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Abstract

C. elegans affords a model of primary mitochondrial dysfunction that provides insight into cellular
adaptations which accompany mutations in nuclear gene that encode mitochondrial proteins. To this
end, we characterized genome-wide expression profiles of C. elegans strains with mutations in
nuclear-encoded subunits of respiratory chain complexes. Our goal was to detect concordant changes
among clusters of genes that comprise defined metabolic pathways. Results indicate that respiratory
chain mutants significantly upregulate a variety of basic cellular metabolic pathways involved in
carbohydrate, amino acid, and fatty acid metabolism, as well as cellular defense pathways such as
the metabolism of P450 and glutathione. To further confirm and extend expression analysis findings,
quantitation of whole worm free amino acid levels was performed in C. elegans mitochondrial
mutants for subunits of complexes I, I, and I11. Significant differences were seen for 13 of 16 amino
acid levels in complex | mutants compared with controls, as well as overarching similarities among
profiles of complex I, 11, and 111 mutants compared with controls. The specific pattern of amino acid
alterations observed provides novel evidence to suggest that an increase in glutamate-linked
transamination reactions caused by the failure of NAD* dependent oxidation of ketoacids occurs in
primary mitochondrial respiratory chain mutants. Recognition of consistent alterations among
patterns of nuclear gene expression for multiple biochemical pathways and in quantitative amino
acid profiles in a translational genetic model of mitochondrial dysfunction allows insight into the
complex pathogenesis underlying primary mitochondrial disease. Such knowledge may enable the
development of a metabolomic profiling diagnostic tool applicable to human mitochondrial disease.
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INTRODUCTION

Primary mitochondrial respiratory chain disease manifests clinically with an extensive array
of multi-system findings characterized by impaired energy metabolism [1]. As a group,
mitochondrial diseases constitute the largest cohort of inborn errors of metabolism, affecting
anestimated 1 in 5,000 individuals across a lifetime [2]. Unfortunately, diagnosis often remains
elusive for these heterogeneous disorders which result from mutations in either nuclear or
mitochondrial DNA. Diagnostic uncertainty is rooted in the absence of a single biomarker
which can adequately support or refute the possibility of mitochondrial disease for all patients
[1]. Thus, establishing the diagnosis of mitochondrial disease presents a considerable challenge
for the clinical specialists to whom suspected patients are referred[3,4].

Many challenges inherent in studying the pathogenesis of mitochondrial dysfunction in humans
can be approached through exploitation of the extensive evolutionary conservation of
mitochondrial proteins. C. elegans is a free-living, millimeter long, aerobic, self-fertilizing
hermaphroditic nematode in which individual respiratory chain subunits share extensive
homology to those comprising the human mitochondrial respiratory chain (eg, on the order of
40% to 99% protein identity among >82% of the nuclear encoded subunits of complex | alone)
[5]. Adult C. elegans are comprised of 959 somatic cells primarily organized into muscle,
nervous system, gastrointestinal system, reproductive system, and cuticle[6]. C. elegans’ 3-
day developmental cycle, 2-week lifespan, and ~300 isogenic offspring permits the rapid,
economical study of large quantities of genetically identical animals. The genome of the
nematode is fully sequenced and the expressed worm proteome shares greater than 83%
identifiable homology with human genes[7]. The role of many nuclear DNA-encoded
mitochondrial proteins can be studied by analyzing single gene mutants. Indeed, several well-
characterized mutants exist in genes encoding structural subunits of complexes I, I1, and 111 of
the mitochondrial respiratory chain[8-10]. Additional hypomorphic mutants in the remaining
nuclear encoded subunits can be generated using RNA interference (RNAI) technology[11].
In this manner, the impact of specific gene mutations on mitochondrial function, other specific
cellular functions, as well as whole animal behavior can be systematically analyzed [12]. Thus,
C. elegans is a powerful translational model for human mitochondrial disease.

