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ABSTRACT: Previous research has established that 4-hydroxy-2-nonenal (HNE), a highly toxic product of
lipid peroxidation, is a potent inhibitor of mitochondrial respiration. HNE exerts its effects on respiration
by inhibiting o-ketoglutarate dehydrogenase (KGDH). Because of the central role of KGDH in metabolism
and emerging evidence that free radicals contribute to mitochondrial dysfunction associated with numerous
diseases, it is of great interest to further characterize the mechanism of inhibition. In the present study,
treatment of rat heart mitochondria with HNE resulted in the selective inhibition of KGDH and pyruvate
dehydrogenase (PDH), while other NADH-linked dehydrogenases and electron chain complexes were
unaffected. KGDH and PDH are structurally and catalytically similar multienzyme complexes, suggesting
a common mode of inhibition. To determine the mechanism of inhibition, the effects of HNE on purified
KGDH and PDH were examined. These studies revealed that inactivation by HNE was greatly enhanced
in the presence of substrates that reduce the sulfur atoms of lipoic acid covalently bound to the E2 subunits
of KGDH and PDH. In addition, loss of enzyme activity induced by HNE correlated closely with a
decrease in the availability of lipoic acid sulfhydryl groups. Use of anti-lipoic acid antibodies indicated
that HNE modified lipoic acid in both purified enzyme preparations and mitochondria and that this
modification was dependent upon the presence of substrates. These results therefore identify a potential
mechanism whereby free radical production and subsequent lipid peroxidation lead to specific modification
of KGDH and PDH and inhibition of NADH-linked mitochondrial respiration.

A large number of pathophysiological conditions, includ- ~ KGDH, a Kreb’s cycle enzyme which catalyzes the
ing cardiac reperfusion injury, are accompanied by an conversion ofa-ketoglutarate to succinyl-CoA2(), is
increase in free radical production and the subsequentessential for mitochondrial function. Production of NADH
peroxidation of membrane lipid4{16). Mitochondria are by KGDH is necessary for mitochondrial respiration and
a source of free radicals and are therefore a potential site ofoxidative phosphorylation2@, 23). KGDH also plays a
oxidative damagel(—4, 6, 7, 17, 18). Aldehydic products critical role in regulating the concentration@fketoglutarate,
formed as a result of lipid peroxidation are believed to a metabolite produced by the oxidative metabolism of fats
mediate, at least in part, free radical damage by virtue of and carbohydrates, the malataspartate shuttle, and the
their reactivity toward proteinl@). Previous research inthe oxidative deamination of amino acidd4). Because of the
laboratory has established that incubation of intact rat heartcentral role of KGDH in metabolism, inhibition of this
mitochondria with 4-hydroxy-2-nonenal (HNE a major enzyme by HNE would have profound effects on cellular
product of lipid peroxidation, results in the inhibition of homeostasis. It is therefore important to define the mech-
NADH:-linked respiration 20). Inhibition occurred rapidly ~ anism of HNE inactivation to accurately evaluate the role
at concentrations of HNE expected under certain conditions Of this process during certain degenerative events associated
of oxidative stress. HNE exerted its effects on mitochondrial With increased rates of mitochondrial free radical production
respiration by decreasing steady-state concentrations ofand lipid peroxidation.

NADH. This was due to inactivation ofi-ketoglutarate In the present study, we examined the effects of HNE on
dehydrogenase (KGDH) by HNEQ). a number of mitochondrial proteins critical to respiration to
determine the selectivity of HNE inactivation. Our results
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radical damage and a molecular mechanism whereby damageeduced decylubiquinone to 1@/mL mitochondrial protein.

is mediated.

MATERIALS AND METHODS
4-Hydroxy-2-nonenal Synthesis and PreparatighHy-

droxy-2-nonenal dimethyl acetal was synthesized as previ-

ously described26) by Dr. Lin Tsai (National Institutes of

Health). Prior to use, HNE was generated by acid treatment

of 4-hydroxy-2-nonenal dimethyl acetal (%0 into 400uL
of 1:1 water/acetonitrile mixture containing 0.05% TFA).
After 5.0 min, the solution was diluted with 4Q0. H,0,
resulting in a final concentration of approximately 7.0 mM
HNE. The concentration of HNE was determined by

measurement of UV absorbance at 224 nm with a molar

absorptivity of 13750 M* cm™2.

