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Abstract
This paper reports studies of two patients proven by a variety of studies to have mitochondrial
depletion syndromes due to mutations in either their MPV17 or DGUOK genes. Each was initially
investigated metabolically because of plasma methionine concentrations as high as 15–21-fold
above the upper limit of the reference range, then found also to have plasma levels of S-
adenosylmethionine (AdoMet) 4.4–8.6-fold above the upper limit of the reference range. Assays
of S-adenosylhomocysteine, total homocysteine, cystathionine, sarcosine, and other relevant
metabolites and studies of their gene encoding glycine N-methyltransferase produced evidence
suggesting they had none of the known causes of elevated methionine with or without elevated
AdoMet. Patient 1 grew slowly and intermittently, but was cognitively normal. At age 7 years he
was found to have hepatocellular carcinoma, underwent a liver transplant and died of progressive
liver and renal failure at age almost 9 years. Patient 2 had a clinical course typical of DGUOK
deficiency and died at age 8 ½ months. Although each patient had liver abnormalities, evidence is
presented that such abnormalities are very unlikely to explain their elevations of AdoMet or the
extent of their hypermethioninemias. A working hypothesis is presented suggesting that with
mitochondrial depletion the normal usage of AdoMet by mitochondria is impaired, AdoMet
accumulates in the cytoplasm of affected cells poor in glycine N-methyltransferase activity, the
accumulated AdoMet causes methionine to accumulate by inhibiting activity of methionine
adenosyltransferase II, and that both AdoMet and methionine consequently leak abnormally into
the plasma.

Keywords
mitochondria; depletion; methionine; S-adenosylmethionine; MPV17; DGUOK

© 2011 Elsevier Inc. All rights reserved.
*Corresponding author. muddh@mail.nih.gov, Building 10, Room 2646, National Institute of Mental Health, 10 Center Drive,
Bethesda, MD 20892, Telephone: 301-496-0681; Fax: 301-402-1561.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

Published in final edited form as:
Mol Genet Metab. 2012 February ; 105(2): 228–236. doi:10.1016/j.ymgme.2011.11.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1 Introduction
Mitochondrial DNA depletion syndromes are autosomal recessive diseases characterized by
a severe reduction in mitochondrial DNA content leading to dysfunction of the affected
organs or tissues. This group of mitochondrial disorders is clinically and genetically
heterogeneous, but can be classified into three major forms: the myopathic,
encephalomyopathic, and hepatocerebral. The latter group has been associated with
mutations in POLG1, TWINKLE, DGUOK, and MPV17 genes [1–6]. POLG is the
mitochondrial DNA (mtDNA) polymerase gamma. POLG deficiency can cause autosomal
recessive or dominant heterogeneous disorders with mtDNA depletion or mtDNA multiple
deletions [5]. The most common POLG-related disorder is Alpers syndrome, characterized
by the clinical triad of psychomotor retardation, intractable seizures, and liver failure [7].
Deficiency in deoxyguanosine kinase (E.C. 2.7.1.113) (DGUOK) is the most common
hepatocerebral form of mtDNA depletion syndrome. Patients with mutations in the DGUOK
gene usually present with liver dysfunction at birth, with or without neurological
impairment, and most die within the first year of life due to liver failure.[8] In some POLG
or DGUOK deficient cases, fulminant liver failure may be triggered by infection [9;10].
MPV17 encodes a mitochondrial inner membrane protein and plays an as yet poorly
understood role in the maintenance of mitochondrial DNA integrity. Mutations in the
MPV17 gene have been reported in patients who came to medical attention during infancy
with liver failure, hypoglycemia, failure to thrive and neurological symptoms [3;4]. More
recently, severe liver failure was found to be associated with autosomal recessive mutations
in the TWINKLE gene, encoding the DNA helicase [6].

The two patients reported in this paper each had elevations of plasma methionine (as high as
15–22-fold above the upper limit of the reference range), and plasma S-adenosylmethionine
(AdoMet) (4.4–8.6-fold elevated). As detailed in the Results and Discussion sections, both
these elevations were shown not to be due to any of the known causes of such abnormalities.
We present a working hypothesis that relates the underlying mitochondrial disorders to these
metabolite abnormalities, as well as to the 8.2-fold elevation of plasma cystathionine found
in one of the patients. Based on the available results, we suggest that, further studies of
AdoMet, methionine, and cystathionine in mitochondrial disorders are needed, and that,
pending the results of such studies, mitochondrial disorders be added to the differential
diagnosis of combined elevations of AdoMet and methionine.

2. Materials and Methods
2.1 Patients and DNA samples

This research study was conducted according to IRB approved protocols. Tissue or blood
samples from the two patients described were submitted to the Mitochondrial Diagnostics
Laboratory at the Baylor College of Medicine for molecular and/or biochemical diagnosis.
Total genomic (nuclear and mitochondrial) DNA was extracted from peripheral blood
leukocytes, liver, or skin fibroblasts using a commercially available DNA isolation kit
(Gentra Systems Inc., Minneapolis, MN) according to the manufacturer’s protocols.

2.2 Metabolite assays
AdoMet and S-adenosylhomocysteine (AdoHcy) were assayed as described [11]. Other
metabolites were assayed by capillary gas chromatography-mass spectrometry [12–14].
GNMT activity was assayed as described [15].
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2.3 Molecular analyses
Sequence-specific oligonucleotide primers linked to M13 universal primers were designed
to amplify all coding exons and the flanking intronic 50 nucleotides of the genes of interest.
Sequencing analyses were performed using the BigDye Terminator cycle sequencing kit
(version 3.1) on an ABI3730XL automated DNA sequencer (Applied Biosystems) as
previously described [1;2;4]. DNA sequences were aligned with the corresponding GenBank
reference sequences using Mutation Surveyor version 3.23 (SoftGenetics®, State College,
PA).

