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Neurobiology of Disease

Post-Translational Oxidative Modification and Inactivation
of Mitochondrial Complex I in Epileptogenesis

Kristen Ryan, Donald S. Backos, Philip Reigan, and Manisha Patel

Department of Pharmaceutical Sciences, University of Colorado Anschutz Medical Campus, Aurora, Colorado 80045

Mitochondrial oxidative stress and damage have been implicated in the etiology of temporal lobe epilepsy, but whether or not they have
a functional impact on mitochondrial processes during epilepsy development (epileptogenesis) is unknown. One consequence of in-
creased steady-state mitochondrial reactive oxygen species levels is protein post-translational modification (PTM). We hypothesize that
complex I (CI), a protein complex of the mitochondrial electron transport chain, is a target for oxidant-induced PTMs, such as carbony-
lation, leading to impaired function during epileptogenesis. The goal of this study was to determine whether oxidative modifications
occur and what impact they have on CI enzymatic activity in the rat hippocampus in response to kainate (KA)-induced epileptogenesis.
Rats were injected with a single high dose of KA or vehicle and evidence for CI modifications was measured during the acute, latent, and
chronic stages of epilepsy. Mitochondrial-specific carbonylation was increased acutely (48 h) and chronically (6 week), coincident with
decreased CI activity. Mass spectrometry analysis of immunocaptured CI identified specific metal catalyzed carbonylation to Arg76
within the 75 kDa subunit concomitant with inhibition of CI activity during epileptogenesis. Computational-based molecular modeling
studies revealed that Arg76 is in close proximity to the active site of CI and carbonylation of the residue is predicted to induce substantial
structural alterations to the protein complex. These data provide evidence for the occurrence of a specific and irreversible oxidative
modification of an important mitochondrial enzyme complex critical for cellular bioenergetics during the process of epileptogenesis.

Introduction

Mitochondrial oxidative stress and resultant dysfunction has
been implicated as a contributing factor in diverse acute and
age-related chronic neurodegenerative disorders, including
amyotrophic lateral sclerosis, Parkinson’s disease (PD), Hun-
tington’s disease, and Alzheimer’s disease (Schapira, 1999;
Beal, 2005). However, the role of mitochondrial oxidative
stress in the etiology of epilepsies is unknown. Mitochondria
execute crucial functions that can impact neuronal excitabil-
ity. While a small percentage of inherited epilepsies are asso-
ciated with mitochondrial dysfunction, less is known about its
role in acquired epilepsies such as temporal lobe epilepsy
(TLE), which is characterized by initial trauma triggering
complex molecular, biochemical, physiological, and struc-
tural changes in the brain culminating in spontaneous and
recurrent seizures via a process termed epileptogenesis. Sev-
eral key features of TLE, such as its progressive nature and
metabolic demands, suggest mitochondrial decline in its eti-

Received Feb. 22, 2012; revised June 22, 2012; accepted July 1,2012.

Author contributions: K.R. and M.P. designed research; K.R. and D.S.B. performed research; D.S.B. and P.R.
contributed unpublished reagents/analytic tools; K.R. and D.S.B. analyzed data; K.R. and M.P. wrote the paper.

This workiis supported by National Institutes of Health Grant ROTNS039587. We thank Dr. Yogendra Raol and the
University of Colorado Anschutz Medical Campus (UCAMC) /n Vivo Neurophysiology Core facility, Mr. Joe Gomez and
the UCAMC Mass Spectrometry Core facility, and the Computational Chemistry and Biology Core facility at the
UCAMC School of Pharmacy, as well as the Proteomics Core at National Jewish Health in Denver, Colorado, for their
technical assistance.

Correspondence should be addressed to Dr. Manisha Patel, Skaggs School of Pharmacy and Pharmaceutical
Sciences, University of Colorado Anschutz Medical Campus, 12850 East Montview Boulevard, Aurora, CO 80045.
E-mail: manisha.patel@ucdenver.edu.

DOI:10.1523/JNEUR0SCI.0907-12.2012
Copyright © 2012 the authors ~ 0270-6474/12/3211250-09%15.00/0

ology. Recent work from our laboratory has demonstrated
increased production of mitochondrial reactive oxygen spe-
cies (ROS) during epileptogenesis in two distinct animal mod-
els (Jarrett et al., 2008; Waldbaum et al., 2010).

An important mechanism by which ROS can alter macro-
molecule function is via reversible or irreversible post-
translational modification (PTM) of critical proteins that can
result in loss of function (Andersen, 2004; Dalle-Donne et al.,
2006; Danielson and Andersen, 2008). The goal of the current
study was to (1) determine whether increased ROS production
observed during epileptogenesis results in PTMs of critical
mitochondrial proteins and (2) if so, identify the functional
consequence of the modification(s) using an in vivo rat model
of TLE. Explicitly, we determined whether mitochondrial-
specific oxidant-induced PTMs could be observed and if spe-
cific protein targets could be identified during the process of
epileptogenesis.

Our results indicate that the 75 kDa subunit of the mitochon-
drial electron transport chain (ETC) complex I (CI) is a target for
oxidant-induced carbonylation during epileptogenesis. Arg76
of the 75 kDa subunit was converted to a reactive glutamic
semialdehyde (GSA) product through metal catalyzed oxida-
tion (MCO), which coincided with decreased CI activity at acute
and chronic stages of epileptogenesis. Computational-based
molecular modeling simulations revealed that Arg76 is located
proximal to the active site of CI and its carbonylation leads to
conformational changes in both the adjacent subunits com-
promising the active site and iron-sulfur (Fe-S) centers in-
volved in electron transport, which have the potential to
negatively impact protein function.
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Materials and Methods

All materials were obtained from Sigma Aldrich or Fisher Scientific un-
less otherwise noted.