Isolation of Subsarcolemmal Mitochondria from Rat Heart.
Sprague-Dawley rats (25(B00 g) obtained from Zivic
Miller laboratories were anesthetized with sodium pento-
barbitol. An incision was made in the chest cavity, and

Antimycin A sensitive complex Il activity is presente?id).

For analysis of complex IV, mitochondria were diluted into
a buffer containing 35 mM KKPO,, pH 7.2, and then
sonicated for 10 s in a sonicator bath (Fisher Scientific).
Complex IV was assayed polargraphically by the rate of
oxygen consumption upon the addition of 50 mM ascorbate,
5.0 mM TMPD, and 1.0 mM cytochrometo 30 ug/mL of
mitochondrial proteinZ8). All assays were performed at
room temperature.

Dehydrogenase Assaysslutamate dehydrogenase was
assayed by measuring the oxidation of NADH at 340 nm
upon the addition of 5@M NADH, 50 mM NH4CI, and 15
mM a-ketoglutarate to 5@g/mL mitochondrial proteinZ9).
Malate dehydrogenase was assayed by measuring the reduc-
tion of NAD™ at 340 nm upon the addition of 0.5 mM NAD
and 15 mM malate to 5@g/mL mitochondrial protein.
o-Ketoglutarate and pyruvate dehydrogenases were assayed
by measuring the reduction of NADat 340 nm upon the
addition of 0.5 mM NAD", 200uM TPP, 40uM CoASH,

animals euthanized by severing the diaphragm. Hearts wereynq ejther 2.0 mMu-ketoglutarate or 4.0 mM pyruvate to
immediately removed and immersed and rinsed in cold buffer 50 ,q/mL mitochondrial protein30). All NAD */NADH-

containing 180 mM KCI, 5.0 mM MOPS, and 2.0 mM
EGTA at pH 7.25 (buffer A). Hearts (0-8L.0 g) were then
minced and homogenized in 20 mL of buffer A with a

linked assays were done in the presence of®/5otenone
to prevent NADH consumption by complex |. Assays were
performed at room temperature with sonicated (30 s, setting

Polytron homogenizer (low setting, 2.0 s). The homogenate of 3.0, 100% pulse rate, VWR Scientific) mitochondria in a

was then centrifuged at 5§0for 7.5 min at 4°C. The

buffer containing 35 mM KkEPO,, 5.0 mM MgCb, 2.0 mM

supernatant was filtered through cheesecloth and centrifuged\acN;, and 0.5 mM EDTA at pH 7.25.

at 500@ for 10 min at 4°C. The resulting mitochondrial
pellet was washed two times and resuspended intou200
of buffer A to a final concentration of approximately 25 mg/
mL. Protein determinations were made using the bicincho-
ninic acid (BCA) method (Pierce), with BSA as a standard.
Incubation of Mitochondria with HNEMitochondria were
diluted to a protein concentration of 0.5 mg/mL in a buffer
containing 120 mM KCI, 5.0 mM KO, and 5.0 mM
MOPS at pH 7.25 (buffer B). Respiration was initiated by
the addition of glutamate (15 mM) or pyruvate (15 mM)

Purified Enzyme Assay$KGDH and PDH, purified from
porcine heart, were obtained from Sigma suspended in a
solution containing 50% glycerol, 10 mg/mL bovine serum
albumin (KGDH only), 30% sucrose, 2.5 mM EDTA, 2.5
mM g-mercaptoethanol, 0.5% Triton X-100, 0.005% sodium
azide, and 25 mM potassium phosphate, pH 6.8. To measure
the effects of HNE on KGDH and PDH, 19 mU enzyme
were incubated at 37C in buffer B with given amounts of
substrate and HNE for times indicated. Enzyme activity was
assayed by measuring the production of NADH at 340 nm

and allowed to proceed in the presence or absence of 50upon addition of 5uM CoASH, 0.2 mM TPP, 0.5 mM

uM HNE for 5.0 min at 25°C. After 5.0 min, remaining
HNE was scavenged by the addition of 10 mM cysteine,

