[13C6] labeled sample corresponding to an equal amount of
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HSA protein and then diluted to approximately 1µg mL-1

in 0.1% (v/v) formic acid for analysis by LC-MS-MS. For
the time points used (0, 30 min, 2, 6, 12, 18, and 24 h), this
yielded seven samples for analysis (0 h light/24 h heavy, 30
min light/24 h heavy, 2 h light/24 h heavy, 6 h light/24 h
heavy, 12 h light/24 h heavy, 18 h light/24 h heavy, 24 h
light/24 h heavy).

LC-MS-MS Analysis, Adduct Identification, and Quanti-
tation. LC-MS-MS analyses were performed on a Thermo
LTQ linear ion trap instrument (Thermo Electron, San Jose,
CA) equipped with a Thermo Surveyor HPLC system and
microautosampler. Peptides were resolved on a 100µm ×
11 cm fused silica capillary column (Polymicro Technolo-
gies, LLC., Phoenix, AZ) packed with 5µm, 300 Å Jupiter
C18 (Phenomenex, Torrance, CA). Liquid chomatography
was carried out at ambient temperature at a flow rate of 0.6
µL min-1 using a gradient mixture of 0.1% (v/v) formic acid
in water (solvent A) and 0.1% (v/v) formic acid in acetonitrile
(solvent B). Peptides eluting from the capillary tip were
introduced into the LTQ source in microelectrospray mode
with a capillary voltage of approximately 2 kV. For adduct
identification analyses, a full scan was obtained for eluting
peptides in the range of 350-2000 amu followed by four
data-dependent MS-MS scans. MS-MS spectra were recorded
using dynamic exclusion of previously analyzed precursors
for 30 s with a repeat of 1 and a repeat duration of 2. MS-
MS spectra are generated by collision induced dissociation
of the peptide ions at peptide bonds to generate a series of
b- and y-ions as major fragments. The b ions contain the
N-terminus of the original peptide ion, whereas the y ions
contain the C-terminus (49). MS-MS data were evaluated
using the Sequest algorithm to determine protein coverage,
and spectra corresponding to HNE adducts were identified
using P-Mod (47). Detection of modified or variant sequences
is based on the fact that any modifications of the primary
peptide sequence will result in a shift in the peptide mass as
well as a shift in the values of any b- and/or y ions that
contain the modification. Mass shifts of 158 corresponded
to NaBH4-reduced Michael adducts, and mass shifts of 140
corresponded to NaBH4-reduced Schiff base adducts.

Kinetic analysis of HNE adduction at individual HSA
amino acid targets was done with the same LC-MS-MS
instrumentation, except that the LTQ was set up to perform
one full scan (350-2000 amu) followed by MS-MS scans
for the specificm/z values of the doubly or triply charged,
HNE adducted, [12C6] and [13C6] PIC-labeled peptides (see
Supporting Information, Table 1 for targetedm/z values).
Thermo Xcalibur software was used to extract selected ion
chromatograms corresponding to three b- or y-ions charac-
teristic of each PIC-labeled peptide adduct precursor. Inte-
gration of the corresponding peaks was carried out for light
and heavy PIC-labeled peptide ion pairs, and then the three
light/heavy peak ratios for each target peptide were averaged
to yield an overall light/heavy ratio for each peptide adduct
at each time point. Values ofkobs were taken from plots of
light/heavy peptide adduct ratios versus time. This analysis
was carried out 2-5 times for each peptide adduct.

RESULTS

Identification of HNE Adduction Sites on HSA in Vitro.
Preliminary experiments to establish electrophile alkylation

conditions used Western blotting to detect HNE Michael
adducts on HSA histidine residues. Commercially purchased
(Sigma) HSA was incubated with 3.2 mM HNE in PBS
buffer for up to 24 h, and samples then were probed for
immunoreactivity with a primary mouse antibody directed
toward the HNE-Michael adduct (Figure 1). Maximal ad-
duction occurred at the 6 h time point, with little change
observed between 6 and 24 h.

