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ABSTRACT

The 2-oxoglutarate dehydrogenase (OGDH) complex is an important control point in
vertebrate mitochondrial oxidative metabolism, including in the citrate cycle and catabolism
of alternative fuels including glutamine. It is subject to allosteric regulation by NADH and
ATP/ADP ratio, and by Ca?* through binding to the E1 subunit. The latter involves a unique
Ca?* binding site which includes D**ADLD (site 1). Here, we describe three splice variants of
E1 in which either the exon expressing this site is replaced with another exon (Loss of sitel,
LS1), or an additional exon is expressed leading to the insertion of 15 amino acids just
downstream of sitel (Insert), or both changes occur together (LS1/Insert). We show that all
three variants are essentially Ca?*-insensitive. Comparison of massive parallel sequence
(RNA-Seq) databases demonstrates predominant expression of the Ca?*-sensitive archetype
form in heart and skeletal muscle, but substantial expression of the Ca?*-insensitive variants
in brain, pancreatic islets and other tissues. Detailed proteomic and activity studies
comparing OGDH complexes from rat heart and brain confirmed the substantial difference
in expression between these tissues. The evolution of OGDH variants was explored using
bioinformatics, and this indicated that Ca?*-sensitivity arose with the emergence of
chordates. In all species examined, this was associated with the co-emergence of Ca?*-
insensitive variants suggesting a retained requirement for the latter in some settings.
Tissue-specific expression of OGDH splice variants may thus provide a mechanism that tunes
the control of the enzyme to the specialised metabolic and signalling needs of individual cell

types.

SUMMARY STATEMENT

2-Oxoglutarate dehydrogenase plays a central role in the regulation of intramitochondrial
energy metabolism. We show that three Ca?*-insensitive splice variants are expressed to
varying degrees in different tissues allowing potential important tuning to the metabolic
needs of individual cell types.
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INTRODUCTION

The OGDH (2-oxoglutarate dehydrogenase) complex is important in the control of the
citrate cycle and other intramitochondrial metabolic pathways including glutamine
catabolism. The complex from vertebrate sources comprises decarboxylase (E1),
dihydrolipoate acetyl transferase (E2) and dihydrolipoate dehydrogenase (E3) subunits [1].
It is exquisitely sensitive to regulation by the ATP/ADP ratio and by NADH, which provide an
intrinsic response to changes in cellular energy status, and to Ca?*, which allows responses
to external stimuli [2-7].

Recently we successfully expressed recombinant human OGDH E1 and developed an
assay for its activity. This allowed us to show that all these important regulators act through
binding to the E1 subunit [8], consistent with the stoichiometry of Ca?* and ADP binding to
the holo-complex (~3 sites / complex) [9]. In the case of Ca?*, the binding site was shown by
a mutagenesis approach to involve the sequence D*#ADLD (site 1), a site distinct from other
previously described Ca?* binding sites on other proteins [8]. OGDH E1 from vertebrate
sources contain another similar site, E3°SDLD (site2), close to site 1, but this second
potential Ca?*-binding site appears to play no part in the regulation of activity by Ca?*[8].

As part of our exploration of proteins that might contain a Ca?* binding site similar to
the OGDH E1 binding sites, we carried out BLAST studies of EST databases. These studies
indicated that three splice variants of archetype OGDH E1 exist in man and other mammals
(Figure 1a,b). In the variant we refer to as ‘Loss of site 1 (LS1)’, the exon (exon 4) expressing
site 1 in archetype OGDH E1 is replaced by another exon (exon 3) expressing a sequence
lacking the DxDxD motif and would be expected to be Ca?*-insensitive. There is another
splice variant involving exon 5 we call ‘Insert’ which gives an insertion of 15 additional
amino acids between site 1 and site 2. This insertion can apparently exist with both
archetype and LS1 variants giving a total of four sequence alternatives in the sitel/site2
region of OGDH E1. (These variants in human and other species are often referred to as
isoforms 1-4 in the various annotated databases but the numbering is very inconsistent and
not used in this article).



The aims of the present studies were first to establish the Ca?*-sensitivity and other
regulatory properties of these splice variants. We then explore the extent to which the
splice variants are expressed across mammalian tissues using RNA-Seq and proteomic
approaches and describe studies comparing the Ca?*-sensitivity of the OGDH complex from
heart and brain. These tissues were selected as they show very different levels of
expression of the various splice variants.

MATERIALS AND METHODS
Materials

[1-14C] 2-oxoglutarate sodium salt was obtained from Hartmann Analytic. Other materials
were from Sigma-Aldrich or Fisher Scientific.

Expression and purification of human OGDH E1 and splice variant forms; study of their
kinetic properties

DNAs encoding human OGDH E1 and its splice variants (lacking the mitochondrial
propeptide but containing a tobacco etch virus protease cleavable polyhistidine tag) housed
in pJexpress 404 vectors and optimized for expression in E.coli were purchased from DNA
2.0. Protein expression and purification was as previously described [8]. The OGDH E1
preparations (0.2-0.4 mg of protein/ml) were divided into small samples and stored at -
80°C. Repeated freezing and thawing was avoided as it resulted in some loss of activity.
The polyhistidine tag was not cleaved since our previous studies showed that the presence
of the tag had no significant effect on the kinetic properties of expressed human OGDH E1

[8].

Activity of expressed OGDH E1 variants was assayed by following the
decarboxylation of [1-14C] 2-oxoglutarate in the presence of glyoxylate at 30°C, usually for
30 min [8]. Final assay conditions used throughout were:- 50 mM Mops (pH 7.2) containing
75 mM KCl, 0.2 mM EGTA, 1 mM HEDTA (N-hydroxyethylethylenediaminetri-acetic acid), 1
mM DTT, 1ug/ml oligomycin, 1ug/ml rotenone, 1 mM TPP, plus MgCl, and CaCl; to give 1
mM Mg?* and the appropriate concentration of Ca?* together with the stated
concentrations of adenine nucleotides, NADH and [1-14C] 2-oxoglutarate plus 5mM sodium
glyoxalate. The amounts of added MgCl, and CaCl, were determined using the computer
program METLIG [10]. Maximum activity (Vmax) Was measured at 0.33 mM Ca?* and 2mM 2-
oxoglutarate in the absence of added adenine nucleotides and NADH.

Extraction of OGDH complex from rat heart and brain mitochondria and study of its
kinetic properties

Mitochondria were prepared from rat heart and brain of 250-350 g male Wistar rats
following homogenization in sucrose isolation buffer (250 mM sucrose, 20 mM Tris—HClI,

2 mM EGTA, pH 7.4) using a Polytron PT10 (heart) or a Dounce Potter homogenizer (brain)
and purified by Percoll® density-gradient centrifugation. The mitochondria were then
sedimented by centrifugation at 10,000g for 5 min in an Eppendorf minicentrifuge and the
pellet immediately frozen in liquid N2. The mitochondria were then extracted by freezing



and thawing three times in 100 mM potassium phosphate buffer pH 7.2 containing 1mM
DTT plus 30 ul.ml? foetal calf serum and 5 ug.ml! each of pepstatin A, aprotinin and
leupeptin to prevent proteolysis.

The extracts were then centrifuged at 10,0009 for 5 min before assay of OGDH
complex activity in the supernatant by following the production of NADH at 340 nm and
30°C. Final conditions of the assay were the same as those used for the assay of OGDH E1
activity described above but with the omission of sodium glyoxalate and the use of non-
radioactive 2-oxoglutarate together with the addition 1 mM NAD*and 0.2 mM CoA. See
Armstrong et al. [8] for more details.

Curve fitting and calculation of kinetic data
Data were fitted to the equation given in figure legends using GraFit5.
Determination of amounts of OGDH E1

Concentrations of subunit E1 protein was determined by quantifying the intensity of the 110
kDa band separated by SDS/PAGE (10% gel) using Image) [8].

RNA-Seq analysis

Publicly-available RNA-Seq data for various tissues from adult C57BL/6 mice and embryonic
stem cells (Bruce-4) (GEO Accession No GSE36026) were combined with RNA-Seq data for
pancreatic islets and skeletal muscle (Accession Nos E-MTAB-2791, E-MTAB-3725 and
GSM1020654). Reads were assigned to the annotated mouse transcriptome (Ensembl
assembly GRCm38) using the Sailfish algorithm [11]. ¢cDNA sequences for the open reading
frames of the four isoforms identified in this study were assembled and reads mapped to
these, also using Sailfish. Expression levels were calculated as Reads Per Kilobase of
transcript per million Mapped reads (RPKM) [12]. To study individual exon expression levels,
the DEXSeq tool [13] was used on RNA-Seq data from brain cortex and heart samples (GEO
Accession No GSE36026 and GSE36025). A very large number of reads mapped to the last
exon of Ogdh possibly due to mis-mapping or an overlapping transcript. To avoid this
skewing of the normalisation of exon usage, the last exon was ignored in this analysis.