NAD™, 10 uM CaCh, and 0.5 mMa-ketoglutarate or 0.5
mM pyruvate. The E3 portion of KGDH was assayed,

and mitochondria were then diluted into appropriate assay following incubation of the purified enzyme with HNE as

buffers and disrupted as described below. Addition of
cysteine at time= 0 min resulted in the rapid depletion of
HNE and prevention of enzyme inactivation, indicating that
cysteine acts as a potent scavenger of HNE.

Electron Transport Chain Assayd-or analysis of com-
plexes HkIII, mitochondria were diluted into a buffer
containing 35 mM KHPQ,, 5.0 mM MgCk, 2.0 mM NaCN,
and 0.5 mM EDTA at pH 7.25 and sonicated (30 s, setting
of 3.0, 100% pulse rate, VWR Scientific). Complex | was
assayed by monitoring the consumption of NADH at 340
nm (€ = 6200 Mt cm™) upon the addition of 10G:M
NADH, 5.0 uM antimycin A, and 60uM ubiquinone 1
(donated by Eisai, Japan) to 3@/mL of mitochondrial
protein 7). Complex Il was assayed by monitoring the
reduction of DCPIP at 600 nna & 21 000 Mt cm™2) upon
addition of 90uM DCPIP, 5.0uM antimycin A, 60uM
ubiquinone 1, and 25 mM succinate to 28%mL mitochon-
drial protein £8). Complex lll was assayed by monitoring
the reduction of cytochrome at 550 nm ¢ = 18 500 M
cm™1) upon the addition of 5@M cytochromec and 60uM

described above, by the addition of 1.2 mU enzyme to buffer
A containing 1.0 mM DTT, 3.0 mM lipoamide, and 2.5 mM
NAD™ (31).

Dithio-(bis)nitrobenzoic Acid (DTNB) Assay.o measure
the ability of DTNB to bind to reduced lipoic acid, it was
first necessary to remoy®emercaptoethanol from the KGDH
and PDH preparations. It was found that KGDH and PDH,
large enzyme complexes, were pelleted upon centrifugation
and thus allowed the removal of packaging solution with
~30% recovery of enzyme units. Remaining protein was
composed of approximately 40% BSA and 60% KGDH.
After centrifugation of 0.952 U of enzyme (5.0 min at 2600
Eppendorf 5415C) the resulting pellet was tapped dry, and
then resuspended in 2%Q buffer B to a concentration of
approximately 1.0 mg/mL (BCA). Enzyme (38) was then
added to 1.0 mL buffer B containing 1M NADH and
incubated for 2.0 min at 37C. Indicated amounts of HNE
were then added and the mixture was allowed to incubate
another 3.0 min at 37C. At 5.0 min, 100uM NADH and
0.5 mM DTNB (Molecular Probes) were added to the
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reaction mixtures, and the rate of DTNB reduction was Table 1: Effect of HNE on Mitochondrial Respiratory Enzyme
measured at 37C by the increase at 412 nr3Q, 32). A Activities?
blank containing no protein was incubated under identical

[HNE]

conditions. Samples prepared in the same way were assayed enzyme QM 50 uM
for enzyme activity. , o complex | 156.0 7.6 162.0+ 3.5
Preparation of Polyclonal Antibody to Lipoic Acid (LA).  complex i 487.6+ 13.3 445.2+ 38.1
Lipoic acid antigen was prepared by EDC linking LA to  complex I 2409.9+ 319.1 2415.5:201.3
keyhole limpet hemocyanin (KLH). Briefly, 3.1 mg LA (15 C?mp'ex '\{j v 509-3]&‘2193;7 43821-§i (2)17-3
umol), dissolved in dimethyl sulfoxide (DMSO), was reacted ?n:}ggﬁghy%rzggongailase 6170 817150
with 3.0 mg KLH and 1.4 mg EDC (7.gumol). The pyruvate dehydrogenase 28:51.3 22.5+ 1.5
conjugation was performed at 2& in 12% DMSO, 0.1 M a-ketoglutarate dehydrogenase 624.5 35.74+ 1.4%

