Table 1. Mitochondrial ETC Activities in Muscle

Subject cl/Cs® cl+1m/Cs® cll/cs? cll-+1/cs” cli/cs® cv/cs?® cs?
Muscle biopsy ST 36 24 N 34 N N 64

szt 6 ND 42 - 43 10 30 ’ 57

S3 N N N 55 N 50 54

S4 145 N ' N N 222 189 1 Oé ‘

S5 <5 ND N 30 50 N 65

Abbreviations are as follows: N, value in the control range; ND, not done; ¢l, complex I; cll, complex lI; clll, complex Hll; clV, complex IV; cl+1ll, coupled activity of
complexes | and Ill; and cli-+1ll, coupled activity of complexes Il and lll. The analyses were performed in different laboratories, and the reference values are diverse
(they usually range between 60% and 140% of the mean control value). The values of ETC complex activities out of the control range (specific to each enzymatic

activity and to each laboratory) are reported.

*Mean control value (%) of CS-normalized ETC complex activities.
Ppercentage of mean control value.

Sample from autopsy.

ineffective, and the baby died 4 hr after birth. His blood
glucose level was normal, as were renal and hepatic param-
eters; plasma creatine kinase was moderately elevated
(861 U/l; normal value [n.v.] < 400), and blood lactate
was extremely high (20.1 mM; n.v. < 2). Analysis of uri-
nary organic acids showed elevated levels of 2-OH glutaric
acid, whereas plasma and urinary amino acids were within
normal ranges. The autopsy examination revealed left ven-
tricular hypoplasia with septum hypertrophy and a patent
ductus arteriosus. No brain examination was performed.

The activities of the ETC complexes in autoptic skeletal-
muscle homogenate showed severe defects of both coupled
cl+clll and clI+clII reactions, normalized to citrate syn-
thase (CS), and a decrease in CS-normalized cI (Table 1).
In both liver and cultured fibroblasts, the CS-normalized
activities of each of the individual ETC complexes were
in the control range. Although the coupled cI--cllI activity
cannot be reliably assayed in cultured cells,'” the coupled
cll+cIll activity was clearly decreased in S1 fibroblasts
(65% of the control mean).

S2 (II-1, family 2) was born at the 34" week of gestation
and was the female first child of non-consanguineous
Japanese parents. Her birth weight was 1,120 g (—2.2 SDs).
Apgar scores were 7 and 8 at 1 and 5 minutes after birth,
respectively. There was no family history of neurological
or cardiac disease. The pregnancy was complicated by severe
intrauterine growth delay and ultrasound-documented hy-
pertrophic cardiomyopathy. On S2's first day of life, she
became apnoeic and was intubated as a result of respiratory
failure. She initially displayed moderate lactic acidosis,
but soon after her admission to Neonatal Medical Center,
her lactic acidosis rapidly worsened (blood lactate = 11.2—
18.8 mM; n.v. < 2); her hypertrophic cardiomyopathy
evolved into severe heart failure, leading to death at the
age of 1 day.

The metabolic profile (urinary and plasmatic amino acids,
organic acids, and acylcarnitines) showed no significant
findings. A liver autoptic specimen showed a severe defi-
ciency of cl (cl/CS ratio = 2.9%); autoptic skeletal-muscle
homogenate also showed a cl deficiency together with less
pronounced reductions of other ETC complexes (Table 1).

Sisters S3 (II-1, family 3) and S4 (II-3, family 3) are the
first and third, respectively, of three siblings and were
born to healthy, non-consanguineous Austrian parents.
Their brother (II-2) is a healthy, unaffected boy. S3 and
S4 were born prematurely at gestational ages of 32 weeks
(birth weight = 1,550 g) and 34 weeks (birth weight =
2,170 g), respectively.

Performed at the 20" week of gestation, prenatal organ
screening of S3 revealed a suspected malformation of the
cerebellum. A postnatal cranial ultrasound showed cere-
bellar hypoplasia. After birth, she showed distal arthrogry-
posis, but no other dysmorphic features. At birth, she suf-
fered from respiratory-distress syndrome, and a few hours
later, a severe myoclonic epileptic encephalopathy ensued;
blood lactic acid at 36 hr of age was 6.4 mM and rose to
14 mM prior to her death by multiorgan failure on the
third day of life. Echocardiography showed a normal heart.
Metabolic investigations (amino acids in plasma, acyl-
carnitine profile, and standard newborn screening) were
essentially normal. Analysis of organic acids in urine
showed excretion of glycerol and 2-OH-glutarate. In frozen
postmortem muscle (obtained within 30 min after death),
ETC enzyme activities were slightly decreased (Table 1). An
autopsy of the brain revealed severe olivopontocerebellar
and thalamic hypoplasia and scattered cavitations in the
white matter; the visceral organs appeared normal for the
gestational age.

