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Figure 1. The light microscopic findings. (A) While globally sclerosed glomeruli and collapsed glomeruli were observed, the other glomeruli showed
an almost normal appearance (Masson trichrome stain, original magnification x40). (B) This glomerulus looks normal. However, the vascular smooth
muscle cells are disorganized and enlarged (PAM-HE stain, original magnification x200). (C) This glomerulus also looks normal, while the myocytes
of the afferent arteriole are enlarged and their endothelium has slight hyalinosis (PAM-HE stain, original magnification x200). (D) Granular swollen
epithelial cells are indicated by arrows (Masson trichrome stain, original magnification x400).

Figure 2. The electron microscopic findings. (A) The foot processes of podocytes are effaced (asterisks). (B) The granular swollen epithelial cells have
increased numbers of mitochondria, a portion of which are enlarged, and some of which have cristae that have lost their normal structure.

blood cells by direct sequencing after obtaining both permis-  myopathy or encephalopathy, no history of stroke-like
sion from our ethics committee and informed consent from episodes or difficulty in hearing.

the patient. As a result, a homoplasmic 7501 T>A replace- The echographic examination for her heart showed
ment was detected (Figure 3). She had no symptoms of  hypokinesis in the anteroseptum (Figure 4A, the ejection
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Figure 3. The results of the direct sequencing of mtDNA. A homoplasmic 7501 T > A variant in the tRNASer(UCN) was detected in the patient’s blood

sample.

Figure 4. The B-mode echocardiogram. (A) The cardiac echogram on
admission showed hypokinetic wall motion and anteroseptal hypokin-
esis. The ejection fraction determined by the modified Simpson’s method
was 45.9%. (B) One year after the prescription of a B-blocker, the cardiac
echogram showed normal wall motion of the anteroseptum. The ejection
fraction determined by a modified Simpson’s method was 60.7%.

fraction by the modified Simpson’s method was 45.9%).
Therefore, she underwent coronary angiography. However,
there were no abnormalities in her coronary arteries.
Thereafter, we added a B-blocker, bisoprolol fumarate.
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Figure 5. The changes of the systolic blood pressure (SBP), the degree
of proteinuria and the estimated glomerular filtration rate (eGFR).
The vertical line shows the time when the B-blocker was prescribed.

After the prescription, the findings of cardiac echography
changed to normal (ejection fraction by modified Simpson’s
method: 60.7%). Furthermore, the ST depression and inverted
T waves on leads I, II, aVF, V4-6 recovered, although digitalis
was given at same dose as at the first admission. Her
proteinuria also decreased after the B-blocker, which was
accompanied by a decrease in blood pressure (Figure 5).
However, her estimated glomerular filtration rate has been
gradually decreasing for the past two years. Although the
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MPO-ANCA level was elevated at the first admission to our
hospital, there has been no evidence of vasculitis (two years
after the first admission).

Discussion

Although we could neither find any FSGS lesions nor
increased mitochondria in her podocytes, the renal pathology
of this case showed similar changes to those of the
nephropathy in patients with mitochondrial cytopathy in the
following three points: progressive renal damage, abnormality
of myocytes in the afferent arterioles and small arteries, and
especially, the existence of GSECs in the tubules.'™
In addition, the concentrations of serum lactate and pyruvate
were elevated. Therefore, we analyzed the patient for mtDNA
mutations and consequently detected a homoplasmic 7501
T>A mtDNA variant.

It was reported that gene mutations of COQZ(’ and COQ6,7
which are essential for COQI10 synthesis, cause FSGS.
Coenzyme Q10 is an essential cofactor of the electron
transport chain in the mitochondrial membrane. Therefore,
mitochondrial function should be involved in glomerular
podocyte function.® Furthermore, case reports of mtDNA
mutations and deletions not only in FSGS but also in
tubulointerstitial nephritis and tubulopathies have been grad-
ually accumulating.” These reports indicate that mitochondria
are likely involved in the pathogenesis of a considerable
number of renal diseases, to a much greater extent than was
considered previously.

In this study, a homoplasmic 7501 T>A variant in the
tRNASer(UCN) was detected in our case of glomerulo-
sclerosis with GSECs. This 7501 T>A replacement is
currently classified as a normal variant in the MitoMap
database (http://www.mitomap.org/MITOMAP). However,
7501 T>A should modify the secondary structure of the
D-arm in the tRNASer(UCN) transcript.'® The D-arm plays
important roles in the stability of the transcript and the
general rate of mitochondrial protein  synthesis.'!
Furthermore, the 7501 T>A variant has been reported in
patients with hearing loss. The 7501 T > C variant, which is
also classified as a normal variant, was reported in a
cardiomyopathy patient.'* We again emphasize that it is not
evident that the mitochondrial 7501 T >A variant truly has
pathogenicity, and further tests, including functional studies,
family studies and population studies are needed to verify its
effects.

We propose another possible explanation for why the 7501
T> A variant causes glomerulosclerosis. As described above,
the D-arm of the tRNASer(UCN) transcript is important for
the general rate of mitochondrial protein synthesis. Thyroid
hormone stimulates mitochondrial activity.13 In this case, the
patient also had Basedow’s disease. Such a situation might
make this mtDNA variant pathogenic, although it may not
normally be pathogenic in healthy individuals. Interestingly,
the patient’s cardiac echogram showed hypokinesis in the
anteroseptum wall. However, after the prescription of a
B-blocker, the motion of the anteroseptum wall recovered.
Therefore, although we cannot confirm the diagnosis of
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cardiomyopathy in this case, mitochondrial dysfunction as
result of the 7501 T>A variant might be able to cause
cardiomyopathy similar to the 7501 T>C variant.'?

In this case, the first and the strongest reason why we
suspected the involvement of mitochondria was the patho-
logical finding of GSECs, even without any signs of
mitochondrial cytopathy and without FSGS and an increase
in the number of mitochondria in glomerular podocytes,
which is characteristic of mtDNA mutations. Previously,
GSECs have not been evaluated in routine clinical tests. This
case suggests that GSECs can provide a clue to assess the
etiopathogenesis of cryptogenic glomerulosclerosis and
tubulopathy.
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- Background Basal metabolrc rate (BMR) has a very strong body—mass (M) dependence in‘an |nd|V|dual animal group, and
~ BMR per unit mass (msBMR) converges on a markedly narrow range even across major taxonomic groups. However, it is here
~a basic question in metazoan biology how much BMR per unit mitochondrion (mtBMR) changes, and then whether mtBMR
can be related to the original molecular mechamsm of actlon of mt ‘ncoded membrane protems (MMPs) playmg acentral
role in cellular energy productlon , :

Methodology/PrmapaI Fmdmgs. Analyzmg vanatlons of ammo aC|d composmons of MMPs across 13 metazoan ammal ;
groups, incorporating 2022 sequences, we found a strong |nverse _correlation between Ser/Thr composmon (STG) and
hydrophobicity (HYD). A majority of animal groups showed an evqutlonary pathway‘ of a gradual increase in HYD and
decrease in STC, whereas only the deuterostome lineage revealed a rapid decrease in HY increase in STC. The strongest
correlanons appeared in 5 large subunits (ND4, ND5, ND2, CO1, and COS) undergomg dynamlc conformational changes for -
the proton- pumpmg function. The pathway of the majority groups is well understood a reﬂectmg natural selection to
reduce mtBMR, since s:mply raising HYD in MMPs (surrounded by the lipid bilayer) weakens their moblllty and strengthens :
their stability. On the other hand, ‘the marked decrease in HYD of the deuterostome elevates mtBMR but is accompanled
with their lnstab|lrty helghtenlng a turnover rate of mitochondria and then cells. lnterestmgly, cooperatlve networks of
|nterhel|cal hydrogen bonds between mot|fs 'nvolvmg Ser and Thr residues can enhance MMP stablllty o

° tConcIusron/S/gnlf" icance: ThlS stablllty enhancement lowers turnover rates of mltochondna/cells and may prolong even
longevity, and was indeed founded by strong posmve correlations of STC with both mtBMR and Iongevrty The lowest HYD,
and hlghest STC in Aves and Mammals are congruent Wlth their very high mtBMR and long longewty
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membrane integral central subunits [4], [5], the mechanism of
which is therefore likely to be similar throughout species [6].