Induction of epileptogenesis. Animal housing was conducted in compli-
ance with the University of Colorado Anschutz Medical Campus. Male
Sprague Dawley rats (~300-350 g) were subcutaneously administered
saline (vehicle) or 11 mg/kg kainate (KA) (Nanocs KA-0002) dissolved in
sterile buffered saline, pH 7.4. Animals were observed for status epilep-
ticus (SE) and given moistened chow with subcutaneous saline injections
24 h later to decrease mortality, which was 10-15%. Rats were killed by
CO, inhalation followed by a secondary method, i.e., immediate decap-
itation with a guillotine suitable for adult rats at 48 h, 1 week, and 6 weeks
after injection to encompass the acute, latent, and chronic phases of
epileptogenesis. Hippocampi, cortex, and cerebellum were recovered
from these animals, immediately frozen, and stored at —80°C or crude
mitochondria were isolated and immediately prepared for biochemical
and mass spectrometry (MS) analysis.

Monitoring of convulsive seizures. Behavioral seizures during SE were
evaluated by direct observation for 6 h after KA injection and scored
based on a modified Racine scale (Racine, 1972) with only motor seizures
being considered (Class I and II seizures were not scored). Briefly, motor
seizure severity was characterized as follows: Class III animals displayed
forelimb clonus with a lordotic posture, Class IV animals reared with
concomitant forelimb clonus, and Class V animals had a Class IV seizure
and loss of balance. All animals having at least three Class III convulsive
seizures each hour for atleast 3 h are included in the study. If KA-injected
animals did not meet the criteria for SE (i.e., <Class III seizures), they
were labeled as nonresponders. Direct observation confirmed that ani-
mals were not having convulsive seizure activity 48 h and 1 week post-KA
treatment (data not shown). Rats were monitored by 24/7 video in the
University of Colorado In Vivo Neurophysiology Core for seizure num-
ber, duration, and severity during the 6 week time point to confirm
epilepsy. Rats observed to have =2 spontaneous and convulsive seizures
during the 6 week time point were considered epileptic.

Isolation of brain mitochondria and synaptosomes. Crude hippocampal,
cortical, and cerebellar mitochondria were isolated from 50 mg tissue
according to our previous methods (Liang and Patel, 2006). The remain-
ing pellet (crude mitochondria) was collected and used immediately for
CI immunoprecipitation. Also, crude mitochondria were frozen at
—80°C for CI activity measurements or Western blot analysis. For all
studies, one hippocampus was used for each experiment with the excep-
tion of immunoprecipitation of CI subunits, in which both hippocampi
from each rat were used. Synaptosomes were isolated according to our
previous method (Liang et al., 2012). Synaptosomes were resuspended in
25 mMm potassium phosphate buffer + 5 mm MgCl,, pH 7.0, for measure-
ment of CI activity.

Biotin-hydrazide detection of carbonylated proteins. Isolated crude mi-
tochondria or immunoprecipitated CI proteins from saline and KA-
treated rats were cleared for 1 h with NeutrAvidin beads (Pierce) before
treatment with 5 mm biotin-hydrazide (Pierce) for 2 h rotating in the
dark (Codreanu et al., 2009; Galligan et al., 2012). Samples were then
reduced with 10 mm NaBH, for 1 h in the dark before separation by
SDS-PAGE. For crude mitochondria, 30 ug protein (Bradford assay)
from three separate animals per time point was loaded onto a 10% Tris-
HCI Ready gel (Bio-Rad). Samples were separated and transferred to a
polyvinylidene difluoride membrane with a 0.45 um pore size (Milli-
pore). After blocking the membrane in 5% nonfat dry milk (Bio-Rad),
carbonylation was detected by membrane incubation with a biotin-
linked horseradish peroxidase primary antibody for 1 h (GeneTex) at
1:7500 and developed with Enhanced Chemiluminesence Plus reagents
(GE Healthcare Biosciences). Bands were visualized with a Storm Optical
Scanner (Molecular Dynamics) and band densitometry was quantified
with National Institutes of Health (NIH) Image] 1.44 software and values
were calculated as percentage to control (% Control). For samples of im-
munoprecipitated CI subunits (see below, CI immunocapture method),
10-20 ug of protein was derivitized with 5 mm biotin-hydrazide for 2 h
rotating in the dark and then reduced with 10 mm NaBH,, for 1 h in the
dark before separation by SDS-PAGE. Rats that did not meet criteria for
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KA-induced SE (see criteria above for nonresponders) were also pre-
pared for carbonylation assessment in an identical manner.

CI and CIV activity. NADH dehydrogenase (CI) and cytochrome ¢
oxidase (CIV) activity was measured as described previously (Birch-
Machin and Turnbull, 2001; Tieu et al., 2003). CI activity was measured
in 1 ml reactions with 100 ug of crude hippocampal mitochondria by the
oxidation of NADH at 340 nm for 2 min at 30°C with a Shimatzu
UV2401PC spectrophotometer. The average CI activity for Ctl samples
was calculated to be 148.1 = 4.421 U/min/mg protein. Ctl values were
normalized to 100 and data are represented as percentage control (%
Control). CIV activity was measured in 1 ml reactions with 25 ug crude
hippocampal mitochondria by the oxidation of cytochrome ¢ (reduced
with ascorbic acid) at 550 nm for 45 s at 30°C.