Six years later, prenatal organ screening of the sister, 54,
showed cerebellar hypoplasia, suggesting the same disease
as in S$3. Similar to her sister, $4 suffered from neonatal res-
piratory distress. No dysmorphic features were present..
Echocardiography was normal. A cranial ultrasound con-
firmed cerebellar hypoplasia. Six hours after birth, epileptic
encephalopathy ensued; blood lactic acid was 3.5 mM at
2 hr of age and rose to 9 mM at death on the second
day of life. Metabolic investigations showed normal
newborn-screening results and a normal acylcarnitine pro-
file. Amino acids in plasma were grossly elevated but
showed no specific pattern. Analysis of urinary organic
acids showed excretion of a “mitochondrial dysfunctional
pattern” with malate, fumarate, and 2-OH-glutarate, as
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well as vitamin B6 metabolites and N-acetyl-tyrosine. Anal-
ysis of frozen postmortem muscle showed elevated levels
of ETC activities (Table 1). In both girls, blood glucose con-
centration and renal and hepatic parameters were in the
normal range.

S5 (II-1, family 4) is an 18-year-old young man and is the
only offspring of healthy Italian parents who deny consan-
guinity and originate from a medium-size town in south-
ern Italy. Pregnancy was normal, and delivery was via ce-
sarean section because of a podalic presentation. He was
born at term, and his weight at birth was 4,100 g. Weight
and motor development were reportedly normal in his first
year of life, but he started to show slowly progressive motor
deterioration after the age of 10 months, when he mani-
fested unsteadiness in maintaining acquired sitting posi-
tion. He achieved the ability to walk with a spastic ataxic
gait at 3 years of age but lost ambulation by 6 years of
age and has been wheelchair bound since then. At 12 years
of age, he started manifesting epileptic seizures in the form
of prolonged right-side hemiclonic seizures. MRI showed
bilateral increased signal intensity in fluid-attenuated-
inversion-recovery and T2-weighted sequences in both oc-
cipital-cortical and juxtacortical areas (Figures S1A-S1D).
Around the same period, he started to have swallowing dif-
ficulties. He was admitted for extensive investigation.
Thorough blood tests excluded liver and kidney involve-
ment and did not show lactic acidosis. A specific pattern
of organic aciduria was excluded. Electrophysiological ex-
amination showed a sensory motor polyneuropathy with
slowed conduction velocities. During a S-year follow-up,
he showed a slowly progressive downhill course with
recurrent treatment-resistant seizures, worsened swallow-
ing impairment, progressive scoliosis, and cognitive deteri-
oration. A muscle biopsy was performed when he was
12 years old. Spectrophotometric assays of the ETC com-
plexes in muscle homogenate showed virtually undetect-
able cI/CS ratios and reduced clI+cIII/CS and cIII/CS ratios.
The other ETC complex activities were within control
limits (Table 1). Since the age of 15 years, he has used a
percutaneous-endoscopic-gastronomy tube and has devel-
oped severe scoliosis with a Cobb angle of 75°. Control
MRI performed when he was 17 years old showed cere-
bellar atrophy, widening of ventricular brain spaces, and
scars from cortical necrotic lesions in both occipital areas
(Figures STE-S1H).

In agreement with the Declaration of Helsinki, informed
consent for genetic and biochemical studies was signed by
the parents of all subjects, and the ethics committee of the
Technische Universitdt Miinchen approved the study.

We performed whole-exome sequencing (WES) to inves-
tigate the molecular bases of the mitochondrial disease
presentations of S1, $4, and S5, as described previously.'*
Coding DNA sequences were enriched with a SureSelect
Human All Exon 50 Mb V4 or V5 Kit (Agilent) and subse-
quently sequenced on a HiSeq2500 system (Illumina).
Read alignment to the human reference assembly (UCSC
Genome Browser hgl9) was done with the Burrows-

Wheeler Aligner (version 0.7.5), and single-nucleotide var-
iants and small insertions and deletions were identified
with SAMtools (version 0.1.19). On the basis of the rare dis-
ease phenotype and a pattern concordant with autosomal-
recessive inheritance, we sought genes carrying rare (minor
allele frequency [MAF] < 0.1% in 4,500 control exomes)
variants predicted to be compound heterozygous or homo-
zygous. We then prioritized variants in genes coding for
proteins with known or predicted mitochondrial localiza-
tion.'* This filtering strategy led to the identification of
recessive variants in COQ4, coding for a mitochondrial
protein involved in CoQqq biosynthesis,m in all three
subjects. In S2, we used the SeqCap EZ Library (version
1.0; Roche NimbleGen). Details on the bioinformatics
pipeline and variant filtering have been reported re-
cently.'® Sequencing statistics are provided in Table S1.