Phylogenetic analysis

Ogdh and related genes were identified in sequenced genomes of representative species
using published gene annotations (ENSEMBL) and Blast searching. The full sequences of
each of the major transcript variants were aligned using MUSCLE [14] and a phylogenetic
tree constructed with the maximum likelihood model using MEGA (version 6.0) software
[15].

Proteomic analysis
Proteomic analyses were performed within the University of Bristol Proteomics Facility.

Samples of expressed human OGDH splice variants were separated by SDS/PAGE
(10% gel) and the 110 kDa band excised.



Samples of OGDH complex partially purified from rat brain and heart mitochondria:
mitochondrial extracts were prepared as described above except that foetal calf serum was
not added to the mitochondrial extraction buffer. These samples were centrifuged at
33,000 g for 20 min and the supernatants then centrifuged at 250,000 g for 60 min in a
Beckman Optima TLX Ultracentrifuge using TLA55 and TLA100 heads respectively. Proteins
in the pellets were then separated by SDS/PAGE (10% gel) and the band corresponding to
100-120 kDa excised.

The excised bands were subjected to in-gel tryptic digestion and the resulting
peptides fractionated using an Ultimate 3000 nanoHPLC system in line with either an LTQ-
Orbitrap Velos or Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). The raw
files were processed with the Proteome Discoverer software v1.4 (Thermo Scientific) using
the SEQUEST algorithm. Searches were filtered to satisfy a false discovery rate of less than
1%.

RESULTS

Comparison of the kinetic properties of the expressed human OGDH E1 splice variants
with those of archetype OGDH E1

All three splice variants were active when expressed as recombinant proteins and estimates
were made of their specific activities compared to archetype E1. Relative amounts of
protein in archetype and variant E1 were measured from scans of the stained 110 kDa bands
separated by SDS/PAGE. Specific activities were then calculated using measurements of
Vmax determined at 2mM 2-oxoglutarate and 0.33 mM Ca?* in the absence of added
adenine nucleotides and NADH. Values as % of archetype activity were LS1 85, Insert 78 and
LS1/Insert 115 indicating that there were only small differences, if any, in the specific
activities of the variants compared to archetype. Since SDS/PAGE indicated that the E1
bands accounted for much of the protein in the preparations, specific activities were also
calculated based on the total protein in the preparations measured by the Pierce BCA assay
using BSA as the standard. The values obtained were (umol/min per mg of protein): WT,
0.10; LS1, 0.11; Insert, 0.053; LS1/Insert, 0.21. Again the specific activities for the variants
were similar to archetype but more variable than those based on gel scans, reflecting some
differences in the purity of the preparations.

The effects of Ca?*, adenine nucleotides and NADH on the spice variants and
archetype OGDH E1 were explored using surveys in which assays were carried out at 50 uM
2-oxoglutarate under 12 different combinations of these regulators (Figure 2 and
Supplementary Table S1). Results with archetype OGDH E1 were very similar to those
obtained in our previous study under the same conditions [8] and showed activation by Ca?*
and ADP and inhibition by ATP and NADH. In particular, activation by 0.33mM Ca?* was
evident under all conditions. In contrast, all three of the three splice variants exhibited
little, if any, Ca®* activation under any of the conditions studied while effects of adenine
nucleotides and NADH were still clearly evident.

Confirmation of the extent of the loss of Ca2* activation in the splice variants was
obtained in a series of further studies in which the activity of archetype and splice variants



were compared at <10, 0.33 and 1 mM Ca?* in the presence of 0.2 mM NADH and 50 pM 2-
oxoglutarate (Figure 3). Archetype E1 exhibited a 13.4 fold increase in activity with 0.33 mM
Ca%* compared to <10 mM whereas the corresponding values for the variants were much
smaller at 1.1, 2.2 and 1.4 fold for LS1, Insert and LS1/Insert respectively (similar effects
were evident in Supplementary Table S1). At 1 mM Ca?*, appreciable increases of 2.5 and
4.8 fold respectively in activity of the variants LS1 and Insert were evident but only a 1.9 fold
increase was apparent for the LS1/Insert; these were all considerably less than the 15.6 fold
increase observed with archetype E1.

Studies into the effects of varying the NADH concentration at 50 uM 2-oxoglutarate
in the absence of Ca?* and adenine nucleotides revealed that the calculated Ki for NADH was
increased by modest amounts in the splice variants, with LS1 showing the largest increase
(Figure 4a). Parallel studies on the effects of varying the ATP/ADP ratio at the same 2-
oxoglutarate concentration in the absence of Ca?* and NADH revealed the ratio giving 50%
inhibition was also slightly increased with the largest increases seen with Insert and
LS1/Insert (Figure 4b). Previous studies with archetype E1 in the absence of Ca?* showed
that NADH (0.2 mM) increased the K for 2-oxoglutarate while markedly decreasing the Vimax
[8]. All three splice variants also showed similar changes (Figure 5), though the Km for 2-
oxoglutarate in the absence of NADH was deceased.

Expression of archetype and splice variants of OGDH E1 in a range of mouse tissues
explored using RNA-Seq.

The expression of the splice variants was investigated at the RNA level in mouse tissues
using publicly-available RNA-Seq data (see Methods). Initially, expression of the four
different isoforms was estimated using the Sailfish tool (Figure 6a). These data are also
presented as the proportional expression of the four isoforms (Figure 6b). Heart and
skeletal muscle showed higher overall archetype expression than the other mouse tissues,
and this was associated with very low expression of the three Ca?* insensitive splice variants.
In several other tissues there was a markedly different pattern of expression with the sum
of expression of the three splice variants being comparable to that of archetype. These
included islet, cerebellum, cortex, thymus and spleen. However, within this group
appreciable differences in the relative expression of the three splice variants were evident.
In islet and thymus tissue the LS1 variant was predominant, whereas in cerebellum, cortex
and thymus similar expression of the three splice variants was observed. In a third group of
tissues, the sum of expression of the three splice variants was in the range of 10-30%. These
were ESC (embryonic stem cells), kidney, liver and lung. Again, there were differences in the
relative expression of the variants.

Given the clearly contrasting pattern of expression at the RNA level, the data from
heart and brain cortex were examined in more detail. Expression at the exon level was
calculated using DEXSeq, which detects significantly differentially spliced exons while
controlling for the overall expression level of the gene. The archetype and LS1 domains are
encoded by a pair of exons (exons 4 and 3 respectively), one of which is included in each
MRNA. The Insert domain is encoded by the subsequent exon (exon 5), and these three
exons are highlighted in Figure 6¢c. Much greater usage of both the LS1 and Insert exons is



apparent in the brain cortex compared to the heart. Since DEXSeq measures the usage of
each exon individually but not splicing between them, this tool does not indicate whether
the Insert exon is associated with Archetype or LS1 exon usage. The Sailfish analysis (Figure
6a,b), which does take account of splicing, indicates roughly equal quantities of Insert and
LS1/Insert transcripts in cortex, although the ratio does vary across other tissues.

Expression of archetype and splice variants of OGDH E1 in rat brain and heart explored
using a proteomic approach.

Figure 7 summarizes the peptides expected to be generated by the action of trypsin on the
various splice variants of human OGDH E1. Each of the forms has one unique peptide
(peptides numbered 3 in archetype, 6 in LS1, 7 in Insert and 10 in LS1/Insert). In addition,
peptides 1 and 2 are restricted to archetype and Insert, peptides 4 and 5 to LS1 and
LS1/Insert and peptides 8 and 9 to Insert and LS1/Insert. Peptides a and b are shared by all
four forms. The figure also indicates two amino acid differences that occur in this region in
rat and mouse compared to human.

Using either LTQ-Orbitrap Velos or the more sensitive Orbitrap Fusion Tribrid mass
spectrometer, peptides 1,4,5 and 8 were never detected because their mass/charge ratios
were less than the minimal detected ratio of 300 for both machines. Peptides 6 and 10
were also not observed in samples of human splice variant LS1 and LS1/Insert, possibly
because of their high mass/charge ratio. However, their calculated ratios based on an
expected net charge of 2* are 1830 and 1496 respectively, and these values are within the
maximum detected ratio of 2000 for both machines. Whatever the reason the lack of
detection of these peptides from human sources that are unique to LS1 and LS1/Insert
respectively may limit to some extent the application of proteomics in the determination of
the expression of the four forms of OGDH E1 in tissue samples.

