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Abstract
4-Hydroxynonenal (4-HNE) is an endogenous product of lipid peroxidation known to play a role
in cellular signaling through protein modification and is a major precursor for protein carbonyl
adducts found in alcoholic liver disease (ALD). In the present study, a greater than 2-fold increase
in protein carbonylation of sirtuin 3 (SIRT3), a mitochondrial class III histone deacetylase, is
reported in liver mitochondrial extracts of ethanol consuming mice. The consequence of this in
vivo carbonylation on SIRT3 deacetylase activity is unknown. Interestingly, mitochondrial protein
hyperacetylation was observed in a time-dependent increase in a model of chronic ethanol
consumption; however, the underlying mechanisms for this remain unknown. Tandem mass
spectrometry was used to identify and characterize the in vitro covalent modification of rSIRT3 by
4-HNE at Cys280, a critical zinc-binding residue, and the resulting inhibition of rSIRT3 activity
via pathophysiologically relevant concentrations of 4-HNE. Computational-based molecular
modeling simulations indicate that 4-HNE modification alters the conformation of the zinc-
binding domain inducing minor changes within the active site, resulting in the allosteric inhibition
of SIRT3 activity. These conformational data are supported by the calculated binding energies
derived from molecular docking studies suggesting the substrate peptide of acetyl-CoA synthetase
2 (AceCS2-Kac), displays a greater affinity for native SIRT3 compared with the 4-HNE adducted
protein. The results of this study characterize altered mitochondrial protein acetylation in a mouse
model of chronic ethanol ingestion and thiol-specific allosteric inhibition of rSIRT3 resulting from
4-HNE adduction.

INTRODUCTION
Mitochondrial dysfunction is known to play a role in numerous pathologies, including
neurodegenerative diseases, cancer, and alcoholic liver disease (ALD) (1–4). Components of
the onset and progression of these pathologies are a consequence of metabolic disruption
and/or increases in oxidative stress. In ALD microsomal and mitochondrial systems
involved in ethanol metabolism contribute to hepatotoxicity through an increase in
cytochrome P450-2E1 (CYP2E1), catalase and aldehyde dehydrogenase (ALDH) activities
(5, 6). The oxidation of ethanol and acetaldehyde by alcohol dehydrogenase (ADH) and
ALDH alters NADH/NAD+ redox status (7, 8). During prolonged exposure to biochemical
stress, such as chronic ethanol metabolism, the generation of reactive oxygen species (ROS)
overcomes cellular antioxidant systems, resulting in excesses of superoxide, hydrogen
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peroxide, and hydroxyl radicals (9). This enhanced ROS production alters the mitochondrial
genome and proteome through a number of mechanisms, including the accumulation of the
lipid peroxidation product 4-hydroxynonenal (4-HNE) in pathologic quantities near lipid
rich cellular membranes (10–13). The cellular impact of 4-HNE generation is not fully
understood; however, at basal levels it has been implicated in intracellular signaling and in
excess it is known to interfere with proteomic activity via Michael-type and Schiff-base
adduct formation with Cys>>EHis>Lys>>Arg amino acid residues of proteins (14).

Recently, increased mitochondrial protein acetylation in a model of chronic ethanol
exposure was reported (15, 16); however, the underlying mechanism behind this increase
was not determined and the physiological consequences of ethanol-induced mitochondrial
protein hyperacetylation remain elusive. Sirtuins catalyze the deacetylation of the ε-amino
group of lysine residues and are involved in regulating transcriptional activity and protein
function (17). Only three mitochondrial sirtuins have been identified, SIRT3–5. Based on
knockout studies, SIRT3 was determined to be the major mitochondrial protein deacetylase
(18). Sirtuin activity is uniquely NAD+- and zinc-dependent and results in the generation of
nicotinamide (NAM), O-acetyl-ADP-ribose, and the deacetylated substrate (19, 20). A
recent proteomic survey reported that approximately 20% of mitochondrial proteins are
acetylated, implicating SIRT3 as a key regulator of mitochondrial proteome function (21).
Targets of SIRT3 deacetylation are widespread and are implicated in a host of cellular
pathways, including, oxidative phosphorylation, fatty acid metabolism, oxidative stress
response, and alcohol metabolism (21–24). It is therefore likely that alterations in protein
acetylation due to metabolic and oxidative stress may negatively impact these pathways,
disrupting normal mitochondrial processes. Although few studies have investigated the
impact of chronic ethanol consumption on sirtuins, recent data suggests that SIRT1 is a
target of protein carbonylation in a model of chronic obstructed pulmonary disease in human
lung tissue (25–27). The sirtuin family of proteins contains a highly conserved enzymatic
core with a large NAD+-binding domain and a smaller zinc-binding domain (26). Given the
sequence homology among the sirtuin family of proteins, it is likely that SIRT3 is also
susceptible to protein carbonylation. Furthermore, localization at the inner mitochondrial
membrane exposes SIRT3 to elevated concentrations of 4-HNE (12, 28, 29).