We identified COQ4 mutations (RefSeq accession num-
ber NM_016035.3) in four individuals (Figure 1). In S1,
we identified a homozygous missense variant, c¢.433C>G
(p.Arg145Gly). Both parents and a healthy sister are het-
erozygous carriers, and a healthy brother has two reference
alleles. No material was available from the deceased sister.
S2 was found to be compound heterozygous for a nonsense
variant on the paternal allele and a missense variant on
the maternal allele: c¢.[421C>T};[718C>T], p.[Argl141*];
[Arg240Cys]. S4 was found to be compound heterozygous
for a missense mutation and an exon 5 in-frame deletion:
C.[155T>C];[521_523delCCA], p.[LeuS2Ser];[Thrl74del].
Both variants were also confirmed in the DNA of S3,
whereas the parents are heterozygous for only one variant
each (the father carries the missense mutation, and the
mother carries the deletion). In S5, we identified a homo-
zygous mutation, ¢.190C>T (p.Pro64Ser). Both parents
are heterozygous for this mutation.

None of the identified variants are present in our exome
database, which contains 4,500 samples, or in public SNP
databases, including dbSNP, the NHLBI Exome Sequencing
Project Exome Variant Server, and the Exome Aggregation
Consortium (ExAC) Browser. The only exception is the
c.718C>T variant (1s143441644), which is reported to
have an extremely low frequency (MAF = 0.00023; 28/
12,0330 alleles) in the ExAC Browser. Moreover, all
missense changes are predicted to be deleterious by several
bioinformatics tools (Table S2).

Because of the identified genetic defects, we tested
CoQjp levels in available specimens from the subjects. In
a muscle biopsy from S1, we detected a clear reduction of
CoQj0 (32.9 nmol CoQip/g protein; n.v. = 101-183;
1.16 nmol CoQ;0/CS; n.v. = 1.75-3.46). In fibroblasts
from S1, the levels of CoQ;o were also lower than CoQ1qo
levels in neonatal control fibroblasts (54% of control
mean). In frozen muscle from S3, CoQ;¢ was reduced
(13.5 nmol CoQ;0/g protein; n.v. = 160-1,200; 0.3 nmol
CoQ,0/CS; n.v. = 2.7-7); in muscle from S4, CoQ;o was
profoundly reduced (25.7 nmol CoQ;¢/g protein; n.v. =
160-1,200; 0.1 nmol CoQ10/CS; n.v. = 2.7-7), whereas in
S5 muscle, the amount of CoQ;¢ was slightly decreased
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(88.9 pg CoQp/g protein; n.v. = 101-183; 1.70 pg nmol
CoQ10/CS; n.v. = 1.75-3.46) (Figure 2A). No residual sam-
ple from the muscle biopsy of S2 was available. Together,
these findings are consistent with a deleterious role of
the mutations identified in COQ4.

By Seahorse micro-oxygraphy,'® we detected that
maximal respiratory rates were lower in S1, S4, and SS fi-
broblasts than in control cells (Figure 2B). Moreover, a
drastic decrease in the amount of COQ4 was detected by
immunoblot analysis in S1, S4, and S5 fibroblasts (Fig-
ure 2C), confirming that the identified COQ4 nucleotide
variants are deleterious.

The Saccharomyces cerevisiae ortholog of human COQ4 is
yCOQ4; yCOQ4-null strains have been reported to be effec-
tively complemented by human COQ4."" In order to func-
tionally test the effect of all the mutations found in our
cohort, we transformed a COQ4-null strain (4cog4) by in-
serting the following hCOQ4 variants into the multicopy
PYES2.1 vector: pYES:hCOQ4™™ (human wild-type [WT]),
pYES2.1 (empty vector), pYES:;yCOQ4™" (positive con-
trol), pYES:hcoq4P-281#5SY (mutation ¢.433C>G), pYES:
hcog4P 18141 (c.421C>T), pYES:hcog4PA8240Cys (¢.718C
>T), pYES:hcogdPe"525¢ (c.155T>C), pYES:hcog4P-Thri74del
(c.521_523delCCA), and pYES:hcog4? %% (¢, 190C>T).
In addition, to replicate the compound-heterozygous con-
dition found in probands of families 2 and 3, we trans-
formed the dcog4 strain via a pYES construct harboring
both the ¢.155T>C and the ¢.521_523delCCA mutations
(pYES:hcoq4P-lenszser/p-Thrl74dely and 3 pYES construct ex-
pressing the c.421C>T and ¢.718C>T mutations (pYES:
hcog4P-AT8141x/p-Ag240Cys) - A WT strain transformed with
the pYES2.1 empty vector was also included as an addi-
tional control. In order to reveal a possible respiratory
defect, we compared the growth of our transformant
strains cultured in either glucose (a fermentable carbon
source) or glycerol (a non-fermentable carbon source) after

Figure 2. Biochemical Studies in COQ4
Mutant Muscle and Fibroblasts

(A) CoQyg in muscle from affected subjects
S1 and S3-S5 is reported as a percentage of
the mean of control values (the analyses
were performed in different laboratories,
and the reference values are diverse; see
text). Data are reported after normaliza-
tion to protein content or CS activity.

(B) Maximal respiration rate (MRR)
measured in fibroblasts from subjects S1,
S4, and S5; MRR values are expressed as
percentages of MRR values obtained in
control fibroblasts. The graphs represent
the mean values from two independent
experiments, each with six to eight repli-
cates. Error bars represent the SD.