The first step to relate miBMR to the mt energy production
power is to investigate the molecular structure of mt-encoded
membrane proteins (MMPs) by using a number of amino acid
sequences which are available in the NCBI database [7] (the
accession numbers of these sequences are listed up in Table S1).
The great majority of MMPs belongs to the 3 proton-pumping
complexes of I, IIT and IV. Recent structural studies suggest that
proton translocation in complex I requires large dynamic
conformational changes across several subunits [6], [8], [9].
Likewise, the two large subunits of complex IV, ie., CO1 and
GO3, transfer protons across the membrane via conformational
changes induced by electron transport [10-12].

MMPs are mostly embedded in the hydrophobic environment
of the lipid bilayer, and their amino acid composition is primarily

Introduction

Because the basal metabolic rate (BMR) is a fundamental
currency to sustain metazoan life, it must be profoundly relevant to
the mt power in energy production. However, its strong mass (M)-
dependence makes unclear the existence of a relationship between
BMR and this mitochondrial (mt) energy power across major
taxonomic groups. A recent allometric study reports that the mass
specific BMT (msBMR) converges on a markedly narrow range in
these groups [1]. This viewpoint of the normalized energy inclines
us to convert msBMR into the mt BMR (miBMR) per unit
mitochondrion which stands for the mt energy power, since the
conversion can be done when msBMR includes the falling effect of
the mt density (the mean number of mitochondria per unit cell)
with increasing M [2], [3]. It is intriguing to estimate how much
mtBMR changes across taxonomic groups, because recent struc-

tural studies report a high degree of sequence conservation of the
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being non-polar. Therefore, the degree (mobility) of their
conformational changes much depends on hydrophobicity
(HYD): Raising HYD weakens their mobility and strengthens their
stability according to the trade-off relation between mobility and
stability [13]. Interestingly, a recent study of membrane proteins
reports that the dynamic conformational stability of membrane
helices can be typically enhanced by cooperative networks of
interhelical hydrogen bonds between moderately polar residues,
notably Ser and Thr [13-15]. The above-mentioned two features
of HYD and Ser/Thr composition (S7C) allow us to conceive a
basic scenario of the metazoan evolution that lowering mtBMR (on
the basis of the multicellular effect) requires less dynamic
conformational changes of MMPs which induce an increase in
HYD and a decrease in STC.

Here we report that most members of major animal groups
follow this evolutionary scenario. However, the deuterostome
lineage reveals the converse, ie., rapid increases in S7C and
mtBMR, and a rapid decrease in HYD toward the endpoints (Aves
and Mammals) of this lineage. Aves and Mammals seem ready to
power up the mt energy by activating dynamical conformational
changes of MMPs and still then enhance stability (durability) of
them by increasing helix-helix interactions. This durability lowers
turnover rates of mitochondria and cells, and may prolong
longevity of organisms. Indeed, a strong correlation between STC
and maximum lifespan (MLS) (observed in a previous vertebrate
analysis [16]) was found to extend as a global rule beyond
vertebrates across metazoans.

Materials and Methods

Derivation of mtBMR from msBMR

The allometric scaling law provides a very strong correlation
between BMR and M in each animal group, and is expressed as
BMR= C-M" with an allometric exponent ¢ and constant C.
Makarieva et al. [1] well described a variation of BMR data across
different animal groups by using BMR per unit mass (msBMR), i.e.,
msBMR= CoM ™%

They reported that msBMR data across dramatically different
life forms converge on a markedly narrow range. This unit-mass
representation of msBMR implicitly means that an organism is
approximately regarded as a homogeneous matter of standard
(representative) cells: the number of cells in unit mass and also that
of mitochondria (the mt density) in unit cell are invariant,
respectively, although, in practice, metabolically active cells, such
as those of the liver, kidneys, muscles, and brain, have hundreds or
thousands of mitochondria [17]. Therefore, msBMR is propor-
tional to BMR per unit cell (we put this proportional constant
equal to 1.0). Next, to get BMR per unit mitochondrion, we divide
msBMR by the factor M P which takes into account the decreasing
effect of the mt density with increasing M [2], [3]. Then we have
mtBMR= (C/DyM~ %P \which means that mBMR decreases
with increasing M more slowly than does msBMR. In this paper,
we express miBMR as follows: mtBMR = GeM A=a)/F Here, Fis
with a new parameter to adjust the allometric scaling effect of the
M-dependence. For simplicity, we put the proportional constant D
equal to 1.0, since the value of F= 1.0 corresponds to msBMR. In a
previous mammalian analysis, the value of F= 3.0 was selected as
providing the strongest correlation between mtBMR and MLS [16].
In the present analysis, we redefine M as the mean value of the
individual body masses in each animal group, to examine a
relationship between mtBMR and amino acid compositions of
MMPs in major taxonomic groups.

PLOS ONE | www.plosone.org
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Data retrieval

To select a hydrophobic domain in MMPs, we applied the
primary structure analysis (ExPASy Proteomics Server; http://
www.expasy.ch/), using a standard model for the hydrophobic
score (HYDSC) given by Cowan and Whittaker [18]. We calculated
the moving average, S(n), of HYDSCm; m takes n-1, n, and n+1)
around the n-th amino acid site in a protein and obtained a
smooth function S(n) of n by repeating this procedure. As a result,
HYD was defined as the average value of S(n) with Sn) >0.0 in all
or selected proteins of a given species. The obtained HYD is
suitable for examining correlations with other quantities of present
interest, such as amino acid compositions and lifespan. We
predicted the helix domain of MMPs by using SOSUI and
TMHMM servers [19], [20].

Results

A) HYD-TC correlation within respective MMPs

By including 13 metazoan animal groups with many amino acid
sequences (more than 20) in the NCBI database [7], we analyzed
13 MMPs with a score $>0 for their hydrophobic domain
(Materials and Methods). As a result, we selected 4 MMP variables
(HYD, STC, TC and CC) of amino acid compositions as having
significant correlations with one another, and found that H¥D-TC
provided an especially strong correlation. Here, TC and GC
denote the Thr and Cys compositions, respectively. Table 1 shows
a list of MMPs in the order of strong correlations. The 3 large
subunits of ND4, ND5, and ND2 in complex I appeared as the
first group with the largest R%-values (R*>>0.86). Likewise, 2 large
subunits of CO1 and CO3 in complex IV appeared as the second
group (with R?>0.78). These subunits just correspond to the
proteins which require dynamic conformational changes for
proton translocation [6], [8], [9]. The TC-CC correlation was
appreciable in only these 2 proton-pumping complexes (with R*>
0.40) undergoing dynamic conformational changes in their helices.

B) Correlations between the MMP variables (HYD, STC, TC

and CO)

We investigated the intra-correlations between the MMP
variables, by using the following 5 sets of proteins according to
the order of strong correlations shown in Table 1: 1) 3-protein set
(ND4, ND5, ND2), 2) 4-protein set (ND4, ND5, ND2, ND1), 3) 5-
protein set (ND4, ND5, ND2, CO1, CO3), 4) 6-protein set (ND4,
ND5, ND2, CO1, CO3, ND1), and 5) 7-protein set (ND4, ND5,
ND2, CO1, CO3, ND1, CYTB). Here, the 3-protein set included
39% of the total site number of the complete amino acid sequence
in humans, and the 7-protein set, 76% of it. The 7-protein set did
not include ND3 and ATP8 with small numbers of helices (3 or
less in humans). As seen in Table 2, TC provided predominantly
strong correlations with HYD in all protein sets, and the strongest
correlation (R?=0.9) in the 5-protein set (Figure 1). In addition to
this, TC-CC, HYD-CC and HYD-STC showed appreciable corre-
lations. Here, we used the average values of 7C and HYD in each
animal group, in order to describe the correlation pattern lucidly
(the raw data without the averaging procedure also showed a
strong correlation of R?=0.9 (Figure S1). As a result, the T7C-
values in Aves and Eutheria with very high BMR were 2.5 fold
larger than those of Nematoda and Platyhelminthes with very low
BMR, and the HYD values of the former were decreased by about
22% compared with those of the latter. The validity of these
estimations of 7C and HYD was supported by speculating the 7C
and HYD distributions in the helix domain of the above-mentioned
4 animal groups (Figure 2).
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Q) Correlations between MMP variables and total site
number of amino acids