CI immunocapture. Cl was isolated according to Schilling et al. (2005)
to assess PTMs after KA treatment. Briefly, 300 ug of crude hippocampal
mitochondria from saline or KA-treated rats was solubilized in cold PBS
containing 1% N-dodecyl-B-p-maltoside (DDM) for 30 min on ice for
isolation of membrane proteins. Samples were then centrifuged at 20,000
g for 30 min, 4°C and supernatants were incubated overnight with aga-
rose beads irreversibly cross-linked to specific monoclonal antibodies for
CI proteins (Mitosciences). CI proteins were eluted from the beads with
30 ul 0.1 M glycine, pH 2.5, supplemented with 0.05% DDM. For biotin-
hydrazide derivatization experiments, proteins were eluted with 30 ul
1% SDS. Protein concentration was determined on a NanoDrop 2000
before the addition of 30 ul 2X SDS-PAGE loading buffer (Bio-Rad) and
5 ul 1 M Tris, pH 8.0, neutralization buffer. CI proteins were resolved by
SDS-PAGE on a 4-20% Tris-HCI Ready gel. Gels were then stained for
band excision (described below) and trypsin digest.

Protein band excision and protein identification peptide mass finger-
printing. Following SDS-PAGE, CI protein bands were identified with
Imperial Protein Stain (Pierce) according to manufacturers’ instructions
and were excised with sterile razor blades. Gel bands were transferred to
a 0.5 ml tube and were digested by “in-gel” cleavage with a modified
protocol (Shevchenko et al., 2006). Briefly, gel slices were reduced with
10 mwm dithiothreitol, alkylated with 25 mm iodoacetamide, and finally
digested overnight in 0.3 g trypsin (Promega V5111) at 37°C. Peptides
were extracted from gel pieces in a sonicating waterbath first with 1:1
acetonitrile:50 mm NH,HCOj; then 0.1% formic acid before drying com-
pletelyina SpeedVac (Savant AES1000) at 37°C for 40 min. Peptides were
then resolubilized in 100 mwm acetic acid. For protein identification via
peptide mass fingerprinting (PMF) the peptides were extracted, desalted
using C18 Ziptips (Millipore), and mixed with matrix (10 mg/ml
a-cyano-4-hydroxycinnamic acid in 60% acetonitrile/0.1% trifluoro-
acetic acid) at a ratio of 1:1 and then spotted in 1 ul aliquots onto a target
plate and analyzed by MALDI-TOF MS on a Bruker Omniflex with Flex
Control Software 2.0. Obtained mass spectra were externally calibrated
with an equimolar mixture of bradykinin fragment, angiotensin II, P ,R,
ACTH 18-39, and insulin oxidized B chain (ProteoMass Kit; MSCALI-
Sigma). Spectra were analyzed with Flex Analysis Software 2.0 and data-
base searches were conducted with BioTools 2.2 using Mascot 2.2
(Matrix Science; http://www.matrixscience.com). Protein identification
(ID) parameters included optional modifications to methionine (oxi-
dized) and cysteine (carbamidomethyl), SwissProt database, and Rattus
taxonomy. Mascot scores were used to determine significant protein
identification. Five or more peptides identified per protein were neces-
sary for significant IDs. Samples were run and data analysis performed at
the Skaggs Colorado School of Pharmacy and Pharmaceutical Sciences
Mass Spectrometry Core at the University of Colorado Anschutz Medical
Campus.

Detection of protein carbonylation by quantitative time-of-flight MS.
Once the 75 kDa subunit of CI was accurately identified by PMF, we
assessed samples for protein carbonylation modifications. Peptides were
resolubilized in 3% acetonitrile/0.1% formic acid and directly analyzed
on an Agilent 6340 Ton Trap with LC chip cube. MS/MS data were ana-
lyzed in SpectraMill (Rev A.03.03.084 SR4). Protein identification pa-
rameters included optional modifications to methionine (oxidized; +16
Da mass shift), cysteine (carbamidomethyl; +57 Da mass shift), and
arginine (GSA; —43 Da mass shift). The SwissProt database was searched
with Rattus taxonomy and allowance of two missed cleavages. MS/MS
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spectral features were set at MH+ = 200—4000 Da, the minimum M/S
signal-to-noise was set to 10 and the maximum at z = 4, and the precur-
sor mass tolerance for the quantitative time-of-flight (QTOF) was 20
ppm while the product mass tolerance was 50 ppm. Filters were placed to
include proteins with scores >11 and peptides >6. Additionally, the
spectral peak intensity (SPI) was required to be 60% or greater. Sample
run and data analysis were completed at the National Jewish Proteomics
Core Facility in Denver, Colorado.

In silico protein homology and interaction modeling of CI. All bioinfor-
matic analyses and molecular modeling simulations were performed us-
ing Accelrys Discovery Studio 3.1 (Accelrys Software; http://accelrys.
com). The crystal structure coordinates of the hydrophilic domain of CI
from Thermus thermophilus (PDB: 3IAM) was obtained from the protein
data bank (http://www.pdb.org). The homology model of the rat CI
protein sequence was constructed using the crystal structure coordinates
as a template (Eswar et al., 2006). Forty-eight percent similarity was
identified between the T. thermophilus and rat sequences. Modified pro-
tein structures were made by altering the side chain of wild-type (WT)
residue (Arg44) to the modified form (as determined by MS). Predicted
modification-induced changes in protein conformation and surface
charge were determined by subjecting the WT and modified structures to
the conjugate gradient minimization protocol using a CHARMM force
field and the Generalized Born implicit solvent model (Feig et al., 2004).
Predicted changes in the interaction between the 51 kDa subunit and the
WT or modified 75 kDa subunit were calculated using the ZDock algo-
rithm (Chen and Weng, 2002). The ZRank scoring function was used to
calculate the interaction energies of the resulting predicted protein com-
plexes and represents a combination of van der Waals attractive and
repulsive energies, short- and long-range repulsive and attractive ener-
gies, and desolvation (Pierce and Weng, 2007). Similarity of the pre-
dicted protein complexes to the crystal structure (3IAM) was determined
by calculating and the root mean square deviation (RMSD) using the
crystal structure as the reference. The four predicted protein complexes
with the lowest RMSD values (i.e., the highest similarity to the crystal
structure) were selected from each group for comparison.