(C) Immunoblot analysis of COQ4 in fi-
broblasts from subjects S1, S4, and S5 and
control individuals (Ct). Arrowheads indi-
cate the band corresponding to COQ4.
An antibody against tubulin was used as
a loading control.

inducing gene expression with galactose for 4 hr. Notably,
whereas the growth of the pYES2.1:hCOQ4™ " transformant
strain was comparable to that of the pYES2.1:yCOQ4™T
transformant strain, the strains transformed with the
hCOQ4 mutant vectors grew as slowly as that transformed
with pYES2.1 (Figure 3A). This result clearly indicates that
each mutation reported in our probands leads to a virtually
complete loss of function of the corresponding protein,
COQ4. Next, we found that the CoQg content in one
Acog4 mutant strain, hcog4?8*355Y, was markedly dec-
reased, whereas Acog4 strains transformed with either
pYES2.1:yCOQ4 or pYES2.1:hC0OQ4 had CoQg levels similar
to those in the WT strain (Figure 3B). This result indicates
that mutant hcog4P*"&'*55Y impairs CoQ biosynthesis.
Primary CoQ;q deficiency, caused by genetic defects in
CoQ;p biosynthesis, is a clinically heterogeneous condition
associated with a spectrum of different phenotypes, in-
cluding encephalomyopathic forms with seizures and/or
ataxia,'’"'” multisystem infantile forms with encephalo-
myopathy and renal failure,” nephrotic syndrome with
sensorineural deafness,”'** adult Leigh syndrome,”* and
isolated myopathic forms.”* Mutations in seven genes
encoding proteins involved in CoQ;o biosynthesis have
been reported in single families or in a few singleton
cases;”” the genetic defect has not been determined in
most of the cases of CoQjq deficiency, and only a few
data are available regarding specific genotype-phenotype
correlations. Secondary CoQ; deficiency has been reported
in association with glutaric aciduria type IIC (MIM
231680), caused by mutations in ETFDH (MIM 231675; en-
coding electron-transfer dehydrogenase); ataxia-oculomo-
tor apraxia syndrome (MIM 208920), caused by mutations
in APTX (MIM 606350; encoding aprataxin); a cardio-
facio-cutaneous syndrome caused by a mutation in BRAF
(MIM 115150; encoding serine/threonine-protein kinase
B-Raf)?; and glucose transporter GLUT1 deficiency.””
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Figure 3. Yeast Studies

(A) Glycerol (YPG) growth of transformed 4COQ4 yeast with the different mutated versions of human COQ4 (pYES2.1, empty vector;
hCOQ4, pYES:RCOQ4™T; yCOQ4, pYES:yCOQ4™T; ¢.433C>G, pYES:hcogdPA8145CY: ¢ 421C>T, pYES:hcog4P-A8141%; ¢.718C>T, pYES:
Tcog4PAT8220Cys: ¢ 155T>C, pYES:hcoqdPLeu525er ¢ 521 523delCCA, pYES:hcog4P T 74deL ¢ 190C>T, pYES:hcogdP o845 ¢ 155T>C
and ¢.521_523delCCA, pYES:hcog4P-Leuszser/p.Thr174del, and ¢ 421C>T and ¢.718C>T, pYES:hcog4P-ATe141+/p-ArE240Cysy W indicates the
wild-type yeast transformed with the YES2.1 empty vector. Cells were grown in selective medium for 16 hr, induced in galactose for
4 hr, and inoculated in YPG at 0.1 U of optical density (OD) at 600 nm. Growth at 30°C was monitored over 5 days by measurement
of OD cultures at 600 nm.

(B) Yeast mitochondrial CoQg levels. Purified mitochondria lipid extraction and high-performance-liquid-chromatography quantifica-
tion of CoQg was performed in the ACOQ4 strain transformed with the empty vector (pYES2.1), WT yeast (yCOQ4), or human (hCOQ4)
or heog4P-AT8145GY (¢ 433C>G) COQ4 genes. AWT strain transformed with the empty vector was included as a positive control. Error bars

represent the SD.

Interestingly, although the mechanisms linking these het-
erogeneous genetic conditions to a decrease in CoQiq
remain obscure, most of these individuals benefitted from
CoQ; supplementation.*®2°

We found six COQ4 mutations in five affected sub-
jects from four unrelated families. All these individuals car-
ried homozygous or compound-heterozygous mutations,
clearly indicating that the resulting disease is an auto-
somal-recessive trait. Two alleles carried nonsense muta-
tions, which are both transmitted by descent in com-
bination with missense COQ4 mutations to different
individuals (S2 and sisters S3 and S4) and are predicted to
lead to a truncated and aberrant COQ4. Given that the het-
erozygous parents carrying the nonsense mutations are
alive and well, it is unlikely that COQ4 haploinsufficiency
is pathogenic, even though a previous study reported on a
boy carrying a de novo heterozygous deletion, including
COQ4, in chromosomal region 9q34.° Because the biosyn-
thetic pathway of CoQ is conserved throughout evolution
from human to Saccharomyces cerevisiae, we modeled in
yeast the mutations found in our subjects. Using this sys-
tem, we demonstrated that each mutation, or the allelic
combinations found in S2 and siblings S3 and S4, was asso-
ciated with a severe defect of oxidative growth. In paralle],
we also showed that COQ4 was strongly reduced in mutant
fibroblast cell lines from S1, S4, and S5. In the skeletal mus-
cle of S1 and S3-S5, the CoQ;¢ content was reduced as well.
Taken together, these results demonstrate the pathogenic
role of the COQ4 mutations found in our cohort.