We found that the total site number (7SN) of amino acids in a
protein set steadily changes across the 13 animal groups (by 20%
as a whole) and is a good index to describe the mutually
contrasting evolutionary pathways of 7C and HYD in metazoans
(Figure 3). The TSN order of the animal groups (their relative 7SMV-
dependence) was invariant in all protein sets (Figure S2). As a
result, TSN strongly correlated with 7C and HYD, when the
deuterostomes were excluded (Table 2). Indeed, TC gradually
decreased with decrease in TSN of many animal groups except for
the deuterostomes (Figure 3, blue regression line), whereas HYD
increased with a decrease in TSN (Figure 3, red regression line).
On the other hand, 7C and HYD in the deuterostome lineage
presented rapidly increasing and decreasing trends with a decrease
in TSN towards the terminal branch of Aves, clearly splitting from
the 2 regression lines. This splitting pattern could be identified by
looking at the TC-HYD relationship of Figure 1, because the non-
linear regression curve A (TC=0.429sHYD™***! with R?=0.90 as
a whole) was decomposed into a steep slope dotted-line B (7C=—
65.66eHYD+41.75 with R*=0.92) for the deuterostomes and a
slow slope dotted-line G (7C=—18.32:HYD+14.92 with
R?=0.89) for the other animal groups. The splitting pattern of
Figure 3 became compatible with a molecular (rRINA)-based
phylogeny [21], in the point that the tree starts with the root of
Porifera and splits into the two lineages of Deuterostomia and
Protostomia via Cnidaria. In this way, the TCG-HYD relationship
globally reflected the evolutionary pathway of metazoans.

D) Correlations between MMP variables and mtBMR

We examined correlations between mtBMR and MMP variables
(TC, STC, and HYD) at the same mt function level, by increasing
the F value from 1.0 (corresponding to msBMR) to infinity. The
mtBMR_values were estimated by extending msBMR in the
respective animal groups (Materials and Methods). Since the data
on metazoans with low BMR were very limited, we here applied
the recent data reported by Makarieva et al. [1] and also the
AnAge database for vertebrates (Table S2). We investigated the
correlation between STC and mtBMR by changing the F-value
included in this quantity 1 from 1.0 to infinity (Materials and
Methods). Then we found that excluding the M-dependence of
mtBMR with F= o provides the strongest correlation (Figure S3).
As a result, mtBMR correlated significantly with all MMP variables
(STC, TC, HYD, and CC) in almost all of the protein sets, whereas
msBMR weakly correlated with STC in only the 5-, 6-, and 7-
protein sets. Here, miBMR showed an especially strong correlation
with $TC in all protein sets (Table 2), since STC well describes
vertebrates [16] and this analysis includes relatively many
vertebrates. Figure 4A demonstrates a typical case of the 3-protein
set, which shows a significant STCG-mtBMR correlation with
markedly high mtBA/R-values in Aves and Eutheria. We here
note that the STC-msBMR correlation was not strong with
R*=0.28.

E) Correlations of STC with MLS

The significant correlation between STC and mtBMR prompted
us to examine the relationship between STC and mtBMR-MLS,
because mtBMR-MLS corresponds to the total consumption energy
per mitochondrion during the time (MLS) and may therefore be
interpreted as a performance of the mt function. Here, MLS is
redefined as the mean value of the individual MLSs in an animal
group. By taking account of this time effect, the STC-mtBMR-MLS
correlation (R?=0.81) became much stronger than the STC-
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Figure 1. Global relationship between 7Cand HYDin MMPs of metazoan animals. Solid circles represent the average values of HYD and TC
in each animal group, with the hydrophobic score S>>0 (see Materials and Methods). The red circles show the STC values, which well describe the
vertebrate lineage [16). Such a strong correlation was also obtained by analyzing all 13 proteins (Figure S1). The correlation is totally well reproduced
by a non-linear function (A: TC=0.429"-HYD ™ *?°** with R?=0.901), but it can be separately expressed by 2 regression lines with different slopes (B:
the dotted line for the deuterostomes with R*=0.918) and (C: the dotted line for the other groups with R* = 0.890). The error range of the x-axis (HYD)
in an animal group can be estimated by moving the regression curve A in parallel along the y-axis so that the y-value of this curve may be equal to
that of the solid circle of the group, since this error range of HYD may be roughly given by the x-axis values of the curve corresponding to the error

range of the y-axis (STQ).
doi:10.1371/journal.pone.0098188.g001

mitBMR correlation (R? =0.64) (the 3-protein set in Table 2), and
separated vertebrates from other animal groups (Figure 4B).
Figure 4C demonstrates a strong STCG-MLS positive correlation
(R?=0.71) in the S-protein set, and we found significant
correlations between the MMP variables and MLS (Table 2).
The CC-MLS correlation is likely to be related to oxidative damage
to mitochondrial proteins or mtDNA [22-24], but was always
weaker than the STC-MLS correlation in all protein sets (Table 2).

Discussion

Gradual increase in HYD for natural selection in many
animal groups

A recent structural elucidation of jon channels in transmem-
brane proteins has provided evidence that these proteins undergo
conformational changes during their function [13]. An easily
understandable strategy of ecological and natural selection in
metazoans is a reduction in their BMR by utilizing the
multicellular effects of allometric scaling. Indeed, in many animal
groups except for the deuterostomes, HYD and TC gradually
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Figure 2. HYD and 7C distributions in the mt inner membrane of ND2, ND4 and NDS5. Four animal groups were selected as providing
extreme situations of the hydrophobic distribution. This result was obtained by using SOSUI WWW server [19] and TMHMM Server [20] for the

prediction of the secondary structure of proteins.
doi:10.1371/journal.pone.0098188.g002
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doi:10.1371/journal.pone.0098188.g003

increased and decreased, respectively, with decrease in TSN
(Figure 3). Here, the decrease in TC correlated with that in mtBMR
(Figure 4A), since less dynamic mobility and weaker stability in
MMPs balance each other for the mt function. The expression of
animal groups in terms of HYD and 7C/STC may be consistent
with their phylogenetic tree. Indeed, the order of animal groups
along the TSN-HYD regression line in Figure 3 became globally
compatible with the branching pattern projected on the evolu-
tional pathway from Porifera toward Platyhelminthes in the
molecular (fRNA)-based phylogeny reported by Adoutte et al
[21]. This compatibility was supported by the neighbor-joining
tree [25] in terms of TSV and TC (Figure S4) and also by a
multidimensional vector space method of tree building (Figure S5)
[26], [27]. However, the 2 lowest values of TSV were occupied by
Platyhelminthes (Acoelomata) and Nematoda (Pseudocoelomata).
The life style of these two groups seems to be closely related to
each other, since they live mostly in anaerobic environments. On
the other hand, the molecular-based phylogeny coupled Platyhel-
minthes with Mollusca (Coelomata) as Lophotropods. Apart from
this problem, the gradual increase in H¥D of MMPs well explains
the evolutionary pathway of ecological selection to strengthen their
stability in many animal groups except for the deuterostomes.

Increase in STC and decrease in HYD for adaptive

evolution in Deuterostomes

The marked decrease in HYD and increase in STC of the
deuterostome lineage are quite interesting (Figure 3), because they
are likely to break the ordinary trade-off relationship rule between
mobility and stability as being well understood in the evolutionary
pathway of many other animal groups. These mutually reverse
pathways of HYD and STC in the 2 large animal groups are far
from regarding mtDNA as the neutral marker long held to be [28],
cannot be explained by the nucleotide mutation pressure [29-32],
and are therefore a strong evidence of adaptive evolution at the mt
genome level. Another reverse process was previously observed in
vertebrate marine animals such as cetaceans and alligators which
returned from the land to water, because these animal groups
underwent the evolutionary pathway of an increase in HYD and a
decrease in STC toward Fishes in contrast to that of the decrease in
HYD and increase in STC [16].