Results

To establish the temporal relationship between seizure activity
and the occurrence of mitochondrial oxidative stress during the
process of epileptogenesis, we monitored rats for behavioral sei-
zures by continuous video recordings. Biochemical assessment of
mitochondrial oxidative stress and enzyme activities was con-
ducted at three time points, i.e., 48 h, 1 week, and 6 weeks, which
are associated with distinct phases of epileptogenesis, i.e., the
acute, latent, and chronic periods, respectively. After injection of
a single large dose of KA, severe, continuous seizure activity (SE)
lasting ~6 h was observed in rats followed by recovery. One week
after KA injection, rats resumed normal behavior and showed no
overt seizure activity consistent with a latent period (Dudek et al.,
2002). Only rats observed to experience multiple, spontaneous
convulsive seizures during the 6 week time point (chronic pe-
riod), as characterized by bilateral clonus and/or loss of balance
[Class IV and V seizures based on a modified Racine scale
(Racine, 1972)], were considered epileptic and included in sub-
sequent studies. Nonresponders, i.e., KA-treated rats that did not
experience SE, were analyzed for evaluation of seizure-dependent
effects. Saline-treated controls did not show any acute or sponta-
neous seizure activity. The results are consistent with our previ-
ous observations (Jarrett et al., 2008) and have allowed us to
assess the consequences of mitochondrial oxidative stress during
the acute, latent, and chronic stages of epileptogenesis.

Carbonylation of mitochondrial proteins and specific
subunits of CI during epileptogenesis

One important mechanism by which ROS may alter cellular
functions is via oxidative modifications of important proteins.
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Protein carbonylation is typical, as a result of aging or exposure to
oxidative stress. It can inhibit protein function or induce degra-
dation and is thus considered a biomarker for oxidant-induced
cellular damage (Levine and Stadtman, 2001; Dalle-Donne et al.,
2003). Using a biotin-hydrazide method to detect carbonylated
proteins by Western blot analysis, we determined whether car-
bonylation of mitochondrial proteins occurred during epilepto-
genesis. We observed a significant increase in total carbonylated
proteins within crude mitochondria at acute and chronic time
points after KA administration (Fig. 1 A), which is a marker for
mitochondrial oxidative stress. Carbonylation was significantly
increased, as evidenced by elevated biotin immunoreactivity after
derivatization of carbonyl moieties with biotin-hydrazide, by
469.4% at 48 h (p < 0.001) and 842.2% at 6 week (p < 0.001) but
not at 1 week (p > 0.05) in KA-treated rats compared with con-
trols (Fig. 1 B). In a separate study comparing rats that did not
have seizures following KA treatment, i.e., nonresponders, car-
bonylation of mitochondrial proteins was not increased (Fig.
1C,D) when compared with Ctl, demonstrating that carbonyla-
tion was not due to exposure to KA per se but a consequence of
seizure activity. Furthermore, protein carbonylation was exam-
ined in mitochondria isolated from cortex and cerebellum to
determine the specificity of seizure-induced oxidative stress in
the KA model. Again, compared with control (saline-treated
rats), marked increases in protein carbonylation were observed in
the hippocampus but not cortex or cerebellum of rats treated
with KA for 48 h (n = 3/group data not shown). An additional
study was conducted to assess specific changes in carbonylation
to CI. Upon isolation of CI subunits, several proteins displayed
elevated levels of carbonyl adducts at the 48 h and 6 week time
points after KA (n = 3; data not shown). Interestingly, elevated
carbonylation was observed at the 48 h and 6 week time points in
a band corresponding to the 75 kDa subunit (Fig. 2A). The bi-
phasic pattern of mitochondrial protein carbonylation observed
here corresponded with levels of H,O, production during epilep-
togenesis reported in our previous study (Jarrett et al., 2008).

Inhibition of mitochondrial CI activity during
epileptogenesis

Oxidative modification and inhibition of CI have been observed
in neurodegenerative and psychiatric disorders, such as PD and
bipolar disorder (Keeney et al., 2006; Andreazza et al., 2010).
Since CI deficiency has also been observed in the seizure foci and
surviving CA3 cell layer in tissue from TLE patients (Kunz et al.,
2000; Lee et al., 2008), we asked whether inhibition of CI activity
occurred during KA-induced epileptogenesis. An inverse corre-
lation was observed between total mitochondrial carbonylation
and CI activity (Fig. 2 B). Significant decreases of 24 and 23% in
CI activity occurred at the acute (48 h) and chronic (6 week)
phases of epileptogenesis but not during the latent phase (1 week;
Fig. 2B). To determine whether CI activity is inhibited within
neuron-enriched synaptic region of the hippocampus, synapto-
somes were isolated from saline- and KA-treated rats after 48 h.
Results indicated that CI activity was significantly decreased in
synaptosomes after KA treatment (Ctl = 203 = 6.804 and KA =
168.0 = 4.429 U/min/mg protein, n = 4-5, p = 0.0037, Student’s
t test). A separate study was conducted to determine whether CI
activity was altered in cortex and cerebellum in addition to the
hippocampus so as to determine regional specificity of seizure-
induced oxidative damage in the KA model. Comparison of
hippocampus, cortex, and cerebellum revealed statistically signif-
icant decrease of CI activity in the hippocampus, but not cortex
or cerebellum of rats treated with KA for 48 h (Cortex Ctl =
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Elevation of carbonylated mitochondrial proteins observed in KA-treated rats at 48 h and 6 week time points during epileptogenesis. 4, Thirty micrograms of protein from saline (Ctl),