In keeping with the essential role of COQ4, four of our
five subjects had a prenatal or perinatal onset with a fatal
outcome in the first days of life. S1 and S2 presented

with severe hypotonia, bradycardia, and respiratory in-
sufficiency at birth; in S2, hypertrophic cardiomyopathy
had been evident since fetal development. A markedly
different, albeit equally severe, clinical presentation domi-
nated by premature delivery, antenatal cerebellar hypopla-
sia, neonatal respiratory-distress syndrome, and epileptic
encephalopathy characterized sisters S3 and S4. Rapidly
progressive, severe lactic acidosis was a common feature
in all four affected newborn subjects and is likely to have
determined their fatal outcome. Involvement of the heart
has been very rarely documented in CoQ;q-deficient sub-
jects, often as part of multisystem phenotypes, where car-
diomyopathy develops later than brain, muscle, or kidney
impairment.”” For instance, a homozygous nonsense mu-
tation in COQ9 was described in a baby who presented
with neonatal lactic acidosis and later developed hypertro-
phic cardiomyopathy as part of a multisystem disease
including intractable seizures, global developmental delay,
and renal tubular dysfunction.” In spite of his early onset,
the clinical course of S5 was slowly progressive and domi-
nated by neurological deterioration with hardly any
involvement of other organs, including the heart and
kidneys.

Although the link between specific genetic defects and
phenotypes is often unclear in mitochondrial disorders, or-
gans with the highest energy requirements, such as the
heart, kidneys, and brain, have the highest CoQ;, concen-
trations®' and are the most frequently affected by CoQ1o
deficiency. The level of expression of COQ genes in
different cells seems to correlate poorly with the primarily
affected tissue or organ; for instance, COQZ, mutations of
which typically cause renal impairment, has expression
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levels that are relatively higher in skeletal muscle and the
heart than in other organs,” whereas COQ4, mutated in
our subjects with cardiac or brain failure, is ubiquitously
expressed and has relatively higher levels in the liver,
lungs, and pancreas.

Because cardiomyocytes have a remarkably high energy
requirement, and cardiomyopathy is quite common in in-
dividuals with various inherited mitochondrial disorders,
the cardiac involvement in subjects with mutations in
COQ genes can be overlooked. Indeed, the crucial role of
CoQo in cardiomyocyte function has been recognized
for a very long time; for instance, myocardial biopsies
from individuals with congestive heart failure*” or cardio-
myopathy*** show low CoQ,q levels, which correlate
with the severity of heart damage.’® Moreover, statins,
cholesterol-lowering drugs that inhibit HMG-CoA reduc-
tase (the key enzyme common to the biosynthesis of
both cholesterol and CoQ;4) can cause CoQ; deficiency,
ultimately leading to cardiomyopathy;”’ interestingly,
this harmful side effect can be overcome by oral CoQ;q
supplementation.” Moreover, long-term CoQ;o treat-
ment of individuals with chronic heart failure is safe,
improves symptoms, and reduces major adverse car-
diovascular events.”” These observations all converge
on a strict association between CoQ;q deficiency and
cardiomyopathy.

Notably, S3-S5 showed no sign of heart involvement,
whereas the clinical phenotype was dominated by enceph-
alopathy with seizures and a more progressive, but mainly
neurological, syndrome is the clinical hallmark of S§, indi-
cating the heterogeneity of the clinical presentations asso-
ciated with COQ4 defects. The variable specificity of organ
failure (e.g., heart versus brain) in the neonatal cases of our
cohort could be due to the fulminant course of the disease,
which prevented the deployment of multisystem involve-
ment. In support of this view, although cardiomyopathy
dominated the clinical picture, the presence of severe hy-
potonia and hyporeflexia suggests concomitant involve-
ment of the nervous system in S1 and S2 as well. Clinical
heterogeneity was accompanied by an equally striking
variability of the biochemical findings, which ranged
from multiple (S1 and S5) to isolated (S2 and S3) ETC de-
fects in muscle and fibroblasts to hardly any detectable
defect at all (S4). This biochemical diversity could be due
to differences in individual adaptive responses to reduced
CoQqo availability or could reflect the striking tissue spec-
ificity observed in the clinical presentations, but at the
moment, a mechanistic explanation for these observations
is lacking. Poor correlation with the clinical and biochem-
ical phenotypes has also been reported for other genes
related to CoQ;¢ biosynthesis. For instance, mutations in
C0Q2, the first mutated gene identified in affected individ-
uals with primary CoQ;¢ deficiency, have been associated
with a wide range of clinical presentations, often including
nephrotic syndrome but also including fatal neonatal mul-
tisystemic disorder, Leigh syndrome, myoclonic epilepsy,
hypertrophic cardiomyopathy, deafness, and adult-onset

multisystem atrophy.””*" In any case, the identification
of COQ4 mutations in subjects with such a wide spectrum
of clinical and biochemical abnormalities is a further indi-
cation of the advantage of unbiased screening such as WES
for the identification of genes newly associated with mito-
chondrial disorders.

