Defining the structural and functional role of VLCAD in the
FAO/ETC-SC through recombination with VLCAD to
VLCAD KO mice heart mitochondria.
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Abstract

Background: We have recently shown that fatty acid oxidation (FAO) enzymes physically and functionally interact with the electron transfer chain supercomplexes (ETC-SC) at two
points to form a multi-protein energy complex (MEC). The FAO trifunctional protein (TFP) interacts with ETC Complex I and electron transfer flavoprotein dehydrogenase (ETFDH)
interacts with ETC Complex III. Very long-chain acyl-CoA dehydrogenase (VLCAD) physically interacts with TFP.
Hypothesis: We propose that incubation of VLCAD KO heart mitochondria with purified VLCAD will restore MEC structure and function of VLCAD KO.
Methods: VLCAD KO mitochondria were isolated from heart and permeabilized with digitonin. Blue native polyacrylamide gel electrophoresis (BNGE) followed by in-gel enzyme
activity stains, 2DBNGE/SDS-PAGE followed by western blotting, and FAO and ETC enzyme activity and flux assays were performed.
Results: VLCAD KO heart mitochondria exhibited a reduction of the MEC and decreases in the amount of the individual proteins TFPα, TFPβ, ETFα, and Com I NDUFV2. Addition of
VLCAD to VLCAD KO mitochondria led to reconstitution of the MEC. Electron transfer from palmitoyl-CoA to ETC Com III was significantly decreased in KO heart mitochondria, as
were the activities of individual ETC enzymes and ATPase activity. However, all recovered significantly with the addition of purified VLCAD. Of note, the total amount of these proteins
did not decrease in VLCAD KO heart mitochondria.
Conclusions: VLCAD KO mice led to reduced MECs in intact mitochondria along with impairment in flux from FAO to the ETC but normal amounts of FAO and ETC proteins,
suggesting that assembly of the MEC is impaired. MEC assembly, in turn, is restored by addition of exogenous VLCAD in VLCAD KO mitochondria, demonstrating the dependence of
this process on VLCAD. Impairment of the MEC likely plays a secondary role in many of the primary disorders of FAO or ETC and suggests new options for therapy.

A. Significance

Fatty acid beta-oxidation (FAO), the electron
transfer chain (ETC), and the tricarboxylic acid
(TCA) cycle are key pathways involved in
cellular
energetics.
We
have
recently
demonstrated that FAO proteins interact with
ETC-SC, forming an integrated multiprotein
enzyme complex (MEC). In the MEC, VLCAD
binds to TFP, which is linked to the NADHbinding domain of Com I, and ETFDH binds to
Com III [1,2]. QH2 and NADH accept electrons
generated from FAO and serve as substrates for
Complex III and I of ETC, respectively. In
VLCAD
knockout
mice
(VLCAD
KO),
supercomplex (SC) formation/stability and ETC
complex activities are impaired, and flux from
FAO to ETC is reduced, leading to an increase
in mitochondrial ROS. Incubation of purified
recombinant VLCAD with mitochondria from
VLCADD mice improves these parameters,
demonstrating its role as a key factor in the
assembly and/or stability of the MEC.

B. Results

(1) Interaction of VLCAD in the
MEC

VLCAD binds to TFP, TFP binds to NADH
binding domain of Com I, and ETFDH
binds to Com III, allowing generation of
ATP from FAO [1].

(3) BNGE Com I and V in-gel
activity in VLCAD KO mice heart
mitochondria and recombination of
VLCAD

Overall, Com I activity in the Com I band
was normal in VLCADD mice heart
mitochondria. However, Com I activity
was reduced in SCs’ protein bands. The
content of Com V dimer and monomer
forms were significantly reduced in
VLCADD. Com I activity in SCs and Com
V monomer and dimer were recovered
with VLCAD recombination, indicating
that VLCAD plays a major role in
maintaining the structure of SCs and
Com V.

(4) 2D BN-SDS-PAGE western
analysis of heart mitochondria from
VLCADD mice shows reduced
proteins in SC that were recovered
with addition of recombinant
VLCAD.

(2) Adding recombinant purified
VLCAD to VLCADD mouse heart
mitochondria increases the MEC on
BNGE
TFP，ETFA, and NDUFV1 protein in SCs
were significantly reduced in
mitochondria from VLCADD mice.
Incubation of the mitochondrial extract
with purified recombinant VLCAD led to a
significant recovery of these proteins in
SCs. This finding suggests that this
group of proteins acts synergistically to
support the assembly or stability of the
MESC.
Heart mitochondria from VLCAD (-/-)
mice exhibit decreased Com I protein and
activity in ETC-SCs 1-3. Com III, IV, and
V activities are differentially affected.
Addition of recombinant purified VLCAD
increases the MEC.
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(5) Not all FAO proteins are reduced
in VLCADD mice heart mitochondria
MECs

The content of ETFDH, CPTII, LCAD,
MCAD, SCAD, and NDUFS1 are not
affected in MEC as seen on 2D BNGESDS-PAGE analysis.

(6) SDS-PAGE western analysis
show that the total amount of FAO
and ETC proteins are not reduced in
VLCADD mice heart mitochondria,
even when their levels in MECs are
reduced.

SDS-PAGE western results show that the
total amount of most FAO and ETC
proteins, except ETFα, did not change in
VLCADD when compared with WT. This
indicates that the protein content that
have changed in VLCADD SC (Result 4)
are affected by assembly and not overall
protein amount.

C. Conclusions

(7) LC-FAO activity is reduced in
VLCADD mice heart mitochondria
and recovers significantly upon
incubation with in recombinant
VLCAD

Linked flux of LC-FAO reducing
equivalents to ETC was dramatically
reduced in VLCADD mice heart
mitochondria. Addition of recombinant
VLCAD restored up to ~90% of activity.
Addition of MCAD or SCAD had no effect.

(8) ROS is increased in VLCADD
mice heart mitochondria and is
reduced with addition of
recombinant VLCAD.

In the VLCADD mice heart mitochondria
incubated with long-chain FAO
substrates, ROS increased by 50-100%.
Addition of NADH also increased ROS by
~50%. Incubation with recombinant
VLCAD significantly reduced ROS
generation. These results suggest that
the potential for FAO-generated ROS is
4-5 times higher than directly through
ETC Com I.

1. VLCAD deficiency negatively affects the structure of the MEC, reducing flux from FAO
to ETC.
2. VLCAD can self assemble into MECs from isolated VLCADD mice mitochondria.
3. VLCAD likely functions together with TFP, ETF, and NDUV2 to stabilize MECs,
defining a functional assembly group of proteins.
4. Individual ETC complex activities are affected to varying degrees in VLCADD mice
mitochondria.
5. VLCADD induces ROS generation and is reduced by re-introduction of VLCAD
6. These results highly emphasize the close functional interaction between FAO and
ETC, fostered by the MEC structure.
7. These findings are likely to have clinical significance in optimizing treatment for
VLCAD deficiency.

