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ABSTRACT. The redox stability of myoglobin (Mb) is compromised by many factors, including lipid
oxidation and its products. 4-Hydroxy-2-nonenal (HNE) isogft-unsaturated aldehyde derived from the
oxidation of w-6 polyunsaturated fatty acids and is highly reactive and cytotoxic. Our objective was to
study potential binding of HNE to Mb and determine how it affects redox stability. OxyMb (0.15 mM)
was incubated with HNE (1 mM) at 4, 25, and 32 at pH 7.4 or 5.6. Samples were analyzed for MetMb
formation and by Western blot analyses,+MS, LC—MS—MS, circular dichroism (CD), and differential
scanning calorimetry (DSC). MetMb formation increased with increasing temperature and was greater at
pH 5.6 than at pH 7.4R < 0.05). At 37°C, HNE accelerated oxidation at pH 7.4 but not at pH 56 (

< 0.05). At both 25 and 4C, HNE accelerated oxidation at pH 7.4 and 326 0.05). LC-MS revealed

the covalent binding of HNE to Mb at both pH values via Michael addition, while Western blot analysis
indicated that HNE was bound to histidine (HIS) residues—IMS—MS identified six histidine residues

of Mb that were readily adducted by HNE, including the proximal (HIS 93) and distal (HIS 64) histidine
associated with the heme group. Secondary structure differences between control Mb and Mb incubated
with HNE were not detected by CD. However, DSC revealed a decrdastat Mb reacted with HNE

at pH 7.4, indicating Mb tertiary structure was altered in a manner consistent with destabilization. These
results suggest that HNE accelerates bovine skeletal muscle OxyMb oxidation in vitro by covalent
modification at histidine residues.

Myoglobin (Mb), the major sarcoplasmic protein in The heme proteins, Mb and hemoglobin (Hb) readily
skeletal muscle, is required for oxygen transport from autoxidize, a process that is affected by temperatjrgo
hemoglobin to the terminal mitochondrial oxidage-8). Mb (7), metal ions 8), and a wide range of active oxygen species
is a heme-containing protein comprised of 153 amino acids (9—13). Mb is a powerful catalyst of lipid oxidation known
(MW = 17 800 Da) that can exist in three forms dictated by to oxidize a wide range of biological substrates including
the redox state of the heme iron: ferrous deoxyMb and proteins in ischemic rat heartl4), human blood 15),
ferrous oxyMb or oxidized ferric MetMb4j. Physiologically, estrogenic hormone4 ), and arachidonic acid.{). During
oxyMb and deoxyMb predominate; MetMb is converted to autoxidation, MetMb can be activated to a ferryl-hemée-{Jre
deoxyMb via the MetMb-reducing enzyme systesn From protein that in the presence of cell membranes can initiate
a food product perspective, oxyMb is important because lipid peroxidation (8). Peroxides and free radicals can
it is responsible for the bright cherry-red color observed subsequently contribute to breakdown of the heme ring,
in fresh meat. Once the MetMb-reducing system is depleted thereby releasing iron to catalyze lipid oxidatia9( 20).
in post-mortem muscle, oxyMb oxidizes to MetMb and  Conversely, lipid oxidation and its products accelerate
results in meat discoloration from red to brown. This protein oxidation. Lipid metabolism leads to formation of
undesirable oxidation process occurs naturally and from areactive oxygen species and lipid radicals that decompose
retail perspective results in great economic loss to the meatinto secondary oxidation products capable of damaging
industry. macromolecules within the cellular environme@tL{23).

o,B-Unsaturated aldehydes are secondary products derived
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dehydrogenase29), soybean lipoxygenase-2Q), pyruvate
dehydrogenase3(), cathepsin B 32), and insulin 83)
through covalent modification of amino acids. In addition,
HNE is implicated in pathophysiologic conditions such as
atherosclerosis3d4, 35), Alzheimer’s disease36—38), Par-
kinson’s disease30), congestive heart failuretQ), type 2
diabetes mellitus41), sun-damaged skird®), and renal
failure @3, 44).
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filtration chromatography according to Faustman and Phillips
(58). Briefly, bovine longissimus dorsi muscle was homog-
enized in buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0,
4 °C) and centrifuged at 50@dor 10 min. The supernatant
was brought to 70% ammonium sulfate saturation and
centrifuged at 18 0aPfor 20 min. The resulting supernatant
was saturated with ammonium sulfate (100%) and centri-
fuged at 20 00@ for 1 h. The precipitate was resuspended