The present study investigates the impact of the lipid peroxidation product 4-HNE on
rSIRT3 deacetylase activity. An established ethanol feeding model in C57BL/6J mice
allowed immunohistochemistry, lipid peroxidation, and NADH/NAD+ assays on liver tissue
to investigate factors that may support mechanisms of mitochondrial protein
hyperacetylation associated with alcohol consumption. It was found that the carbonylation
of SIRT3 in vivo was significantly increased by over 2-fold. The in vitro exposure of rSIRT3
to 4-HNE uncovered significant inhibition at pathophysiologically relevant concentrations of
aldehyde. A rSIRT3 protein adduct was identified on Cys280 using nano liquid
chromatography tandem mass spectrometry (nLC-MS/MS) and computational-based
molecular modeling demonstrates numerous 4-HNE induced conformational changes within
the active site of rSIRT3. The results of this study suggest a potential mechanism for
carbonyl-induced inhibition of SIRT3 in vivo arising from 4-HNE modification. As
previously reported, numerous factors are likely to play a role in mitochondrial protein
hyperacetylation; however, the results in this report demonstrate significant decreases in
rSIRT3 activity resulting from thiol-specific modification by the lipid peroxidation product
4-HNE reflected in significant SIRT3 carbonylation in vivo.
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MATERIALS AND METHODS
Materials

The reagents used in this study were purchased from Sigma-Aldrich (St. Louis, MO), unless
stated otherwise. Purified human rSIRT3 protein was purchased from Cayman Chemical
(Ann Arbor, MI). 4-HNE was synthesized in our laboratory as previously detailed (30).
Protein content was determined by the Lowry-based Dc protein assay (Bio-Rad Labs,
Hercules, CA).

Animals
The procedures and protocols used in this study were approved by the Institutional Animal
Care and Use Committee of the University of Colorado and were performed in accordance
with standard National Institute of Health guidelines. C57BL/6J mice were fed a modified
Lieber-DeCarli liquid-ethanol diet over a period of six weeks as previously described (31).
Control and ethanol diets were obtained from Bio-Serv (Frenchtown, NJ) and were prepared
fresh weekly. The diet contains 44% fat-derived calories, 18% protein-derived calories and
the remainder from maltodextrin and/or ethanol, with a maximum 31.8% ethanol-derived
calories (EDC). In short, ethanol-fed mice began the study on a diet containing 10.8% EDC
(2% v/v) and the ethanol content was increased weekly until the diet contained 31.8% EDC
(6% v/v). Age-matched, pair-fed control mice received an identical caloric intake,
supplemented with maltodextrin-derived calories rather than EDC. Drinking water was
provided ad libitum. Upon completion of the one-, three-, and six-week feeding regimens,
the animals were anesthetized by an intraperitoneal injection of sodium pentobarbital and
euthanized by exsanguination. Livers were removed and either fixed in formalin for
histochemical analysis, or homogenized and subjected to fractionation using differential
centrifugation as previously described (32).

Immunohistochemistry
Following excision, livers were sectioned and placed in 10% neutral buffered formalin for 8
hours. Samples were then processed, embedded in paraffin and mounted to slides by
Colorado HistoPrep (Fort Collins, CO). One pair of slides were stained with hematoxylin
and eosin (H&E) for histological characterization, while the remaining slides were subjected
to de-paraffinization and rehydration for immunohistochemical (IHC) characterization with
antibodies directed against 4-HNE modified protein (Bethyl Labs, Montgomery, TX) and
acetylated-lysine residues (Cell signaling, Boston, MA).

Lipid Peroxidation and Protein Carbonylation
The extent of lipid peroxidation was determined using the thiobarbituric acid reactive
substances (TBARS) assay and were measured in whole liver homogenates (500 µg) by
incubating samples in thiobarbituric acid reagent (15% w/v trichloroacetic acid, 0.375% w/v
thiobarbituric acid and 0.25 N HCl). Samples were boiled at 100°C for 15 min, cooled to
room temperature, and then centrifuged at 10,000 rpm. Absorbance of the cleared
supernatant was monitored spectrophotometrically on a microplate reader at 535 nm, and the
concentration of malondialdehyde (MDA) was calculated from the extinction coefficient (ε
= 156,000 M-1 cm-1).

SIRT3 protein carbonylation was monitored using biotin hydrazide (BH) treatment and
avidin pull-down (31). Briefly, 200 µg aliquots of mitochondrial extract were treated in the
dark for 2 hours at 25°C with 5 mM BH (Thermo Fisher Scientific Inc., Rockford, IL), from
a stock of 50 mM BH in dimethyl sulfoxide (DMSO). To remove unreacted BH, the solution
was then dialyzed 1:10,000 in 10 mM phosphate buffered saline (PBS) overnight at 4°C.
NeutrAvidin agarose beads (Thermo Fisher Scientific) were added to the dialysand and the
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reaction mixture was gently rotated overnight at 4°C. The beads were washed five times in
tris-buffered saline containing 0.2% tween 20 (TBST), sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer was added and the
carbonylated protein isolate was applied to SDS-PAGE and transferred as detailed below for
immunodetection by anti-SIRT3 antibody.

Liver mitochondrial extracts from control and ethanol-fed mice were applied to SDS-PAGE
and western blotting for analysis. In short, 12% SDS-PAGE gels were used to resolve
mitochondrial extracts. The gels were then transferred to Hybond-P transfer membranes (GE
Healthcare, Piscataway, NJ). The membranes were blocked in 5% (w/v) non-fat dry milk
(NFDM) in TBST. These membranes were probed with anti-SIRT3 (a kind gift from Dr.
Eric Verdin) and anti-Acetyl-Lys (Cell Signaling, Boston, MA) antibodies. VDAC (Abcam,
Cambridge, MA) was used as the load control. A horseradish peroxidase-conjugated
secondary antibody (Jackson Labs) was applied and the membranes were developed with
ECL-Plus reagent (GE Health Sciences).