Unfortunately, the fulminant fatal outcome in S1-S4
was so rapid that it prevented both the diagnosis of
CoQy deficiency and the start of CoQqq supplementation.
Prompt diagnosis is a main challenge for syndromes of pri-
mary CoQ10 deficiency but is very important given that
co-factor deficiencies are virtually the only group of mito-
chondrial disorders for which beneficial pharmacological
treatment is currently available. Treatment of the long-sur-
viving subject, S5, has now started and will hopefully pro-
vide some useful indication of its efficacy in the near
future.

Supplemental Data

Supplemental Data include one figure and two tables and can be
found with this article online at http://dx.doi.org/10.1016/j.
ajhg.2014.12.023.
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Mutations in COQ4 and CoQ10 deficiency Brea-Calvo et al., AJHG

SUPPLEMENTAL DATA

Figure S1. Brain MRI of subject 5.

Two serial brain MRI images of subject S5 obtained at age 12 years (A-D) and at age 17 years (E-
H). A and E are coronal T2 weighted sections to show abnormal hyperintense cortical areas
corresponding to infarct-like lesions of the occipital lobes at two different stages of progression to
cortical atrophy with scars (E-G); The same occipital abnormal hyperintense cortical areas are
shown in axial sections B and C (FLAIR weighted), F (T2 weighted) and G (FLAIR weighted).
Notice that no abnormality is present in basal ganglia and brainstem. Finally, figures D and H are
sagittal T1 sections showing progressive cerebellar atrophy of the vermis.
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Mutations in COQ4 and CoQ10 deficiency Brea-Calvo et al., AJHG

Seq on Avg Cov Cov Cov Cov

Id Type Reads  Mapped  Percen oh)  bait cov  1x  4x  8x  20x

S1 SureSelect50Mbvs 106627996 105933934 99.35 10.77 7848 132.44 99.92 99.72 99.35 97.38

S2 SeqCapEZ V1 130889538 125611825 95.97 13.81 62.71 155.83 98.36 97.32 96.41 93.80

S4 SureSelect50Mbv5 90821087 90214603 99.33 9.17 78.99 113.62 99.80 99.52 99.05 96.55

S5 SureSelect50Mbv4 125822167 124979728 99.33 12.71 73.98 146.50 99.95 99.80 99.55 98.22

Table S1: Exome Sequencing Statistics

Avg: average; Cov: coverage

Nucleotide Amino acid . Mutation
Change Change Subject Status Polyphen2 SIFT PMUT taster
Probably Disease
c.[433C>G] p.JArg145Gly] St Homozygous damaging Deleterious Pathological causing
CE with a nonsense  Probably Disease
c.[718C>T] p.[Arg240Cys] S2 mutation p.[Arg141*] damaging Deleterious Pathological causing
CE with a deletion Probably Disease
c.[155T>C] p.Leub52Ser] S83,S4 p.[Thr174del] damaging Deleterious Neutral causing
Probably Disease
c.[190C>T] p.[Pro64Ser] S5 Homozygous damaging Deleterious Neutral causing

Table S2: In silico prediction of pathogenicity for COQ4 mutations

CE: compound heterozygous.
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Abstract

Background Basal metabollc rate (BMR) has a very strong body-mass (M) dependence in an individual 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 mechanism of action of mt-encoded membrane proteins (MMPs) playing a central
role in cellular energy production.

Methodology/Prmapal Findings: Analyzmg variations of amino-acid compositions of MMPs across 13 metazoan animal
groups, incorporating 2022 sequences, we found a strong inverse correlation between Ser/Thr composition (STC) and
hydrophobicity (HYD). A majority of animal groups showed an evolutionary pathway of a gradual increase in HYD and
decrease in STC, whereas only the deuterostome lineage revealed a rapid decrease in HYD and increase in STC. The strongest
correlations appeared in 5 large subunits (ND4, ND5, ND2, CO1, and CO3) undergoing dynamlc conformational changes for
the proton-pumping function. The pathway of the majority groups is well understood as reflecting natural selection to
reduce mtBMR, since simply raising HYD in MMPs (surrounded by the lipid bilayer) weakens their mobility and strengthens
their stability. On the other hand, the marked decrease in HYD of the deuterostome elevates mtBMR, but is accompanied
with their instability heightening a turnover rate of mitochondria and then cells. Interestingly, cooperative networks of
interhelical hydrogen- bonds between motifs involving Ser and Thr re5|dues can enhance MMP stablllty