The interaction of heme proteins and lipids has been anin homogenization buffer and dialyzed against 10 mM Tris-
area of research interest in the medical and food sciencesHCI, 1 mM EDTA, pH 8.0, 4°C for 24 h. Mb was separated
In general, peroxides, peroxy radicals, and secondary oxida-from hemoglobin using a Sephacryl S-200 gel filtration
tion products generated during lipid oxidation promote the column (2.5x 100 cm). The elution buffer contained 5 mM

accumulation of MetMb giving rise to the hypothesis that

Tris-HCI, 1 mM EDTA, pH 8.0, 4°C, and the flow rate

heme protein oxidation and lipid oxidation are interrelated Was 60 mL/hr.

(18, 45—47). Clear support for the role of lipid oxidation in
decreasing redox stability of ferrous OxyMb is provided by
the observation that OxyMb stability is improved by the lipid
soluble antioxidanti-tocopherol in liposomal and microso-
mal systems48—50) and post-mortem bovine musclgl(

Oxymyoglobin PreparationOxyMb was prepared by
hydrosulfite-mediated reduction of purified bovine Mb, and
residual hydrosulfite was removed by passing over a PD-10
column @). The pH of Mb was adjusted to 5.6 and 7.4 with
citrate (pH 5.6) or phosphate (pH.7.4) buffer dialysis,

52). a-Tocopherol is known to prevent free radical damage respectively.

by scavenging peroxy radicals and terminating free radical

chain propagation53— 55). This would lead to a decreased

Reaction of OxyMb with HNE and MetMb Formation.
Bovine OxyMb (0.15 mM) was combined with HNE (1 mM)

rate of formation of reactive secondary oxidation products, at 4, 25, and 37°C at pH 5.6 and 7.4. Controls were
such as HNE. aldehyde-free but contained an equivalent volume of ethanol

When different aldehydes were incubated with equine (15 #L/mL) used to deliver HNE. Following incubation,
OxyMb, MetMb formation was greater in the presence of Unbound HNE was removed by passing over a PD-10
unsaturated aldehydes than with their saturated counterpart§olumn. Samples were withdrawn from the incubation at
of equivalent carbon chain lengtd?). In addition, HNE various time periods for subsequent analyas. Reaction
accelerated equine MetMb formation in vitro; covalent Samples were scanned spectrophotometrically from 650 to
modification of equine MetMb by HNE was confirmed using 450 nm, and MetMb formation was calculated according to
electrospray ionization mass spectrometry (E&S) (47). the method of Krzywicki §9).

Similarly, heme-free equine apoMb incubated with a 33- SDS-PAGE and Western Blot Analys&ample prepara-
fold molar excess of HNE demonstrated from three to 10 tion for SDS-PAGE followed the modified procedure of
HNE adducts to Mb via Michael addition to HIS residues Fritz etal. 60). For Western blot analysis, Mb/HNE adducts
(56). were transferred from an unstained gel (15% acrylamide) to

The covalent binding ofx,f-unsaturated aldehydes to a0.45ym nitrocellulose membrane and _treated as_d_e;cribed
OxyMb at key amino acid residues may subsequently lead by Fntz_an.d GreaseB(). Monoclonal a}ntl—4-HNIjZ—h|st|d|ng
to altered tertiary structure of the protein and increased (1:50 dilution) €2) was used as a primary antibody while
susceptibility to oxidation. This would result in a loss of (e secondary antibody was anti-mouse IgG alkaline phos-
physiological activity and a red to brown discoloration in Phatase (AP) conjugate (1:10000 dilution). Color was
fresh meat. The effect of HNE on bovine Mb stability and developed by incubation of membranes in substrate buffer

the identification of the specific amino acids with which it (0-1 M Tris-HCI (pH 9.5), 0.1 M NaCl, 50 mM MgG)

reacts have not been investigated. Our objective was to studyCONtaining AP color reagents nitroblue tetrazolium in aqueous
covalent binding of HNE to bovine Mb and determine its dimethylformamide (DMF) and magnesium chloride and
effects on redox stability. 5-bromo-4-chloro-3-indolyl phosphate in DMF (Bio-Rad

Laboratories, Hercules, CA).