We hypothesized that primary mitochondrial disease alters expression of functional sets of
nuclear genes, representing cellular adaptation to mitochondrial dysfunction. Recognition of
these adaptive changes provides insight into underlying disease mechanisms and constitutes a
signature metabolic profile with the potential to guide the molecular diagnosis of mitochondrial
disease. Here, we present results of genome-wide metabolic pathway expression profiling of
both classic and RNAI C. elegans mutants in various nuclear-encoded structural subunits of
respiratory chain complexes I, 11, and 111. Alterations in expression of amino acid metabolism
pathways were independently confirmed by whole animal free amino acid quantitative
profiling in the classic mutants. Our results indicate that primary mitochondrial disease is
associated with gene expression alterations interpretable at the level of multiple metabolic
pathways. Specific pathways that were significantly upregulated in primary mitochondrial
respiratory chain disease include those involved in oxidative phosphorylation, the tricarboxylic
acid cycle, basic cell metabolism pathways of carbohydrate, amino acid, and fatty acid
metabolism, and cellular defense pathways, including the metabolism of cytochrome P450 and
glutathione. Furthermore, novel evidence is provided by means of quantitative free amino acid
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profiling to suggest that an increase in glutamate-linked transamination reactions occurs in
primary mitochondrial respiratory chain mutants, consistent with their apparent failure to
oxidize ketoacids.

MATERIAL AND METHODS

Nematode Strains

All C. elegans strains were obtained from the Caenorhabditis Genetics Center (Minneapolis,
MN). Strains selected for expression profiling and/or amino acid quantitation analyses are
described in Table 1. We studied three classical mutant alleles which act as recessive
hypomorphic mutations affecting three different complexes of the mitochondrial respiratory
chain. These were gas-1(fc21), a missense mutation in the 49 kDa subunit of complex I; mev-1
(kn1), a missense mutation in the SDHC subunit of complex II; and isp-1(gm150), a missense
mutation in the Rieske iron sulfur protein subunit of complex IlI. In addition, we studied 5
RNA. induced hypomorphic mutants in complex |, as detailed in Table 1.

Nematode Culture Conditions

Liquid culture growth with sucrose gradient centrifugation to enrich for adult stage animals
was used to obtain gram quantities of synchronous C. elegans adults from which sufficient
mitochondria could be isolated for polarographic analysis of integrated respiratory function
[12,13]. Aliquots of these worms were concurrently allotted for either mitochondrial isolation
for functional assessment, total RNA isolation for use in the validation microarray dataset, or
amino acid analyses of large worm quantities (i.e., ~1 x 108 worms), as detailed below.
Specifically, validation microarray analysis which utilized classic mutant strains were grown
in liquid culture with K12 E. coli in 20°C at 220 rpm (126 Incubated Shaker Series, New
Brunswick Scientific Co., Inc, Edison, NJ), as previously described[10,12]. RNAi-generated
complex I subunit mutants for validation microarray analysis were similarly handled except
for exposure to gene-specific RNAI bacterial clones obtained from a publicly available library
(MRC GeneService, Ltd, UK) and grown in the presence of 5 mM IPTG, per standard RNAI
feeding protocol[12,14,15]. RNAI bacterial clones were sequence verified by standard
techniques using universal primer TL118 (GAGTCAGTGAGCGAGGAAGC). Nematodes
were grown for 3 generations on RNAI bacterial clones prior to harvest for study.

Worms for microarray analysis in the initial dataset (N2 and gas-(fc21) and for whole worm
amino acid profiling (N2, gas-1(fc21), mev-1(knl), isp-1(qm150)) were grown on nematode
growth media (NGM) agar plates in an effort to precisely synchronize adult stage and minimize
potential stress responses which might impact cellular defense expression pathways[10,16].
Synchrony was obtained by bleaching gravid adults, plating the recovered eggs on unspread
NGM plates overnight, and then transferring L1-stage arrested animals to NGM plates spread
with standard OP50 E. coli. Animals were grown at 20°C until adulthood, as defined by the
first day in which laid eggs were present. Each strain was then washed off plates with sterile
water into 15 ml polypropylene tubes, washed twice at room temperature in 10 ml sterile water
to remove bacteria, and sorted within one hour of washing based on time of flight and size
gating using an automated sorter (COPAS Biosort, Union Biometrica, Somerville, MA
courtesy of Todd Lamitina, PhD, University of Pennsylvania, Philadelphia, PA). Biological
replicates of 500 to 1,000 living, adult worms were sorted in sterile water directly into 1.5 mi
polypropylene tubes and handled immediately, as below, for either RNA isolation or amino
acid analysis.