Conclusion/Significance: This stability enhancement lowers turnover rates of m|tochondr|a/cells and may prolong even
longevity, and was indeed founded by strong positive correlations of STC with both mtBMR and longevity. The lowest HYD
and highest STC in Aves and Mammals are congruent with their very high mtBMR and long longevity.
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Introduction 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 SI).
The great majority of MMPs belongs to the 3 proton-pumping
complexes of I, III 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., GOl and
CO3, 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
hydrophobic, with approximately 90-95% of these amino acids

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 (mtBMR) 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 H¥YD and Ser/Thr composition (STC) 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, Le., 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= GM* with an allometric exponent o 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 = CeM™ (' ~%

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~ # which takes into account the decreasing
effect of the mt density with increasing A1 [2], [3]. Then we have
mtBMR= (C/DpM~ *7*"B which means that mBMR decreases
with increasing M more slowly than does msBMR. In this paper,
we express mtBMR as follows: mBMR = G:M~ "~ 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.
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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, Sm), of H¥YDSC(m; 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 S>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 HYD-TC
provided an especially strong correlation. Here, TC and CC
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 CC)

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, ND3, ND2, ND1), 3) 5-
protein set (ND4, ND5, ND2, CO1, CO3), 4) 6-protein set (ND4,
ND5, ND2, COI1, CO3, ND1), and 5) 7-protein set (ND4, ND5,
ND2, COl, 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, 7C 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, 7C-CC, HYD-CC and HYD-STC showed appreciable corre-
lations. Here, we used the average values of TC 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 TC-
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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ND6*
003
0.42

ATP6*

co2*
05
0.29

NDAL*
058
0.11

CYTB
0.26

ATP8*
0.25

ND3*
068
0.32

ND1
068
0.38

co3
o
0.49

co1
081
0.41

ND2
087
0.64

ND5
0.61

ND4
089
0.60

The * symbol denotes 2 subunits with weak correlations (ATP6 and ND6) and 4 subunits with small numbers (3 or less in humans) of helices (ND3, ATP8, ND4L, and CO2). The analysis includes the following 13 metazoan animal

groups: Porifera, Cnidaria, Mollusca, Crustacea, Hexapoda, Chelicerata, Nematoda, Platyhelminthes, Echinodermata, Fishes, Amphibia, Eutheria, and Aves.

Table 1. HYD-TC and TC-CC correlations (R?) within respective proteins.
doi:10.1371/journal.pone.0098188.t001
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Q) Correlations between MMP variables and total site
number of amino acids

We found that the total site number (754 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 7€ and HYD in metazoans
(Figure 3). The TSN order of the animal groups (their relative TSN
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, 7C 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 7SN (IMigure 3, red regression line).
On the other hand, 7€ and HYD in the deuterostome lincage
presented rapidly increasing and decreasing trends with a decrease
in 7SV 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=0.429-HYD™ """ with R* = 0.90 as
a whole) was decomposed into a steep slope dotted-line B (7C¢= —
65.66-HYD+41.75 with R?=0.92) for the deuterostomes and a
slow slope  dotted-line G (7C= —18.32HYD+14.92  with
R?=0.89) for the other animal groups. The splitting pattern of
Figure 3 became compatible with a molecular (fRNA)-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 TC-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
miBMR_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 S7C and mBMR by changing the Fvalue
included in this quantity 1 from 1.0 to infinity (Materials and
Methods). Then we found that excluding the Af-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 S7C in only the 5-, 6-, and 7-
protein sets. Here, mtBMR showed an especially strong correlation
with STC 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 STC-mtBMR correlation with
markedly high mtBMR-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 S7C 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 TCand HYD in 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™*2%® with R?=0.901), but it can be separately expressed by 2 regression fines 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 (STC).
doi:10.1371/journal.pone.0098188.g001

mtBMR 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 S7C-MLS positive correlation
(R?*=0.71) in the 3-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 ion 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 TC 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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Figure 3. HYD and TCversus TSN. The regression lines for Deuterostomes and those for Protostomes were estimated separately. HYD and TC are

expressed on the left and right ordinates, respectively.
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 cach 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 (rRNA)-based phylogeny reported by Adoutte et al.
[21]. This compatibility was supported by the neighbor-joining
tree [25] in terms of TSN 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 TSN were occupied by
Platyhelminthes (Acoelomata) and Nematoda (Pseudococlomata).
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 YD of MMPs well explains
the evolutionary pathway of ecological sclection 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 mtDINA 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 S7C toward Fishes in contrast to that of the decrease in
HYD and increase in STC [16].
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Marked decrease in HYD and increase in STC heighten mt

function in vertebrates

To pursue the biological meaning of the decrease in H1D and
increase in S7C in the deuterostome lincage, we introduced the
quantity, miBMR, being an energetic function at the same mt level
as HYD and STC. Indeed, mtBMR was corrclated 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 STC and HYD provided a stronger
correlation (R*=0.77) with mtBMR). The marked decrease in
HYD supports the appearance of a very large m(BMR in Aves and
Eutheria, since a highly active mt-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 STC i 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 H¥YD and
increase in S7C 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
o <39%> <47%> o <59%> | <66%> <76%>