HNE adduction sites on HSA were identified by LC-MS-
MS on both commercially purchased (Sigma) HSA and HSA
freshly purified from human serum after 24 h exposure to
HNE. Data from five independent experiments for each HSA
preparation are summarized in Table 1. (MS-MS spectra of
all of the adducts are presented as Supporting Information,
Figures 1-10.) A total of 10 adduct sites were identified,
including K51, H67, H105, K233, H242, H247, K262, H367,
K378 and H510. All of the adducts detected were identified
as+158 Da mass shifts with P-Mod, which correspond to
NaBH4-reduced Michael adducts. Although Schiff base
adducts of HNE were not detected, these adducts would have
been detectable had they been present. In other preliminary
studies using similar incubation conditions and analytical
methods, both Michael and Schiff base adducts of acrolein
and crotonaldehyde were detected (data not shown).

Four adducts (K51, H67, K262, and H510) were detected
in only one experiment, suggesting that these adducted
peptides were either present in low abundance or did not
ionize sufficiently well to be reproducibly detected. The
H105 adduct was found in one experiment only with the
commercial HSA, whereas the other adducts were found
repeatedly in multiple experiments in both the commercially
purchased HSA and the freshly purified HSA.

Kinetics of HNE Adduction on HSA in Vitro.The ten His
and Lys residues targeted by HNE all occupy different

FIGURE 1: Western blot analysis of HNE adduction on HSA. HSA
5 µM was incubated in PBS with 3.2 mM HNE, and aliquots were
removed at 0, 30 min, 2, 6, 12, 18, and 24 h. HNE-histidine Michael
adducts were detected with mouse anti-HNE primary antibody.

Table 1: HNE Adduct Formation on Sigma HSA and HSA Freshly
Purified from Seruma

peptide sequenceb residue no. Sigma 24 h purified 24 h

LVNEVTEFAK*TCVAD K51 1/5c NDd

SLH*TLFGDK H67 5/5 5/5
NECFLQH*K H105 1/5 ND
AEFAEVSK*LVTDLTK K233 3/5 3/5
VH*TECCHGDLLECADDR H242 3/5 2/5
VHTECCH*GDLLECADDR H247 1/5 ND
ADLAK*YICENQDSISSK K262 ND 1/5
CCAAADPH*ECYAK H367 3/5 ND
VFDEFK*PLVEEPQNLIK K378 1/5 2/5
EFNAETFTFH*ADICTLSEK H510 ND 1/5

a Commercially purchased (Sigma) HSA and freshly purified HSA
were incubated with 5 mM HNE for 24 h and HNE adducts were
detected by LC-MS-MS analysis as described under Experimental
Procedures.b Asterisk (*) indicates adducted residue.c Indicates number
of times the HNE-adducted peptide was detected in five separate
experiments.d ND, HNE-adducted peptide not detected.
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reaction environments that would affect their susceptibility
to adduction. To better probe these differences, we sought
to simultaneously measure rate constants (kobs values) for
adduction at different HSA targets. These measurements
would establish the heirarchical reactivity of HSA targets
toward HNE. Because we were concerned that differences
between the Sigma HSA and the purified HSA preparation
could affect adduction kinetics, we performed these analyses
with both preparations.

The most straightforward approach would be absolute
quantitation of each of the adducted peptides using stable
isotope labeled internal standards (50). However, this ap-
proach requires the synthesis and purification of isotope-
labeled peptides containing the adducts of interest, which
would be time-consuming and expensive.

Instead, we applied a stable isotope tagging strategy for
relative quantitation we described previously (48). The
approach applies light and heavy isotope tags and LC-MS-
MS to compare the amount of an adduct at a given time
point to the amount of the same adduct in a reference sample.
In our experiments, HSA was treated with HNE, and samples
were taken at several time points (0, 30 min, 2, 6, 12, 18,
and 24 h). Each sample was treated with NaBH4 to reduce
and stabilize the HNE adducts, the protein was then digested
with trypsin, and the peptides were N-terminally labeled with
light (12C6) PIC. The reference sample was another aliquot
of the 24 h sample, which was processed identically, except
that the tryptic peptides were tagged with the heavy (13C6)
PIC. An aliquot of light PIC-labeled sample for each time
point then was mixed in a 1:1 ratio (based on HSA protein)
with an aliquot of the heavy PIC-tagged reference sample,
and each sample pair was analyzed by LC-MS-MS.