Total RNA Isolation

Standard precautions were followed to avoid contamination or degradation of RNA samples
[17]. Trizol reagent (Invitrogen Corporation, Carlsbad, CA) was used to extract RNA from
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approximately 0.2-2.0 g of C. elegans whole worms grown in liquid culture, per kit directions.
Total RNA from sorted aliquots of worms grown on plates from bleached eggs was obtained
using a modified mini-Trizol protocol (courtesy of Todd Lamitina, PhD, University of
Pennsylvania, Philadelphia, PA). Specifically, 500 to 1,000 adult worms were sorted in 1 ul
water droplets per worm into 1.5 ml tubes and microfuged briefly. Supernatant was aspirated
to leave 100 ul water, 400 ul Trizol reagent was added, and the tube was vortexed x 2 minutes
at room temperature. Tubes were placed in a Pappacooler (Tritech research, Willoughby, OH)
and frozen in —80°C. Tubes were freeze-thawed twice at 37°C x 10 minutes followed by —80°
C x 10 minutes. Each sample was subsequently treated per standard protocol involving 200 ul
of Trizol, 140 ul chloroform, and 70% ethanol precipitation (Invitrogen Corporation, Carlsbad,
CA). Samples were purified in Qiagen RNeasy spin columns (Qiagen, Inc., Valencia, CA), per
package directions.

The concentration and dissolution of RNA was determined spectrophotometrically at 230 nm,
260 nm, and 280 nm wavelengths (Biomate 3 spectrophotometer, Thermoelectron Corp,
Madison, WI and/or Nanodrop ND-100 Spectrophotometer v3.1.2, NanoDrop Technologies,
Inc., Wilmington, DE). Only RNA samples with both 260/230 and 260/280 ratios > 1.8 were
used in further analyses. Each RNA sample analyzed by Biomate 3 spectrophotometer was run
on a 1.2% agarose gel to check for purity and degradation. All RNA samples were analyzed
by Agilent Bioanalyzer prior to utilization in Affymetrix microarray experiments (Affymetrix
Core Facility, Ireland Cancer Center, University Hospitals of Cleveland, Cleveland, OH and
Nucleic Acid and Protein Core Facility, The Children’s Hospital of Philadelphia, Philadelphia,
PA).

Confirmation of RNAi-induced gene knockdown

cDNA was prepared from total RNA samples that were DNAse-treated (Roche Diagnostics,

Indianapolis, IN), purified with RNeasy MinElute Cleanup Kit (Qiagen, Inc., Valencia, CA),
eluted with RNase/DNase-free water, and reverse transcribed with SuperScript™ Il RNase H-
Reverse Transciptase, per kit directions (Invitrogen Corporation, Carlsbad, CA).

Amplicon and primer design for singleplex assays were performed per the Real-Time PCR
Applications Guide (Bio-Rad Laboratories, Inc., Hercules, CA). Gene-specific primers were
designed using www.wormbase.org and Primer3 software (Sigma Genosys, The Woodlands,
TX), and optimized for annealing temperature. Real time gPCR reactions were performed using
iQ™ SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA), Chromo4 Continuous
Fluorescence Detector, and Opticon Monitor 3.1.32 Software (Bio-Rad Laboratories, Inc.,
Hercules, CA). The cDNA calibrator originated from wildtype (N2) C. elegans grown on
HT115 (DE3) E. coli. cDNA test samples originated from C. elegans RNAi-induced single
gene mutants corresponding to the specific RNAI bacterial strain used to generate each
hypomorphic mutant (Table 1). The reference gene used was T04C12.4 (actin), selected based
on its unchanging expression profile on C. elegans genome-wide expression array analysis in
N2 and several mitochondrial mutant animals (unpublished results). gPCR data analysis was
performed by relative quantification per the Livak method, where a 2-AACT value < 1 indicated
a fold-decrease, > 1 indicated a fold-increase, and = 1 indicated no change in gene expression
[18].