PLOS ONE | www.plosone.org

Marked decrease in HYD and increase in STC heighten mt
function in vertebrates

To pursue the biological meaning of the decrease in H¥D and
increase in S7C in the deuterostome lineage, we introduced the
quantity, mtBMR, being an energetic function at the same mt level
as HYD and STC. Indeed, miBMR was correlated negatively with
HYD and positively with STC (Table 2). Figure 4A demonstrates a
typical STC-mtBMR correlation (R?=0.64) in the 3-protein set (a
linear combination of S7C and HYD provided a stronger
correlation (R?=0.77) with mtBMR). The marked decrease in
HYD supports the appearance of a very large mtBMR in Aves and
Eutheria, since a highly active mit-function can be attained by
realizing MMPs with greater conformational freedom. However,
on the other hand, higher MMP instability induced by this greater
freedom heightens turnover rates of mitochondria, which requires
a higher cost to reproduce a large number of them within cells.
Furthermore, spatial constraints in metazoan tissues make it
difficult for organisms to develop much higher power by simply
accumulating more mitochondria, because mitochondria in
metabolically active cells (such as those of the liver and brain) of,
for example, humans make up 40 percent of the cytoplasm [17]. In
this situation, the marked increase in S7C in MMPs of Aves and
Eutheria must be a critical condition to compensate or overcome
their instability.

The reason why Ser and Thr residues can enhance
dynamic stability of MMPs

Interestingly, membrane proteins have an outstanding feature of
being able to strengthen their dynamic stability by interhelical
interactions between motifs involving moderately polar residues
such as Ser and Thr [13-15]. Indeed, the decrease in HYD and
increase in $7C in Aves and Eutheria were markedly large within
the membrane itself, as is well understood by comparing their
differences between Aves/Eutherians and Platyhelminthes/Nem-
atoda (Figure 2). It is therefore likely that the increase in STC
corresponds to increased hydrogen bonding between helices,
within and between subunits, as pointed out by Dawson et al. [15]
and Hildebrand et al. [13]. Because Ser and Thr residues are small
and only moderately polar, helical structures tend to be stabilized
by cooperative networks of interhelical hydrogen bonds. In a
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Table 2. Correlations (R?) between the pairs of variables (HYD, TC, STC, CC, TSN, mtBMR, msBMR and MLS).

3 proteins 4 proteins 5 proteins 6 proteins 7 proteins mean

STCIn(mtBMR-MLS) P 0.8052 0.7737 0.756 0.7551 0.7806

et

<n> denotes that TSN of each protein set occupies the n % of that of the complete amino acid sequence in Human. P and N stand for the positive and negative correlations, respectively. The best results in the respective
correlation croups are denoted by italics.
doi:10.1371/journal.pone.0098188.t002
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Figure 4. Relationships of STC with mtBMR (A), mtBMR-MLS (B), and MLS (C).

doi:10.1371/journal.pone.0098188.g004

previous paper [16], we showed that the short-range force of
hydrogen bonds (1-2 A) can be extended 2 to 3-fold (on average)
by dynamic conformational changes in MMDPs, because the
relative distance of hydrogen bonding oscillates with the average
amplitude R around R. Such a long-range potential amplifies the
probability of interhelical interactions (in three-dimensional space)
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between cooperative networks of hydrogen bonds between motifs
involving Thr or Ser residues. We envisage that such dynamic
interactions could enable rapid resonance between metastable
conformational states in MMPs, which have individual enzyme
turnover rates of tens to hundreds of electrons per second [33]. In
contrast, other types of hydrogen bonding, such as Co-H---O
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hydrogen bonding between Gly and Ala residues and the helical
backbone, produce more rigid structures [13].

Proton-pumping machinery and dynamic conformational

changes in MMPs

Three large subunits (ND2, ND4 and NDS5) in complex I
provided the strongest correlations between 7C and HYD (Table 1),
which were further correlated with mtBMR (Table 2). These
subunits exhibit homology with sodium-proton antiporters and are
known to be part of the proton pumping machinery of complex I
[34]. Structural models of complex I suggest that electron transfers
in the hydrophilic matrix arm are coupled to proton translocation
in the membrane arm: a redox-dependent conformational change
around the Q-site is transmitted to the 3 antiporter-like proton-
pumping subunits (ND2, ND4 and NDJ5). In this way, proton
translocation in complex I requires dynamic conformational
changes across several subunits [4], [5], [8], [9]. Likewise, the 2
large subunits (CO1 and CO3) of complex IV, which form the
second group of the strong TC-HYD correlations, may transfer
protons across the membrane via conformational changes induced
by electron transport [10], [11]. A similar relationship is also true
for the proton-pumping subunits in complex III (CYTB), which is
directly involved in proton-pumping via the Q-cycle. The precise
mechanism of proton pumping via the Q) cycle is uncertain while
shuttling electrons and protons across the membrane implies a
lower requirement for dynamic conformational changes in CYTB.
We do indeed report a less tight correlation between HYD and TC
in CYTB (Table 1). From the above-mentioned arguments, we
speculate that the marked decrease in H¥YD and increase in STC
(7€) in Aves and Eutheria arranged a fundamental condition to
afford the powerful and robust proton-pumping machinery of
complexes I and IV in these groups.

The reason why STC is relevant to mtBMR and MLS

The mt energy power profoundly influenced the origin and
evolution of the eukaryotic cell [35], [36], and also must be closely
associated with BMR to sustain organismal life. We noticed that
variations of mtBMR across the different animal groups may be
shielded by the very strong M-dependence in the allometric scaling
law (as demonstrated in Mammals and Aves of Figure S6).
Therefore, by defining mtBMR so as to minimize its A-
dependence, we obtained a significant correlation between mtBMR
and S7C in contrast to a weak correlation between msBMR and
STC (Table 2). The markedly large values of mtBMR and STC in
Aves and Mammals strongly suggest that high degrees of dynamic
conformational changes and stabilization of MMPs are realized in
these animal groups, so that this stabilization effect may lower the
turnover rates of mitochondria and cells, and ultimately influence
organismal lifespan as well as aerobic capacity. Indeed, we
obtained a significant correlation between STC and MLS, despite
the enormous variations [37] in lifestyles among the different
animal groups. When we recall that 10 million billion mitochon-
dria exist in an adult human [17] and that the resources for their
activation are supplied from the host cells, the stability of MMPs
affecting the turnover rate of mitochondria can be a fundamental
factor to sustain human life

A few animal groups of Eutheria such as rodents and
insectivores (with a very high BMR) do not show significant
STC-HYD and STCG-MLS correlations [16]. These animal groups
are considered to have developed a life strategy to ensure survival
by countering a short longevity with quite high reproduction rates.
Such behaviors in rodents and insectivores sharply contrast to
those of primates with a long longevity, because a very high
amino-acid replacement rate in the simian lineage is accompanied
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by a marked increase in 7C and decrease in HYD [38]. These
observations teach us that the pattern of the mt adaptive evolution
is not unique even among vertebrates.

STC describes the vertebrate behavior better than TC

The potential penalties for introducing polar residues into
hydrophobic membrane proteins may explain the fact that a
strong inverse correlation between HYD and TC was observed
across all metazoans in this study and indeed was stronger than the
correlation between HYD and STC. In contrast, in our earlier
studies on primates {38] and vertehrates [16], we observed strong
inverse correlations between HYD and STC. The weaker
correlation reported here could relate to 2 facts: the Ser residue
is more polar than the Thr residue and hence is more difficult to
incorporate into very hydrophobic proteins, and the hydropho-
bicity of MMPs is much greater in basal metazoans such as
sponges and nematodes than in vertebrates. Thus it might be
relatively easy to substitute Thr residues (compared with Ser) into
the MMPs of basal metazoans. This interpretation is supported by
the fact that substitutions of polar residues are the most common
disease-causing mutations in membrane proteins, in part through
altering bilayer partitioning, but also by altering function [39].
Presumably, the more hydrophobic the membrane protein, the
more problems are caused by substitution of polar residues.
Conversely, the less hydrophobic the protein, the less problematic
is the insertion of more polar residues such as Ser. Accordingly, we
note that Ser enrichment becomes more marked in the less
hydrophobic MMPs of vertebrates.