LC-MS-MS analyses on the LTQ targetedm/z values for
the doubly and/or triply charged ions corresponding to the
light and heavy PIC-labeled peptides for the 10 adducted
HSA peptides. Quantitation was achieved by plotting selected
ion chromatograms for three different product ions arising
from fragmentation of each targeted precursor. (Them/z
values targeted for MS-MS analysis for light and heavy PIC-
labeled forms of the 10 peptide adducts and the correspond-
ing product ion m/z values are provided as Supporting
Information, Table 1). Integrated peak areas for each selected
product ion were used-to-calculate ratios for light/heavy PIC-
labeled peptide adducts. The ratios calculated from the three
different product ions for each peptide adduct then were
averaged, and the average value was plotted against the
corresponding reaction time. After plotting the light/heavy
ratio for each of the time points, a one phase exponential
association nonlinear regression analysis was done using
Prism graph (Figure 2). Of the 10 peptides that were
identified as possible adduction sites, we were able to acquire
satisfactory kinetic data on six of these peptide adducts (H67,
K233, H242, H247, H367, and H510) and the doubly
adducted H242/H247 peptide in both the commercially
purchased HSA and the purified HSA. (Relatively low
intensity signals were observed for the other adducts, which
precluded accurate estimates of peak areas and area ratios.)
This allowed the calculation ofkobs values for each of the
adducted HSA residues (Table 2). Using this approach, we
were able to determine the relative reaction rates to be
H242 > H510 > H67 > H367 > H247 > K233 for the

commercially available HSA and H242> H510 > H67 >
H367 > K233 > H247 for the purified HSA.

DISCUSSION

The formation of aldehyde adducts on proteins in vivo
may yield biomarkers of oxidative stress and oxidant-related
disease. Adducts on HSA are of particular interest because
HSA is an abundant blood protein that binds many endo-
genous and exogenous substances. Covalent modifications
of HSA byproducts of lipid peroxidation could offer useful
biomarkers of oxidative stress. Our use of LC-MS-MS
provided a means to map sites of HSA adduction by HNE
and analyze the kinetics of these modification reactions. HSA
sites with high reactivity toward HNE in vitro are likely sites
of modification in vivo and thus candidate biomarkers for
oxidative stress.

We identified 10 sites of HNE modification on HSA. Each
of these 10 sites was found to be modified by+158 amu
indicating formation of the Michael adduct, whereas no
evidence of Schiff base adducts (+140 amu) was found in
this experiment. This is in agreement with a recent study by
Sayre et al., which reported spectroscopic observation of
HNE Michael adducts with lysine side chains on ribonuclease
A and â-lactoglobulin, but no evidence for Schiff base
formation (18). These data indicate that, if it occurs, Schiff
base formation by HNE in vitro is considerably slower than
Michael adduction.

FIGURE 2: (A,B) Kinetic analysis of HNE adduction on HSA. HNE-
treated samples were analyzed by LC-MS-MS and stable isotope
tagging of peptide adduct N-termini with light and heavy PIC as
described in Experimental Procedures.

10524 Biochemistry, Vol. 45, No. 35, 2006 Szapacs et al.



We were able to evaluate reaction kinetics for only six of
the 10 sites identified to be HNE adducted. Of the sites that
we were unable to evaluate, three (H105, K51 and K262)
were only identified in one experiment in either the Sigma
HSA or purified HSA sample, and one (K378) was found
in at least one experiment in the Sigma HSA as well as the
purified HSA. Our inability to obtain satisfactory kinetic data
on these peptide adducts is most likely due to low rates of
adduction of these residues that yielded adduct levels near
the limit of detection or poor ionization of these peptide
adducts. With the exception of H510, the six peptide adducts
for which we obtained kinetic data were found in multiple
experiments at multiple time points using both the com-
mercially available HSA or the purified HSA and thus were
either relatively abundant or ionized particularly well by
electrospray. Suppression of ionization by the N-terminal PIC
modification used for quantitation is unlikely, as PIC
modification did not suppress ionization of the other adducts
we observed.

The reaction rates of HNE for both the Sigma HSA and
the purified HSA indicated a similar heirarchy of reactivities
in both preparations. However, thekobs for H247 was∼10-
fold greater in the Sigma HSA than in the purified HSA,
whereas K233 had akobs ∼10-fold greater in the purified
HSA preparation than in the Sigma HSA. We attribute these
discrepancies to the higher experimental error in measure-
ment of slower reactions, which were still in the linear
portion of curve after a 24 h time course (e.g., H247, K233
and H242/247). Although the purities of the two HSA
preparations studied appeared comparable, we recognize that
other proteins may affect measured rate constants by
interacting with HSA binding sites. If this occurred, it
evidently did not affect the relative reactivities of competing
nucleophilic sites.