Microarray Preparation and Analysis

The GeneChip C. elegans genome array was utilized for expression microarray analysis.
(Affymetrix, Inc, Santa Clara, CA). The initial microarray dataset was comprised of 10 arrays,
consisting of RNA obtained from 5 biological replicates of the gas-1(fc21) mutant in the
complex I NDUFS2 subunit homologue, and 5 biological replicates of N2 grown on OP50 E.
coli as the wildtype C. elegans control. RNA was prepared from synchronous populations of
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1,000 adults grown at 20°C on NGM plates and sorted, as above. Affymetrix probe-level data
was normalized and summarized in dChip using PM-only model to obtain a single log,-
transformed intensity value per probe set per array
(http://biosunl.harvard.edu/complab/dchip). Statistical analysis was performed in R version
2.4.0 using a nested 2-way ANOVA to establish a p-value based gene ranking which was then
used in gene set enrichment analysis (GSEA) for cluster analysis (GSEA v.2.0, Broad Institute,
Cambridge, MA)[19]. ANOVA was chosen to control for possible batch effects related to
different days of RNA preparation and nested in the N2 and gas-1(fc21) sample groups.
Clusters were designed to represent C. elegans genesets relevant to human metabolic pathways.
Genesets were curated from biochemical pathway data publicly available from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (www.genome.jp/kegg); cluster composition
for the 105 KEGG pathways studied is described in the Supplementary Data File. Analyses
using KEGG pathway clusters in GSEA were based on establishing two phenotypic groupings
(eg, complex | mutant vs. wildtype). Only KEGG pathways containing at least 5 transcripts
were included in GSEA analysis.

An independent microarray dataset was prepared for purposes of validation to determine if
consistent expression profile patterns were present in mitochondrial dysfunction regardless of
individual complex or subunit cause. To minimize possible contributions from intra-strain
variation, total RNA isolated from 3 biological replicates of a given mutant strain grown in
liquid culture was pooled to hybridize to a single GeneChip C. elegans genome array. 10 arrays
in total comprised the validation dataset, including N2 grown on K12 E. coli (as a control for
missense mutants), N2 grown on HT115 E. coli (as a control for RNAi-generated mutants),
and 8 nuclear DNA-encoded mitochondrial respiratory chain subunit mutants (3 missense and
5 RNAI-induced) in complexes I, 11, or 111, as detailed in Table 1. This validation dataset was
processed in asimilar fashion as the original. GSEA analysis was alternatively performed using
different phenotypic groupings, including complex | mutants vs. wildtype, complex | mutants
vs. complex Il + I1I mutants, and all mitochondrial mutants vs. wildtype (see Supplemental
Data File).