Mass Spectrometry.iquid chromatographymass spec-
trometry (LC-MS) and LC Tandem MS (LEMS—MS)

Chemicals Sephacryl S-200, ammonium sulfate, sodium were used to analyze control Mb and Mb incubated with
hydrosulfite, sodium citrate, sodium phosphate, bicinchoninic HNE prepared as described above.+X@S samples were
acid (BCA) protein assay kit, ethanol, acetonitrile, trifluo- analyzed on a MicroMass Q-TOF Il or Finnigan MAT TSQ
roacetic acid (TFA), formic acid, and goat anti-mouse 1gG 7000 mass spectrometer using positive electrospray ionization
alkaline phosphatase conjugate were obtained from Sigma(ESI). Flow injection analysis was performed using aceto-
Chem. Co. (St. Louis, MO). HNE was obtained from nitrile/water (50:50, v/v) with 0.1% TFA at a flow rate of
Cayman Chem. Co. (Ann Arbor, MI), and PD-10 columns either 0.1 mL/min (MicroMass) or 0.2 mL/min (Finnigan).
were obtained from Pharmacia (Piscataway, NJ). Kits for Collision-induced dissociation (CID) spectra were obtained
SDS-PAGE and Western blots were obtained from Bio- using Ar as the collision gas at 30 eV collision energy.
Rad (Hercules, CA); sequence grade modified trypsin was Prior to LC—-MS—MS, samples were digested with sequenc-
obtained from Promega (Madison, WI). All chemicals were ing grade modified porcine trypsin to yield peptides for

EXPERIMENTAL PROCEDURES

of reagent grade or greater purity.
Bovine Myoglobin Isolation and PurificatiorBovine Mb
was purified via ammonium sulfate precipitation and gel

spectral analysis (Promega, Madison, WI). The final protein
concentration of trypsinized samples was 2/mL as
determined using a BCA protein assay kit. £t0IS with
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Ficure 1: Bovine metmyoglobin (MetMb) formation during the reaction of oxymyoglobin (OxyMb; 0.15 mM) with 4-hydroxy-2-nonenal
(HNE; 1 mM) at pH 7.4 or 5.6, 37C (A), 25°C (B), or 4°C (C). Standard error bars are indicated. Legernt—, pH 5.6, control,—v—,
pH 5.6, HNE; —@—, pH 7.4, control;—v—, pH 7.4, HNE.

data dependent scanning andtRS—MS analyses were  RESULTS AND DISCUSSION

performed on a ThermoFinnigan LCQ ion trap mass Spec-  The effect of HNE incubation on bovine MetMb formation
trometer using positive ESI and flow injection in acetonitrile/ ¢ 37, 25, and 4C is presented in Figure 1. The reactions
water (50:50 v/v) with 0:1% TFA am_j 0.5% formic acid at \ygre completed at pH 7.4 (physiologic) or pH 5.6 (post-
a flow rate of 0.2 mL/min. A 1Q.L injection volume was  mortem bovine muscle). MetMb formation increased with
estimated to contain 0.2g of protein. Mb and Mb/HNE i, creasing temperature and was greater at pH 5.6 than pH
adducts were subsequently detected and confirmed using the; 4 (P < 0.05). At 37°C (Figure 1A), a pro-oxidant effect
protein database search software SEQUEGJ) @nd the ot yNE relative to the control was observed at pH 7.4 but
SALSA algorithm 64, 65) for ion se_rles-based |_d.ent|f|cat|on not at pH 5.6 P < 0.05). Similar results were observed by
of MS—MS spectra corresponding to modified Mb se- paystman et al.47) during the incubation of HNE with
guences. In the ;tudy using ESMS to monitor the rate of equine OxyMb and by Lee et aBT) with porcine OxyMb.
Mb/HNE adduction, molecular ion spectra were generated ¢ js well-documented that OxyMb autoxidation in vitro is
using the maximum entropy algorithm, MaxEnt1 (Micromass annhanced at higher temperatur€$ énd lower pH values
Inc., Bev_erly, _MA): Instruments were calibrated using (7). Bovine OxyMb autoxidation at pH 5.6 and 3T may
commercial calibration standards. have progressed rapidly enough to mask an observable redox