NADH/NAD+ Determination
Alterations in mouse liver NADH/NAD+ redox state were quantified using an EnzyChrom
NADH/NAD+ assay according to the assay instructions (BioAssay Systems, Hayward, CA).
Based on an alcohol dehydrogenase cycling reaction, the NADH generated in this assay
reduces a formazan reagent, and the formation of the product, measured at 565 nm, was
proportional to the NADH/NAD+ concentration in the samples.

Upon excision, liver sections were snap-frozen in 1 mL eppendorf tubes under liquid
nitrogen and stored at −80°C. A 10 mg aliquot of tissue was prepared on ice and
immediately placed into NAD or NADH assay buffer, each containing HCl or NaOH,
respectively. The samples were homogenized, heated for 5 min at 60°C, buffer was added to
neutralize pH, and finally the samples were centrifuged at 14,000 × g for 5 min. The
supernatants were diluted 1:10 in assay buffer for analysis.

Covalent Modification of rSIRT3
Adduction of human rSIRT3 was achieved by incubating 1 µg (27 pmoles, 1.34 µM) of
protein with increasing concentrations of 4-HNE. Treatments included final concentrations
of 1.34, 6.7, and 13.4 µM of 4-HNE for 30 min at 37°C. Upon completion, samples were
applied to SDS-PAGE, transferred to Hybond-P transfer membranes and visualization of
adduct formation was monitored by immunodetection with a custom polyclonal rabbit
anti-4-HNE antibody, directed against 4-HNE modified keyhole limpet hemocyanin (Bethyl
Labs).

rSIRT3 Inhibition
The rSIRT3 assay allows for the assessment of 4-HNE-mediated inhibition of rSIRT3
activity and uses the p53 sequence Gln-Pro-Lys-Lys(Acetyl)-aminomethylcoumarin, an
acetylated substrate specific for sirtuins. The rSIRT3-mediated lysine deacetylation of the
substrate liberates aminomethylcoumarin (AMC), which was quantified through
fluorescence excitation at 350 nm and emission at 450 nm. rSIRT3 inhibition or activation
was quantified and reported as a percentage of initial rSIRT3 activity. The concentration of
4-HNE treatment ranged from 1 µM to 100 µM. rSIRT3 was treated for 30 min at 25°C
prior to assaying activity. To determine if 4-HNE inhibition occurred as a result of covalent
modification, protein was dialyzed against 1X PBS for 5 hours at 4°C prior to assaying
activity. Additionally, 10 mM O-phenanthroline was used as previously reported (20) to
inhibit rSIRT3 activity and 0.3 to 30 mM N-Ethylmaleimide (NEM) was used as a cysteine-
specific modifier to inhibit rSIRT3 activity (Supplemental Data).
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Mass Spectrometry
Human rSIRT3 was treated with 4-HNE to identify modified residues using nLC-MS/MS.
Briefly, 5 µg (0.13 nmoles, 2.6 µM) of rSIRT3 in 50µL of 50mM sodium phosphate buffer,
pH 7.4, was treated with 25× 4-HNE (3.25 nmoles, 65 µM) molar excess for 30 min at 25°C.
4-HNE treatments were followed by NaBH4 (5 mM) reduction at 25°C for 30 min in order
to stabilize protein adducts. The samples were resolved on a 12% SDS-PAGE gel and
visualized by Coomassie blue staining. Protein bands were excised and subjected to
proteolysis with trypsin (Promega, Madison, WI). The digested samples were analyzed
using nano liquid chromatography (EASY-nLC, Proxeon) at a flow rate of 300 nL/min with
a gradient of 5 to 40% acetonitrile (0.2% formic acid) over 40 min on C-18 Proxeon EASY-
Column trapping (20 × 0.1 mm) and analytical columns (100 × 0.075 mm). The nLC was
coupled to a nano-electrospray ionization source and esquire HCT ion trap mass
spectrometer (Bruker Daltonics). The instrument was operated using data-dependent MS/
MS with a threshold of 30,000 TIC. Data analysis was performed using Mascot (v 2.1.04,
www.matrixscience.com) and Bruker Daltonics esquire v 5.2 data analysis package, and b/y
ion fragmentation was predicted using ProteinProspector v 5.4 (http://prospector.ucsf.edu,
UCSF Mass Spectrometry Facility). Secondary MS analysis was performed using an ABI
4800 Plus MALDI-TOF/TOF (Applied Biosystems) instrument to confirm the findings of
the nLC-MS/MS analysis and to improve on overall peptide detection. The digested samples
were prepared using C18 ZipTips (Millipore), mixed 1:1 with α-cyano-4-hydroxycinnamic
acid (CHCA, 10 mg/mL) and spotted in 1 µL aliquots onto an Opti-TOF 384 well insert
(Applied Biosystems).

In an attempt to locate and identify SIRT3 in vivo, 500 µg of liver mitochondrial extract
from control-and ethanol-fed mice were fractionated on a 12% SDS-PAGE gel and protein
bands of 4 kDa were excised from the gel across a range of 24–36 kDa. Given that the
molecular weight of murine SIRT3 is 28,822 Da, the excised range is sufficient to identify
SIRT3 in vivo. Proteolysis and nLC-MS/MS analysis were performed as described above,
using a gradient of 5 to 40% acetonitrile (0.2% formic acid) over 90 min.