48h, 1week, and 6 week KA-treated rats were assessed for carbonylation via the biotin-hydrazide method and detected by Western blot analysis; n = 3. Band intensity correlates with carbonylated
proteins in isolated crude mitochondria. B, Quantification of carbonylated proteins using NIH ImageJ 1.44 analysis software. ***p < 0.001, one-way ANOVA with Dunnett’s post hoc test. C, In a
separate study, 10 g protein from saline (Ctl), 48 h KA-treated, and 48 h KA-treated NS rats that did not meet criteria for SE (designated as no-status or NS) were assessed for carbonylation via the
biotin-hydrazide method and detected by Western blot analysis; n = 3. D, Quantification of carbonylated proteins using NIH ImageJ 1.4 analysis software. ***p << 0.001, one-way ANOVA with
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Figure2. Increased carbonylated protein in Cl subunits and concomitant decreases in activ-

ity at 48 h and 6 week time points during epileptogenesis. A, Representative blot (focusing on
the 75 kDa region of (1) of 20 g Cl protein immunoprecipitated from saline (Ctl), 48 h, 1 week,
and 6 week KA-treated rats was assessed for carbonylation via the biotin-hydrazide method and
detected by Western blot analysis; n = 3. B, Cl activity measured spectrophotometrically in 100
g mitochondria isolated from rat hippocampus, n = 6 —10. *p =< 0.05; **p < 0.01, one-way
ANOVA with Dunnett's post hoc test.

79.03 * 9.474 and KA = 96.07 = 12.32; Cerebellum Ctl =
144.9 * 4.542 and KA = 160.8 * 19.24 U/min/mg protein, n =
3). Previous work in our laboratory showed that mitochondrial
complex IT and III activities do not significantly change in the KA
model of epileptogenesis (S. Jarrett and M. Patel, unpublished
observations). Additionally, analysis of complex IV activity 48 h,
1 week, and 6 weeks indicated no significant change in response
to KA-induced epileptogenesis (Ctl = 74.38 * 4.636, 48 h; KA =
65.76 = 4.414, 1 week KA = 70.4 = 2.849, 6 week KA = 63.64 *
7.9 U/min/mg protein; p > 0.05, n = 3-5/group). This suggests
that neuronal loss per se does not contribute to CI inhibition.
Thus, specific decreases of CI activity occur during periods of

carbonyl adduct formation in hippocampal mitochondria during
epileptogenesis.

Isolation and identification of the 75 kDa subunit of CI

The 75 kDa subunit of CI was chosen as a potential site of car-
bonylation, since it is the largest subunit within the hydrophilic
domain of CI and has previously been shown to be carbonylated
in resected brain tissue from PD patients with CI deficiency
(Keeney et al., 2006). Before focusing on the 75 kDa subunit, we
first sought to improve CI subunit isolation and separation meth-
ods from crude mitochondrial preparations in saline and KA-
treated rats. We were able to reliably immunoprecipitate 30 g of
total CI protein and separate the subunits by SDS-PAGE. Evalu-
ation of Coomassie-stained bands revealed no overt decreases in
CI protein subunits between control and experimental groups
(Fig. 3A). Initially, our goal was to identify as many CI subunits
with a PMF strategy by MALDI TOF MS. Fifty percent of CI
subunits were consistently identified using this technique, in-
cluding the 75 kDa subunit which corresponds to Band 1 in
Figure 3B.

Carbonylation (MCO) of Arg76 to GSA76 on the 75 kDa
subunit during epileptogenesis

QTOF MS with electrospray ionization was used to increase
total sequence coverage of the 75 kDa subunit from 45%, with
MALDI TOF MS, to 62%, which provided enhanced ability to
measure oxidative modifications of peptides in KA-treated
rats. Analysis of the MS data for the oxidation of the 75 kDa
subunit in hippocampi of saline or KA-treated rats during
acute, latent, and chronic phases of epileptogenesis revealed a
specific type of carbonylation classified as MCO. MCO is typ-
ically generated in the presence of oxidative stress and in-
creased chelatable metals such as iron. MCO primarily occurs
on lysine (K) and arginine (R) protein residues, converting
them to aminoadipic semialdehyde and GSA chemical modi-
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fication products (Amici et al., 1989). A
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Our data indicate that Arg76 is con-
verted to GSA76 within the 75 kDa sub-
unit 100% of the time at acute and
chronic stages of epileptogenesis. This
specific modification and location was
observed on the peptide, (R)LS-
VAGNCRMCLVEIEK(A), as shown in
Table 1. Criteria for validating MS data
with SpectraMill analysis software in-
cluded amino acid percentage coverage

>30%, SPI >60%, a quantitative match kDa ctl
between mass to charge ratio (m/z), and
the expected mass based on singly pro- Figure3.

tonated ions (MH+), all of which are
shown in Table 1. In addition, a visual
inspection of MS and MS/MS spectra
was conducted (data not shown).
GSA76 was observed only 25% of the
time during the latent period, which is consistent with slight
increases in mitochondrial carbonylation at 1 week (Fig. 1).
Control animals did not have the GSA76 modification al-
though the peptide was present. It should be noted that pro-
tein sequence coverage was similar between saline and
experimental groups (data not shown). These data parallel
mitochondrial carbonylation and CI inhibition data, indicat-
ing that MCO of Arg76 to GSA76 may have a functional im-
pact on CI during epileptogenesis.