TC-HYD N 0.8898 0.8939 0.8997 0.8958 0.8867 0.89318
TCCC N 06554 0.6916 0.6994 0.7264 10,6691 - 0.68838
HYD-CC P 0.5295 0.6081 0.6367 0.5449 0.5337 0.57058
HYD-STC - N 0.5052 0.4803 0.2092 0.3503 03151 . 0.3901
sTC-CC N 0.2387 0.2298 0.209 0.1887 0.1551 0.20426
TSN-TC P 10,9232 09014 - 0.8907 0.8019 0.6699 0.83742
TSN-HYD N 0.7591 0.7364 0.7484 0.6491 0.7171 0.7221
STCAn(mtBMR) P 06434 0.6483 0.7048 0.6762 0.6751 :f0;66956"f
TCAn (mtBMR) P 0.4999 0.4995 0.4948 0.5159 0.5316 0.5083
HYDAn (mtBMR). N 03403 10.3206 03547 03379 0.3574 0.34218
CC-In(mtBMR) N 0.4041 0.3441 0.3401 0.3184 0.2851 0.33836
STCAn(msBMR) P 0.1937 -0.1979 02804 0:2514 0.2428 023324
STCHn(MLS) P 0.7065 0.6861 0.5691 0.5691 0.5687 0.6944
cCin(mLS) N 03732 0.3962 0.3447 03667 0.3441 . 0.3654
STCAn(mtBMR-MLS) P 0.8133 0.8052 0.7737 0.7561 0.7551 0.78068

<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.0098188.9g004

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 MMPs, 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 ND5) 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 1
[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 ND5). 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 7C
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 M-
dependence, we obtained a significant correlation between mtBMR
and STC 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 STC-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 7C 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 vertebrates [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 7C or STC on MMP catalytic efficiency (Kcat), either
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 7C
(S7C) 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 mtBMR/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 ecach other, but may be rather
correlated.

Conclusion

The deuterostome lincage presented a quite unique evolution-
ary pathway of a marked decrease in YD and increase in STC, in
sharp contrast with the pathway of many other animal groups
showing a gradual increase in /YD and decrease in S7C, reflecting
the natural sclection to utilize the multicellular effect. These
decreases in HYD and increases in STC were remarkable in the 5
large subunits (ND4, ND35, ND2, CO! 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 arc congruent with the large miBAMR
values associated with their dynamic mobility. Furthermore, the
marked increase in S7C 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 TC 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).

(TTF)

Figure 82 The TSN-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, ND35,
ND2, ND1), 3) 5-protein set (ND4, ND5, ND2, CO1, CO3), 4) 6-
protein set (ND4, ND5, ND2, COI, CO3, ND1), and 5) 7-protein
set (ND4, ND3, ND2, COl, CO3, NDI1, 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 A-dependence of mtBMR completely, and mtBMR
depends on only the constant C in each animal group.

(T1E)
Figure S4 Neighbor-joining tree in terms of TC and

TSN. We defined the pairwise distance between the i-th and j-th
animal groups by D(i, )= {TCH)-TCH)} /o™ +{ TSMi)-

TSNG}Y ™2/ oren . TCH) and TSMi) denote the average values of
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TC and TSN in the i-th animal group, respectively, by using the 5-
protein set (ND4, ND5, ND2, COl, and CO3). gy¢ and orsy
denote the standard deviations of 7C and TSN, respectively.
(TTEF)

Figure S5 Two dimensional display of a tree prepared
by a multidimensional vector space method. According to
the multidimensional vector space (MVS) method for preparation
of a phylogenetic tree [19], the molecular evolution of a tree
branch is described as going into a new dimensional space, the
direction of which is therefore perpendicular to that of the original
pathway. For simplicity, let us consider a tree structure in 2-
dimensional (X-Y) space, as illustrated in this figure. Here, the
lincage A represents the main pathway from the tree root to
species o, and the lineage B represents a branch pattern from the
lincage A toward species . When X and Y are variables
independent from each other without any attractions (convergent
evolution), the angle between the 2 lineages is 90° (when they are
closely correlated, the angle may be much deviated from 90°, as
seen in the case of lines B and C of Figure 1 for the HYD-TC/STC
strong correlation). The other species except for A, B and tree root
must lic on the line A or B because they evolve into new
dimensional spaces. If there are long-branch attractions, they
fluctuate around these lines, as seen in this figure. We note that the
lineage C may include many species but degenerates into one
point in the X-Y plane and that the variables (to be used) must
identify as many species as possible so as to explicitly describe a
tree structure within these variables.

(T1F)

Figure $6 The M-dependence of BMR in Aves and
Mammals.

(T
Table S1 The accession numbers of amino acid se-

quences of 13 animal groups.
(XLSX)

Table S2 A list of msBMR in the7 metazoan animal
groups. The 4 quantities of msBMR, scaling exponent o and
constant C is defined in Materials and Methods.

(XLSX)
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