Whole Worm Free Amino Acid Quantitation

Whole worm free amino acid levels were measured in small aliquots of (a) wildtype C.
elegans (N2); (b) a complex | mutant (gas-1 (fc21))[10]; (c) a complex Il mutant (mev-1
(kn1))[9]; and (d) a complex Il mutant (isp-1(gm150))[8]. Worms were grown synchronously
on NGM agar plates, as described above, and then sorted in aliquots of 500 or 1,000 adult
worms directly into 1.5 ml polypropylene tubes. After worms settled by gravity at room
temperature for ~15-30 minutes, the supernatant was removed to leave a worm pellet in ~200
ul water. The total volume of each tube was adjusted to 1 ml with sterile water. Gram quantity
worm aliquots grown in liquid culture (as above) were also prepared for N2 and gas-1(fc21)
for purposes of assessing amino acids present in low concentration, such as GABA. Worm
pellets were extracted with a solution of 9% perchloric acid using e-aminocaproic acid (16.7
umol/L) as an internal standard. Samples were then sonicated for 60 seconds at room
temperature on a continuous setting at 2 of 10 (Sonic Dismembrator MDL100, Fisher,
Pittsburgh, PA). Protein concentration was determined with the Coomassie Plus reagent
(Pierce, Rockford, IL). Amino acid quantitation was performed by high performance liquid
chromatography (HPLC) (Varian, Palo Alto, CA) using precolumn derivatization with o-
phthalaldehyde and fluorescent detection[20]. Raw values were normalized to total worm
number and to total protein concentration. Means were compared with a Student’s t-test. The
fold change of ASP, LEU, VAL, ALA, and GLY relative to GLU was calculated by first
normalizing the mean value for all biological replicates in a given mutant strain of each amino
acid relative to glutamate, divided by the mean of all N2 replicates of each amino acid
normalized to glutamate.
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Expression profiling of C. elegans mitochondrial mutants identified multiple alterations in
diverse biochemical pathways in comparison with wildtype controls. Table 2 catalogues 29 of
the 86 KEGG pathways analyzed in GSEA that were concordantly upregulated in the gas-1
(fc21) complex | mutant in the initial dataset compared with wildtype. 18 of these 29 pathways
were also upregulated in complex | mutants in a second, independent dataset when GSEA
analysis of KEGG pathways was performed to compare gas-1(fc21) and 5 RNAi-induced
complex I subunit mutants with wildtype (Table 2, “validation set”). Essential biochemical
pathways upregulated in the complex | mutants include oxidative phosphorylation, pyruvate
metabolism, glycolysis, the tricarboxylic acid (TCA) cycle, and pathways of amino acid,
carbohydrate, fatty acid, and ketone metabolism. In addition, several cellular defense pathways
are upregulated, including the metabolism of cytochrome P450 and glutathione. Figure 1
provides a representative example of GSEA data output for a given pathway for the TCA cycle,
highlighted for both its statistically significant upregulation in the complex | mutants and its
centrality to intermediary metabolism as an immediate precursor to the respiratory chain. Of
note, expression of the individual genes encoding the TCA cycle enzymes do not reach a 2-
fold level of alteration in the gas-1(fc21) mutants compared with wildtype when individually
analyzed using ANOVA (see Supplementary Data File). Relatively few pathways are
significantly down-regulated in complex | mutants. Most of these appear related to nucleotide
metabolism, but none were validated in the second, independent dataset; indeed, several were
actually upregulated in the second dataset (Table 2). A compilation of KEGG pathway results
from multiple phenotypic groupings in the second dataset, including those involving the
complex Il and complex 11l mutants, is available in the Supplementary Data File.

Since ten of the upregulated expression pathways in complex | mutants are involved in amino
acid metabolism, we asked whether quantitative amino acid profiling would reveal alterations
in the absolute levels of amino acids. In isolates of one thousand synchronized nematodes, we
found that normalization of whole worm amino acid raw data to number of worms afforded
the highest reproducibility (Figure 2). Similar patterns of results were obtained when raw data
were normalized to total worm protein (data not shown). Surprisingly, alanine is the
predominant free amino acid in the worms, regardless of genotype. In addition, while the limits
of sensitivity prohibited ascertainment of GABA levels in small aliquots (i.e., 1,000 worms),
measurement of amino acid levels in gram aliquots (i.e., 1 x 108 worms) grown in liquid culture
and normalized to total worm protein revealed a greater than 4-fold decrease of GABA in gas-1
(fc21) mutants (mean 0.28 nmol/mg protein, S.D. 0.09, n=6) compared with N2 controls (mean
1.33 nmol/mg protein, S.D 0.44, n=9). The remainder of the amino acid profile patterns
observed in the larger worm aliquots grown in liquid culture was otherwise similar to that
represented in Figure 2 of 1,000 worm aliquots grown on plates under exact stage precision
and normalized to worm number.