Molecular Modeling
All simulations were performed using Discovery Studio software (Version 2.5.5; Accelrys
Inc., San Diego, CA). The crystallographic coordinates of the 2.7Å human SIRT3 crystal
structure (PDB code: 3GLS) (26) was obtained from the RCSB Protein Data Bank
(http://www.rcsb.org). The 4-HNE adduct was built onto Cys280 and the adducted and
unadducted SIRT3 structures were typed with the CHARMm force field, and subjected to
minimization (1000 iterations) using the conjugate gradient method to a convergence of
0.001 kcal/mol (33). The substrate, an acetyl-CoA synthetase 2 acetylated peptide (AceCS2-
Kac) containing residues 638–649 of human AceCS2 was constructed from the AceCS2-Kac
peptide extracted from the 1.87Å human SIRT3 co-crystallized structure (PDB code: GLR),
and NAD+ was constructed from ADP ribose bound to the AceCS2 peptide containing a
thioacetyl lysine from the 2.2Å human SIRT3 co-crystallized structure (PDB code: 3GLT)
(26). The AceCS2-Kac peptide and NAD+ were docked separately, using the flexible
docking protocol (34), into the active site of the 4-HNE adducted and unadducted SIRT3
structures. Two separate 12Å binding spheres were selected for the AceCS2-Kac peptide and
NAD+ cofactor, the AceCS2-Kac peptide binding sphere included the residues: Arg158,
Gln228, Ala247, His248, Val292–Pro299, Phe302, Leu303, His305, and Leu322–Leu330; and the
NAD+ cofactor binding sphere included: Met143–Ser159, Leu164, Glu177, Phe180, Leu195,
Leu199, Asn207, Thr209, His210, Tyr226–Glu234, Ala247, His248, Ile317–Val324, Phe327,
Ala328, Leu342, Ile343–Val348, and Val366. The AceCS2-Kac peptide was docked into the
SIRT3 structures first and the highest ranked complex was used for NAD+ docking. The
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Generalized Born implicit solvent model was used to calculate binding energy (ΔGbind) of
the docked complexes (35).

Data Analysis
Data, graphs and statistical analysis were performed using GraphPad Prism 4 (GraphPad
Software, Inc., La Jolla, CA) and Excel (Microsoft Corp, Redmond, WA). Western blot
quantification was achieved using an open source software application, ImageJ 1.42q
(National Institutes of Health). All data is presented as mean +/− standard error of the mean
(SEM) and each experiment was repeated for confirmation. Student’s t-test was used to
determine statistical significance.

RESULTS
Chronic Ethanol Feeding Results in a Time-dependent Increase in Hepatic Protein
Acetylation

Control and ethanol diets were fed to age-matched mice over a 6-week “ethanol ramping”
period. Standard markers for early-stage ALD reflect previously reported values and were
statistically significant, such as elevated alanine aminotransferase activity, liver
triglycerides, and increased liver to body weight ratio (31). As shown in Figure 1, dramatic
increases in mitochondrial protein acetylation were observed, confirming previously
reported alcohol-induced protein hyperacetylation (15, 16). Interestingly, protein
hyperacetylation increased gradually, with no significant increase at one week of treatment,
slight increases by week three, and in excess of 3-fold induction by week six. The presence
of lipid, as shown by H&E staining in Figures 2A and 2B, also demonstrates disease
progression in our ethanol model to steatosis. A marked increase in 4-HNE immunopositive
proteins within the liver is readily visible in Figure 2C and 2D. Additionally, Figures 2E and
2F provide, for the first time, immunohistochemical analysis of acetylation in mouse liver
tissue from control- and ethanol-fed groups at week 6 and demonstrate a lobular-specific up-
regulation of this mitochondrial protein hyperacetylation in zone 3, with minor increases in
zones 1 and 2.

Enhanced Lipid Peroxidation and SIRT3 Protein Carbonylation
Studies have demonstrated that SIRT3 deacetylase activity alters the function of various
proteins, including acetyl-CoA synthetase 2, glutamate dehydrogenase, isocitrate
dehydrogenase 2 (ICDH2), electron transport chain Complex I and long-chain acyl-CoA
dehydrogenase (22, 24, 36, 37). Therefore, the modification of SIRT3 provides a potential
mechanism for altering these enzymatic pathways. Protein carbonylation is known to alter
the function of many proteins and may play a role in regulating SIRT3 activity in vivo. As
shown in Figure 3A, a 2-fold increase in lipid peroxidation was detected in ethanol-fed
mice. Based on a standard method of determining protein carbonyl content, BH treatment of
mitochondrial fractions was used to examine SIRT3 post-translational modification by
reactive aldehydes. Figure 3B establishes that in our mouse model of chronic ethanol
feeding, SIRT3 protein carbonylation was increased by over 2-fold in the ethanol-fed mice;
however, SIRT3 expression levels remained unaltered (Figure 3C). This significant increase
in SIRT3 carbonylation coincides with the observed 4-HNE accumulation and increase in
lipid peroxidation as demonstrated in Figures 2 and 3.

Chronic Ethanol Consumption Alters NADH/NAD+

Sirtuins are classified as NAD+-dependent and require zinc binding for activity (26). This
NAD+-dependence suggests that SIRT3 regulates mitochondrial metabolism and gene
expression via nutrient sensitive signaling in response to altered NAD+ concentrations (22).
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Further characterization of this ethanol model was accomplished by measuring NADH/
NAD+ ratios in whole liver extracts. The NADH/NAD+ redox status (Figure 4A) was
significantly increased by over 50% in these ethanol-fed mice. Levels of mitochondrial
NADH/NAD+ redox flux have been reported to be substantially higher, approaching a 5-fold
increase under situations of ethanol exposure (38, 39). This significant alteration in NADH/
NAD+ redox has the potential to negatively affect SIRT3 activity, however the physiological
impact is yet to be determined (40, 41). As quantified by the rSIRT3 activity assay
employed in Figure 4B, the measured Km value of rSIRT3 for NAD+ is 283 µM. The
reported Km values of sirtuins for NAD+ are varied, ranging from 100 µM to 3.2 mM, thus
displaying a low affinity for NAD+ (19) (Caliper LifeSciences, Application note 208).
Evidence supports SIRT3 as a regulator of cellular metabolism via nutrient sensing during
conditions of stress and toxicity through NAD+-dependence; however what role this plays in
situations of chronic ethanol exposure remains unknown (19).