The number of peptide spectral matches (PSM) can be used as a measure of the
amount of a particular peptide [16-18]. Figure 8a shows the values of PSM for the various
relevant peptides with mass/charge ratios in the range 300-2000 which were detected in
studies using the Orbitrap Fusion Tribrid mass spectrometer on samples of expressed
human archetype and the three splice variants. These have been expressed as percent of
the total PSM observed for all the peptides in the relevant protein to correct for any
variations in the amount of protein studied. Results are also compared with the mean PSM
observed in peptides a and b which are present in all four forms. As expected peptides 2
and 3 were observed in archetype OGDH E1 but not peptides 6,7,9 and 10. None of these
peptides were observed in LS1, whereas peptides 2,7 and 9 were found in Insert and
peptide 9 in LS1/Insert. This is the pattern of peptides predicted given the lack of detection
of peptides 6 and 10.

When the same proteomic approach was applied to OGDH complex in rat heart and
brain mitochondrial extracts very different spectra of peptides were detected (Figure 8b). In
the case of rat heart, peptides 2 and 3 were found with barely detectable amounts of
peptides 7 and 9 whereas in rat brain these latter two peptides were found together with



significant amounts of peptides 6,7,9 and 10. These results are compatible with the
conclusions of the RNA-seq studies; namely, that in the heart the OGDH complex contains
predominantly archetype E1 whereas in the brain there is also comparable expression of the
calcium-insensitive splice variants. The considerably greater amounts of peptide 9
compared to peptide 7 indicates that splice variant LS1/Insert may be expressed in greater
amounts than Insert in rat brain. It should be noted that peptide 6 was detected in rat brain
indicating some expression also of LS1. (The reason this peptide is detected in rat brain but
not in expressed human LS1 is likely to be because an aspartate in the human sequence is
changed to histidine thus lowering the mass/charge ratio.)

The preparation of rat brain and heart mitochondrial extracts used in these studies
had involved sedimentation of OGDH complex at 250,000g for 60 min. Thus it can be
concluded that the Ca?* -insensitive splice variants are part of a high molecular weight
complex, most likely OGDH complex. It is noteworthy that two other proteins that have a
high degree of sequence identity with OGDH E1 were also found in these preparations.
These are OGDHL (OGDH-like) and DHTDK1 (dehydrogenase E1 and transketolase domain
containing 1) which may also replace E1 in OGDH complexes [19-21] but the identity of their
substrates has not been established. The amounts of both OGDHL and DHTDK1 in rat brain
expressed as PSM as % archetype OGDH E1 PSM were 5111.8 and 20+1.5% respectively
which was considerably greater than the corresponding values for rat heart of 14+1.8 and
3+0.2% respectively (results are mean £S.E.M. for observations on four different
preparations in each case). These observations are in general agreement of those of Bunik
and colleagues [19].

OGDH complexes from rat heart and brain mitochondria have different Ca?*-sensitivity.

The RNA-seq and proteomic studies above both indicated that the OGDH complex in
mammalian heart mitochondria contained predominately the Ca?*-sensitive archetype E1
whereas that in mammalian brain mitochondria contained comparable amounts of
archetype E1 and a mix of the Ca?*-insensitive splice variants. It follows that OGDH complex
from mitochondria from the two tissues should exhibit differences in sensitivity to Ca®*. In
particular, the activity of the brain complex measured in the presence of Ca%* and at a low
concentration of 2-oxoglutarate should be less than that of the heart complex when
expressed as a % of the Vmax (measured at 2 mM 2-oxoglutarate and 326 uM Ca?*).

Comparisons of the activity of OGDH complex in extracts of rat and brain
mitochondria showed that this was the case. The data in Figure 9a are from studies on
single extracts of rat heart and brain mitochondria in which OGDH complex was assayed at
50 uM 2-oxoglutarate and a range of concentrations of Ca?*. Increasing [Ca?*] from <0.01 to
326 uM increased activity by 63% of Vimax in the rat heart preparation but only 38% in that
from rat brain. If the assumption is made that the heart complex only contains the Ca?* -
sensitive archetype E1, then the proportion of Ca®* -insensitive forms in the brain can be
estimated as (1-(38/63)) = 0.40. This is in close agreement with the RNA-seq and proteomic
data (Figures 6 and 8). Figure 9b summarises data on four separate preparations of rat



brain and heart mitochondria. The activities at 50 uM 2-oxoglutarate and at 0.25, 0.59 and
326 uM Ca?* are all significantly lower in the brain whereas the activity at <0.01 uM is not
significantly different. The estimate of the proportion of Ca?* - insensitive forms from these
data is (1-(41/63)) = 0.35 confirming the conclusion from Figure 9a. Our studies also
showed that there may be a small increase in the Ko s for Ca%* for the OGDH complex from
the brain compared with the heart. The values for the brain OGDH complex calculated from
the data of Figure 9a and Figure 9b were 0.74 uM and 0.57 uM respectively. The
corresponding values for OGDH complex from the heart were both 0.36 uM.

The greater proportion of Ca%*-insensitive splice variants in rat brain OGDH complex
would be expected to effect the sensitivity to 2-oxoglutarate in the presence of Ca?*
compared with that of rat heart. This was observed (Figure 10). All the data fitted simple
Michaelis kinetics reasonably well (solid lines). The Kn £ S.E.M. in the presence of 326 uM
Ca?* was increased from 0.067 + 0.005 in the heart to 0.183 + 0.019 mM in the brain
preparation. In contrast, there was no appreciable difference at <0.01 uM Ca** where the
values were 1.29+0.19 mM for brain and 1.17+0.12 mM for heart. The data for rat brain in
the presence of Ca?* were also fitted to a 2 Km model (dashed line) assuming a mix of Ca?* -
insensitive (Km = 1.17 mM) and Ca?* -sensitive (Km = 0.067 mM) forms. The calculated
proportion of the Ca?* -insensitive form from this approach was 45%, in agreement with
comparable estimates using the Ca?* -sensitivity data of Figure 9. However, the fit was not
as good as the single Km model and this is discussed further below.

DISCUSSION
Regulation of the splice variants of OGDH E1

Our previous study showed that site 1 is an essential part of the Ca*-binding site on
archetype OGDH E1 [8]. In particular, replacement of D*#ADLD with A'4AALA resulted in
essentially complete loss of Ca?*-activation of archetype OGDH E1. We therefore predicted
that the splice variant LS1, which lacks site 1, would be Ca?*-insensitive. This prediction has
been confirmed in the present study. Perhaps a little surprisingly, the splice variant Insert
which has the insertion of 15 amino acids just downstream of site 1 was also found to
exhibit much attenuated Ca?* activation. It seems likely that this insertion causes a major
disruption of Ca%*-binding in some way. The binding of Ca?* to proteins invariably involves
six or seven co-ordinations [22] and thus Ca%*-binding to OGDH E1 is very likely to involve
co-ordinations beyond site 1 which may be disrupted by the insertion of 15 amino acids.
However, it should be noted that it is, at least theoretically, possible that Ca?*-binding is still
intact but its influence on the activity of the enzyme is greatly decreased. At high
concentrations of Ca?* (0.33 and 1.0 mM), we found some evidence of activation with all
three splice variants with the greatest activation with splice variant Insert and the least with
variant LS1/Insert. However, the activation was markedly less with all three splice variants
than that observed with archetype E1. In any case, the small differences between the
variants are probably of little physiological importance since over the range of
intramitochondrial concentrations of Ca?* that usually occur physiologically (0.1 — 50 uM;



[23-26] or up to 500 uM in the case of caffeine-stimulated chromaffin cells [27]) all three
splice variants will be essentially Ca?*-insensitive, with the possible exception of the insert
variant (Figure 3) which represents the most minor form in most tissues (Figure 6b).
Whether these differences assume more importance in pathophysiological circumstances
(ischaemia, hypoxia etc), where mitochondrial Ca%* levels may exceed this range [28], is
unclear.

All three splice variants still exhibit inhibition both by NADH and by increasing
ATP/ADP ratios that is similar in extent to archetype E1 but the Ki and Ko s values are
somewhat higher. In summary, the major loss of Ca?*-sensitivity in the variants is
accompanied by modest decreases in sensitivity to inhibition by both NADH and elevated
ATP/ADP ratios.

Differential expression of splice variants in various mammalian tissues

Our RNA-seq studies showed substantial differences in relative expression of the Ca?*-
activated archetype OGDH E1 and the Ca?*-insensitive splice variants (at the mRNA level)
across a wide range of mouse tissues. In heart and skeletal muscle, archetype E1 accounted
for some 95% of the total expression whereas its expression in brain, spleen and pancreatic
islets was only about 50% with the expression of the three variants taken together making
up the other 50%. In embryonic stem cells, liver, kidney and lung the expression of the
three variants in total ranged from 80 — 60% of that of archetype OGDH E1. In all cases the
splice variant LS1 appeared to be the predominant variant expressed.