Overall patterns of amino acid levels in mutants for different components of the respiratory
chain were compared to obtain a broader view of metabolic consequences resulting from
primary mitochondrial dysfunction (Table 3). Unique differences do exist in the amino acid
profiles of different complex mutants, although complex 1l mutants and complex Il mutants
are more similar to each other than to complex | mutants. Only the complex | mutant has
decreased phenylalanine, tyrosine, and arginine, with an increase in aspartate, glutamine, and
alanine. All three mitochondrial mutants, regardless of the involved complex, have decreased
glutamate and increased branched chain amino acids relative to wildtype. Furthermore, we
noted significant increases in those amino acids formed via transamination of the cognate
ketoacid with glutamate. This pattern was observed in all three mitochondrial mutants.
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DISCUSSION

Adapting the GSEA analytic method to exploit gene homology and bridge interspecies gene
annotation differences affords a coherent view of global gene expression alterations at the level
of integrated metabolic pathways relevant to human biology. Such information provides a
deeper understanding of the consequences of single nuclear gene mutations in the respiratory
chain of C elegans. Indeed, for the complex | mutant the highest enrichment score of all
biochemical pathways tested was that of the OXPHOS gene cluster (Table 2), suggesting that
inherent respiratory chain dysfunction evokes compensatory transcriptional upregulation of
the entire respiratory chain. This result is consistent with observations of OXPHOS
upregulation in previously published microarray analyses performed on human mitochondrial
disease samples harboring a variety of mitochondrial DNA mutations [21]. Contrasting with
this expression signature of primary respiratory chain dysfunction, downregulation of
mitochondrial OXPHOS was seen upon transcriptional analysis of primary TCA cycle mutants
in S. cerevisiae [22].

Metabolic pathways that closely articulate with the TCA cycle are also upregulated in the
mitochondrial mutants, including the pathways of pyruvate metabolism, glycolysis, and several
reactions involved in the degradation of amino acids, carbohydrates, fatty acids, and ketone
bodies. Thus, a “signature” of mutations in the respiratory chain appears to be stimulation of
the constituent enzymes of the TCA cycle and of many pathways that furnish substrate to it.
The Genemapp of the GSEA clustering results (Figure 1c) appears to indicate that the only
TCA enzyme not increased and perhaps even decreased was succinyl-CoA lyase. However,
use of clustering analysis prohibits speculation on any single gene change. Furthermore, the
raw expression data reveals that the three C. elegans transcripts encoding succinyl-CoA lyase
were only marginally downregulated (between —1.0 and —1.3 fold) in gas-1(fc21) complex |
missense mutants when compared with wildtype (Supplementary Data File). Such minimal
expression changes underscore the value of cluster based analyses across entire biochemical
pathways to aid contextual interpretation of any one gene change. Analyses such as GSEA
determine if statistically significant concordant alterations occur even if more modest than the
2-fold expression level classically required to suggest up- or down-regulation [19, 23].

Correlating genomic microarray expression data with quantitative free amino acid data allows
novel insight into the effects of single mutations in structural subunits of different respiratory
chain complexes. For example, significant upregulation of the phenylalanine and arginine
metabolic pathways (Table 2) accompanied a decrease in the levels of these amino acids in
complex | mutant worms (Table 3 and Figure 1). These data sets provide internally consistent
evidence that animals adapt to respiratory chain dysfunction by increasing amino acid
degradation in order to augment the availability of substrates for oxidative phosphorylation.

In contrast, increases are seen in both the expression profiles and the absolute concentrations
of other amino acids, exemplified by alanine and the branched-chain amino acids. A likely
explanation for this pattern is that the oxidation of ketoacids such as pyruvate and o-
ketoglutarate is impaired in mitochondrial mutants. These ketoacids are then more accessible
for transamination with glutamate to yield their cognate amino acids. Transaminases generally
mediate equilibrium reactions in which net flux is directly related to the relative concentration
of reactants. The accumulation of ketoacids results in elevations of alanine, aspartate, leucine,
valine, and glycine, as well as diminished levels of glutamate (Table 3). In addition, impaired
complex | function presumably results in an increased NADH:NAD™ ratio[24], thereby
attenuating oxidative deamination of glutamate via glutamate dehydrogenase (Figure 3). The
glutamate pool that is utilized for transamination would be replenished by “reversal” of the
glutamate dehydrogenase reaction, or reductive amination of a-ketoglutarate, a reaction that
would be favored by an increased NADH:NAD™ ratio. It may be that alterations in
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concentrations of amino acids such as leucine, which can be formed by transamination of the
cognate ketoacid with glutamate, afford a sensitive marker of human mitochondrial respiratory
chain disease.