4-HNE Modification Inhibits rSIRT3 Deacetylase Activity
Accumulation of the lipid peroxidation product 4-HNE is a hallmark of ALD, consequently,
a significant portion of protein carbonyl adducts found in vivo include 4-HNE (10, 13, 14,
42). Furthermore, recent publications linking cigarette smoke to decreased rSIRT1 activity
by 4-HNE modification provide evidence that the sirtuin family of proteins may be
susceptible to 4-HNE adduction (25, 27). Therefore, the chemical reactivity of 4-HNE
towards human rSIRT3 was determined using immunodetection. As illustrated in Figure 5A,
increasing levels of 4-HNE (0–13.4 µM) were applied to characterize a concentration
dependent increase in rSIRT3 modification. Consequently, 4-HNE inhibition of rSIRT3
activity was verified using an activity assay based on human rSIRT3 and a sirtuin specific
peptide, comprising amino acids 317–320 of human p53 conjugated to AMC. The results in
Figure 5B demonstrate a 13% decrease (p < 0.01) in rSIRT3 activity at 5 µM 4-HNE and a
20% decrease (p < 0.01) in activity upon exposure to a pathophysiologically relevant 4-HNE
concentration of 10 µM. The levels of 4-HNE applied remain over an order of magnitude
below the reported concentrations (5 µM to 5 mM) associated with situations of sustained
oxidative stress (13, 14, 43). Both positive controls of O-phenanthroline and NEM
(Supplemental Data) inhibited SIRT3 activity and demonstrate the impact of zinc-dependent
and thiol-specific inhibition on SIRT3 activity. To further verify these findings,
Supplemental Figure 3 demonstrates 4-HNE inhibition of rSIRT3 using an independent
activity assay (MBL Intl.)

MS Identification of 4-HNE Modified rSIRT3
In vitro adduction of rSIRT3 by 4-HNE was performed to determine the location and
number of protein modifications. Chemical reduction was used to stabilize and improve the
detection of labile 4-HNE adducts. Analysis of tryptic digests of modified rSIRT3 resulted
in MS peptide sequence coverage of 78%, which included all four zinc-binding cysteine
residues (Cys256, Cys259, Cys280, and Cys283) and the histidine active site residue (His248).
The resulting mass spectra identified two amino acid sequences with 4-HNE adducts; the
first contained His354 and the second consisted of two cysteine residues, Cys280 and Cys283

(Table 1). The His354 residue is located distal to the zinc-binding pocket and the active site
and is not known to play a significant role in protein function. However, the nLC-MS
identified the triply charged parent ion 873.55 m/z, which corresponds to the peptide
containing two cysteine residues, Cys280 and Cys283, and is part of the zinc-binding motif on
the protein small domain, where four cysteine residues coordinate one zinc atom. In Figure
6, the identified peptide included one cysteine containing a reduced 4-HNE adduct, while
the other cysteine contained a carbamidomethyl derivative resulting from iodoacetamide
treatment. Using MS/MS fragmentation and the resulting b/y ion distribution, we were able
to confirm that Cys280 was the residue susceptible to modification by 4-HNE. Additionally,
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NEM modification resulted in an adduct specific to Cys280 and demonstrates this residue is
susceptible to electrophilic modification (Supplemental Data). A recent publication
examined the structural basis for sirtuin function and reported that zinc binding results in
subtle allosteric shifts that occur within the active site binding cleft and is necessary for
deacetylase activity (44). Previous work has also demonstrated that point mutations of the
four zinc-binding cysteine residues prevents SIRT3 deacetylase activity (20). Therefore, 4-
HNE adduction of Cys280 impedes zinc binding and alters the structural integrity of the
active site, providing a mechanism of rSIRT3 inhibition via thiol-specific electrophilic
adduction. Interestingly, increasing the concentration of 4-HNE applied to rSIRT3 did not
result in different sites of modification, as only Cys280 and His354 were modified.

Figure 7 provides a UniProt sequence comparison between the active forms of human and
murine SIRT3 (www.uniprot.org). This alignment suggests a shared susceptibility to
electrophilic adduction at that specific cysteine residue for both human and murine forms of
SIRT3. Unfortunately, our attempts to identify murine SIRT3 in vivo were unsuccessful. We
were able to identify 112 unique proteins from the excised bands spanning 24–36 kDa from
a 500 µg aliquot of mitochondrial extract using our highly sensitive nLC-MS/MS
instrumentation; however, the expression levels of SIRT3 were not at MS detectable
concentrations and SIRT3 was not identified.