MES, 0.9 M NaCl, at pH 4.7. After 2.0 h, KLH was a|ntact mitochondria (0.5 mg/mL) were incubated in the absence
separated from reactants by gel filtration over a PD-10 and presence of 50M HNE for 5 min at 25°C. Unreacted HNE was

column (Pharmacia) with 0.083 M NaP(Q;, 0.9 M NacCl, then scavenged by addition of 50 mM cysteine, mitochondria were
and stabilizers at pH 7.2 (Pierce) as eluant. Polyclonal disrupted, and enzyme activities determined as described in Materials

. . . and Methods. Values are expressed as nmothrirg~* mitochondrial
antibody was then generated in New Zealand White female protein and represent the meam =€ 4) + standard deactivatior?

rabbits by Covance (Denver, PA) according to a standard yalues (determined from pairedest) indicate statistically significant
immunization protocol, using Freund’s incomplete adjuvant decreases in activity: *s 0.002, t,< 2 x 1077,

(FIA) throughout immunization. Antibody titer was assessed

by ELISA, using Iipoic. acid linked BSA as the antigen_. M —1 for CisH330:S,, miz = 365.57. MS/MS analysis was
Western Blot AnalysisSamples were subjected to sodium e performed by selecting the parent peaks at 365.21 and

dodecyl sulfate (SDS) polyacrylamide gel electophoresis fagmenting them via a gas collision chamber. Daughter
(PAGE) and Western blot analysis. Briefly, following peaks (M— 1) are as follows: observedvz = 191.05,
treatment of purified KGDH (containing approximately 40%  culated for (M— HS—C,Hs,—CH—C/Hg—CO, — H)~ =
BSA) or mitochondria with HNE, as described above, 1.5 191 31: observedvz = 173.09. calculated for (M- HS—
ug/lane KGDH/BSA or 10.@g/lane of mitochondrial protein C2H4—éH—C4H §—CO, — H)~ 2’173_14_ The fragmentation
was applied to a series of two 10% polyacrylamide gels. One natems are consistent with that of the Michael addition
gel was stained with Coomassie blue to visualize the protein product (see Scheme 2 for schematic). It was not possible
distribution. Protein present on the second gel was elec-, distinguish between sterecisomers or a mixture of

troblotted onto a nitrocellulose membrane (Q.46). Mem- products, with HNE reacting at either the S6 or the S8
brane-immobilized proteins were incubated with anti-LA position.