Circular Dichroism.The CD spectra of Mb (0.01 mM)  destabilizing effect of HNE. When incubation temperature
and Mb/HNE adducts were measured by scanning in a UV was lowered to either 25 or€ (Figure 1B,C, respectively),
range of 196-300 nm using a Jasco J-720 spectropolarimeter \Mp autoxidation was less rapid, and a clear redox destabiliz-
(Japan Spectroscopic Co., Toxyo, Japan) and a Suprasiing effect of HNE was observed at both pH 7.4 and pH 5.6.
(Helma Cells, Jamaica, NJ) cuvette (0.2 cm light path) with  Faustman et al4@) utilized ES-MS to demonstrate that
a water jacket. Measurements of CD spectra were carriedyNE covalently attached to equine OxyMb and proposed
out at room temperature (2%) with a step of 1 nm and  that this could, in part, explain its effect on redox stability.
response of 0.5 ms. To further investigate this hypothesis using bovine OxyMb,

Differential Scanning CalorimetryHigh-sensitivity dif- protein samples were incubated in the presence of HNE for
ferential scanning calorimetry was performed using an MCS 2 h at 37°C, pH 7.4 and 5.6. LEMS revealed the covalent
microcalorimeter (MicroCal Incorporated, Northampton, binding of up to three molecules of HNE to Mb at pH 7.4
MA). The calorimetry cells were pressurized and heated from (Figure 2A), while at pH 5.6 up to two molecules of HNE
30—95 °C at a rate of 1°C/min. Heat capacity data were were bound to Mb (Figure 2B). At both pH values, some
collected. Baseline stability was enhanced by performing Mb remained unadducted by HNE. These results also indicate
several scans with buffer in each of the sample and referencehat HNE adducts were formed via Michael addition as the
cells until thermal equilibration was achieved. The experi- adduct peaks corresponded to the mass of myoglobin plus
mental sample was then degassed, loaded into the sampla56 Da, the molecular mass of HNE. Schiff base formation
cell, and scanned. The last buffasuffer scan of the pre-  between HNE and an appropriate nucleophile would have
experimental series was used as the instrument baseline. Theesulted in a molecular mass addition of 138 Da (i.e., addition
temperature at peak heat capacify, was calculated to  followed by loss of water, 18 Da), and this was not observed.
provide a measure of Mb stability. Mb concentrations for |t is likely that adduct formation was greater at pH 7.4
calorimetry experiments were adjusted to 1.25 mg/mL as because at pH 5.6 a greater proportion of ionizable groups
determined using a BCA protein assay Kit. would be charged and therefore less reactive.

Statistical AnalysisMetMb formation data were analyzed The temporal rate of HNE adduction to bovine Mb was
by ANOVA using the general linear model (GLM) procedure monitored by ESFMS analysis of Mb samples incubated
of SAS 66). Significant differences < 0.05) among means  with HNE at 37°C and pH 7.4 (Figure 3A) or pH 5.6 (Figure
were determined by the least significance difference test. 3B). At pH 7.4, initial time points revealed the presence of
Each reaction condition was performed in triplicate. native Mb only with no evidence of Mb/HNE formation.
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Ficure 2: Deconvoluted LE-MS spectra of bovine myoglobin (Mb; 0.15 mM) following reaction with 4-hydroxy-2-nonenal (HNE; 1
mM) at pH 7.4 (A) or pH 5.6 (B) for 120 min at 37C.