Functional consequences of carbonylation on the 75 kDa
subunit during epileptogenesis

To determine the role of Arg76 in normal CI function we first
examined the evolutionary conservation of this residue via a mul-
tiple sequence alignment between the 75 kDa subunit amino acid
sequences of bacteria (T. thermophilus), mouse (Mus musculus),
rat (Rattus norvegicus), cow (Bos taurus), and human (Homo sa-
piens) (Fig. 4A). Arg76, which corresponds to Arg44 in the bac-
terial sequence, is 100% conserved across all species examined,
suggesting the importance of this residue to the proper function
of CI. To assess functional consequences of formation of a GSA at
this position during epileptogenesis we constructed homology
models of the individual subunits comprising the rat CI hydro-
philic domain based on the bacterial crystal structure template
from T. thermophilus (Fig. 4 B). The individual homology models
of the rat CI hydrophilic subunits were assembled into their ter-
tiary form by molecular overlay with the bacterial crystal struc-
ture (Fig. 4C). Sequence alignments of the hydrophilic subunits
of CI between bacterial and rat species revealed an overall 48%
sequence similarity among the entire hydrophilic domain of CI,
while the 75 kDa subunit alone exhibited a 43% similarity be-
tween the two species. The alignment between the bacterial and
rat CI indicated that Arg44 is the bacterial ortholog of Arg76 in
the rat 75 kDa sequence. Both Arg44 in the crystal structure and
Arg76 in our homology model are solvent-accessible residues
located at the interaction interface between the 75 and 51 kDa
subunits, in close proximity to the NADH binding site and the
first Fe-S center involved in electron transfer (Fig. 4B,C). To
examine the predicted alterations in the protein conformation
of the complex in response to the GSA modification, the WT-
and GSA-modified crystal structures of CI from T. thermophi-
lus (3IAM) were subjected to energy minimization using the
generalized Born implicit solvent model. The modification
induced little change in the conformation of the 75 kDa sub-

B
Identified Cl subunit
kDa Band
75 1
———- 2
51,49 3
49 4
42 5
= :
39 7
24 8
30, 23,18 9
22,22,20 10
20, 18,15 1
. 15, 14.5,14.5, 14,13 12
48 hr 1 wk 6 wk 13,10.5,9 13
Kainate Kainate Kainate - 14

Isolation and identification of Cl subunits by MS. 4, Representative Coomassie stained gel of I subunitsisolated from
saline (Ctl) and KA-treated rats 48 h, 1 week, and 6 week post-KA injection; n = 4. Numbers 1-14 indicate band removal for PMF
protein identification with MALDI TOF MS. B, Fifty percent of CI subunits were identified including the 75 kDa subunit (75)
corresponding to Band 1. Additional I subunits identified by molecular weight correspond to Bands 2—14.

unit within the complex but resulted in substantial predicted
shifts in the positions of residues Ile394-Ala405 and His350-
Arg360 of the 51 kDa subunit (Fig. 4D). Additionally, the
proximal Fe-S center was observed to shift position away from
the NADH binding site (Fig. 4 D). The modification-induced
changes in protein conformation of the 51 kDa subunit were
sufficient to significantly impair the predicted interaction be-
tween the 75 and 51 kDa subunits by 15% (p = 0.047) (Fig.
4E). Compared with the WT structure (Fig. 5A), the interface
of the GSA-modified 75 kDa subunit involved in the interac-
tion with the 51 kDa subunit also exhibited substantial pre-
dicted changes in molecular surface topology, as well as
interpolated surface charge at the Arg site from positive (blue)
to negative (red) (Fig. 5B).Together, these data demonstrate
that specific MCO-induced carbonylation of Arg76 has the
capacity to alter CI protein structure and function during
acute and chronic stages of epileptogenesis.

Discussion

This study demonstrates for the first time an oxidative PTM of
CI, an important component of the mitochondrial ETC complex,
in epileptogenesis. The data support the conclusion that oxida-
tive modification via carbonylation of the 75 kDa subunit of CI
occurs in a biphasic manner during epileptogenesis, coincident
with carbonylation of mitochondrial proteins and inhibition of
CI activity. The nature of the post-translational oxidative modi-
fication was identified as a specific metal catalyzed carbonylation
of the 75 kDa subunit, converting Arg76 to GSA76. Our molec-
ular modeling studies indicate that carbonylation of the 75 kDa is
predicted to alter its surface structure and charge at the interac-
tion interface within the CI active site, its interaction with the 51
kDa subunit of CI, and the position of nearby Fe-S centers prox-
imal to the CI active site, which can impair electron transfer from
NADH to the proximal Fe-S center, and thus CI function. Col-
lectively these data identify a post-translational oxidative lesion
on Arg76 in an important subunit of mitochondrial CI during
epileptogenesis.