The reactivities of the different adduction sites varied
considerably, as the measuredkobsvalues ranged over more
than 4 orders of magnitude. The most reactive site in both
HSA preparations was H242, followed by H510, H67, H367,
H247, and K233 in order of decreasing reactivity. The tryptic
peptide VHTECCHGDLLECADDR containing both H242
and H247 was particularly interesting. These two His residues
were the most and (nearly) least reactive, respectively, in
HSA yet are separated by only five residues positions in
linear sequence. Analysis of the reaction kinetics of H242
revealed that levels of this adduct peaked at 2-6 h of HNE
exposure and then declined (Figure 2). Use of selected ion
monitoring to search for the doubly adducted H242/H247
peptide indicated formation of the doubly adducted peptide
at a slightly slower rate than for the singly H247 adducted
peptide.

The structures of native HSA and HSA complexes with
several small molecule ligands have been reported, and these
provide a useful framework for interpreting differences in
site-specific HNE adduction. We can use this information
to ask how differences in reaction rate may be influenced
by structural environments of the adducted residues. Of the
targets for which kinetic reactivity was evaluated, H67 is
located in subdomain IA, K233, H242, and H247 are located
in subdomain IIA, H367 is located in subdomain IIB, and
H510 is located in subdomain IIIB of the HSA protein
(Figure 3A). Interestingly, the majority of the adduction sites
were located in subdomain IIA, which is known to be a fatty

Table 2: Measured Values ofkobs for HNE Adduction and Estimated pKa Values for the Target Amino Acidsa

peptide sequence amino acid kobs(h-1) (Sigma HSA) kobs(h-1) (purified HSA) calculated pKa

VH*TECCHGDLLECADDRb H242 3.7( 0.6c 7.9( 3.8c 0.81
EFNAETFTFH*ADICTLSEK H510 0.38( 0.07 0.81( 0.13 7.15
SLH*TLFGDK H67 0.24( 0.02 0.23( 0.03 7.65
CCAAADPH*ECYAK H367 0.035( 0.008 0.049( 0.006 6.85
VHTECCH*GDLLECADDR H247 0.006( 0.009 0.0008( 0.01 8.64
AEFAEVSK*LVTDLTK K233 0.0013( 0.01 0.016( 0.01 10.29
VH*TECCH*GDLLECADDR H242/H247 0.0012( 0.01 0.0005( 0.011 ND

a Values forkobs ( SEM were measured by isotope tagging and LC-MS-MS as described under Experimental Procedures. Values for pKa were
estimated with the PropKa tool (http://propka.chem.uiowa.edu/). See text for discussion.b Asterisk (*) indicates adducted residue.c Thesekobsvalues
were calculated from nonlinear regressions fit to data excluding the 12, 18, and 24 h time points.

FIGURE 3: HSA crystal structure (PDB: 1AO6) with adducted
residues shown in red (top). HSA subdomain IIA with kinetically
analyzed adducted residues is shown in red, nonpolar residues in
the IIA binding pocket are shown in gray, and the K199, R222,
and R257 are shown in green (bottom).

Kinetics of HNE Adduction of Albumin Biochemistry, Vol. 45, No. 35, 200610525



acid/drug binding site (51). K233 and H247 are located on
the solvent accessible face of subdomain IIA with H67
located on subdomain IA pointing toward the solvent
accessible surface of subdomain IIA. In contrast, H242, the
most reactive residue, lies in the interior of this subdomain
(Figure 3B) in a cavity lined with the hydrophobic residues
L219, F223, L234, L238, V241, L260, A261, I264, I290,
and A291 (Figure 3B, shown in gray) and with the positively
charged K199, R222, and R257 residues (Figure 3B shown
in green).

HSA has been cocrystallized with several saturated (52,
53) and unsaturated fatty acids (54), as well as with small
molecules such as triiodobenzoic acid (51), the hormone
thyroxine (55), and the anticoagulant warfarin (56), and this
IIA subdomain cavity was shown to bind all of these
molecules. The hydrophobic cavity in subdomain IIA ac-
commodates the hydrophobic chains of the fatty acids or the
aromatic rings of the small molecules and the polar car-
boxylic acid or ketone groups are ion paired with K199,
R222, or R257. If the nonpolar tail of HNE sits similarly in
this cavity and the aldehyde and the 4-hydroxy group of HNE
can hydrogen bond with K199, R222, or R257, then H242
is positioned to form the 1,4-Michael adduct with HNE. This
analysis suggests that noncovalent complexation of the
electrophile with a protein target can be a powerful directing
factor in site-specific protein alkylation.