However, following 15 min incubation with HNE, mono-
adducts of Mb/HNE were detected (Figure 3A). Di-adducts 100 - A —e— M

........ W Mb:HNE

(Mb/2-HNE) were observed after 90 min of incubation, and ——®—— Mb2HNE
tri-adducts (Mb/3-HNE) began to form after 180 min of 80 1 T T

incubation. Following prolonged HNE incubation, a quad-
adduct (Mb/4-HNE) was observed. A similar pattern of
adduction was detected at pH 5.6 (Figure 3B); however, Mb/
HNE formation did not occur as quickly as was observed at
pH 7.4. HIS residues would be expected to be partially
charged at pH 5.6 relative to pH 7.4, and their ability to
serve as nucleophiles for reaction with HNE would be
impaired ©68).

It is not possible to identify the specific location of HNE
adducts by ESHMS of intact proteins. For a given adduct

% Total Mb Species Mass lon Peak Area

800

ratio (i.e., mono-, di-, tri-), HNE adduct mass ion peaks may Time (min)

represent several different Mb/HNE adducts, each with HNE

bound to a potentially different amino acid. The nucleophilic 100 B T e
amino acids cysteine, lysine, and histidine, as well as the —m— Mb:2-HNE

protein N-terminal amine would be expected to be most 80
reactive 83, 56). Bovine Mb lacks cysteine residue8d,

and the primary nucleophile candidates thus would be
histidine and lysine and the N-terminal amine. Using a
monoclonal antibody specific for histidine/HNE addu@&sg)(
Western blot analysis confirmed the binding of HNE to
bovine Mb histidine residues at 2%, pH 5.6 (Figure 4)
and pH 7.4 (results not shown). The intensity of Mb/HNE
adduct bands increased with incubation indicating increased
adduct formation with time.

To determine the specific amino acid site(s) of HNE 0 100 200 300 400 500
adduction, bovine Mb incubated with and without (control) Time (min)

HNE was digested with trypsin to obtain peptides of Ficure 3: Formation of bovine myoglobin/4-hydroxy-2-nonenal
appropriate size for LEMS—MS. The MS-MS datawere \HNE) adducts and disappearance of native Mb was quantified

analyzed with Sequest68) and SALSA as described  py ESI-MS following incubation at 37C, pH 7.4 (A) or pH 5.6
previously 64, 65, 70) to identify spectra corresponding to  (B).

60
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Table 1: MS-MS Spectral Features of Unadducted and HNE-Adducted Myoglobin Peptides