In Silico Modeling of 4-HNE Adducted SIRT3
Computational-based molecular modeling studies were performed to determine the impact
of Cys280 adduction by 4-HNE on the conformation of the SIRT3 zinc-binding pocket and
accessibility for zinc binding. The minimization of the 4-HNE adducted SIRT3 structure
resulted in a number of conformational changes in the zinc-binding site and in regions on the
periphery of the active site that may affect the catalytic activity of SIRT3, as illustrated in
Figure 8A. The 4-HNE adducted to Cys280 occupies the zinc-binding pocket and could
sterically prevent zinc from binding to the other cysteine residues. Furthermore, Figure 8B
illustrates the adduction of Cys280 by 4-HNE alters the conformation of the zinc-binding
site; the Cα of the four cysteine residues are shifted away from the binding site by 0.22Å
(Cys256), 0.45Å (Cys259), 1.02Å (Cys280), and 0.76Å (Cys283) relative to the unadducted
protein, and shifts of 0.71Å and 1.45Å were also observed for Phe263 and Arg261,
respectively. Although distortions in the protein backbone were observed in the zinc-binding
site, Cα shifts of a similar magnitude were not observed in the active site of the protein. The
ribbon overlay in Figure 8A and molecular surface representations in Figures 9A and 9B
clearly show differences in the conformation of the Val324 and Glu325 residues on the
periphery of the substrate binding site and between the Asp156, Phe157, Arg158, and Ser159

residues near the NAD+ binding site, which may affect the binding of the substrate and
NAD+ cofactor.

Molecular docking simulations were performed to examine the binding of the AceCS2-Kac
peptide and NAD+ cofactor in the respective binding sites of the 4-HNE adducted and
unadducted SIRT3 protein. The complexes were ranked based on binding mode and the
calculated ΔGbind. In the highest ranked docked complex of the AceCS2-Kac peptide in the
active site of the unadducted SIRT3 protein shown in Figure 8C, the carbonyl carbon atom
of the acetyl group was 2.93Å from the nitrogen of His248, with the remainder of the
molecule oriented outside of the active site. However, in the 4-HNE adducted SIRT3
protein, the AceCS2-Kac peptide adopts a conformation that has rotated 180° from that
observed in the unadducted complex, the acetyl group of the AceCS2-Kac peptide was still
directed towards His248 in the active site of 4-HNE adducted SIRT3; however, a distance of
3.56Å was recorded between the carbonyl carbon atom of the acetyl group and the nitrogen
of His248. This change in binding conformation clearly affects the interaction of the
AceCS2-Kac peptide with SIRT3 active site residues, most notably between the Tyr of the
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AceCS2-Kac peptide and His305, which may be required to stabilize the SIRT3-AceCS2-Kac
complex for subsequent NAD+ binding. Furthermore, the average calculated ΔGbind values
indicate that the AceCS2-Kac peptide has a greater affinity for unadducted SIRT3 compared
with the 4-HNE adducted protein (−17.1kcal/mol versus −12.3kcal/mol, respectively).
Interestingly, although some differences in the position of adenine ring were noted, the
docking of the NAD+ cofactor was only slightly affected by 4-HNE adduction, with ΔGbind
values of −25.4 kcal/mol and −23.5 kcal/mol for the unadducted and 4-HNE adducted
protein, respectively.

DISCUSSION
Oxidative stress and the accumulation of 4-HNE are known factors contributing to the
progression of ALD, impacting numerous cellular processes (5, 12, 45–48). The inhibition
of rSIRT3 by 4-HNE modification at Cys280 is another example of altered protein function
through electrophilic adduction. The biological impact of oxidative stress is substantial and
was recently detailed in a review which examined the consequences of altered thiol redox on
cellular systems (49). The review highlights cysteine-rich zinc fingers and zinc-binding
domains of proteins, as these regions provide a mechanism for redox regulated control of
enzymatic activity, either directly at the active site or through allosteric activation/inhibition.
The rSIRT3 activity assay and mass spectral data detailed in the present study supports this
allosteric control mechanism for SIRT3 activity through 4-HNE post-translational
modification of a zinc-binding residue distal to the active site. The characterization of this
post-translational modification by 4-HNE using MS and in silico molecular modeling
provides insight into the biochemical mechanism of this thiol-specific regulation of rSIRT3
activity.

Our molecular modeling simulations identified sizeable shifts in the zinc-binding motif of
the small subunit of SIRT3 as a result of 4-HNE modification. Furthermore, the active site
binding cleft located between the large and small protein subunits was altered enough to
prevent the substrate from binding in the correct orientation, which is normally stabilized
through zinc binding at the small domain. These data demonstrate that 4-HNE adduction of
Cys280 inhibits rSIRT3 activity through covalent modification of a residue distal to the
active site, rather than directly modifying the active-site histidine (His248) or other residues
within the active site. Interestingly, the ΔGbind values derived from molecular docking
studies provide evidence for altered substrate binding while NAD+ binding appears
unaffected. Our data agrees with the recently reported isothermal titration calorimetry (ITC)
and crystal structure studies which used the identical substrate and cofactor, AceCS2-Kac
and NAD+, confirming that the peptide substrate binds first to SIRT3 followed by NAD+