Overall comments about the results

Thus, overall, our findings are consistent with the hypothesis
that cooperative networks of hydrogen bonds involving Thr and
Ser residues stabilize dynamic conformational changes in MMPs,
presumably increasing aerobic capacity, although we have not
measured that directly. Direct measurements of the effect of
increased T7C or STC on MMP catalytic efficiency (Kcat), either in
vitro or in vivo, are very difficult, as each substitution is likely to be
highly dependent on the context. Cryptic epistasis is common in
molecular evolution [40], and the requirement for multiple
interactions with nuclear as well as mitochondrial genes [41],
[42] only makes the problem more extreme in the case of
respiratory proteins. Moreover, respiratory flux can be increased
by adaptations throughout the entire supply network, including
lung structure, hemoglobin kinetics, and capillary density [43],
[44], as well as substrate channeling via respirasome assembly
[45]. Given this complexity, the pervasive correlation between 7€
(STC) and HYD in MMPs right across metazoans stands as strong
evidence that selection for aerobic capacity at the level of
mitochondrial-encoded subunits has indeed taken place. This
view is consistent with a number of studies indicating regular
selective sweeps on mitochondrial genes: mtDNA is far from the
neutral marker it was long held to be [46].

Remaining problems

It was difficult to detect the species-to-species coincidence
between the sequence data and the observed data on BMR and/or
MLS. Therefore, we used the average values of these data in
respective animal groups without taking account of this coinci-
dence. More available data in future will provide a clearer
relationship between the MMP variables and mBMR/MLS in
more animal groups. We did not perform temperature adjustments
of metabolic rates. One reason is that a common measurement
temperature does not exist because endothermic groups do not live
at body temperatures of 25°C as in many other animal groups.
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Another reason is that metabolic rate and temperature are not
independent variables with each other, but may be rather
correlated.

Conclusion

The deuterostome lineage presented a quite unique evolution-
ary pathway of a marked decrease in HYD and increase in S7C, in
sharp contrast with the pathway of many other animal groups
showing a gradual increase in HYD and decrease in ST, reflecting
the natural selection to utilize the multicellular effect. These
decreases in H¥D and increases in S7C were remarkable in the 5
large subunits (ND4, ND5, ND2, CO1 and CO3) in complexes I
and IV, which require their dynamic conformational changes to
exert a high degree of proton-pumping function. The low HYD
values for these subunits are congruent with the large mtBMR
values associated with their dynamic mobility. Furthermore, the
marked increase in STC can strengthen dynamic stability of them
via helix-helix interactions. As a result, this dynamic stability can
lower the turnover rate of mitochondria and cells, and ultimately
prolong the lifespan of organisms. In this way, vertebrates
(especially Aves and Mammals) are considered to have equipped
an excellent mechanism of action in MMPs to attain both very
high metabolic rate and long longevity.

Supporting Information

Figure S1 Global relationship between T'C and HYD in
MMPs throughout metazoans. Strong correlations with (R*>
0.9) were obtained by analyzing all 13 proteins with S>0 (see
Materials and Methods).

(TIF)

Figure $2 The T'SN-dependence of the animal groups in
various protein sets. This figure shows that the relative
positions of the 13 animal groups are invariant in any protein sets
of 1) 3-protein set (ND4, ND5, ND2), 2) 4-protein set (ND4, ND5,
ND2, ND1), 3) 5-protein set (ND4, ND5, ND2, CO1, CO3), 4) 6-
protein set (ND4, ND5, ND2, CO1, CO3, ND1), and 5) 7-protein
set ND4, ND5, ND2, CO1, CO3, ND1, CYTB).

(T1F)

Figure §3 The F.value dependence of correlation (R%
between STC and mtBMR. The correlation (R?) between STC
and mtBMR is estimated by changing the F-value included in this
quantity from 1.0 to infinity (Materials and Methods). Here, F=
excludes the M-dependence of miBMR completely, and miBMR
depends on only the constant C in each animal group.

(TTF)

Figure S4 Neighbor-joining tree in terms of 7C and
TSN. We defined the pairwise distance between the i-th and j-th
animal_groups by Dfi, j)= {TCH-TCH) */orc™ +{TM)-
TSM) ™2/ orsn 2. TCl) and TSMi) denote the average values of
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Amelioration of acylcarnitine profile using
bezafibrate and riboflavin in a case of
adult-onset glutaric acidemia type 2 with
novel mutations of the electron transfer
flavoprotein dehydrogenase (ETFDH) gene
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1. Introduction

Muitiple acyl-coenzyme A dehydrogenase deficiency (MADD), also
known as glutaric acidemia type 2 (GA2), was first described in 1976
[1]. GA2 is a rare autosomal recessive disorder whose biochemical
abnormalities result from a deficiency of one of the two electron
transfer flavoproteins (ETF and ETFDH) that transfer electrons from
acyl-CoA dehydrogenases to the respiratory chain [2]. The disorder
affects multiple metabolic pathways involving branched amino acids,
fatty acids, and tryptophan, and results in a variety of distinctive organic
acids being discharged. The heterogeneous clinical features of patients
with GA2 fall into three subclasses: two neonatal-onset forms (types I/
1I) and a late-onset form (type IIl) [3]. The late-onset form is typically
characterized by intermittent vomiting, hypoglycemia, hepatomegaly,
metabolic acidosis, and/or hyperammonemia, symptoms that are
often triggered by general infections or catabolic conditions [4].

Here, we describe the case of a man with lipid-storage myopathy,
low muscle carnitine, and an adult-onset form of GA2 with two novel
mutations in the ETFDH gene. In this case, a combination of a hypolipid-
emic drug (bezafibrate), riboflavin, and L-carnitine was effective in
treating the disease.

2. Case report

A 31-year-old man was referred to our hospital because of muscle
weakness and limb fatigability. Nine months earlier, he had gradually
developed proximal muscle weakness and fatigability. He exhibited
normal psychomotor development. His relatives had no history of
neuromuscular disease. Physical examination on admission showed a
normally developed, well-nourished man (185 cm, 73 kg) without
hepatosplenomegaly. Neurological examination revealed mild muscle
weakness in his left iliopsoas muscle (grade 5 —). Muscle amyotrophy
and myalgia were not noted. The following serum biochemistry
markers were elevated: creatine kinase (CK), 689 U/L (normal <230);
creatine kinase-MB, 50 U/L (<10); aldolase, 8.9 IU/L (<5.9); myoglobin,
107 ng/mL (<72.0); and triglycerides, 315 mg/dL (<149). The full blood

http://dx.doi.org/10.1016/j.jns.2014.08.040
0022-510X/© 2014 Elsevier B.V. All rights reserved.

count, blood glucose, renal and thyroid function, immunoglobulins,
inflammatory markers, and antinuclear antibodies were normal.
Echocardiography, pulmonary function tests, and a brain MRI were
normal. Abdominal echography revealed only the fatty liver. A muscle
MRI showed a high-density area in the bilateral lower limb muscles in
short-T1 inversion recovery (STIR) (Fig. 1A). Atrophy of the biceps
was suspected based on a muscle CT scan. Electromyography of the
left vastus lateralis muscle and the tibialis anterior muscle displayed
myopathic patterns. In the muscle biopsy specimen from the biceps
brachii, neither lymphocytic infiltration nor endomysial fibrosis was
observed (Fig. 1B), although some fibers contained many vacuoles.
These were positively stained with Oil Red O, suggesting a lipid storage
myopathy (Fig. 1C).

Total and free carnitine concentrations in muscle specimens were
severely decreased at 3.5 (control 15.7 + 2.8) and 1.7 (12.9 &+ 3.7)
nmol/mg non-collagen protein (NCP), respectively. Activity of
acyl-CoA dehydrogenases was normal. Analysis of urinary organic
acids showed increased 2-OH-glutarate, ethylmalonate, and 3-OH-
propionate. The acylcarnitine profile of the patient's serum showed a
broad-range elevation of acylcarnitines, but no abnormalities were
observed in the amino acid profile. This indicated a multiple-
dehydrogenation abnormality, which is consistent with GA2. After
receiving informed consent, the patient’s skin fibroblasts were isolated
and cultured, as described previously [5]. Genetic analysis identified
novel, compound heterozygous missense mutations in the ETFDH gene
(890G > T/W297L and 950C > G/P317R). Western blot analysis showed
decreased production of ETFDH in the patient's fibroblasts (Fig. 1D).
This indicated that the mutations would be pathogenic.