It is important to recognize that the current investigation represents whole animal free amino
acid steady state levels rather than tissue-specific amino acid pools. The latter information is
very difficult to determine in this microscopic model, as is precise measurement of ATP pools
at either the tissue or subcellular compartmental level. Similarly, ability is limited to readily
assess C. elegans’ intracellular NADH/NAD™ redox poise at the tissue level to permit
confirmation of the generally well-accepted presumption that the mitochondrial milieu is
relatively reduced in the face of mitochondrial dysfunction.

Nonetheless, correlation of amino acid levels and gene expression data may shed light of
pathophysiologic import. It is of interest that alanine is the predominant amino acid in all C.
elegans strains studied. Since no homologous genes have been identified to indicate the
existence of an intact urea cycle in C. elegans (www.genome.jp/kegg), we postulate that alanine
may be a major carrier of nitrogenous waste in this organism, as has been described in other
animal models [25,26]. Furthermore, the alanine concentration is substantially and
significantly increased in the complex | mutant but unchanged from wildtype in the complex
I mutant (Figure 2). In the complex 111 mutant, which has partially impaired complex I-
dependent OXPHOS capacity (Table 1), alanine levels tend to increase but do not reach
statistical significance in comparison with wildtype (Figure 2a). One possible explanation for
this data may be that a threshold effect requires a greater inhibition of complex | activity before
alanine handling is significantly affected. Similarly, blood alanine can be high in humans with
mitochondrial disease and a consequent inability to oxidize pyruvate, which is transaminated
to alanine [27].

We also found levels of GABA to be significantly decreased in complex | mutants. A
contributing factor may be increased transamination of GABA to succinate in the mitochondrial
mutants. Transamination of GABA requires a-ketoglutarate as a co-reactant, and NAD* is a
substrate of the a-ketoglutarate dehydrogenase reaction. A diminution of this nucleotide
consequent to complex | dysfunction would favor a-ketoglutarate accumulation and GABA
transamination. In addition, transamination of GABA would yield succinate, which is oxidized
via complex Il. Such a possibility is consistent with the polarographic finding in isolated C.
elegans mitochondria from complex | mutants of increased complex I1-dependent OXPHOS
capacity when succinate is used as a substrate (Table 1)[12]. The reduced GABA level also
might reflect decreased levels of its precursor, glutamate (Table 3), although it is not known
whether glutamate decarboxylase, which converts glutamate to GABA, is already saturated
with respect to glutamate in C. elegans, in which case the decline of glutamate would not have
a major effect on flux. Little is known of brain GABA levels in patients with mutations that
involve complex I, but it is possible that an analogous, untoward result in humans with
mitochondrial dysfunction might be a relative depletion of GABA, the major inhibitory
neurotransmitter in brain [28].