diluted 1:100 000 into blocking buffer (0.2% I-block from
Pierce in PBS containing 0.1% Tween-20) foh at 25°C. RESULTS
After 3 x 5.0 min washes with PBS containing 0.1% Tween-
20 (wash buffer), the membrane was incubated with goat Effects of 4-Hydroxy-2-nonenal on Mitochondrial Enzyme
anti-rabbit IgG conjugated to alkaline phosphatase (Tropix, Activities. Incubation of cardiac mitochondria with HNE
diluted 1:10 000 in blocking buffer) for 1.0 h at 2&. The results in the selective inactivation of KGDH and PDH. As
membrane was then rinsed>3 5.0 min with wash buffer ~ shown in Table 1, exposure of mitochondria to:8d HNE
and 2x 5.0 min with assay buffer (20 mM Tris Base, pH for 5.0 min at 25°C resulted in a 42.6% and a 21.0%
9.8, containing 1 mM MgG). Following incubation with decrease in KGDH and PDH activity, respectively. Inhibi-
a chemiluminescent alkaline phophatase substrate (1.25 mMion required the presence of NADH-linked substrates
CSPD and 1.0 mg/mL Nitro-Block from Tropix in assay (glutamate or pyruvate) during the incubation. In contrast,
buffer) for 5.0 min, antibody binding was visualized by glutamate dehydrogenase and malate dehydrogenase activi-
autoradiography. ties were unaffected by HNE under the conditions of the
Reaction of HNE and Lipoic AcidReduced LA (8.0 mM, experiments, indicating that the effects of HNE on KGDH
Sigma) was reacted with HNE (6.0 mM) for 30.0 min at 25 and PDH are not general to all NADH-linked dehydroge-
°C in 20 mM KH,PQ,, pH 8.0. At 30.0 min, the reaction nases. In addition, electron transport chain components
was quenched by addition of 15 mM NaBlkh 0.1 mM (complexes +1V) exhibited no loss in activity when mito-
NaOH. Reduction was allowed to proceed for 10.0 min at chondria were treated with HNE. Thus, under the conditions
25°C. In addition to quenching the reaction, reduction also of our experiments, observed declines in NADH-linked
serves to stabilize LA-HNE adducts. Excess NaBths respiration is not the result of global disruption of respiratory
then removed by the addition of HCI, and the products were enzyme activity but is due to the specific inactivation of
purified by reverse phase HPLC (Vydac C18 column; 0 to KGDH and PDH by HNE. Structurally and catalytically
50% acetonitrile/0.05% TFA versus,8/0.05% TFA in 20 similar, both dehydrogenases are comprised of multiple
min, flow rate of 1.0 mL/min). The products were collected copies of three enzymes-ketoacid decarboxylase (E1),
in three discrete peaks (retention tinre®2.25, 22.50, and  dihydrolipoyl transacetylase (E2), and dihydrolipoamide
22.80 min), as monitored at 210 nm, and then analyzed with dehydrogenase (E321, 25). In addition, KGDH and PDH
an electrospray triple quadropole mass spectrometer (Mi-require the cofactors thiamine pyrophosphate bound to E1,
cromass Quattro-Il Triple Quadropole Mass Spectrometer) lipoic acid covalently linked to the E2 subunit, and FAD
by Dr. Yong Hong Chen, Cleveland State University. The for E3 activity (Scheme 1). It is therefore likely that
mass spectra of the three product peaks were identical.structural features common to KGDH and PDH render these
Electrospray MS: observed M 1, m/z= 365.21; calculated = enzymes susceptible to inactivation by HNE.
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Scheme 1. Schematic Representation of the Reaction MechanieaKefoacid Dehydrogenase21)2

CoASH
RCOCO,H TPP-E1 [RCO-S-lipSH]-E2
X E1 E2 RCO-S-CoA
CO, [RCHOH-TPPJ-E1 -
[lipS,l-E2 [lip(SH)]-E2
S—S
o
[FAD]reE3 E3 [FAD]JoxE3
(@]
SH SH
K)\/\/\WO'
0 NAD* NADH
Lipoic Acid (6,8-thioctic acid)

@ Abbreviations: a-ketoacid decarboxylase (E1); dihydrolipoyl transacetylase (E2); dihydrolipoamide dehydrogenase (E3); thiamine pyrophosphate
(TPP); lipoic acid (lip). Inset: Oxidized and reduced lipoic acid.
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NADH g;l;gsﬂ FiGURE 2: Fractional loss of KGDH activity as a function of time

- ] and HNE concentration. (A) Protein (4.0 mU) was incubated with
Ficure 1: Effect of HNE on purified KGDH. Protein (4.0 mU)  104M NADH for 5.0 min at 37°C. During this incubation, HNE
was incubated for 2.0 min at 3T in the absence or presence of (10 uM) was added to expose protein to HNE for times indicated
substrate (1gM NADH or 0.5 mM a-ketoglutarate and 2.BM  on the abscissa. (B) Protein (4.0 mU) was incubated witlx!¢0
CoASH) as indicated. After 2.0 min, HNE was added at a final NADH for 2.0 min at 37°C followed by an additional 3.0 min
concentration of 2xM and allowed to incubate for 3.0 min at 37 exposure to concentrations of HNE as indicated on the abscissas.
°C. Unreacted HNE was then scavenged by addition of 10 mM Following treatment, KGDH activity was assayed as described in
cysteine and KGDH activity assayed as described in Materials and Materials and Methods. Inset: The observed rate constant for
Methods. inhibition (kese is equal to 0.693(,, wherety, is defined as the