Following treatment with L-carnitine alone, the patient’s serum CK
reached nearly normal levels. However, his serum acylcarnitine profile
remained abnormal (Fig. 1E, left panel). The 1-carnitine treatment was
then supplemented with riboflavin at 105 mg/day or with bezafibrate
(BEZ; 600 mg/day) because the patient showed mild hyperlipidemia,
and because this hypolipidemic drug was effective for adolescent GA2
patients [5]. However, the combined treatment of L-carnitine and
riboflavin, or L-carnitine and BEZ, failed to improve the acylcarnitine
profile (Fig. 1E, left panel) and the patient's symptoms remained stable.
For the next 7 months, the patient was treated with L-carnitine alone.
During this period, he felt fatigability and his serum CK increased mildly.
BEZ was again added to his treatment regimen. His serum acylcarnitine
profile improved, but his serum CK remained high and he occasionally
complained of fatigue (Fig. 1E, right panel). After 15 months, riboflavin
was added to the L-carnitine and BEZ. His serum CK and acylcarnitine
profile returned to normal within one month, and his symptoms
completely disappeared. This amelioration has continued beyond
6 months.

3. Discussion

We diagnosed a patient with GA2 based on observations of the mus-
cle pathology, acylcarnitine analysis, and ETFDH gene mutations. In the
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Fig. 1. A. Amuscle MRI showed an area of high intensity in the bilateral biceps femoris muscle (arrow) and semimembranous muscle (arrowheads) in short-T1 inversion recovery
(STIR). This indicated that increased water content in these muscles due to cellular lysis or fluid accumulation secondary to inflammation [10]. B, C. Biopsy of the patient’s right
biceps muscle. (B) Hematoxylin and eosin staining showed multiple optically empty vacuoles. (C) Oil Red O staining revealed excessive lipid droplets. The scale bar represents
20 pum. D. Western blot analyses of proteins in the patient's fibroblasts. The patient's fibroblasts were prepared as described previously [5,11]. For analysis of ETFDH, ETFa, and
ETFR, 25 pg of protein was applied to the gel. For analysis of very long-chain acyl-CoA dehydrogenase (VLCAD) and medium-chain acyl-CoA dehydrogenase (MCAD), 10 ug of
protein was applied to the gel. Lane 1, patient's fibroblasts; lane 2, control (normal) fibroblasts; lane 3, ETFDH-defective fibroblasts; lane 4, ETFR-defective fibroblasts; lane 5,
MCAD-defective fibroblasts; lane 6, VLCAD-defective fibroblasts. Note that lane 1 from this patient, and lane 3 from the negative control, lack the band corresponding to
ETFDH. This indicates that this patient had no ETFDH protein. Compared to control, the patient's fibroblasts showed no change in the expression of ETFa, ETFB, VLCAD, or
MCAD proteins. E. Changes in blood acylcarnitines with various treatments. The acylcarnitine profile of the patient's serum before treatment showed a broad-range elevation
of acylcarnitines, including C6, C8, C10, C12, C14, and C16 acylcarnitine at 1.06 nmol/mL (normal <0.46), 2.15 (<1), 3.84 (<0.8), 4.13 (<0.4), 2.81 (<0.3), and 2.22 (<0.5),
respectively. In the left panel, BEZ or riboflavin combined with L-carnitine, partially improved serum CK and serum acylcarnitine levels. Combining all three agents completely restored
to normal the patient's acylcarnitine profile (right panel). During the seven-month period between the results shown in panels E and F, the patient was treated with L-carnitine alone.
Units for acylcarnitine are nmol/mL and for CK are U/L. “m" indicates month. @, C4; ¢, C8; B, C10; A, C12.

Japanese children with ETFDH gene mutations exhibiting GA2 [5].
Several mechanisms for the effectiveness of BEZ for FAO have been

adult myopathic form of GA2, patients sometimes do not show
rhabdomyolysis, and there is no typical biochemical examination that

can help us to consider the presence of a fatty acid oxidation disorder
(FAOQ), as was observed here. Muscle biopsy and acylcarnitine analysis
provide useful information and should be employed without hesitation.

Intake of L-carnitine has been reported to either exacerbate
symptoms or to be effective for GA2 patients [6,7]. In the present
case, oral carnitine alone leads to only partial improvement based
on amelioration of the patient's muscle weakness and decreases in
his serum CK and acyl-CoA. Riboflavin supplementation produces
improvements in the symptoms and metabolic profiles of GA2
patients with ETFDH mutations, and the late-onset form [2]. BEZ is
a hypolipidemic drug that is as an agonist of the peroxisome
proliferating activator receptor, and was found to be beneficial in

reported including upregulating mRNA and the activity of several
FAO enzymes [8,9]. In the present case, BEZ, L-carnitine, and
riboflavin each showed partial effectiveness and produced partial
remission in a patient with GA2. In children, BEZ has been adminis-
tered at doses from 17 to 25 mg/kg/day [5]. In the current patient,
600 mg/day of BEZ was administered, corresponding to only
8.2 mg/kg/day. This low dose was used because of the limitations
of BEZ as a hypolipidemic drug and may explain the limited
effectiveness of BEZ for our patient. A combination of BEZ, riboflavin,
and L-carnitine produced complete remission in this patient, not
only of his symptoms and serum CK, but also of his defect in fatty
acid metabolism.
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This case supports a new option for the treatment of GA2 patients,
even in adults. Additional clinical studies and experimental investigation
of the mechanisms of action of these drugs are required.
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Introduction

Mitochondrial fatty acid B-oxidation provides carbon substrates
for gluconeogenesis during the fasting state and contributes elec-
trons to the respiratory chain for energy production. Once a fatty
acid is activated to the acyl-coenzyme A (CoA) form and enters
the mitochondrial fatty acid B-oxidation pathway, it undergoes the
four following enzymatically catalyzed reaction steps during each
B-oxidation cycle (Supp. Table S1): (1) dehydrogenation, (2) hy-
dration, (3) a second dehydrogenation step, and finally (4) a thi-
olytic cleavage that generates one acetyl-CoA or, in certain cases,
one propionyl-CoA and an acyl-CoA that is two carbons shorter
than the acyl-CoA precursor. Each individual step involves spe-
cific enzymes encoded by different genes with different substrate
preferences (Supp. Table S1). The first dehydrogenation reaction is
catalyzed mainly by four enzymes—short-, medium-, long-, and
very long chain acyl-CoA dehydrogenases (SCAD, MCAD, LCAD,
and VLCAD)—with substrate optima of C4, C8, C12, and C16
acyl-CoA esters, respectively, still each dehydrogenase can utilize
other suboptimal substrates [Ikeda et al., 1983, 1985a, 1985b; Ense-
nauer et al.,, 2005]. The short-chain enoyl-CoA hydratase (ECHS1)
catalyzes the next step and has substrate optima of C4 2-trans-enoyl-
CoA, also called crotonyl-CoA. Although ECHS1 also catalyzes hy-
dration of medium chain substrates, longer acyl chains (e.g., C16-
intermediates) are hydrated by mitochondrial trifunctional protein
(MTP) [Uchida et al., 1992; Kamijo et al., 1993]. MTP consists of
an alpha-subunit with long-chain enoyl-CoA hydratase and long-
chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) activities and a
beta-subunit with long-chain 3-ketothiolase activity.

Mitochondrial fatty acid B-oxidation disorders generally cause
impaired energy production and accumulation of partially oxidized
fatty acid metabolites. They are clinically characterized by hypo-
glycemic seizures, hypotonia, cardiomyopathy, metabolic acidosis,
and liver dysfunction [Kompare and Rizzo, 2008]. The most com-
mon genetic defect in MTP is LCHAD deficiency [MIM #609016];
deficiency involving reduced activity of all three MTP enzymes
[MIM #609015] is reported much less frequently and is often asso-
ciated with infantile mortality secondary to severe cardiomyopathy
[Spiekerkoetter et al., 2004]. Deficiency of SCAD [MIM #201470],
which catalyzes the first dehydrogenation reaction and has simi-
lar substrate optima with regard to carbon chain as ECHSI, have
been studied for years, and the range of associated phenotypes in-
cludes failure to thrive, metabolic acidosis, ketotic hypoglycemia,
developmental delay, seizures, and neuromuscular symptoms such
as myopathy and hypotonia [Jethva et al., 2008].