Another potentially important factor in site reactivity is
the nucleophilicity and basicity of the target residue. We used
PROPKA, an algorithm that estimates pKa values for amino
acid side chains in proteins from their crystal structures (57).
We submitted the HSA Protein Data Bank file 1AO6 to the
PROPKA server (http://propka.chem.uiowa.edu/) for analysis
of the pKa values for His and Lys residues in HSA using
the PDB2PQR (58) tool to add hydrogen atoms and optimize
the hydrogen bonding network at pH 7. This analysis
indicated that because of desolvation effects and its ability
to ion pair with K199, H242 had the lowest pKa in the HSA
structure, followed in order of increasing pKa by H367, H510,
H67, H247, K233 (Table 2). The trend in the estimated pKa

values correlates with measuredkobs values, thus suggesting
that lower basicity (lower pKa) favors the deprotonated target
and more rapid adduction by HNE. The unusually low
estimated value for the H242 pKa lends support to our finding
that H242 is the most reactive residue toward HNE. We can
attribute the high reactivity of H242 not only to favorable
juxtaposition of HNE with the H242 imidazole through
noncovalent complexation but also to the very low pKa value
of the target, which increases the effective concentration of
the deprotonated nucleophile.

We observed that H67 reacted faster with HNE than H247,
even though both residues are located within 4 Å of each
other. Nevertheless, the H67 pKa is estimated to be one unit
lower than that for H247. Thus, an HNE molecule in
proximity to both H67 and H247 will react preferentially at
H67 because of its lower pKa. In addition, the adducted H67
may then block adduction at H247 because, once formed,
the HNE adduct on H67 may sterically hinder access to
H247, thus making H247 one of the slowest reacting residues
in HSA.

Except for H367, the other residues follow the trend that
as pKa increases, HNE reactivity decreases. Interestingly,
while both H367 and H510 are on the solvent accessible

surface and H367 has a slightly lower pKa, H510 is the
second most reactive residue, whereas H367 is the fourth
most reactive residue. Examination of the structures reveals
that H367 sits down in a cleft in the HSA molecule, whereas
H510 protrudes into the solvent (Figure 4). This indicates
that the HNE molecule may encounter steric hindrance when
reacting with H367, whereas H510 is more accessible for
reaction with HNE.

Our adduct mapping and the kinetic analyses of HSA
adduction by HNE reveal that protein targeting by electro-
philes is a complex process. Site selectivity for protein
adduction derives from the rate constants for multiple
competing adduction reactions. Each of these rate constants
in turn is dependent on the basicity and nucleophilicity of
individual nucleophilic residues, as well as their steric
accessibility. Moreover, the extremely high reactivity of
H242 suggests that noncovalent complexation of the elec-
trophile can drive reactivity by favorably orienting the
electrophile toward the nucleophile target.

Finally, the observation that H242 is highly reactive toward
HNE is significant because modification of this residue may
readily occur when HSA is exposed to HNE or structurally
similar electrophiles under conditions of oxidative stress.
Thus, targeted analyses directed at this peptide may detect
biomarkers of oxidative stress in vivo. HSA adducts thus
may complement recently identified ascorbyl-HNE adducts
(59) as new biomarkers of oxidative stress.

ACKNOWLEDGMENT

We thank Prof. Jens Meiler, Prof. Charles Sanders, and
Dr. Eric Dawson for helpful discussion on structural biology
and pKa calculations.

FIGURE 4: Crystal structure of HSA (PDB: 1AO6) with His367
(A) and His510 (B) highlighted surfaces.
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SUPPORTING INFORMATION AVAILABLE

SDS-PAGE analyses of both purified and Sigma HSA
and the MS-MS spectra of the 10 identified HNE adducted
peptides and a table of the targetedm/z values used to
monitor for the light and heavy PIC labeled HNE adducted
peptides. This material is available free of charge via the
Internet at http://pubs.acs.org.
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