Effects of HNE on Purified KGDH and PDHThe effects time in minutes required for HNE to induce a 50% decline in the

of HNE on purified KGDH and PDH were determined to "ate of NAD" reduction by KGDH.
elucidate the mechanism of inactivation. As shown in Figure purified PDH by HNE was enhanced in the presence of
1, incubation of purified KGDH with 2%M HNE for 3.0 substrate and followed pseudo-first-order kinetics (results not
min at 37°C resulted in a 20.8% decrease in activity. The shown), suggesting a similar mechanism of inactivation.
inhibitory effects of HNE were greatly enhanced in the  Relationship between Loss of Lipoic Acid Sulfhydryls and
presence of either NADH oa-ketoglutarate and CoASH  Enzyme Actiity. In the presence of NADH or CoASH and
(Figure 1), with a loss of 78.5% and 70.4% in activity, o-ketoglutarate/pyruvate, lipoic acid(s) on the E2 subunit of
respectively. As shown in Figure 2A, KGDH activity KGDH and PDH are maintained in the reduced state (Scheme
decreased in a time-dependent manner. A semilogarithmicl). It is well established that HNE readily reacts with
plot of remaining activity versus incubation time (not shown) sulfhydryl groups 19). Therefore, due to conditions neces-
was linear, indicating that inactivation occurred by a pseudo- sary for inhibition and the chemical nature of HNE, lipoic
first-order process. Exposure of KGDH to increasing acid is a potential site of modification. It has previously
concentrations of HNE (625uxM, 3.0 min) led to increased  been described that in the presence of NADH, DTNB binds
inactivation in a saturable fashion (Figure 2B). The linear to reduced lipoic acid on the E2 subunit and is then
relationship between HNE concentration and the apparentcatalytically cleaved by the E3 subunit of KGDH or PDH
rate constant for inactivatiokd, (Figure 2B, inset) indicates (30, 32). To test whether lipoic acid is a site of HNE
that the rate of inactivation is first-order with respect to HNE maodification, the ability of purified KGDH and PDH to
concentration. The fact that this line intersects at the ordinatereduce DTNB in the presence of NADH and HNEH®5
indicates that inactivation is essentially irreversible. Thisis uM) was evaluated. As shown in Figure 3, the rate of DTNB
in agreement with kinetic results obtained for HNE inactiva- reduction decreased with increasing concentrations of HNE,
tion of KGDH in intact mitochondriaZ0). Inhibition of correlating closely with a loss in KGDH activity. Further-

[HNE]: - + +
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Ficure 3: Semilogarithmic plot of KGDH activity and rate of
DTNB reduction as a function of HNE concentration. Protein (12
mU) was incubated with 1M NADH for 2.0 min at 37°C
followed by an additional 3.0 min exposure to concentrations of
HNE as indicated on the abscissa. Enzyme activitygnd DTNB
reduction @) were then assayed as described in Materials and
Methods.

Scheme 2. Reaction of Lipoic Acid with HNE Followed by
Reductive Stabilization
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E 1—
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E 3—
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Purified KGDH Heart Mitochondria

Ficure 4. Western blot analysis of purified KGDH and mitochon-
dria treated with HNE. Purified KGDH and mitochondria were
incubated with HNE in the presence and absence of NADH (10
uM) or glutamate (15 mM) as indicated. Protein samples were
separated on 10% polyacrylamide gels (dgbof purified KGDH
containing~40% BSA/well or 10.Qug of mitochondrial protein/
well), and then electroblotted onto nitrocellulose membrane (0.45
um) for Western blot analysis with anti-lipoic acid as primary
antibody. Antibody binding was visualized after exposure of the
blot to a chemiluminescent substrate (Materials and Methods). The
first lane in each series is a representative protein profile obtained
upon Coomassie staining. KGDH E1, E2, and E3 migrate at 95,
50, and 56 kDa, respectively.

to distinguish between HNE modification(s) at the S6 and
S8 positions of lipoic acid are currently underway.