© 2014 WILEY PERIODICALS, INC.
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Here, we describe a patient with ECHS1 deficiency who presented
with Leigh syndrome [MIM #256000] accompanied by hypotonia,
metabolic acidosis, and developmental delay. Additionally, the pa-
tient presented with combined respiratory chain deficiency, which is
not commonly described in most clinical reports of mitochondrial
fatty acid B-oxidation disorders. Finally, we discuss the pathology
of ECHSI deficiency and possible interactions between mitochon-
drial fatty acid B-oxidation and the respiratory chain, which are two
important pathways in mitochondrial energy metabolism.

Materials and Methods

This study was approved by the ethical committee of National
Center of Neurology and Psychiatry. All the samples in this study
were taken and used with informed consent from the family.

Whole-mtDNA Genome Sequence Analysis

Long and accurate PCR amplification of mtDNA followed by
direct sequencing was performed according to the previous publi-
cation with a slight modification [Matsunaga et al., 2005].

Targeted Exome Sequencing

Almost all exonic regions of 776 nuclear genes (Supp. Table S2),
in total 7,368 regions, were sequenced using the Target Enrich-
ment System for next-generation sequencing (HaloPlex; Agilent
Technologies, Santa Clara, California, USA) and MiSeq platform
(Ilumina, San Diego, California, USA). Sequence read alignment
was performed with a Burrows—Wheeler Aligner (version 0.6.1) to
the human reference genome (version hgl9). Realignment and re-
calibration of base quality scores was performed with the Genome
Analysis Toolkit (version 1.6.13). Variarits were detected and anno-
tated against dbSNP 135 and 1000 Genomes data (February 2012
release) by Quickannotator.

Sanger Sequencing

Sanger sequencing of candidate genes was performed with the
BigDye Terminators v1.1 Cycle Sequencing kit (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) as per manufacturer’s pro-
tocol. Details of primers and conditions are available upon request.
DNA sequences from the patients were compared against the RefSeq
sequence and the sequences of a healthy control or parents those
were sequenced in parallel.

Cell Culture

The patient-derived primary myoblasts were established from
the biopsy of patient’s skeletal muscle and cultured in DMEM/E-
12 (Thermo Fisher Scientific) supplemented with 20% (v/v) heat-
inactivated fetal bovine serum (FBS, Thermo Fisher Scientific).
DLD-1 (human colon carcinoma) cells were provided by Taiho
pharmaceutical company (Tokyo, Japan) and cells were cultured
in RPMI-1640 (Thermo Fisher Scientific) supplemented with 10%
(v/v) heat-inactivated FBS (Thermo Fisher Scientific). All cells were
cultured in 5% CO, at 37°C.

Preparation of Mitochendrial Fraction

Mitochondrial fractions from patient’s skeletal muscle and
patient-derived myoblasts were prepared according to the literature
with a slight modification [Frezza et al., 2007].

Immunoblotting

Mitochondrial fraction and protein lysates were prepared from
patient’s skeletal muscle and patient-derived Myoblasts. Thirty mi-
crograms of protein of mitochondrial fraction or 50 micrograms
of protein lysate was separated on 4%-12% Bis-Tris gradient gels
(Thermo Fisher Scientific) and transferred to polyvinylidene flu-
oride membranes. Primary antibodies used were against ECHS1
(Sigma-Aldrich, St. Louis, Missouri, USA), complex II 70 kDa sub-
unit (Abcam, Cambridge, England), 8-actin (Santa Cruz, Biotech-
nology, Dallas, Texas, USA), HA (Wako, Tokyo, Japan), and AcGFP
(Thermo Fisher Scientific).

Enzyme Assays

Enzyme activities of mitochondrial respiratory complexes I-V
and citrate synthase (CS) were measured in mitochondrial frac-
tion prepared from patient’s specimens. The assays for complexes
I-IV and CS were performed as described previously [Shimazaki
etal, 2012]. The assay for complex V was carried out following the
method by Morava and his colleagues with modifications [Morava
et al,, 2006]. The enoyl-CoA hydratase activity was assayed by the
hydration of crotonyl-CoA by a slight modification of the proce-
dure described earlier [Steinman and Hill, 1975]. Five micrograms
of protein of the mitochondrial fraction prepared from patient-
derived myoblasts was added to 0.3 M Tris—HC1, pH 7.4, containing
5 mM EDTA (Ethylenediaminetetraacetic acid). The reaction was
started by the addition of 200 uM crotonyl-CoA and the decrease
in absorbance at 280 nm was monitored at 30°C.

Construction of the Immertalized Patient-Derived
Myoblasts

The patient-derived myoblasts and control myoblasts were trans-
fected with pEF321-T vector (A kind gift from Dr. Sumio Sugano,
University of Tokyo) and the cells were cultured serially for more
than ten population doublings until the morphological alteration
was observed [Kim et al., 1990].

Expression Vector Preparation and Transfection

For construction of a mammalian expression vector, full-length
ECHS!I (GenBank accession number NM_004092.3) was amplified
from a cDNA prepared from control subject using PrimeSTAR GXL
DNA polymerase (TaKaRa, Tokyo, Japan). The PCR product was
cloned into pEBMulti-Pur (Wako) and the clone was verified by
Sanger sequencing. The empty expression vector or an ECHS1 ex-
pression vector was transfected into immortalized patient-derived
myoblasts using Lipofectamine LTX Reagent (Thermo Fisher Sci-
entific). Each of the two missense variants, ¢.2T>G; p.MIR and
c.5C>T; p.A2V, was independently introduced into the clone by
PCR-based site-directed mutagenesis. Each insert with C-terminal
HA tag was cloned into pIRES2-AcGFP1 (Clontech Laboratories,
Mountain View, California, USA) and the clones were verified
by Sanger sequencing. WT and mutant ECHS1 expression vector
were transfected into DLD-1 cells using Lipofectamine LTX Reagent
(Thermo Fisher Scientific). Twenty-four hours later, the cell lysate

was subjected to immunoblotting.

Resuits

The patient reported here was a boy born to unrelated, healthy
parents after a 40-week pregnancy (weight 3,300 g, length 52 cm,
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Figure 1. T2-weighted magnetic resonance scan image and enzyme activities of mitochondrial respiratory complexes. A: T2-weighted magnetic
resonance scan image {(MRI) shows bilaterally symmetrical hyperintensities in the putamen {arrows in the image}; these are characteristic of
Leigh syndrome. B: Enzymatic activities of five mitochondrial respiratory complexes (1, Ii, lll, IV, and V) were measured in mitochondrial fractions
prepared from the patient’s skeletal muscle. Respiratory complexes activities were normalized to citrate synthase activity. Black bars show patient
values and white bars show control values. Control values were mean values obtained from five healthy individuals. Patient activity values for
complexes |, Ill, and IV were 39%, 34%, and 64% of the control values, respectively. Error bars represent standard deviations.

Table 1. Urinary Organic Acid Profiling

Patient RPA (%) Controls RPA (%)

TCA cycle intermediates

a-Ketoglutarate 4.52 3.00-102.90

Aconitate 20.37 15.10-86.10

Isocitrate 8.98 8.30-29.00
Other metabolites

Lactate 11.83* <4.70

Pyruvate 3.18 <24.10

3-Hydroxyisobutyric acid 1.95 <9.00

Methylcitric acid 0.14* Less than trace amount

p-Hydroxy-phenyllactic acid 40.05" <7.00

Glyoxylate 37.71° <6.10

*Values outside the normal range.
RPA(%), relative peak area to the area of internal standard (heptadecanoic acid, HDA).

