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Abstract
4-hydroxynonenal (4-HNE) alters numerous proteomic and genomic processes. Understanding
chemical mechanisms of 4-HNE interactions with biomolecules and their respective stabilities
may lead to new discoveries in biomarkers for numerous diseases of oxidative stress. Collision-
induced dissociation (CID) and electron transfer dissociation (ETD) MS/MS were utilized to
examine the stability of a 4-HNE-Cys Michael adduct. CID conditions resulted in the neutral loss
of 4-HNE, also known as a retro-Michael addition reaction (RMA). Consequently, performing
ETD fragmentation on this same adduct did not result in RMA. Interestingly, 4-HNE adduct
reduction via sodium borohydride (NaBH4) treatment stabilized against the CID induced RMA. In
a direct comparison of three forms of 4-HNE adducts, computational modeling revealed sizeable
shifts in the shape and orientation of the lowest unoccupied molecular orbital (LUMO) density
around the 4-HNE-Cys moiety. These findings demonstrate that ETD MS/MS analysis can be
used to improve the detection of 4-HNE-protein modifications by preventing RMA reactions from
occurring.

INTRODUCTION
Lipid peroxidation is known to occur during periods of sustained oxidative stress, most
notably near lipid-rich cellular membranes.1 In particular, the peroxidation of linoleic and
arachidonic acid generates numerous α,β-unsaturated reactive aldehydes, including 4-
hydroxynonenal (4-HNE).1, 2 The highly reactive nature of this compound is imparted due
to the bi-functional mechanism of adduction, forming both Michael addition and Schiff base
adducts with nucleophilic amino acid side chains. The modification of proteins by 4-HNE
can alter protein structure, stability and function.3-6 Multiple studies have characterized the
underlying mechanism of 4-HNE protein adduction (Cys > His > Lys) and its impact on a
host of cellular processes.3, 7-9

4-HNE has achieved prominence as a biomarker for a number of diseases, including early-
stage detection of cancer, atherosclerosis and inflammation.10-13 While much is known
regarding the biochemical impact of lipid peroxidation and the effects of pathophysiological
concentrations of 4-HNE on cellular processes, little is known about the biochemical
interactions of 4-HNE on an atomic scale. The ability of 4-HNE to modify amino acids and
consequently alter protein function in vivo is an extremely complex process and presents a
technically challenging area of investigation. Recently, comparison of electrophile/
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nucleophile interactions has provided significant insight into the reactivity of 4-HNE,
specifically toward cysteine residues9; however, the complex amino acid microenvironment
surrounding peptide residues as well as protein tertiary structure and solvent accessibility
confound predictive measures. Used as an aid in detecting 4-HNE adducts, reductive
stabilization via NaBH4 allows for the detection of more transient modifications.
Successfully identifying protein carbonylation not only requires relatively stable adducts,
but highly-sensitive MS instrumentation.14-16 Certain ionization and MS/MS conditions are
known to cleave labile post-translational modifications (PTMs) before achieving peptide
fragmentation, resulting in the neutral loss of the modification. The development of MS/MS
techniques such as ETD has been critical in the identification of labile amino acid
modifications such as phosphorylation. Specifically, the MS/MS-induced neutral loss of 4-
HNE occurs through retro-Michael addition (RMA) reactions and has been characterized in
a number of studies.17-20

In the present study, it was observed that the non-reduced 4-HNE-Cys280 adduct underwent
a RMA reaction, resulting in the neutral loss of 4-HNE under CID conditions. Conversely,
ETD fragmentation provided 4-HNE retention, preventing RMA during MS/MS
fragmentation. NaBH4 reduction was employed to stabilize the 4-HNE-Cys280 adduct under
CID conditions. Based on these observations, computational modeling was employed to
provide a theoretical analysis of the role LUMO energies played in the CID/ETD
fragmentation of 4-HNE under MS/MS conditions. Overall, these findings demonstrate the
utility of ETD technology when applied to the detection of 4-HNE modified proteins.