The proteomic approach we used to explore expression at the protein level in rat
heart and brain confirmed the marked difference in expression of archetype and its splice
variants seen in the RNA-seq studies. In particular, there was little evidence of any
expression of the Ca®*-insensitive splice variants in heart OGDH complex whereas in the
complex from brain the total amount of the insensitive variants appeared to be comparable
with that of archetype OGDH E1. However, as explained under Results, it is more difficult to
get an accurate measure of the LS1 variant than the other variants because a large unique
peptide may be poorly detected.

We have also shown that there are clear differences in the Ca?*-sensitivity of the
OGDH complex from rat brain and heart. Our observations are compatible with the
presence of only the Ca®*- activated archetype OGDH E1 with little or no Ca®*-insensitive
splice variants in the heart while in the brain the Ca%*- insensitive splice variants are present
in equivalent activity to that of archetype. In heart and brain tissue, the agreement
between the RNA-seq, proteomic and activity studies is both impressive and reassuring. It
should be noted that we found, in agreement with Bunik et al. [19], that the brain OGDH
complex contains considerably more OGDHL and DHTDK1 than the heart complex and so
the possibility arises that this difference may contribute to the observed differences in Ca?*-
sensitivity. However, we are unaware of any evidence that 2-oxoglutarate is actually a
substrate for either OGDHL or DHTDK1. We have expressed human OGDHL using the same
approach that we successfully used for the expression of archetype OGDH E1 but the
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preparation was completely inactive with 2-oxoglutarate as substrate (Denton & Armstrong,
unpublished work).

An interesting area for future study in the brain and other tissues will be the extent
to which archetype OGDH E1 and the splice variants are present in distinct OGDH
complexes, perhaps in different cells, or are present in the same complex as homo- or mixed
E1 dimers. Our studies have not addressed this aspect in any direct way but the relatively
poor fit of the 2-oxoglutarate sensitivity of the OGDH complex from rat brain to a simple
two Km model might reflect the presence of the homo- or mixed E1 dimers on the same
OGDH complexes. Useful future direct approaches may include immunocytochemical
techniques coupled to super-resolution optical imaging [29] or electron microscopy.

Evolution of the calcium insensitive splice variants

Based on direct studies of Ca%*- sensitivity, our previous studies have shown that the OGDH
complexes from human, rat, mouse, pig, frog, pigeon and zebra-fish are activated by Ca?*
whereas those from drosophila, locust, C. elegans, yeast and E. coli are not [4,8,30;31].
These observations suggest that Ca?*-sensitivity may be restricted to vertebrates. This view
is strengthened and refined by the presence of DADLD within site 1 of OGDH E1 from most
chordate (including vertebrate) sources but not from non-chordate sources. An interesting
exception is the elephant shark (Callorhinchus milii) which has AADLD and hence would be
expected to exhibit greatly attenuated activation as found when DADLD within human
OGDH E1 is mutated to this sequence [8].

Using published annotations of sequenced genomes combined with Blast searches
(Materials and Methods), we have further explored the evolution of exons capable of giving
rise to the splice variants LS1 and Insert. An evolutionary tree of protein sequences
alongside the motifs around Site 1, and the corresponding sequence in LS1 for these
illustrative species, are shown in Figure 11a and in more detail in Supplementary Table S2.
The key changes are shown in an evolutionary tree of species in Figure 11b. The first of
these (A) is a duplication of an exon (equivalent to exon 4) to give rise to exon 3 (LS1). The
alternative splicing of these two exons is observed in both sea urchins and chordates and so
presumably arose before the divergence of echinoderms and chordates. Next (B) the
evolution of the DADLD motif occurred early in chordate evolution. Since the DADLD motif
appears to be essential for Ca?* sensitivity, this suggests that the development of Ca?*-
sensitive OGDH was preceded by the development of an alternatively-spliced variant which
retained the ancestral Ca%* insensitivity. The gain of the Insert exon (C) occurred in a
common ancestor of cartilaginous and bony fish, giving rise to two further Ca?* insensitive
splice variants in this lineage. It might therefore be speculated that the ability to express a
Ca?*-insensitive variant is essential, presumably in a tissue-specific or developmentally-
regulated manner. Nonetheless, the reason for the existence of three nominally Ca?*
insensitive variants, which differ in their response to very high (usually pathological)
concentrations of the ion, remains unclear (see above). Of note, NAD*-isocitrate
dehydrogenase also shows a broad range of Ca?* sensitivities depending on ATP/ADP and
NADH/NAD* ratios [6] suggesting that a retained ability of the insert variant of OGDH (Figure
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3) to respond to very high (> 100 uM) Ca?* levels might be of relevance under some
circumstances.

The duplication of the Ogdh gene giving rise to Ogdhl occurred before the
divergence of cartilaginous fish, and presumably before the gain of the Insert exon (C) since
this is not found in any Oghd|/ genes. In the ray-finned fish, a further gene duplication (D)
gave rise to two OGDH E1 genes (Ogdha and Ogdhb). Subsequently, the S1 exon was lost in
Ogdha (E) in a subgroup, presumably rendering it Ca?* insensitive. This may indicate that
the balance in the expression of Ca?*-sensitive versus insensitive OGDH isoforms is regulated
to a greater extent in these fish at the transcriptional level rather than through alternative
splicing.

Role of calcium insensitive splice variants in mammalian tissues

The current studies have shown at the RNA and protein level, as well as by activity studies,
that the Ca?*-sensitive archetype OGDH E1 is the predominant form (over 95%) of E1 in the
heart and in skeletal muscle whereas in the brain about half is a calcium insensitive variant.

We have previously argued that in vertebrates the Ca?*- sensitivity of the OGDH
complex coupled with that of two other intramitochondrial enzymes (pyruvate
dehydrogenase phosphatase and NAD-isocitrate dehydrogenase, NAD-ICDH) is an important
mechanism for matching ATP supply and demand [4,32-34]. The results of the present study
fully support this view for the heart where the principal role of the OGDH complex is to
regulate the citrate cycle. Supporting this are recent studies [35,36] involving the
inactivation of the mitochondrial Ca?*-uniporter (MCU) [37,38] selectively in the heart. The
latter studies demonstrated a role for mitochondrial Ca?* uptake in the acceleration of heart
rate during fight or flight [35], with inactivation of the transporter through the over-
expression of a dominant-negative variant also leading to a suite of compensatory changes
including an elevation in cytoplasmic Ca%*levels [36]. Correspondingly, mice globally
deleted for the MCU gene display an impaired ability to perform strenuous work and
changes in the phosphorylation state of the pyruvate dehydrogenase complex in skeletal
muscle [39].

In non-muscle tissues, the role of the OGDH complex in metabolism has more
dimensions including an important role in glutamine and glutamate metabolism. It seems
most likely that the Ca?*- insensitive splice variants facilitate this multifaceted role by
modifying (attenuating) large Ca2*-dependent changes in OGDH complex activity during
cellular stimulation. In the brain, glutamate serves as an essential neurotransmitter [40]
whose intracellular levels may need to be maintained during action potential firing and Ca?*-
dependent exocytosis. Ca?* activation of OGDH, which would be expected to increase
glutamate catabolism after conversion to 2-oxoglutarate by glutamate dehydrogenase, may
therefore need to be minimised under these conditions. We note, however, that our
measurements in brain are likely to be affected by the presence of glial cells [41] and future
studies may be required to determine the distribution of OGDH variants in these versus
neurons.
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Glutamate also has important roles in the pancreatic islet B cell both as an
extracellular [42] and intracellular [43-45] signal, and is implicated in the control of insulin
secretion by glucose and by incretin hormones. Whilst levels of the splice variants in islets
may not precisely reflect those in B cells (which comprise 60-70% of rodent islets) [46], it
seems possible that the lower levels of archetype OGDH E1 in these cells may, in common
with neurons, reflect a requirement to avoid large Ca?*-dependent changes in glutamate
catabolism during stimulation with secretagogues.

We have also considered the possibility that changes in the ratio of splice variants
may occur in cancer cells given the dependence upon glutamine metabolism apparent in
tumours [47,48] . Whilst we did not perform a comprehensive screen across multiple cancer
types our analysis (not shown) of RNASeq data from transformed versus untransformed
mouse embryonic fibroblasts [49] did not show any significant differences in the expression
of splice variants of OGDH E1.

In summary, the existence of Ca?* sensitive and insensitive variants of OGDH
appears to be a relatively early evolutionary adaptation, which allows the tissue-specific
regulation of the enzyme in mammals and presumably in other chordates.

ACKNOWLEDGEMENTS

We thank Professor Andrew Halestrap (School of Biochemistry, University of Bristol, Bristol,
U.K.) for much useful advice and discussion.