occipitofrontal circumference (OFC) 34.5 cm). Auditory screen-
ing test at 2 months of age revealed hearing impairment, and he
began to use a hearing aid at 6 months of age. Psychomotor de-
velopmental delay was noted at 5 months of age; he could not sit
alone, or speak a meaningful word as of 4 years of age. Nystagmus
was noted at 10 months of age. Muscle hypotonia, spasticity, and
athetotic trunk movement became prominent after 1 year of age. His
plasma (20.2 mg/dl) and a cerebrospinal fluid lactate were elevated
(25.3 mg/dl, control below 15 mg/dl). Urinary organic acid profil-
ing reveals significantly elevated excretion of glyoxylate (Table 1).
Analysis of blood acylcarnitines showed no abnormalities. Brain
magnetic resonance scan image showed bilateral T2 hyperintensity
of the putamen, typical for Leigh syndrome (Fig. 1A). Because Leigh
syndrome is generally caused by defects in the mitochondrial respi-
ratory chain or the pyruvate dehydrogenase complex, we performed
a muscle biopsy to measure enzyme activities of mitochondrial res-
piratory complexes in the patient. Mitochondrial fractions prepared
from patient or control specimens were used for all activity measure-
ments. Activity of each respiratory complex was normalized relative
to CS activity; normalized values for complexes I, III, and IV activity
were decreased to 39%, 34%, and 64% of control values, respectively
(Fig. 1B). Moreover, we performed blue native PAGE (BN-PAGE)
to examine if the assembly of respiratory complexes were altered in
the patient. As a result, there were no clear difference between the
patient and the control (Supp. Fig. S1).
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Mitochondrial respiratory chain defects can be due to pathogenic
mutations in mitochondrial DNA (mtDNA) or nuclear DNA
(nDNA) coding for mitochondrial components. Initially, long and
accurate PCR amplification of mtDNA followed by direct sequenc-
ing was performed and no mutations known to be associated with
Leigh syndrome were identified, but previously reported polymor-
phisms were found (Supp. Table S3). Therefore, to identify the re-
sponsible mutations in nDNA, targeted exome sequencing was per-
formed. Coverage was at least 10x for 86.2% of the target regions,
and 30x or more for 73.4%. In all, 5,640 potential variants were
identified; these included 811 splice-site or nonsynonymous vari-
ants. Among those 811 variants, 562 were on the mismapping reads
that contained multiple apparent mismatches to the reference DNA
sequence. Of the remaining 249 variants, nine that were on target re-
gions with less than 10x coverage were eliminated because data reli-
ability waslow. Filtering against dbSNP 135 and 1000 Genomes data,
this number was reduced to 13 including compound heterozygous
variants in the ECHSI [MIM #602292] and 11 heterozygous vari-
ants in 11 separate genes (Supp. Table $4). Those variants have been
submitted to dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). Because
most mitochondrial diseases caused by known nDNA mutations
are inherited in an autosomal recessive manner, we focused on the
compound heterozygous variants in ECHSI—c.2T>G; p.M1R and
¢.5C>T; p.A2V—as primary candidates.

To confirm the targeted exome sequencing results, we performed
Sanger sequencing of genomic ECHSI DNA and ECHSI ¢cDNA from
the patient and his parents. We identified both variants, ¢.2T>G and
¢.5C>T, and the respective normal alleles in genomic DNA and
cDNA from the patient (Fig. 2A and B) and no other ECHSI vari-
ants were detected except for common SNPs in the open reading
frame. Analysis of genomic DNA from the patient’s parents showed
that patient’s father was heterozygous for only one variant, c2T>G,
and the patient’s mother for only the other variant, c.5C>T (Fig. 2A).
These results indicated that the patient inherited each variant sep-
arately and that both mutant alleles were expressed in the patient
(Fig. 2B). Each variant was nonsynonymous and in the region en-
coding the mitochondrial transit peptide (1-27 amino acids) of
ECHS1 [Hochstrasser et al., 1992]; moreover, ¢.2T>G; p.M1R was a
start codon variant (Fig. 2C).

Next, immunoblotting with primary antibodies against ECHS1
was performed to assess protein expression. Mitochondrial
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Figure 2. ECHS7 Sanger sequencing analysis and ECHS1 functional domains. A: Sequence chromatograms from part of exon 1 of ECHST were
generated by Sanger sequencing of genomic DNA. Each parent had one wild-type allele; the patient's father also harbored a ¢.2T>G variant, and the
patient’s mother a ¢.5C>T variant. The patient inherited each variant allele and was a compound heterozygote. B: Sequence chromatograms from
part of ECHS1exon 1 obtained by Sanger sequencing of cDNA prepared from patientmRNA. The same variants seen in genomic DNA were observed
inthe cDNA. C: A schematic diagram of the functional domains in ECHS1 and the locations of the mutations. MTP, mitochondrial transit peptide.

fractions prepared from patient and control skeletal muscle were
used; whole-cell lysates or mitochondrial fractions prepared from
patient-derived or control myoblasts were also used. All experiments
using these specimens showed that the expression level of ECHS1
protein of the patient was too low to detect by immunoblotting
even though the expression level of SDHA was almost the same as
controls (Fig. 3A-C). These findings indicated that ¢.2T>G; p.MIR
and c¢.5C>T; p.A2V mutations caused a remarkable reduction in
ECHSI protein expression. Notably, patient-derived and control
myoblasts were similar with regard to ECHSI mRNA expression
(Fig. 3D), indicating that the mutations apparently affected ECHS1
protein expression directly. Next, we measured ECHS1 enzyme ac-
tivity in mitochondrial fractions prepared from patient-derived and
control myoblasts. ECHS1 activity was normalized to CS activity,
and activity in patient-derived myoblasts was 13% of that in con-
trol myoblasts (Fig. 3E). Therefore, the mutations caused a severe
depletion of ECHS1 protein expression thereby decreasing ECHS1
enzyme activity.

To examine the stability of each mutated protein, we constructed
three pIRES2-AcGFP1 expression plasmids, each expressed a dif-
ferent HA-tagged protein: wild-type, M1R-mutant, or A2V-mutant
ECHS1. The expression of ACGFP was used as a transfection control.
After the transfection into DLD-1 cells, immunoblotting of whole-
cell lysate with anti-HA and GFP antibodies showed markedly
higher expression of wild-type ECHS1 than of either mutant pro-
tein; all ECHS1 expression was normalized to AcGFP expression
(Fig. 4, Supp. Fig. S2). This result indicated that ECHS1 protein
expression was significantly reduced in the patient because of each
mutation.

To confirm that the patient had ECHS1 deficiency, we performed
a cellular complementation experiment. Patient-derived myoblasts
had to be immortalized for these experiments because nonimmor-
talized cells exhibited poor growth and finite proliferation. The
patient-derived myoblasts and control myoblasts were transfected
with pEF321-T vector (a kind gift from Dr. Sumio Sugano, Uni-

versity of Tokyo). We then ascertained that ECHS1 protein expres-
sion and activity were lower in immortalized patient-derived my-
oblasts than in controls (Fig. 5A and B). We then transduced an
empty expression vector, pPEBMulti-Pur (Wako), or a pEBMulti-Pur
construct containing a full-length, wild-type ECHSI cDNA into
the immortalized patient-derived myoblasts; cells with the vector
only or the ECHS1-expression construct are hereafter called vector-
only and rescued myoblasts, respectively. ECHS1 protein expres-
sion level and enzyme activity were analyzed in mitochondrial frac-
tions prepared from rescued myoblasts. Relative expression level
of ECHS1 in rescued myoblasts was 11 times higher than that
in vector-only myoblasts (Fig. 5A), and ECHS1 activity normal-
ized to CS activity in rescued myoblasts was 49 times higher than
that in vector-only myoblasts (Fig. 5B). From these cellular com-
plementation experiments, we concluded the patient had ECHS1
deficiency.

Since the patient showed the combined mitochondrial respira-
tory chain deficiency in the skeletal muscle as mentioned above, we
used a cellular complementation experiment to determine whether
wild-type ECHS1 rescued the respiratory chain defect in patient-
derived myoblasts. First, we measured enzyme activities of each
mitochondrial respiratory complex in mitochondrial fractions pre-
pared from immortalized patient-derived myoblasts. CS activity
normalized values for complexes 1, IV, and V activity in immor-
talized patient-derived myoblasts were decreased to 17%, 39%, and
439% of the mean values of immortalized control myoblasts (Fig. 5C).
Then, we measured enzyme activity in mitochondrial fractions pre-
pared from rescued myoblasts and found that each activity of com-
plexes I, IV, and V was mostly restored relative to that in vector-only
myoblasts. In rescued myoblasts, CS activity normalized values of
complexes I, IV, and V were 3.5, 1.3, and 2.2 times higher than those
in vector-only myoblasts (Fig. 5C). Mitochondrial respiratory com-
plex activity was mostly restored in rescued myoblasts, suggesting
that there was an unidentified link between deficiency of ECHS1
and respiratory chain.
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