In summary, these data afford new insight into adaptations that accompany mutations of single
nuclear DNA-encoded structural subunits of the mitochondrial respiratory chain in C.
elegans. Future studies of metabolic flux in these animals may permit differentiation of specific
mutations. Such studies could use stable isotopes as tracers in the various C. elegans mutants
[29]. Animportant goal would be the identification of a metabolic “signature” to provide insight
into cellular adaptation patterns in primary mitochondrial disease. This body of information
may permit the development of a systems biology-based diagnostic approach to mitochondrial
disease in human patients. C. elegans can also provide a system in which to test the efficacy
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of treatments for mitochondrial diseases [30], a class of disorders that has proved largely
resistant to therapy.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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1A. Enrichment plot: CITRATE CYCLE (TCA CYCLE)
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Figure 1. Tricarboxylic acid cycle (TCA) pathway gene upregulation in complex | mutants
Relative expression levels of all genes on the GeneChip C. elegans genome arrays obtained in
two phenotypic groupings (i.e., mutant and wildtype) are given a ranking in GSEA used to
calculate the likelihood genes comprising a given cluster (i.e., TCA cycle cluster) are
overrepresented at a given end of the rank list. A) An enrichment plot indicates the rank of
every gene in a pathway cluster (vertical black lines) as well as those genes which fall under
the leading edge (between the left edge and the peak of the green curve). 21 of 26 TCA cycle
transcripts annotated in the KEGG database are upregulated in the complex | mutant compared
to wildtype. B) The table indicates the TCA gene transcripts in C. elegans, their individual
rank among all genes on the array, and an indication of whether they contribute to the maximum
enrichment score leading to a p value of 0.0066 (see Table 2). C) A visual representation of
the overall upregulated TCA expression profile in complex | mutants can be obtained in
pathway form (www.genMAPP.org). Red and green colors indicate genes overexpressed and
underexpressed, respectively, in the mutant compared to wildtype, with shade intensity
representing significance level.
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Figure 2. Quantitative profiling of free amino acids in respiratory chain mutants and wildtype
worms

2a) Alanine is the most prevalent amino acid in C. elegans. Complex 11 (mev-1(kn1)) and
complex 11 (isp-1(gm150)) mutants display largely similar patterns of alterations in amino
acid profiles, each with 9 of 16 amino acid levels significantly different from wildtype at p <
0.05 (GLU, GLN, GLY, THR, VAL, PHE (in mev-1 only), IL, LEU, ORN, and LYS (in
isp-1 only). Interestingly, the significant increase in alanine observed in the complex | mutant
is not seen in the complex Il or 11l mutants. 2b) Compared with wildtype worms, gas-1
(fc21) complex I mutants show significant differences in 13 of 16 amino acid levels. Statistical
significance is noted as ** p < 0.01 and *** p < 0.001. n represents # of synchronous adult
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worm aliquots of each strain studied. Values represent mean and standard error of whole worm
free amino acid levels normalized to 1,000 adult worms.
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Figure 3. Schematic overview of glutamate metabolism

Respiratory chain dysfunction presumably results in an increased NADH:NAD™ ratio
(indicated by red arrows), which limits oxidation of ketoacids such as a-ketoisocaproate (KIC),
the ketoacid of leucine. The result is greater accessibility of the ketoacid for conversion to its
parent amino acid — in this illustration, leucine (Leu). A consequence would be accumulation
of the parent amino acid and relative depletion of glutamate (Glu) (see Table 3). Some
glutamate might be derived from reductive amination of —ketoglutarate (aKG) in the
glutamate dehydrogenase reaction, which is enhanced by an increased NADH:NAD™ ratio.
However, this reaction is not sufficiently robust to prevent an overall diminution of the
glutamate concentration and a marked increase in the ratio of leucine (and other amino acids)
to glutamate (Table 3). This suggests that levels of amino acids such as leucine, which are
formed from transamination reactions with glutamate, may be sensitive indicators of an altered
redox state. Postulated direction of equilibrium reaction alterations occurring in primary
respiratory chain dysfunction are indicated by blue arrows.
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Table 3
Free amino acid profiles in complex I, 11, and 111 mutants
Individual profiles are listed for complex | (gas-1, NDUFS2 homologue), complex Il (mev-1, SDHC homologue),
and complex Il (isp-1, reiske iron sulfur subunit homologue) missense mutants, respectively. The bottom five
rows indicate the change in amino acid level relative to glutamate. Numbers indicate percent increases (red) or
decreases (green) relative to N2. Brightness of the colors indicates the degree of statistical significance.

C. elegans Mutant:| Complex 1 (gas-1)| Complex I1 (mev-1)| Complex 1 (isp-1)|

Amino Acid:

ASP

GLU

SER

GLN

GLY

THR

ARG

ALA

TYR

TRYMETH

VAL

PHE

1L

LEU

ORN

LYS

Fold Change:

Asp:Glu

Leu:Glu

Val:Glu

Ala:Glu

Gly:Glu

KEY:

INCREASED

DECREASED

p <0.05

# % change from N2
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