DECLARATIONS OF INTEREST

None

FUNDING

The work was funded by the Christobel Wheeler Bequest to R.M.D. G.A.R. was supported
by Wellcome Trust Senior Investigator (WT098424AIA) and Royal Society Wolfson Research
Merit Awards, and by MRC Programme (MR/J0003042/1), Biological and Biotechnology
Research Council (BB/J015873/1) and Diabetes UK Project (11/0004210; 15/0005275)
Grants. T.J.P. was the recipient of a Diabetes Research and Wellness Foundation post-
doctoral Fellowship (SCA/01/F/12).

AUTHOR CONTRIBUTION

Richard Denton conceived and directed the work with Guy Rutter and carried out the
enzyme activity studies plus, with Kate Heesom, the proteomic studies. Timothy Pullen
carried out the RNA-seq studies and phylogenetic analyses and Craig Armstrong the
expression of archetype OGDH E1 and its splice variants. Richard Denton prepared the
paper with Guy Rutter and Timothy Pullen.

13



REFERENCES

1

10

11

12

Koike, M. and Koike, K. (1976) Structure, assembly and function of mammalian alpha-
keto acid dehydrogenase complexes. Adv.Biophys. 187-227

McCormack, J. G. and Denton, R. M. (1979) The effects of calcium ions and adenine
nucleotides on the activity of pig heart 2-oxoglutarate dehydrogenase complex.
Biochem.J. 180, 533-544

McCormack, J. G., Halestrap, A. P., and Denton, R. M. (1990) Role of calcium ions in
regulation of mammalian intramitochondrial metabolism. Physiol.Rev. 70, 391-425

Denton, R. M. (2009) Regulation of mitochondrial dehydrogenases by calcium ions.
Biochim.Biophys.Acta. 1787, 1309-1316

Lawlis, V. B. and Roche, T. E. (1981) Inhibition of bovine kidney alpha-ketoglutarate
dehydrogenase complex by reduced nicotinamide adenine dinucleotide in the
presence or absence of calcium ion and effect of adenosine 5'-diphosphate on reduced
nicotinamide adenine dinucleotide inhibition. Biochemistry. 20, 2519-2524

Rutter, G. A. and Denton, R. M. (1988) Regulation of NAD*-linked isocitrate
dehydrogenase and 2- oxoglutarate dehydrogenase by Ca®* ions within toluene-
permeabilized rat heart mitochondria. Interactions with regulation by adenine
nucleotides and NADH/NAD+ ratios. Biochem.J. 252, 181-189

Bunik, V. I. and Fernie, A. R. (2009) Metabolic control exerted by the 2-oxoglutarate
dehydrogenase reaction: a cross-kingdom comparison of the crossroad between
energy production and nitrogen assimilation. Biochem.J. 422, 405-421

Armstrong, C. T., Anderson, J. L., and Denton, R. M. (2014) Studies on the regulation of
the human E1 subunit of the 2-oxoglutarate dehydrogenase complex, including the
identification of a novel calcium-binding site. Biochem.J. 459, 369-381

Rutter, G. A. and Denton, R. M. (1989) The binding of Ca?* ions to pig heart NAD+-
isocitrate dehydrogenase and the 2-oxoglutarate dehydrogenase complex. Biochem.J.
263, 453-462

McCormack, J. G. and Denton, R. M. (1993) Calcium and the regulation of
intramitochondrial dehydrogenases. Meth.Toxicol. 2, 390-403

Patro, R., Mount, S. M., and Kingsford, C. (2014) Sailfish enables alignment-free
isoform quantification from RNA-seq reads using lightweight algorithms.
Nat.Biotechnol. 32, 462-464

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and Wold, B. (2008) Mapping
and quantifying mammalian transcriptomes by RNA-Seq. Nat.Methods. 5, 621-628

14



13

14

15

16

17

18

19

20

21

22

23

24

25

Anders, S., Reyes, A., and Huber, W. (2012) Detecting differential usage of exons from
RNA-seq data. Genome Res. 22, 2008-2017

Edgar, R. C. (2004) MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792-1797

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013) MEGA®6:
Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol.Evol. 30, 2725-2729

Silva, J. C., Gorenstein, M. V., Li, G. Z., Vissers, J. P., and Geromanos, S. J. (2006)
Absolute quantification of proteins by LCMSE: a virtue of parallel MS acquisition Mol.
Cell Proteomics. 5, 144-156

Wang, W., Zhou, H., Lin, H., Roy, S., Shaler, T. A, Hill, L. R., Norton, S., Kumar, P.,
Anderle, M., and Becker, C. H. (2003) Quantification of proteins and metabolites by
mass spectrometry without isotopic labeling or spiked standards. Anal.Chem. 75,
4818-4826

Yates, J. R., lll, Gilchrist, A., Howell, K. E., and Bergeron, J. J. (2005) Proteomics of
organelles and large cellular structures. Nat.Rev.Mol Cell Biol. 6, 702-714

Bunik, V., Kaehne, T., Degtyarev, D., Shcherbakova, T., and Reiser, G. (2008) Novel
isoenzyme of 2-oxoglutarate dehydrogenase is identified in brain, but not in heart.
FEBS J. 275, 4990-5006

Bunik, V. I. and Degtyarev, D. (2008) Structure-function relationships in the 2-oxo acid
dehydrogenase family: substrate-specific signatures and functional predictions for the
2-oxoglutarate dehydrogenase-like proteins. Proteins. 71, 874-890

Danhauser, K., Sauer, S. W., Haack, T. B., Wieland, T., Staufner, C., Graf, E., Zschocke,
J., Strom, T. M., Traub, T., Okun, J. G., Meitinger, T., Hoffmann, G. F., Prokisch, H., and
Kolker, S. (2012) DHTKD1 mutations cause 2-aminoadipic and 2-oxoadipic aciduria.
Am.J.Hum Genet. 91, 1082-1087

Torrance, J. W., Macarthur, M. W., and Thornton, J. M. (2008) Evolution of binding
sites for zinc and calcium ions playing structural roles. Proteins. 71, 813-830

Rizzuto, R., Simpson, A. W. M., Brini, M., and Pozzan, T. (1992) Rapid changes of
mitochondrial Ca®* revealed by specifically targeted recombinant aequorin. Nature
358, 325-327

Rutter, G. A., Theler, J.-M., Murta, M., Wollheim, C. B., Pozzan, T., and Rizzuto, R.
(1993) Stimulated Ca?* influx raises mitochondrial free Ca%* to supramicromolar levels
in a pancreatic -cell line: possible role in glucose and agonist-induced insulin
secretion. J.Biol.Chem. 268, 22385-22390

Brini, M., DeGiorgi, F., Murgia, M., Marsault, R., Massimino, M. L., Cantini, M., Rizzuto,

R., and Pozzan, T. (1997) Subcellular analysis of Ca?* homeostasis in primary cultures of
skeletal muscle myotubes. Mol.Biol.Cell 8, 129-143

15



26

27

28

29

30

31

32

33

34

35

36

Montero, M., Lobaton, C. D., Moreno, A., and Alvarez, J. (2002) A novel regulatory
mechanism of the mitochondrial Ca?* uniporter revealed by the p38 mitogen-activated
protein kinase inhibitor. SB202190 FASEB J. 16, 1955-1957

Montero, M., Alonso, M. T., Carnicero, E., Cuchillo-lbanez, I., Albillos, A., Garcia, A. G.,
Garcia-Sancho, J., and Alvarez, J. (2000) Chromaffin-cell stimulation triggers fast
millimolar mitochondrial CaZ* transients that modulate secretion. Nat.Cell Biol. 2, 57-
61

Halestrap, A. P. (2010) A pore way to die: the role of mitochondria in reperfusion injury
and cardioprotection. Biochem.Soc.Trans. 38, 841-860

Eggeling, C., Willig, K. 1., Sahl, S. J., and Hell, S. W. (2015) Lens-based fluorescence
nanoscopy. Q.Rev.Biophys. 48, 178-243

McCormack, J. G. and Denton, R. M. (1981) A comparative study of the regulation of
Ca?* of the activities of the 2-oxoglutarate dehydrogenase complex and NAD*-
isocitrate dehydrogenase from a variety of sources. Biochem J 196, 619-624

Nichols, B. J., Rigoulet, M., and Denton, R. M. (1994) Comparison of the effects of Ca?*,
adenine nucleotides and pH on the kinetic properties of mitochondrial NAD™-
isocitrate dehydrogenase and oxoglutarate dehydrogenase from the yeast
Saccharomyces cerevisiae and rat heart. Biochem.J. 303, 461-465

Denton, R. M. and McCormack, J. G. (1980) On the role of the calcium transport cycle
in the heart and other mammalian mitochondria. FEBS Lett 119, 1-8