binding (26). Collectively, these results indicate 4-HNE modification of rSIRT3 results in
altered substrate binding by inducing subtle conformational changes in the active site as a
result of this thiol-specific modification. Therefore, substrate binding is the “rate-limiting”
step for SIRT3 deacetylase activity and inhibition by 4-HNE adduction is independent of
NAD+ concentrations. SIRT3 activity assay data reported by assay manufacturers indicates
that substrate binding may determine the affinity of SIRT3 for NAD+ binding, as two
separate SIRT3 activity assays report a Km of 241 µM (p53 substrate peptide, Cayman
Chem) and 3.2 mM (Histone H3 substrate peptide, Caliper LifeSciences) for NAD+ binding.
This difference is likely due to substrate-induced conformational changes within the cofactor
binding site, where a set of highly conserved catalytic residues modulate NAD+ binding.
Therefore, the subtle shifts which occur within the active site as a result of 4-HNE
modification may impact SIRT3 substrate binding to varying degrees. The numerous factors
involved in substrate, cofactor and intermediate binding kinetics are detailed extensively
elsewhere (19, 26, 41, 44, 50). In aggregate, these data suggest an induced specificity of
SIRT3 for varied substrate deacetylation in a nutrient sensing, NAD+-dependent manner,
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which maintains the potential for alteration by post-translational modifications such as 4-
HNE, as demonstrated by our inhibition assay, MS data and in silico modeling studies.
Taking into account the numerous known and unknown factors that have the potential to
impact SIRT3 activity in vivo, such as NAD+ concentrations, substrate induced alterations in
the Km of SIRT3 for NAD+, and protein adduction by lipid electrophiles, among others, it
remains difficult to draw any specific conclusions relating to the underlying mechanism of
ethanol-induced protein hyperacetylation.

Importantly, the observed mitochondrial protein hyperacetylation in our model of chronic
ethanol consumption further demonstrates mitochondrial dysfunction in ALD, even though
factors contributing to this altered acetylproteome and its downstream effects remain
unknown. Acetylation is known to play an important role in metabolic regulation and
antioxidant response pathways within the liver (15–18, 21, 22, 41, 51, 52). Recent reports
indicate that SIRT3 alters the expression of superoxide dismutase 2 (SOD2) and the activity
of ICDH2, both of which are intimately involved in metabolizing oxidative species and the
maintenance of antioxidants within the mitochondria (24, 53). Unfortunately, the in vivo
consequences of SIRT3 inhibition are poorly understood, with only a handful of direct
interactions currently reported. The IHC characterization of our ethanol model presents lipid
accumulation and oxidative stress, with significant induction of lipid peroxidation and 4-
HNE generation. This increase in 4-HNE generation is likely to react readily with proteins,
as observed by an over 2-fold increase in SIRT3 carbonylation. Since we were unable to
detect SIRT3 in vivo, conclusions regarding the nature and consequence of these
modifications remain unknown.

The characterized 4-HNE adduction of rSIRT3 at the zinc-binding domain may provide
insights into potential mechanisms of allosteric inhibition applicable to the entire sirtuin
family of proteins. Recent reviews have detailed efforts into the development of sirtuin
inhibitors and activators (54, 55). Sirtuin inhibition/activation has the potential to impact
numerous pathologies, including, ALD, cancer, neurodegenerative diseases, inflammation,
cardiovascular diseases, diabetes, and metabolic syndrome (54, 55). While the majority of
research has focused on the nuclear sirtuin, SIRT1, continued efforts to examine other
sirtuins, such as SIRT3, remain critical to understanding mechanisms of sirtuin function
throughout subcellular components. Further studies are needed to fully elucidate the
metabolic consequences of SIRT3 carbonylation in vivo and its impact on structure and
function. Understanding the role of mitochondrial protein acetylation in regulating enzyme
activity, protein-protein interaction and gene expression will provide further insight into the
tight regulation of cellular processes and the pathological implications of an altered acetyl-
proteome and involvement in the pathogenesis of ALD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chronic ethanol consumption results in a marked increase in mitochondrial protein
acetylation
Liver mitochondrial extracts were obtained from control and ethanol-fed mice at 1-, 3- and
6-week intervals on a modified Lieber-DeCarli liquid diet. Western blotting using anti-
acetyl-lysine antibody was used to probe for mitochondrial protein acetylation. Significant
increases in protein acetylation were not observed at week 1. At week 3 a noticeable
increase occurred in the ethanol-fed group and significant increases were observed by week
6. Quantification of these blots demonstrates an increase in over 300% protein acetylation in
the week 6 ethanol-fed group versus the pair-fed control.
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Figure 2. Histological characterization of control and ethanol-fed mouse liver tissue
H&E staining of the 6-week pair-fed groups illustrates a marked increase in lipid
accumulation, verifying the progression of our ethanol model to steatosis (A-Control, B-
Ethanol). Comparative IHC analysis of 4-HNE accumulation demonstrates a sizeable
increase in 4-HNE modified proteins in the ethanol-fed group (C-Control, D-Ethanol).
Analysis of protein acetylation in the 6-week groups (E-Control, F-Ethanol) illustrates
mitochondrial staining with a zonal distribution of increased mitochondrial protein
acetylation in zone 3 and migrating into zones 2 and 1. Histologically, the liver is comprised
of 3 zones, where zone 1 resides around the Portal Triad (PT) as shown in the top left of
each slide, zone 3 encompasses the tissue surrounding the Central Vein (CV) as shown in
the bottom right of each slide and zone 2 is centrally located between zones 1 and 3.
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Figure 3. Enhanced lipid peroxidation and SIRT3 protein carbonylation in a 6-week chronic
ethanol model
(A) A TBARS assay demonstrates a significant increase in lipid peroxidation in this chronic
ethanol model, as quantified by detecting MDA levels. (B) Biotin hydrazide (BH)
conjugation displays a significant increase in SIRT3 protein carbonylation in these week 6
mice (Control = 100%, SEM 13.7. Ethanol = 207%, SEM 11.3). (C) Chronic ethanol
consumption does not alter SIRT3 protein expression. VDAC was used as the load control.
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Figure 4. Ethanol metabolism alters NADH/NAD+