precursor
peptidé modificatior?  (m/2) b/y-ions detected

17-31  unadducted 797.2  300.2)p415.1 (h), 585.3 (), 779.4 (), 836.6 (), 964.7 (ho), 1192.6 (), 1418.8 (2);
288.2 (y), 401.3 (y), 500.3 (y), 629.5 (y), 757.6 (y), 814.4 (¥), 951.6 (y), 1008.6 (y),
1079.6 (Mo), 1178.8 (¥1), 1293.8 (¥2)
17-31  +HNE 875.2  414.9 (i), 585.2 (), 935.3 (1), 1120.5 (hg), 1250.6 (1), 1461.7 (h3), 1574.6 (k.);
287.9 (y), 401.3 (y), 500.3 (y), 629.4 (y), 757.6 (y), 814.5 (y), 1107.7 (y),
1164.6 (y), 1235.7 (Yo), 1334.7 (\1), 1449.8 (\2)
64-77  unadducted 697.5  309.2)p410.2 (), 509.2 (), 622.4 (), 794.5 (), 907.5 (), 964.5 (ho), 1021.7 (1), 1247.7 (k);
373.4 (y), 430.3 (y), 487.5 (¥), 600.4 (), 772.5 (y), 984.6 (Mo), 1085.7 (Y1), 1199.8 (¥2)
64-77  +HNE 775.6  294.1 (B, 351.2 (), 466.8 (h), 566.1 (k), 665.2 (), 950.4 (), 1063.5 (k), 1120.5 (hy), 1178.4 (hy),
1291.7 (hy), 1403.6 (Bs); 430.5 (y), 487.2 (y), 772.3 (%), 985.5 (Mo), 1199.5 (¥2), 1256.6 (¥3)
88-96  unadducted 503.9  251.1,)p322.2 (), 451.5 (h), 538.2 (18), 675.3 (f), 746.5 (b), 988.5 (); 261.2 (), 332.4 (),
469.3 (y), 556.3 (y), 685.4 (¥), 756.3 (¥), 869.5 (¥)
88-96  +HNE 581.7  251.1 (), 322.2 (), 451.6 (h), 831.4 (k), 902.4 (k); 261.1 (y), 332.2 (), 625.4 (y), 712.4 (),
912.4 (y), 1025.4 (y)
103-118 unadducted 935.3  406.2)(t553.3 (h), 666.5 (13), 868.4 (), 939.5 (k), 1052.5 (Ig), 1302.7 (1), 1401.8 (), 1514.9 (hs);
355.4 (y), 468.3 (y), 567.4 (y), 704.5 (y), 817.5 (y), 930.7 (y), 1001.7 (y), 1203.7 (Y1),
1463.9 (Ya), 1592.9 (Ya)
103-118 +HNE 1013.2  406.0 @), 939.9 (i), 1052.2 (k), 1303.1 (hy), 1401.1 (hy), 1514.8 (h3); 511.2 (), 625.4 (y),
723.4 (y), 860.5 (y), 1087.6 (), 1157.6 (), 1359.6 (y1), 1749.6 (y.)
119-133  unadducted 767.1  322.3)437.2 (h), 584.3 (), 641.4 (), 712.3 (b), 898.4 (k), 1097.7 (1), 1299.5 (k3);
436.3 (y), 507.3 (), 706.4 (y), 821.4 (y), 949.5 (o), 1211.6 (y2), 1298.7 (y3)
119-133 +HNE 845.22 293.9 (B, 391.2 (b), 740.2 (), 797.2 (), 1054.5 (), 1182.5 (hy), 1455.5 (hs); 507.3 (),
706.2 (y), 821.0 (), 949.8 (yo), 1096.5 (y1), 1211.5 (¥2), 1298.5 (y3), 1395.5 (y4)
148-153 unadducted 707.5  270.2)p417.3 (k), 554.4 (B), 611.3 (B); 360.2 (%), 417.2 (), 530.3 (¥)
148-153 +HNE 785.3  270.2 (¥, 417.3 (), 710.2 (k), 767.2 (k); 369.2 (), 516.2 (y), 573.2 (y), 686.2 (y)

2 Amino acid positions in the bovine myoglobin target peptiti€he modification is HNE, 4-hydroxy-2-nonenal (M 156). ¢ Observed signals
assigned as b- or y-ions are listed. lons containing an adduct moiety are mass-shifted with respect to the corresponding ions in unmodified peptides
and are listed in boldface.

acid residues, adducts were not found, indicating that HNE

R preferentially reacted with HIS 64 and 93. This result is

interesting as HIS 93, the proximal histidine, is bound to

12 3 4 5 6 7 8 the heme moiety of Mb. In addition, HIS 64, the distal
FIGURE 4: Western blot analysis of bovine oxymyoglobin/4- histidine, coordinates with oxygen or other molecules as-
hydroxy-2-nonenal (Mb/HNE) adducts formed following incubation sociated with the sixth ligand during the interconversion of
at pH 5.6, 25°C. Lanes 1, 3, 5, and 7 are aldehyde-free samples \ih redox forms (i.e., OxyMb and MetMb). Because HIS

while lanes 2, 4, 6, and 8 are Mb/HNE samples incubated for 1, 2, L .y .
3, or 4 h, respectively. The arrow indicates Mb/HNE adducts as 93 and 64 lie in close proximity to the heme group, their