EXPERIMENTAL PROCEDURES
Chemicals

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless specified
otherwise. Solvents for LC-MS analysis and in-gel trypsin digestion were of HPLC grade
purity or higher. Formic acid for LC-MS was obtained in 1 mL sealed glass vials from
ThermoFisher Scientific (Waltham, MA). The active form of human recombinant SIRT3
was obtained from Cayman Chemical (Ann Arbor, MI). 4-HNE was prepared in our
laboratory as previously described.21

Modification of SIRT3 with 4-HNE
Adduction of SIRT3 was achieved by incubating 1 μg (27 pmoles, 1.34 μM) of recombinant
human protein with a 10-fold excess concentration of 4-HNE for 30 min at 37°C. Half of the
samples were then subjected to reductive stabilization for 30 min at 25°C using a final
concentration of 5 mM NaBH4 (stock concentration of 100 mM NaBH4 in 100 mM NaOH).
Upon completion, samples were applied to SDS gel electrophoresis, coomassie stained for
10 min and then destained overnight. SIRT3 protein bands were excised from the gel and
proteolysis was performed using a standard in-gel digestion procedure.21 Excised protein
bands were destained in 50% acetonitrile (ACN), 50% 50 mM ammonium bicarbonate
(NH4HCO3), dehydrated in 100% ACN and reduced for 45 min at 60°C with 10 mM
dithiothreitol in 50 mM NH4HCO3. The gel pieces were then treated for 30 min in the dark
at room temp in 40 mM iodoacetamide in 50 mM NH4HCO3, washed twice in 50 mM
NH4HCO3 and resuspended in 25 μL 50 mM NH4HCO3 and 0.3 μg porcine-modified
trypsin (Promega) and digested overnight at 37°C.

CID and ETD Mass Spectrometry
The digested samples (Control, 4-HNE and reduced 4-HNE SIRT3) were analyzed using
nano liquid chromatography (EASY-nLC, Proxeon) at a flow rate of 300 nL/min with a
gradient of 5 to 40% ACN (0.2% formic acid) over 40 min on C-18 Proxeon EASY-Column
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trapping (20 × 0.1 mm) and analytical columns (100 × 0.075 mm). The nLC was coupled to
a nano-ESI source and Esquire HCT ion trap mass spectrometer (Bruker Daltonics, Inc.,
Billerica, MA). The instrument was operated using data-dependent CID MS/MS with a
threshold of 30,000 TIC. Data analysis was performed using Mascot (v 2.1.04,
www.matrixscience.com) and Esquire v5.2 data analysis package. BioTools (Bruker
Daltonics) was used for MS/MS spectra annotation. Previous work identified a 4-HNE
adduct on SIRT3 at Cys280; therefore, MS and MS/MS analysis was focused on the SIRT3
tryptic peptide containing Cys280, a 22-mer with the following sequence:
CPVCTGVVKPDIVFFGEPLPQR.22 In order to obtain comparative CID and ETD
fragmentation spectra, these same SIRT3 digests were analyzed using alternating CID/ETD
MS/MS fragmentations on an amaZon-ETD ion trap mass spectrometer (Bruker Daltonics,
Inc., Billerica, MA) coupled to a Dionex Ultimate3000 RSLCnano (Dionex, Sunnyvale, CA)
using an LC gradient similar to that detailed above.

Quantum Mechanical Calculations
Computational modeling of the SIRT3 22-mer peptide containing 4-HNE-Cys280 was
performed using Spartan (Wavefunction, Inc., Irvine, CA) and provides parameters such as
the highest occupied molecular orbital (HOMO) and LUMO energies for each molecular
species. The peptide species were assembled and minimized using Spartan. Computations
were performed using Equilibrium Geometry at ground state with Hartree-Fock 3-21G in a
vacuum, starting from MMFF geometry. Peptide geometry was initially optimized for the
neutral molecule, basic sites were then protonated and the final minimum geometry was
calculated using the +3 charge state to reflect the most abundant charge state observed
during MS analysis.23, 24 The 4-HNE adduct was minimized in native, cyclic hemiacetal and
reduced conformations. Due to the large mass of the model peptide (>2500 amu), a number
of modifiers were used in obtaining a successful model. Specifically, the options
maxpropweight=none, nosolvent and elcharge were used in order to complete the modeling.

RESULTS AND DISCUSSION
Cysteine residues are the most reactive nucleophilic amino acids towards 4-HNE, whereas
4-HNE adducts of histidine are more stable than either cysteine or lysine conjugates towards
retro-Michael addition reactions.8, 17, 25, 26 Since oxo-cyclic equilibrium favors hemiacetal
formation, the free aldehyde of the primary product may react with the 4-hydroxyl group to
form the hemiacetal derivative.1, 27 Figure 1 presents the structures for both cyclic
hemiacetal and reduced 4-HNE adducts. It remains unclear which 4-HNE structure occurs
during ESI ionization and MS/MS fragmentation; therefore, both structures have been
considered for theoretical analysis. Given the complex nature of 4-HNE chirality, resulting
in at least 8 configurational isomers (Wakita et al.), and the inability to determine chiral
selectivity of MS ion-trap fragmentations, these factors were not included in CID/ETD
fragmentation analysis or the computational modeling.28 The following data present MS/MS
fragmentations of native and NaBH4 reduced 4-HNE thiol adducts under CID/ETD
conditions and resulting computational analysis.