Immunochemical Edence for HNE Modification of Lipoic
Acid. Polyclonal antibodies were raised to KLH-linked lipoic
acid (Materials and Methods). As judged by competitive
ELISA, these antibodies are specific to lipoic acid and do
not recognize HNE-modified lipoic acid (results not shown).
This antibody preparation was therefore used to determine
whether lipoic acid is modified when purified protein or
mitochondria are treated with HNE. As shown in Figure 4
(purified KGDH), the antibody recognized one protein band
assigned as the E2 subunit of KGDH based on molecular
weight (~50 kDa). Upon treatment of purified enzyme with
increasing amounts of HNE {60 «M), antibody recogni-
tion decreased. Loss in antibody binding was dependent on
the presence of NADH during the incubation, thereby
reflecting conditions required for inactivation.

Western blot analysis of mitochondrial protein using anti-
LA antibody revealed the presence of two lipoic acid-
containing proteins (Figure 4). The molecular masses of
these proteins{50 and~65 kDa) approximate those of the

more, under the same conditions, HNE had no effect on E3E2 subunit of KGDH and PDH, respectively. Antibody

activity, as measured by the rate of reduction of NAD
the presence of dihydrolipoamide (results not shown).
Identical results were obtained for PDH (results not shown).

binding was competed by LA (1QaM) confirming antibody
specificity. In agreement with results obtained for purified
KGDH, treatment of mitochondria with increasing concen-

These observations indicate that, in the presence of substratetrations of HNE (6-100 #M) resulted in a decline in the

lipoic acid is modified by HNE resulting in inactivation of
KGDH and PDH.

Inspection of the chemical structures of HNE and reduced
lipoic acid suggests that lipoic acid sulfhydryl group(s) would
undergo 1,4 (Michael) addition to the double bond (C3) of
HNE, thereby causing inactivation of KGDH and PDH. To
determine the chemistry of lipoic acitHNE interactions,
model studies with HNE and reduced lipoic acid were

level of antibody binding (Figure 4). The decrease in
recognition was dependent upon the presence of glutamate
in the incubation mixture (Figure 4). Thus, loss of antibody
recognition of lipoic acid for both HNE-treated KGDH and
mitochondria occurs under conditions which promote enzyme
inactivation, thereby providing further support for lipoic acid
as the site of HNE modification and enzyme inactivation.
Methods which combine immunochemical and mass spectral

performed. As depicted in Scheme 2, mass spectroscopictechniques, which will rigorously identify lipoic acid con-

analyses (ES and MS/MS) of the products of this reaction
were consistent with the formation of 1:1 lipoic aciHNE
Michael adduct(s) (Materials and Methods). Experiments

taining proteins and provide direct chemical evidence for
lipoic acid—HNE adducts, are currently being developed in
our laboratory.
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DISCUSSION

Increased rates of free radical production have been
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previously demonstrated that the degree of KGDH inactiva-
tion induced by treatment of intact mitochondria with HNE
correlates closely with the loss of NADH-linked mitochon-

associated with the progression of numerous degenerativeyyig| respiration 20). This observation suggests that produc-

diseases1—16). Many of these conditions, in particular
reperfusion injury, are accompanied by declines in mito-
chondrial function{—3, 8, 9, 12, 28, 33—40). Mechanisms
by which free radicals mediate mitochondrial dysfunction

tion of NADH by KGDH is rate-limiting for mitochondrial
respiration, a view consistent with previous findingg, 23).

In contrast, it has been reported that electron-transport chain
complexes must be significantly inhibited before mitochon-

have not, however, been established. Previously, we havey;ig respiration and ATP production are affect&8)( The

demonstrated that 4-hydroxy-2-nonenal (HNE), a major
product of lipid peroxidation, is a potent inhibitor of NADH-
linked mitochondrial respiration2Q). Loss of respiratory
activity was due to inactivation of KGDH20). In the
present study, the effects of HNE on a variety of mitochon-

degree of inactivation required to induce a significant loss
in respiration is dependent on the identity of the complex
and on the source of mitochondria3j. Thus, while there
have been numerous reports on disease-related declines in
the activities of various electron-transport chain complexes