McCormack, J. G. and Denton, R. M. (1990) Intracellular calcium ions and
intramitochondrial Ca* in the regulation of energy metabolism in mammalian tissues.
Proc.Nutr.Soc. 49, 57-75

Griffiths, E. J. and Rutter, G. A. (2009) Mitochondrial calcium as a key regulator of
mitochondrial ATP production in mammalian cells. Biochim.Biophys.Acta. 1787, 1324-
1333

Wu, Y., Rasmussen, T. P., Koval, O. M., Joiner, M. L., Hall, D. D., Chen, B., Luczak, E. D.,
Wang, Q., Rokita, A. G., Wehrens, X. H., Song, L. S., and Anderson, M. E. (2015) The
mitochondrial uniporter controls fight or flight heart rate increases. Nat.Commun.
6:6081. doi: 10.1038/ncomms7081., 6081

Rasmussen, T. P., Wu, Y., Joiner, M. L., Koval, O. M., Wilson, N. R., Luczak, E. D., Wang,
Q., Chen, B., Gao, Z., Zhu, Z., Wagner, B. A,, Soto, J., McCormick, M. L., Kutschke, W.,
Weiss, R. M., Yu, L., Boudreau, R. L., Abel, E. D., Zhan, F., Spitz, D. R., Buettner, G. R,,
Song, L. S., Zingman, L. V., and Anderson, M. E. (2015) Inhibition of MCU forces
extramitochondrial adaptations governing physiological and pathological stress
responses in heart. Proc.Natl.Acad.Sci.U.S.A. 112, 9129-9134

16



37

38

39

40

41

42

43

44

45

46

47

48

De, S. D., Raffaello, A., Teardo, E., Szabo, I., and Rizzuto, R. (2011) A forty-kilodalton
protein of the inner membrane is the mitochondrial calcium uniporter. Nature. 476,
336-340

Baughman, J. M., Perocchi, F., Girgis, H. S., Plovanich, M., Belcher-Timme, C. A.,
Sancak, Y., Bao, X. R., Strittmatter, L., Goldberger, O., Bogorad, R. L., Koteliansky, V.,
and Mootha, V. K. (2011) Integrative genomics identifies MCU as an essential
component of the mitochondrial calcium uniporter. Nature. 476, 341-345

Pan, X,, Liu, J., Nguyen, T., Liu, C., Sun, J., Teng, Y., Fergusson, M. M., Rovira, I. ., Allen,
M., Springer, D. A., Aponte, A. M., Gucek, M., Balaban, R. S., Murphy, E., and Finkel, T.
(2013) The physiological role of mitochondrial calcium revealed by mice lacking the
mitochondrial calcium uniporter. Nat.Cell Biol. 15, 1464-1472

Collingridge, G. L. and Bliss, T. V. P. (1987) NMDA receptors-their role in long-term
potentiation. Trends Neurosci. 10, 288-293

Azevedo, F. A, Carvalho, L. R,, Grinberg, L. T., Farfel, J. M., Ferretti, R. E., Leite, R. E.,
Jacob, F. W,, Lent, R., and Herculano-Houzel, S. (2009) Equal numbers of neuronal and
nonneuronal cells make the human brain an isometrically scaled-up primate brain.
J.Comp Neurol. 513, 532-541

Inagaki, N., Kuromi, H., Gonoi, T., Okamoto, Y., Ishida, H., Seino, Y., Kaneko, T.,
Iwanaga, T., and Seino, S. (1995) Expression and role of ionotropic glutamate receptors
in pancreatic islet cells. FASEBJ 9, 686-691

Maechler, P. and Wollheim, C. B. (1999) Mitochondrial glutamate acts as a messenger
in glucose- induced insulin exocytosis. Nature 402, 685-689

Gheni, G., Ogura, M., Iwasaki, M., Yokoi, N., Minami, K., Nakayama, Y., Harada, K.,
Hastoy, B., Wu, X., Takahashi, H., Kimura, K., Matsubara, T., Hoshikawa, R., Hatano, N.,
Sugawara, K., Shibasaki, T., Inagaki, N., Bamba, T., Mizoguchi, A., Fukusaki, E.,
Rorsman, P., and Seino, S. (2014) Glutamate Acts as a Key Signal Linking Glucose
Metabolism to Incretin/cAMP Action to Amplify Insulin Secretion. Cell Reports 9, 661-
673

Storto, M., Capobianco, L., Battaglia, G., Molinaro, G., Gradini, R., Riozzi, B., Di, M. A,,
Mitchell, K. J., Bruno, V., Vairetti, M. P., Rutter, G. A., and Nicoletti, F. (2006) Insulin
secretion is controlled by mGlu5 metabotropic glutamate receptors. Mol Pharmacol.
69, 1234-1241

Elayat, A. A., el-Naggar, M. M., and Tahir, M. (1995) An immunocytochemical and
morphometric study of the rat pancreatic islets. J.Anat. 186, 629-637

Newsholme, E. A,, Crabtree, B., and Ardawi, M. S. (1985) The role of high rates of
glycolysis and glutamine utilization in rapidly dividing cells. Biosci.Rep. 5, 393-400

Vincent, E. E., Sergushichev, A., Griss, T., Gingras, M. C., Samborska, B., Ntimbane, T.,
Coelho, P. P, Blagih, J., Raissi, T. C., Choiniere, L., Bridon, G., Loginicheva, E., Flynn, B.

17



49

R., Thomas, E. C., Tavare, J. M., Avizonis, D., Pause, A., Elder, D. J., Artyomov, M. N.,
and Jones, R. G. (2015) Mitochondrial Phosphoenolpyruvate Carboxykinase Regulates
Metabolic Adaptation and Enables Glucose-Independent Tumor Growth. Mol Cell. 60,
195-207

Petersen, N. H., Olsen, O. D., Groth-Pedersen, L., Ellegaard, A. M., Bilgin, M., Redmer,
S., Ostenfeld, M. S., Ulanet, D., Dovmark, T. H., Lonborg, A., Vindelov, S. D., Hanahan,
D., Arenz, C., Ejsing, C. S., Kirkegaard, T., Rohde, M., Nylandsted, J., and Jaattela, M.
(2013) Transformation-associated changes in sphingolipid metabolism sensitize cells to
lysosomal cell death induced by inhibitors of acid sphingomyelinase. Cancer Cell. 24,
379-393

18



a

Archetype
LIRAYQIRGHHVAQLDPLGILDADLDSSVPADIISSTDKL-—======—=———=——— GEFYGLDESDLDKVFHL

Loss of site 1 (LS1)
GFYGLDESDLDKVFHL

LTRAYQVRGHHIAKLDPLGISCVN

Insertion (Insert)

LIRAYQIRGHHVAQLDPLGILDADLDSSVPADIISSTDKLDLAVEFKERLRMLTVGGEFYGLDESDLDKVFHL

Loss of site 1 plus Insertion (LS1l/Insert)
LIRAYQVRGHHIAKLDPLGISCVNFDDAPVTVSSNV----DLAVFKERLRMLTVGGFYGLDESDLDKVFHL

Exon 3 Exon 4 Exon 5 Exon 6

Loss site 1 Site 1 { Insert }—{ Site 2 }—/\/—
( J ( J
[

Alternate Optional

Figure 1 Alignment of human archetype and splice variants of OGDH E1 and arrangement

of exons.

(a) Sequence of archetypal is from Leu®* — Leu'*® (using sequence numbering after cleavage

of mitochondrial propeptide). Sequence corresponding to the archetypal site 1 exon (exon
4) shown in green with site 1 in bold type. Sequences corresponding to loss of site 1 exon

(exon 3) is shown in blue and Insert exon (exon 5) in red. Site 2 sequence is underlined and

is present in all the variants. (b) Arrangement of exons in vertebrate OGDH genes.
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Figure 2 Survey of effects of adenine nucleotides, NADH and Ca?*on the activity of human

OGDH E1 splice variants.

(a) Archetype. (b)LS1. (c) Insert. (d) LS1/Insert. All activities were measured at 50
UM 2-oxoglutarate in the presence and absence of adenine nucleotides, NADH and
Ca?* as indicated and are expressed as % Vmax. Values are mean + S.E.M. for four
determinations. Further details of the observations are given in Supplementary

Table S1.
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Figure 3 Effects of Ca?* on the activity of human OGDH E1 splice variants.

All activities were measured at 50 uM 2-oxoglutarate in the presence of 0.2 mM NADH (but
in the absence of adenine nucleotides) at <0.01, 326 and 996 uM Ca?* and are expressed as
% Vmax. Values are mean £ S.E.M for 4-6 observations. *P<0.05, **P<0.01 (Student’s t test)
compared to <0.01 pM Ca?*. Note, under the same conditions used in the present study the
Kos for Ca2* activation of archetype OGDH E1 was 7.81+0.87 uM [8].
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Figure 4 Inhibition of human OGDH E1 splice variants by NADH and ATP/ADP.