MS analysis of 4-HNE modified SIRT3 is presented in Figure 2A, where CID fragmentation
yields primarily the +2 and +3 charged ions of the peptide without 4-HNE (1230.42 m/z and
820.62 m/z, respectively) representing the neutral loss of 4-HNE under CID. In contrast, the
ETD spectrum in Figure 2A provides retention of the 4-HNE-Cys adduct during MS/MS.
This comparison demonstrates the loss of a labile 4-HNE-Cys Michael adduct under CID
fragmentation conditions, while ETD does not cleave 4-HNE from the peptide. Analysis of
the CID data identified 27 unique fragmentation ions while the ETD data provided 41
unique identifications, yielding 52% greater sequence identity when ETD was utilized
(BioTools spectra annotation, data not shown).
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Contrary to the results obtained by CID of the 4-HNE adduct, CID analysis of the reduced 4-
HNE adduct in Figure 2B demonstrates the advantages of stabilizing labile PTMs. Here, the
neutral loss of 4-HNE does not occur, as the major neutral-loss peaks observed in Figure 2A
are not present. The reduced 4-HNE peptide is also detected, and provides greater sequence
coverage under ETD conditions. BioTools analysis of each spectra matched 22 ions
following CID and 42 ions following ETD fragmentation, demonstrating an increase of 91%
in peptide ion yield for ETD versus CID. This also reveals that despite stabilization by
NaBH4 the overall ETD fragment ion yield is not improved for the non-reduced (41 ions
identified) and reduced (42 ions identified) 4-HNE-peptides. Overall, MS/MS analysis
demonstrates a clear advantage when utilizing sequential CID/ETD fragmentation in
avoiding 4-HNE RMA reactions.

Given the recent studies by LoPachin et al. that intricately coupled computational modeling
and quantum mechanics to the characterization of electrophile-nucleophile
interactions,9, 29, 30 similar methods were employed to further explain the effects of adduct
stability when the 4-HNE Michael-Cys280 adduct is fragmented by different mass
spectrometry methods. Table 1 presents a number of quantum mechanical parameters
comparing the three forms of 4-HNE. These results highlight a significant change in LUMO,
where cyclization induces a 16% increase and NaBH4 reduction a 17% increase over the
cyclized structure. The conversion of aldehyde to alcohol is known to provide stability to 4-
HNE adducts.31 Here, the more negative LUMO of the non-reduced aldehyde may relate to
the unstable nature of this particular 4-HNE Michael adduct. A report by Greaves et al.
found a correlation between electron capture negative chemical ionization MS/MS, LUMO
and calculated internal energies and provides support for this hypothesis.32 LoPachin et al.
report that according to Frontier Orbital Theory, the most relevant frontier orbital for
electrophiles is the LUMO, whereas the HOMO is most important for nucleophiles.9 Based
on these studies, HOMO and LUMO were visualized using computational modeling.
Examination of surface densities revealed no noticeable change in the size, shape and
location of HOMO. Significant changes were observed in LUMO surface density and are
presented in Figures 3A, 3B and 3C to provide a global view of LUMO surface fields as
they reside along the 4-HNE-SIRT3 peptide for the 4-HNE, cyclized and reduced forms of
the adduct. Remarkably, both cyclization and reduction significantly alter LUMO surface
orientation away from the 4-HNE adduct and towards the more stable peptide backbone.
This shift is magnified in Figures 3D-F. Visualizing the LUMO for each peptide-adduct
species through surface density models supports the hypothesis that LUMO may play a role
in predicting the stability of this PTM during MS/MS fragmentation. An important
observation is that cyclization shifts the LUMO towards the peptide backbone, while NaBH4
reduction transfers the LUMO density completely onto the peptide backbone, removing the
LUMO from the sulfur atom and the 4-HNE adduct. Indeed, the shift in LUMO towards the
more stable peptide backbone is an interesting observation; however, precise mechanisms
relating LUMO to MS-induced RMA reactions remain perplexing and require further
investigation.