visualized with anti-HNE-histidine monoclonal antibody and anti- Modification by HNE could be expected to alter the protein
mouse IgG alkaline phosphatase conjugé®.( structure around the heme cleft and subsequently impact
redox stability. Figure 5 depicts the three-dimensional
unadducted and adducted Mb peptides. This approachstructure of bovine Mb adapted from the Molecular Modeling
identified six nucleophilic histidine residues confirmed to Database (MMDB) of the National Center for Biotechnology
be adducted with HNE. HIS 24, 64, 93, 116, 119, and 152 Information (www.ncbi.nIm.nih.gov). The six histidine/HNE
each had a mass addition equivalent to that of HNE (i.e., adducts identified through MSMS are mapped to their
156 Da). Table 1 summarizes the b- and y-series ions for respective locations on the protein.
the six peptides identified to have HNE adductions. Sodium We attempted to characterize potential structural changes
borohydride reduction of Mb prior to trypsin treatment was in Mb caused by HNE. Circular dichroism was used to assess
performed in an attempt to stabilize potential lysine/HNE potential changes in Mb secondary structure; however, no
Schiff base adducts for subsequent detection, but no lysinesignificant differences were observed between control protein
modifications were identified in these samples. Bolgar and and Mb incubated with HNE at pH 7.4 or 5.6 (results not
Gaskell 66) studied HNE adduction of equine apoMb and shown).
determined that it occurred exclusively at histidine residues. Differential scanning calorimetry revealed changes in
In a related study34), they incubated equine apoMb with a melting behavior of control and Mb reacted with HNE. At
33-fold molar excess of HNE fa2 h at 37°C. A range of pH 7.4, control Mb exhibited aT,, of 79.8 °C with
3—10 HNE adducts per apoMb were identified, and-+C  aggregation occurring at 84°€ (Figure 6A). No change in
MS—MS revealed that Michael addition of HNE occurred T, occurred following 1 h incubation with HNE. However,
at histidine residues only. after 2 h incubation,T,, decreased to 78.8C with protein
LC—MS—MS spectra of multiple early time point incuba- aggregation beginning at approximately €8 Following 8
tions (i.e.,<2 h at 37°C) indicated that HIS 64 and 93 were h incubation with HNE, the protein aggregated very quickly
more readily adducted by HNE. This observation was basedwith initiation of the heating cycle and indicated that HNE
on the appearance of adducts at HIS 64 and 93 in bovineadduction compromised bovine Mb stability. No difference
Mb samples incubated with HNE fox30 min. When in T, was observed between control and HNE-treated
attempts were made to identify HNE adducts at other amino samples at pH 5.6 (Figure 6B). Rather, the protein appeared
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Ficure 5: Three-dimensional structure of bovine myoglobin (Mb) and six common 4-hydroxy-2-nonenal (HNE) adducts. HNE adducts, all
of which occur at histidine residues, are labeled. The three-dimensional structure was adapted from the Molecular Modeling Database

(MMDB) of the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov).

to be destabilized initially (i.e., prior to the melting process) alter OxyMb secondary structure as assessed by circular
as aggregation occurred early during the heating cycle.  dichroism, heme-protein destabilization at pH 7.4 was
This study reinforces the potential interaction between detected using differential scanning calorimetry. This may
bovine Mb and lipid oxidation that may be partially explained offer a partial explanation for the previously noted accelera-
by o,3-unsaturated aldehyde adduction, for which HNE tion of heme protein oxidation in the presence of aldehydes
serves as a model. We have demonstrated that HNEknown to be produced from oxidizing lipids.
accelerates bovine OxyMb oxidation, and the covalent
binding of HNE to histidine residues appears to facilitate ACKNOWLEDGMENT
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appeared minor but significantly accelerated Mb oxidation. for his generous donation of anti-4-hydroxynonenal-histidine
HNE, a secondary product of lipid oxidation, accelerated antibody and Dr. Larry Silbart, Animal Science, University
bovine skeletal muscle OxyMb oxidation in vitro and appears of Connecticut, for guidance during Western blot analyses.
to do so, in part, via covalent modification of multiple Finally, we appreciate the guidance of Drs. C. V. Kumar
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Ficure 6: Differential scanning calorimetry of bovine oxymyo-
globin/4-hydroxy-2-nonenal (Mb/HNE) adducts following incuba-

tion

at 37°C, pH 7.4 (A) or pH 5.6 (B).
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