Previous work has demonstrated increased mitochondrial
ROS production during the acute and chronic phases of epilep-
togenesis (Jarrett et al., 2008; Waldbaum et al., 2010). Here we
demonstrate a specific ROS-mediated oxidative PTM in the 75
kDa subunit of CI during the acute and chronic phases of epilepsy
development, which can impair mitochondrial function during
epileptogenesis. The significance of carbonylation and inhibition
of Cl is twofold. First, Cl is not only a target of oxidative stress via
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Table 1. Mass spectrometry identification of carbonylation on the 75 kDa subunit

J. Neurosci., August 15,2012 - 32(33):11250—11258 * 11255

AA# AA % coverage SP1% Peptide sequence Modification m/z (Da) measured MH-+ (Da) matched
Control 69 43 83.1 (R)LSVAGNCRmCLVEIEK(A) [100% ] m-0xidized methionine 594.2989 1780.8803
48 h KA 69 55 712 (R)LSVAGNcrMCLVEIEK(A) [ 100%] c-Carbamidomethyl; r-GSA 593.6242 1778.8673
1week KA 69 48 8.1 (R)LSVAGNCRMCLVEIEK(A) [ 75%] m-Oxidized methionine 594.2989 1780.8803
1 week KA 69 38 64.3 (R)LSVAGNCrMCLVEIEK(A) [25%] c-Carbamidomethyl; r-GSA 593.623 1778.8682
6 week KA 69 62 84 (R)LSVAGNcrMCLVEIEK(A) [ 100% c-Carbamidomethyl; r-GSA 593.6244 1778.8674

A GSA (carbonylation) PTM was identified by QTOF MS analysis on a single peptide, (R)LSVAGNCRMCLVEIEK(A), at arginine (r) 76. This modification occurred 100% of the time at 48 h, 25% at 1 week, and 100% at 6 week during
epileptogenesis; n = 4 rats/group. AA = amino acid; Da, Dalton; KA, kainate; MH+ = expected protonated ions; m/z = mass to charge ratio; SPI = spectral peak intensity.

A -

thermophilus 32 - FCSEKHLSPIGACRMCLVRI - 52

Mus musculus 62 - FCYHERLSVAGNC|IRMCLVEI - 82
Rattus norvegicus 62 - FCYHERLSVAGNC|IR[MCLVEI - 82
Bos taurus 62 - FCYHERLSVAGNC|IRMCLVEI - 82

Homo sapiens 62 - FCYHERLSVAGNCIRMCLVEI - 82

Figure 4.
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Location of the GSA-modified residue and the predicted modification-induced alterations in protein conformation and interaction energy. 4, Multiple sequence alignment

between bacteria (T. thermophilus), mouse (M. musculus), rat (R. norvegicus), cow (B. taurus), and human (H. sapiens) to show 100% conservation of arginine across multiple species. B,
Crystal structure of the hydrophilic domain of Cl from T. thermophilus (PDB ID: 31AM). C, Protein homology model of the rat ortholog constructed using 3I1AM as a template. The modified
residue is depicted as orange spheres with bound NADH in red and the individual Cl subunits colored as follows: 75 kDa, purple; 51kDa, green; 24 kDa, maroon; 49 kDa, light blue; 30 kDa,
dark blue; TYKY, pink; and PSST, yellow. Insets, Close-ups of the NADH bindingssite, the initial Fe-S center involved in electron transfer (purple and yellow sticks), and Arg44/Arg76 (orange
spheres). D, Overlay of minimized WT and GSA-modified 31AM structures. WT 51 and 75 kDa subunits are light green and light purple; the structures of the modified 51and 75 kDa subunits
are dark green and dark purple. NADH, the first Fe-S center, and the GSA-modified residue are colored orange for the WT structure and cyan for the modified. Predicted conformational
changes observed in the 51 kDa subunitin response to the modification are colored red. E, Predicted energy of interaction between the 51and 75 kDa subunits of the WT and the modified

(GSA) structures. *p << 0.05 with Student’s t test.

PTMs, but it is also a source of superoxide production when
inhibited, generating excess reactive species and further mito-
chondrial and cellular damage (Kudin et al., 2004; Fato et al.,
2008; Hirst, 2010; Murphy, 2009). Therefore, CI may be both a
source and target of ROS creating a vicious cycle in which seizures
result in ROS production leading to oxidative inactivation of CI,

which in turn results in increased superoxide formation. Second,
specific CI deficiency has been observed in tissue resected from
TLE patients (Kunz et al., 2000), but the mechanism by which CI
inhibition occurred was unknown. In the latter study, reduction
in CI activity was postulated to occur due to decreases in mito-
chondrial DNA copy number and a concomitant downregula-
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Figure 5.  Predicted structural and surface charge alterations to the interaction interface
of the 75 kDa subunit in response to carbonylation of Arg44. 4, B, Molecular surface represen-
tation of the interaction interface of the 75 kDa subunit from the energy minimized crystal
structure of T. thermaphilus of the WT (4) and GSA-modified form (B). Interpolated surface
charge is indicated as a range from positive (blue) to neutral (white) to negative (red). The
asterisks denote the positions of Argd4 and the GSA-modified form.

tion of oxidative phosphorylation enzymes encoded by
mitochondrial DNA. Our data in the KA model of TLE provides
a potential mechanism for the loss of CI activity through PTM of
the enzyme by ROS. The biphasic occurrence of CI modification
during the acute and chronic phases of KA-induced epileptogen-
esis, but not the latent period, is consistent with the time course of
increased mitochondrial H,O, production observed previously
(Jarrett et al., 2008; Waldbaum et al., 2010) and with carbonyla-
tion of mitochondrial proteins (Fig. 1) in the hippocampus. The
absence of mitochondrial carbonylation in rats unresponsive to
KA indicates that mitochondrial oxidative damage is a conse-
quence of seizure activity rather than KA exposure per se. To date,
CI modification by glutathionylation, nitrosylation, and car-
bonylation has been suggested to inhibit function of the enzyme
(Taylor et al., 2003; Dahm et al., 2006; Andreazza et al., 2010). In
this study, we report the evidence that carbonylation is the cause
of CI inhibition during epileptogenesis. In contrast with gluta-
thionylation and nitrosylation, which are reversible modifica-
tions, carbonylation is a covalent oxidative modification and is
therefore capable of permanently damaging the protein. As pre-
viously noted, CI carbonylation has been observed in tissue re-
sected from PD patients (Keeney et al., 2006) and the pattern of
subunit oxidation was similar to studies using rotenone to phar-
macologically block CI function. The latter study suggested that
only ROS generated from internal CI inhibition could create this
pattern of CI carbonylation and proposed the significance of CI
modifications during disease states. However, the specific loca-
tion and type of carbonylation was not identified. Protein-
specific carbonyl adducts are difficult to detect in vivo due to their
low abundance, turnover, and loss during sample preparation