(a) Effects of increasing concentrations of NADH in the presence of 50 UM 2-oxoglutarate,
<0.01 uM Ca?* and the absence of adenine nucleotides. Points are the mean of 3-5
observations. Dated fitted to :- v = vo— ((vo-vni).[NADH]/([NADH]+Ki)) where Vo is the rate in
the absence of NADH, vy is the non-inhibitable rate and K; is the concentration of NADH
giving half-maximal effects. (b) Effects of increasing ratios of ATP to ADP (with the ATP plus
ADP concentration constant at 1.5 mM) in the presence of 50uM 2-oxoglutarate, <0.01 uM
Ca?* and the absence of NADH. Points are the mean of 2-6 observations. Data fitted to
same equation as in (a) but with ATP/ADP ratio replacing [NADH]. (c) Values of Ki for NADH
and the ratio of ATP/ADP giving 50% inhibition calculated from the data plotted in parts (a)
and (b) and given as parameter mean = S.E.M. (based on 7-11 mean observations).
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Figure 5 Effects of 2-oxoglutarate concentration in the presence and absence of NADH
(0.2 mM) and [Ca?*] <0.01 uM on the activity of human OGDH E1 splice variants.

(a) Comparison of archetype with LS1 splice variant. Each point is the mean of three
observations. Data fitted to:- v = Vmax . [0G]/([OG] + Km). (b) Values of Ky, calculated
from the data plotted in (a) and given as parameter mean + S.E.M. (based on 6 mean
observations). Also included are values for variants Insert and LS1/Insert calculated from
data obtained under the same conditions as in (a) and again given as mean*S.E.M based on
6 mean observations.

23



...
5
S
Exon usage

Cortex Heart

TS

Expression of Ogdh Isoforms (RPKM)
=
8

- Ilu
o8&

& &
& F

&
e

b 100% -
- 10kb

80% -

Archetype ---

Insert

Ls1

60% -

LS1/Insert - -~

40%

Isoform distribution of Ogdh
{% of total Ogdh mRNA)

20%

A 3 5 S
F & & & F & N

M Archetype M Insert LS1 mLS1/Insert : ; Cortex

Figure 6 Expression patterns of archetype and splice variants determined from RNA-Seq
data.

(a) Expression levels of mMRNA encoding archetype and the three splice variants of OGDH E1
were measured across a range of adult mouse tissues and embryonic stem cells (ESC) from
publicly available RNA-Seq data using the Sailfish tool. Data presented as mean + S.E.M.
(n=2-3). (b) These data are also presented to show the proportion of the variants expressed
in each tissue. (c) Exon-level expression analysis of archetype and splice variants in mouse
cortex and heart using DEXSeq. The exons encoding LS1, archetype and Insert are
highlighted and expanded in the bottom part. Due to differences in the LS1 boundaries
present in the reference annotation, this exon was split into two counting bins. However,
the predicted exon usage for both bins is almost identical in agreement with a single LS1
exon. (n=3) * Significantly different exon usage with false discovery rate <10°®.

24



Archetype
LVEDHLAVQSLIR AYQIR GHHVAQLDPLGILDADLDSSVPADIISSTDK LGFYGLBESDLDK VFHLP'I'I'TFIGGQEIALPLR

a 1 2 3 b

Ls1
¥ T
LVEDHLAVQSLIR AYQVR GHHIAK LDPLGISCVNFDDAPVTVSSNVGFYGLDESDLDK VFHLPTTTFIGGQESALPLR

a 4 5 6 b

Insert
* 1
LVEDHLAVQSLIR AYQIR GHHVAQLDPLGILDADLDSSVPADIISSTDK LDLAVFKER LR MLTVGGFYGLDESDLDK VFHLPTTTFIGGQESALPLR

a 1 2 7 8 9 b

LS1/Insert
* T
LVEDHLAVQSLIR AYQVR GHHIAK LDPLGISCVNFDDAPVTVSSNVDLAVFKER LR MLTVGGFYGLDESDLDK VFHLPTTTFIGGQESALPLR

a 4 5 10 8 9 b

Figure 7 Trypsin derived peptides from archetype and splice variants of human OGDH E1

Tryptic peptides from Leu8* to Arg'®4 for archetype OGDH E1 together with corresponding

peptides for the three splice variants. Peptides have been assigned a letter or number and

these are shown under the peptides. Peptides a and b are present in all four forms of OGDH

E1l. Underlined peptides are unique to a single form. Peptides from the four forms in rat
and mouse are identical to those from human except *asp is replaced by his and tser is

replaced by pro.
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Figure 8 Proteomic analysis of tryptic peptides from (a) expressed archetype and splice
variants of human OGDH E1 and (b) OGDH E1 separated from rat brain and heart

mitochondria.

Results are shown as peptide spectral matches (PSM) for the indicated peptide or the mean
of peptides a and b expressed as a % of the total E1 protein PSM and are meantS.E.M. of
three or four observations. Values of total E1 protein PSM were archetype 3571+552 (4),
LS1 37194552 (3), Insert 3782+1961 (3), LS1/Insert 3407+156 (3), rat brain OGDH E1
620+126 (4) and rat heart OGDH E1 1086+126 (4). All observations were obtained using an
Orbitrap Fusion Tribrid mass spectrometer. The number of PSM is a measure of the amount

of a peptide.
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L L1 L B 1L B L R L
[CaZ*] uM Brain Heart P value t-test
| @ Heart <0.01 9.75+2.42 9.5040.66 0.92
60— Brain 0.25 20.25¢3.11  32.25£2.78 0.028
x 0.59 31.504#3.20  52.00£2.91 0.003
§ 40 326 50.25+4.36  72.75%1.65 <0.001
B
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0 povnl vl vl 1
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[Ca*] (M)

Figure 9 Comparison of the effects of Ca2* on the activity of OGDH complex in extracts of
rat heart and brain mitochondria.

Activity of the OGDH complex was assayed in the presence of 50uM 2-oxoglutarate (in the
absence of added adenine nucleotides and NADH) and expressed as % Vmax (taken as the
activity in the presence of 2mM oxoglutarate and 0.33mM Ca?*). (a) Observations on single
preparations of mitochondrial extracts using 11-12 different Ca?* concentrations; data fitted
to:- v=Vmax.[Ca%*]/([Ca?'] + Kos). (b) Mean results with four preparations each of rat heart
and brain mitochondria measured at four concentrations of Ca?*.

27



100 |~ QO Heart [Ca?*] =326 uM
— @ Brain [Ca?*]=326puM
[] Heart [Ca?*]=<0.01uM
B Brain [Ca?*]=<0.01uM

60

%\Vmax

40

20

0.01 0.1 1
2-oxoglutarate (mM)

Figure 10 Effects of 2-oxoglutarate concentration on the activity of OGDH complex from
rat brain and heart mitochondria.

Activity of the OGDH complex was assayed in the presence of <0.01 or 326 uM Ca?* (without
added adenine nucleotides or NADH) and expressed as % Vmax. Data points are the means
of 2-4 observations on two separate preparations of mitochondria from each tissue. Data
fitted to :- v = Vmax . [0OG]/([OG] + Km) shown as solid lines. Dashed line is data from brain at
326 puM Ca?* fitted assuming a mix of Ca?*-sensitive and Ca%*-insensitive forms with Kn, for 2-
oxoglutarate of 0.067 and 1.17 mM respectively; the calculated proportion of the Ca?* -
insensitive form is 45£7%.
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S1 Motif LS1 Motif Insert

Ogdh Mus ILDADLDSS ISCVNFDDA DLAVFKERLRMLTVG

a _|: Ogdh Rattus ILDADLDSS ISCVNFDDA DLAVFKERLRMLTVG

Ogdh Homo ILDADLDSS ISCVNFDDA DLAVFKERLRMLTVG

_:Ogdh Sus ILDADLDSS ISCVNFDDA DLAVFKERLRMLTVG

Ogdh Gallus ILDADLDSS ISCVNFDDA DLAVFKERLRVLTVG

Ogdh Xenopus ILDADLDSC TISSVNFDGA DLQAFMDRLRVLTVG

Ogdha Danio IMDADLDSC ISCVNFDEA DLTHVKKRLSALTIG

{Ogdhb Danio ILDADLDSC ISCVNFDNA —----—-———————-

Ogdha Takifugu ~ @ —=—=—=—=—=—-- ESCVDEDDAN oo = oS s oo S oo

— _I: Ogdha Oreochromis =~ ========~— ISCVDFDDA —-—--—————==————

Ogdhb Takifugu IMDADLDSC ISCVNFDDA DVAVCKERLGLLTVG

_|: Ogdhb Oreochromis IMDADLDSC TISCVNFDDA DVAVFKERLHILTVG

Ogdh Callorhincus ILAADLDSS INLVDFDES DVAVCEDRLRKLTVG

| < Ogdhl (Cartilaginous & bony fish, amphibians, birds & mammals)