drial dehydrogenases and on electron transport chain com-g 33 35, 39), declines in KGDH and PDH activities may

plexes were examined to identify other potential sites of
HNE-mediated inactivation. The results of this study
demonstrate that incubation of cardiac mitochondria with
micromolar concentrations of HNE results in the selective
and rapid inactivation of KGDH and PDH. KGDH and PDH
are structurally and catalytically simila2Z, 25), suggesting

a common mode of inactivation. Mechanistic studies
indicate that inhibition of both enzymes is due to covalent
modification of lipoic acid residues bound to the respective
E2 subunits.

The susceptibility of KGDH and PDH to HNE-induced
inactivation is likely predicated by the chemical and structural
properties of lipoic acid and HNE. It is well established
that HNE, ana,3-unsaturated aldehyde, can react with the
sulhydryl moiety of cysteine, the imidazole nitrogens of
histidine, and thec-amino group of lysine, via Michael
addition (L9, 41—48). At neutral pH sulhydryls are the most
reactive of these functional groupd9j. On protein,
reactivity is also dependent on the accessibility of the
nucleophilic amino acid residues to HNEZj. Reduced
lipoic acid is a strong nucleophile at physiological pt8Y
and is located on the surface of the E2 subunit of KGDH
and PDH @1, 25). Model studies reveal that sulfhydryl
group(s) on lipoic acid react with the double bond (C3) of
HNE to form a Michael addition product (Scheme 2).
Hydrophobic interactions are also likely to occur between
the hydrocarbon chains of lipoic acid and HNE. Thus, lipoic
acid represents a prime target for Michael addition to HNE.
Furthermore, HNE is a hydrophobic compound which would
be at greatest concentration in the lipid bilayer. KGDH,
reported to be associated with the inner mitochondrial
membrane49, 50), would therefore be particularly suscep-
tible to modification (Table 1). Because many lipid per-
oxidation products are lipophilic electrophiles, this chemistry
is not likely to be limited to HNE and may represent a
common mechanism of cytotoxicity. Due to the sensitivity
of KGDH and PDH to HNE inactivation, potential intrac-
ellular mechanisms for the removal of HNE and restoration
of enzyme activity, perhaps glutathione-dependent, should
be explored. In addition, it is interesting to note that lipoic
acid can scavenge oxygen radicall,(52). Due to the
ability of KGDH and PDH to cycle between oxidized and
reduced states of lipoic acid, these enzymes may function
as antioxidants under certain conditions.

The highly susceptible nature of KGDH to HNE inactiva-
tion is of significance considering that a loss in activity would
have profound effects on mitochondrial function. We have

have relatively greater effects on mitochondrial respiration.
The cellular environment created during the progression
of a number of degenerative conditions suggests that HNE
inactivation of KGDH and PDH is likely to play a significant
role in disease-related losses of mitochondrial function. Upon
reperfusion, mitochondria exhibit declines in NADH-linked
respiration 84—37, 39, 40) and increased rates of free radical
production 4, 7). This is accompanied by a rise in tissue
and perfusate levels of HNE,(54) and the appearance of
HNE-modified protein 40). In addition, the preceding
ischemic event induces a buildup of reducing equivalents
(NADH) and a fall in the level of ADP (for review, see ref
55), conditions which would favor the reduced state of lipoic
acid on KGDH and PDH, priming these enzymes for
modification by HNE during reperfusion. Furthermore,
several neurodegenerative diseases, including Alzheimer’s
and Parkinson’s, are characterized by an increase in free
radical production §-10, 12), HNE modification(s) to
protein (L1—14, 16), and declines in KGDH activityg, 56,
57). While the results of our study strongly suggest that
KGDH and PDH may be inactivated by HNE during the
progression of certain degenerative events, a direct link
between loss(es) of enzyme activity and the appearance of
HNE-modified protein has not yet been established. Clearly,
identification of likely targets and mechanisms of HNE
inactivation is critical for direct assessment of the role of
free radicals and lipid peroxidation in disease.
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