(A) Chronic ethanol consumption results in a significant shift in NADH/NAD+ redox status
in mouse liver whole cell extract. NAD+ concentrations significantly decreased from 1.05
mM/g (0.1) in control mice to 0.89 mM/g (0.07) in ethanol-fed mice (p < 0.05) while NADH
significantly increased from 0.67 mM/g (0.09) in control mice to 0.84 mM/g (0.12) in
ethanol-fed mice (p < 0.05). (B) rSIRT3 was incubated with increasing NAD+

concentrations in an in vitro activity assay, displaying an apparent Km of ~283 µM for
NAD+. Error bars represent SEM.
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Figure 5. 4-HNE covalently modifies and inhibits rSIRT3
(A) Covalent modification of rSIRT3 by 4-HNE increases in a concentration-dependent
manner, as determined by western blot. (B) rSIRT3 activity is inhibited in a concentration-
dependent manner, showing a 13% decrease (p < 0.01) in activity at 5 µM 4-HNE and a
20% decrease (p < 0.01) in activity upon exposure to 10 µM 4-HNE. Error bars represent
SEM.
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Figure 6. 4-HNE modified rSIRT3 characterized by nLC-MS/MS analysis
(A) Base peak chromatogram of trypsin-digested human rSIRT3 following 4-HNE exposure.
(B) The native peptide containing Cys280 and Cys283 was identified with 2 Cys
carbamidomethyl derivatives (CPVCTGVVKPDIVFFGEPLPQR). (C) The 4-HNE (+158)
modified peptide was also identified and MS/MS analysis determined the exact residue of
adduction, Cys280 (*CPVCTGVVKPDIVFFGEPLPQR).
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Figure 7. Sequence alignment of human and murine SIRT3
The active forms of human and murine SIRT3 share a highly conserved amino acid
sequence, as only 37 of the 257 amino acid residues differ. Specifically, the peptide
microenvironment surrounding Cys280 (highlighted in bold rectangle) is identically matched
for 10 residues towards the N terminus and 16 residues towards the C terminus. This
similarity suggests a shared susceptibility to thiol-specific 4-HNE modification in situations
of increased lipid peroxidation. (human Cys280 = murine Cys138)
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Figure 8. Structural changes in SIRT3 upon 4-HNE adduction
(A) Ribbon representation of the superimposition of SIRT3 (green) and 4-HNE adducted
SIRT3 (gray). (B) Superimposition of the zinc-binding domain of SIRT3 (green) with zinc
(colored brown) and 4-HNE (carbon atoms colored salmon) adducted at Cys280 of SIRT3
(gray). (C) AceCS2-Kac peptide (carbon atoms colored cyan) and NAD+ (carbon atoms
colored yellow) docked into the active site of SIRT3 (ribbon and carbon atoms colored
green) and 4-HNE adducted SIRT3 (ribbon and carbon atoms colored gray).
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Figure 9. Global structural changes in SIRT3 upon 4-HNE adduction
(A) Molecular surface of SIRT3 protein (colored by atom charge). (B) Molecular surface of
SIRT3 protein with 4-HNE adducted at Cys280 (colored by atom charge). A comparison of
the AceCS2-Kac peptide and NAD+ in the active site of (C) unadducted and (D) adducted
SIRT3 illustrates subtle changes throughout the binding cleft, consequently impacting both
substrate and NAD+ docking into their respective binding sites.
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Table 1

nLC-MS/MS and MALDI-TOF/TOF MASCOT results from rSIRT3 analysis: Untreated and modified by 4-
HNE (NaBH4 reduced).

AA Exp Calc Sequence MS/MS

100–120 1970.41 1969.97 RSISFSVGASSVVGSGGSSDK *

123–133 1255.71 1255.71 LSLQDVAELIR *

140–158 1901.00 1902.01 VVVMVGAGISTPSGIPDFR *

140–158 1916.98 1917.00 VVVMVGAGISTPSGIPDFR (1 Met Oxidation) *

198–214 2110.06 2110.06 ELYPGNYKPNVTHYFLR *

215–219 624.33 624.36 LLHDK

215–224 1176.74 1176.73 LLHDKGLLLR

225–235 1320.67 1320.67 LYTQNIDGLER *

236–243 757.43 757.43 VSGIPASK

244–269 2861.40 2861.36 LVEAHGTFASATCTVCQRPFPGEDIR (1 Cys Carb) *

244–269 2918.38 2918.38 LVEAHGTFASATCTVCQRPFPGEDIR (2 Cys Carb) *

280–301 2514.29 2514.28 CPVCTGVVKPDIVFFGEPLPQR (2 Cys Carb) *

280–301 2615.61 2615.39 CPVCTGVVKPDIVFFGEPLPQR (1 Cys 4-HNE [+158], 1 Cys Carb) *

341–345 627.38 627.41 LLINR

341–356 1868.99 1869.07 LLINRDLVGPLAWHPR

346–356 1259.68 1259.80 DLVGPLAWHPR *

346–356 1418.04 1417.81 DLVGPLAWHPR (1 His 4-HNE [+158]) *

359–384 2896.45 2896.43 DVAQLGDVVHGVESLVELLGWTEEMR (1 Met Oxidation)

385–389 629.34 629.35 DLVQR

385–393 1044.54 1044.54 DLVQRETGK

390–399 1058.74 1058.52 ETGKLDGPDK *

Amino acid number (AA), experimental (Exp.) and calculated (Calc.) nominal masses for each peptide are shown.

*
MS/MS analysis confirmation was obtained. (Carb = Carbamidomethyl)
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