The comparison of quantum mechanical analysis and molecular modeling to 4-HNE-peptide
fragmentation by CID/ETD provides a unique approach to understanding protein carbonyl
stability. Previous reports have examined the complementary nature of quantum mechanical
parameters in developing therapeutics.23, 24 Reports by Rauniyar et al. detail MS techniques
for studying 4-HNE, such as data-dependent neutral loss-driven MS3 acquisition and
comparisons of CID to electron capture dissociation (ECD).33-35 Additionally, Wakita et al.
demonstrate 2D-NMR analysis of the stereochemical configuration of a 4-HNE-thiol adduct
which was enhanced through computational modeling of electrostatic surface potentials.28

This report represents the first analysis establishing a possible link between changes in E
LUMO and LUMO surface density to the CID/ETD fragmentation characteristics of a 4-
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HNE adduct. It is likely, however, that numerous factors contribute to the stability, or lack
thereof, of this 4-HNE adduct under MS/MS conditions and the observed neutral loss under
CID fragmentation. Interestingly, ETD analysis did not initiate a RMA reaction for this 4-
HNE-thiol adduct, similarly to NaBH4 reduction, and is a valuable tool for the direct
analysis of unstable electrophilic adducts.

CONCLUSION
A host of in vivo studies have identified 4-HNE protein adducts as a direct result of
sustained oxidative stress and persistent lipid peroxidation.11 Confirmed through
immunohistochemical staining and Western blotting by anti-4-HNE antibodies, these
adducts are proposed play a major role in disease states involving oxidative stress ranging
from Alzheimer’s to liver disease. While the existence of these adducts remains
unquestioned, the lack of adduct identification by mass spectrometry remains perplexing, as
only a few in vivo adducts have been reported to date.6 The low-level abundance of these
modifications remains a hurdle that is overcome through enrichment strategies. Assuredly,
stability plays a crucial role in detecting these adducts and requires continued investigation
to delineate the mechanistic roles of 4-HNE-protein adducts in cellular responses to
sustained oxidative stress. As demonstrated here, the inclusion of ETD fragmentation will
undoubtedly enhance the characterization of unstable electrophilic adducts.
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ABBREVIATION

4-HNE 4-hydroxynonenal

NaBH4 sodium borohydride

PTM post-translational modification

LUMO lowest unoccupied molecular orbital

ETD electron transfer dissociation

CID collision induced dissociation

SIRT3 Sirtuin 3
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Figure 1. HNE-cysteine adduct in linear, reduced and cyclic hemiacetal formation
HNE is a bifunctionally reactive aldehyde that forms Michael-type adducts with cysteine
residues. Michael additions are defined as the 1,4-addition of a doubly stabilized carbon
nucleophile to an α,β-unsaturated carbonyl compound.36 NaBH4 reduction stabilizes
Michael adducts by reducing the C=O bond to C-OH.
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Figure 2.
(A) Analysis of the 4-HNE adducted peptide reveals the CID neutral loss of 4-HNE from the
parent ion (872.68 m/z) and the observed MS/MS ions representing the +2 and +3 charged
peptide less the 4-HNE adduct, 1230.42 m/z and 820.62 m/z, respectively. ETD
fragmentation did not result in the retro-Michael addition of the non-reduced 4-HNE adduct.
(B) Reductive stabilization of 4-HNE provided sufficient adduct stability to prevent a retro-
Michael addition reaction from occuring during CID conditions.

Fritz et al. Page 8

Chem Res Toxicol. Author manuscript; available in PMC 2013 April 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Molecular modeling illustrates the LUMO surface energy profile for the 4-HNE modified
peptide containing Cys280 of SIRT3 (CHNEPVCCarbTGVVKPDIVFFGEPLPQR).
Comparison of LUMO density surface maps for 4-HNE (A), cyclic hemiacetal (B) and
reduced 4-HNE (C) adducts on Cys280. Analysis of the models finds the LUMO surface
density located around C1-C3 of 4-HNE (D), around the thiol group at Cys280 (E) and
surrounding the more stable peptide backbone of Cys280 of the reduced 4-HNE (F). This
computational model presents a visual analysis of altered LUMO resulting from the
increased stability of 4-HNE through cyclization (B, E) and reduction (C, F).
(Carb=carbamidomethylated) (Sulfur, yellow; oxygen, red; carbon, gray; nitrogen, purple;
hydrogen, white)
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Table 1

Calculated parameters for non-reduced, cyclic and reduced 4-HNE-Cys280 peptide.

Peptide Energy (au) E (kJ/mol) E HOMO (kJ/mol) E LUMO (kJ/mol)

4-HNE peptide -9359 -24573097 -1108 -236

Cyclic 4-HNE peptide -9359 -24573314 -1123 -203

Reduced 4-HNE peptide -9360 -24576100 -1132 -173
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