Ogdha Petromyzon

Ogdh Ciona ILDADLDST ISGTSLNMF ---------------

Ogdh Strongylocentrotus INAADLTEV ISSATTGSL ---------------

Ogdh-1Caenorhabditis ~ INSADLDDT --------- —=———-—-———-——————-

Ogdh-1 Drosophila IVGPKKRTS -——rr=merer cecccecccee—e—e—

I_:Ogdh»z Drosophila INTPELPGN ~——=—=—m==r —ccme—ecoeoe————-

Drosophila melanogaster
Caenorhabditis elegans
Strongylocentrotus purpuratus
Ciona savignyi
Petromyzon marinus
Callorhinchus milii

Danio rerio

Takifugu rubripes
Oreochromis niloticus
Xenopus tropicalis
Gallus gallus

Sus scrofa

Homo sapiens

A) Exon duplication (S1 and LS1 exons) Rattus norvegicus

B) Gain of DADLD motif in S1 exon Mus musculus

C) Gene duplication (Ogdh & Ogdhl) & gain of Insert exon

D) Gene duplication (Ogdha & Ogdhb)

E) Loss of S1 exon from Ogdha

Figure 11. Phylogenetic development of OGDH E1 and OGDHL

Insects
Nematodes
Echinoderms
Tunicates
Jawless Fish
Cartilaginous Fish

Ray-finned Fish

Amphibians
Birds

Mammals

Chordates

a Evolutionary tree of OGDH protein sequences. Within each species, variants have been

collapsed into a single node for clarity. An alignment of the S1, LS1 and insert motifs is

provided. Ogdhl genes have similarly been collapsed. Mammals are highlighted in pink and

ray-finned fish in blue. b Evolutionary tree of species highlighting the major changes to the
OGDH and OGDHL genes. The underlying tree was constructed using data from ENSEMBL as

described under Materials and Methods.
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(Supplementary Table S1 part 1)

Activity Archetype (n=4) Activity LS1 (n=4)
AXP [Ca2*] NADH Caz* NADH ADP ATP Caz* NADH ADP ATP

(1.5 mM) (uM) (mM) PV nax S.E.M. % effect % effect % effect % effect Vi S.E.M. % effect % effect % effect % effect
ADP <0.01 0 44.2 1.96 219 68.9 4.20 149
none <0.01 0 20.2 1.76 46.1 1.63
ATP <0.01 0 9.1 0.80 45 29.2 2.21 63
ADP 330 0 63.0 3.55 142 153 63.8 3.85 93 146
none 330 0 41.2 2.94 204 43.7 2.65 95
ATP 330 0 53.0 4.03 584 129 35.7 1.02 122 82
ADP <0.01 0.2 19.7 0.11 44 853 46.1 1.49 67 698
none <0.01 0.2 2.3 0.15 11 6.6 0.42 14
ATP <0.01 0.2 2.6 0.18 29 114 13.1 2.40 45 197
ADP 330 0.2 54.3 3.49 276 86 202 374 1.13 81 59 438
none 330 0.2 26.9 1.76 1167 65 8.5 1.21 129 20
ATP 330 0.2 32.1 1.73 1226 61 119 10.8 0.64 83 30 127

(Supplementary Table S1 part 2)

Activity Insert (n=4) Activity LS1/Insert (n=4)
AXP [Caz*] NADH Caz+ NADH ADP ATP Caz* NADH ADP ATP

(1.5mM) (uM) (mM)  %V..  S.E.M. % effect % effect % effect % effect %Vima  S.E.M. % effect % effect % effect % effect
ADP <0.01 0 61.2 5.12 177 55.7 3.27 230
none <0.01 0 34.5 2.22 24.2 6.64
ATP <0.01 0 19.0 0.66 55 13.9 3.71 57
ADP 330 0 55.3 3.37 90 156 52.2 0.59 94 227
none 330 0 35.4 1.83 103 22.9 5.75 95
ATP 330 0 254 4.51 134 72 18.0 2.78 129 78
ADP <0.01 0.2 37.2 0.82 61 664 24.8 2.65 45 1161
none <0.01 0.2 5.6 0.46 16 2.1 0.36 9
ATP <0.01 0.2 7.5 1.79 39 134 2.8 0.43 20 133
ADP 330 0.2 44.9 1.05 121 81 624 24.3 1.13 98 47 887
none 330 0.2 7.2 0.36 129 20 2.7 0.20 128 12
ATP 330 0.2 10.2 0.68 136 40 142 3.4 0.49 118 19 122

Table S1 Survey of effects of adenine nucleotides, NADH and Ca?*on the activity of human
OGDH E1 splice variants.

These data were used to prepare Figure 2 of the main text.
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(Supplementary Table S2)

Species
Human (Homo sapiens)
Rat (Rattus norvegicus)
Mouse (Mus musculus)
Pig (Sus scrofa)
Chicken (Gallus gallus)
Frog (Xenopus tropicalis)
pufferfish (Takifugu rubribes) chromosome 6
Pufferfish (Takifugu rubribes) chromosome 21
Tilipia (Oreochromis niloticus) chromosome LG7
Tilipia (Oreochromis niloticus) Chromosome LG12
Zebra fish (Danio rerio) chromosome 8
Zebra fish (Danio rerio) chromosome10
Elephant Shark (Callorhinchus milii)
Sea squirt (Ciona savigny)

Sea urchin (Strongylocentrotus purpuratus)

LS1 EXON (3)
VRGHHIAKLDPLGISCVNFDDAPVTVSSNV

VRGHQIAKLDPLGISCVNFDDAPVTVSSNV
VRGHHIAKLDPLGISCVNFDDAPVTVSSNV
VRGHHIAKLDPLGISCVNFDDAPVTVSSNV
VRGHHIAKLDPLGISCVNFDDAPVTVSPNV
VRGHHIAKLDPLGISSVNFDGAPVIVGSPNM
VRGHHIAKLDPLEISCVDFDDAPCAIGFQNI

VMGHHNARLDPLGISCVNFDDAPVNTGFQDV

VRGHHIAKLDPLDISCVDFDDAPCTIGFQNV

VMGHHNAHLDPLGISCVNFDDAPVNAGFQDV
VMGHHNANLDPLGISCVNFDEAPVATG

VRGHHIAKLDPLGISCVNFDNAPITVSTAV

VRGHHIAKLDPLGINLVDFDESRCTLPVGSSSC

IRGHLCSNLDPLGISGTSLNMFGSVPLTKDCVIM

IRGHYLAKLDPLNISSATTGSLPDIVVAGHPTLGL

Site 1 containing EXON (4)
IRGHHVAQLDPLGILDADLDSSVPADIISSTDKL

IRGHHVAQLDPLGILDADLDSSVPADIISSTDKL
IRGHHVAQLDPLGILDADLDSSVPADIISSTDKL
IRGHHVAQLDPLGILDADLDSSVPADIISSTDKL
IRGHHVAQLDPLGILDADLDSFVPSDLITTIDKL
IRGHHVAQLDPLGILDADLDSCVPADIVTSSDKL
No evidence
IRGHQVAQLDPLGIMDADLDSCVPTDIITSSDKL
No evidence
IRGHHVAQLDPLGIMDADLDSCVPTDIITSSDKL
IRGHHVAQLDPLGIMDADLDSCVPTDIITSSDKL
IRGHHVAQLDPLGILDADLDSCVPADIITSSDKL

IRGHHVAQLDPLGILAADLDSSVPGDLVTASNGI

IRGHSVAQLDPLGILDADLDSTTPPELMLNS

IRGHNMAHLDPLGINAADLTEVVPPELVLTSYQMG

Insert EXON (5)
DLAVFKERLRMLTVG

DLAVFKERLRMLTVG
DLAVFKERLRMLTVG
DLAVFKERLRMLTVG
DLAVFKERLRVLTVG
DLQAFMDRLRVLTVG
No evidence
DVAVCKERLGLLTVG
No evidence
DVAVFKERLHILTVG
DLTHVKKRLSALTIG
No evidence
DVAVCEDRLRKLTVG
No evidence

No evidence

Table S2 Sequences expressed by LS1, site 1 (archetype) and Insert exons in selected

vertebrates. Data was obtained by use of BLASTp and tBlastn together with sequences of

human archetype E1 and its splice variants in conjunction with species genomic DNA
sequence information. The sequence of site 1 is shown in bold.
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