Ryan et al. @ Complex | Carbonylation in Epileptogenesis

and analysis (Berlett and Stadtman, 1997; Fritz and Petersen,
2011; Moller et al., 2011). Furthermore, endogenous carbonyla-
tion to mitochondrial ETC complexes has been reported and
highlights the importance of distinguishing between disease-state
modifications versus those resulting from normal ROS produc-
tion (Choksi et al., 2004).

This study suggests that the mechanism for CI dysfunction
is potentially due to specific MCO of Arg76 to a GSA76 in the
75 kDa subunit. MCO is a major route for protein carbonyl
formation in biological samples and can yield highly reactive
carbonyl derivatives (i.e., GSA products), which can nega-
tively impact protein function, turnover, or DNA binding (Re-
quena et al., 2001). Although MCO may not be the most
common type of carbonyl addition in vivo, the probability of
its identification in this study is elevated due to our previous
reports that mitochondrial Fenton reactants, H,0, and Fe**,
are increased in the KA model (Jarrett et al., 2008; Liang et al.,
2008). These data suggest that MCO products may exist in
other neurological conditions with increased mitochondrial
oxidative stress and elevated redox active chelatable metals
such as PD (Gerlach et al., 1994; Liang and Patel, 2004; Lee and
Andersen, 2010).

The location of GSA76 is also a critical component for under-
standing the mechanism of CI inhibition by MCO. The structure
of CI implies that the catalytic center is relatively shielded from
ROS and the majority of PTMs occur on exposed surfaces of
subunits within the hydrophilic arm of the complex (Murphy,
2009). Molecular modeling of the hydrophilic arm of CI in rat
shows that Arg76 (or GSA76) is uniquely situated near the N
terminus of the 75 kDa subunit; this location is not only close to
the active site, it is also surface exposed, increasing the probability
for its modification. Sequence alignments of the 75 kDa subunit
between bacteria, mouse, rat, cow, and human species show that
this arginine and its flanking amino acids are 100% conserved,
indicating both the importance of this region to CI function and
its potential to be modified in multiple species during oxidative
stress. A reactive GSA product near the active site of CI (1)
changed the spatial orientation of the adjacent 51 kDa subunit
containing the NADH binding site and (2) changed the position
of the proximal Fe-S, which may impact electron transfer. The
modified Arg76 residue is located in close proximity to the
NADH binding site; however, the modification had no effect on
the predicted binding of NADH (data not shown), suggesting
that the observed decrease in in vivo activity is not due to altered
affinity for NADH. Given the substantial predicted changes to the
protein surface topology and charge in response to formation of
the GSA modification, it is not surprising that the modification is
also predicted to significantly impair the interaction between the
51 and 75 kDa subunits. While this does not necessarily suggest
that the two subunits are dissociated as a result of modification,
results may indicate a decrease in the cohesiveness of the active
site that may lower CI activity without altering the affinity for
NADH per se. Interestingly, the modification induced a pre-
dicted shift in the position of the Fe-S center involved in the
initial electron transfer from NADH that resulted in an increase
in the distance between the two molecules. This suggests the pos-
sibility that the changes in activity in response to the modification
may be due to impairment of the initial transfer of electrons from
NADH to the Fe-S center.

While we chose to focus our efforts on the 75 kDa subunit due
to its location within the mitochondrial matrix (i.e., close prox-
imity to reactive species), its well documented capacity for PTM,
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and its critical role in the CI active site (Hirst et al., 2003), it is
likely that additional CI subunits are carbonylated. In addition,
our increased detection of total carbonylated mitochondrial pro-
teins does not indicate that all modifications are necessarily the
result of MCO. Biotin-hydrazide, which was used to detect car-
bonylated proteins, can label various aldehyde and ketone car-
bonyl groups that may be the products of diverse oxidative
reactions. We recognize that the discovery of adducts can be dif-
ficult in vivo and determination of all PTMs of the CI subunits
during epileptogenesis may require more sophisticated detection
techniques.

In summary, we have shown that MCO within the CI active
site is occurring during epileptogenesis. Persistent CI inhibition
during the chronic phase of epileptogenesis can ultimately inhibit
mitochondrial ATP production leading to a bioenergetic crisis.
Multiple studies have shown sensitivity of ETC complexes to ox-
idative stress (Zhang et al., 1990; Cadenas and Davies, 2000). ATP
depletion can affect various cellular functions, including neuro-
nal excitability, by interfering with ATP-dependent ion channels
that maintain neuronal membrane potential leading to chronic
mitochondrial dysfunction (Jamme et al., 1995; Nicholls and
Ward, 2000; Fighera et al., 2006). These observations suggest that
oxidative damage and CI carbonylation may have a mechanistic
role in epileptogenesis be a future therapeutic target for the pre-
vention of acquired epilepsies.
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