The mtDNA copy number in liver or blood was determined in triplicate by the real-time
quantitative polymerase chain reaction (RT-qPCR) using primers specific for the
mitochondrial transfer RNALeu.(UUR) gene and nuclear single-copy gene, β-2-microglobulin
[16]. Depletion of mtDNA was determined by comparing patient’s mtDNA copy number
with that of tissue- and age-matched controls [17].

Intragenic deletions in the nuclear genes responsible for mtDNA depletion syndrome were
investigated by using a custom-designed oligonucleotide Comparative Genomic
Hybridization (CGH) array (MitoMet®). The MitoMet® (version 2.8) is a clinically
validated 60 K oligonucleotide array with complete coverage of the mitochondrial genome
and 351 nuclear genes related to mitochondrial structure/function and metabolic diseases,
including the DGUOK and MPV17 genes [18].

For the analysis of transcripts, total RNA was isolated from skin fibroblast culture of patient
1 using RiboPure-Blood (Applied Biosystem, Foster City, CA) and cDNA was made with
the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) primed with random
hexamers according to the manufacturer’s protocol. The cDNAs were cloned and 28 clones
were picked for sequencing. The primers used for MPV17 RT-PCR and cDNA sequencing
were MPV17-E1FcDNA: 5’-GCGGAAGTTCCTAGGCCA-3’ and MPV17-E7RcDNA: 5’-
GTACACTGACTGCTTTAGA-3’.

2.4 Respiratory chain enzyme analysis
Spectrophotometric analysis of the respiratory chain complexes was performed on the liver
specimen of patient 1 and on cultured skin fibroblasts of patients 1 and 2 according to
published procedures [3].

3. Case reports
3.1 Patient 1

This boy was born at full term with normal birth weight and stature (Table 1). Although he
grew relatively slowly during his first year, he smiled at 9 weeks, held up his head or rolled
over at 4 months, sat alone at 8 months, stood without help at 10 months, and walked
without help at 18 months. At about 9 months of age, his appetite diminished and he lost
almost a kilogram of body weight during the next two months. At age 14 months he was
seen by a metabolic physician and found to have a very elevated methionine of 947 µM
(Table 1). (Methionine had not been measured during newborn screening). Because his
plasma total homocysteine (tHcy) was minimally above the reference range for his age,
suggesting possible CBS deficiency, he was started on pyridoxine, 150 mg/day. At age 16
months the physician judged him to be “mildly hypotonic”. He began to gain weight and
grow in stature so that by age 3–5 years these parameters were within normal limits. More
detailed metabolic studies at age 17 months found that his hypermethioninemia persisted
while on B6, plasma AdoMet was very elevated, tHcy was virtually normal, cystathionine
slightly above the reference range, and plasma AdoHcy, sarcosine, and tyrosine were

Mudd et al. Page 3

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



normal. Serum transaminases were slightly elevated. At age approximately 2½ years his
physician found him to be a “cute boy with mild dysmorphic features, very personable,
verbal and interactive with mild motor delay”. Between ages 2 and 5 to 6 years the levels of
both methionine and AdoMet gradually diminished, staying low after discontinuation of the
supplement of B6 at 5 years. During a routine visit to his local physician at age 6½ years he
was found to have slight splenomegaly, a heart murmur, and slightly elevated serum
transaminases, but was otherwise clinically normal and continuing to gain weight and height
within the lower areas of the references ranges. At age 7 years he was about to start 3rd

grade when, he had an episode of hematemesis, a CT scan showed multiple masses in the
liver, and he had a liver transplant. The pathology report for the liver described a 1.7 cm
hepatocellular carcinoma, multifocal hepatocellular carcinomas, and hepatic microadenomas
on a background of cirrhotic liver. The cytoplasm of the hepatocytes was granular. Periodic
acid Schiff staining showed a diastase-digestible material indicative of a storage disease.
Subsequently the boy deteriorated clinically with intermittent periods of fatigue, extreme
tiredness and sleepiness during the day. His mother described him as behaving like a 90-
year-old. However, he remained cognitively perfectly normal. At age 8½ he fell and
sustained a fracture of his skull. He had a seizure and was found to have renal insufficiency,
loss of muscle mass, and poor musculoskelatal tone. Molecular studies (detailed below)
found the boy to have MPV17 deficiency and mtDNA depletion, but while the latter studies
were in progress the boy continued to have progressive liver failure, renal failure, stiffness,
muscle wasting, bone demineralization, and he died at age almost 9 years.

3.2. Patient 2
This baby girl, was delivered by caesarian section at gestation week 41 due to late fetal heart
rate decelerations. Her weight was 2.7 kg. In an expanded newborn screen her methionine
was not elevated, and, although tyrosine was above the reference range at 342 µM,
succinylacetone was normal (Table 2). She was hypotonic and floppy from birth, had loose
stools, decreasing with age in frequency from 10/day down to 2–3/day, and did not track
with her eyes. On formula feeding she gained weight only slowly. At 2 months of age her
mother reported hypotonia and concern about vision. On evaluation at age 4 months she
weighed 3.83 kg, was markedly hypotonic and either areflexic or hyporeflexic, had limited
movement for her age, impaired visual interactions, and some nystagmus. Plasma
methionine was now elevated to 344 µM, and six weeks later was extremely high at 975 µM
(Table 2). Plasma tHcy was virtually normal for her age, AdoMet and cystathionine were
elevated, AdoHcy normal, plasma sarcosine low normal, and serum transaminases slightly
elevated. Molecular studies (detailed below) showed the patient to be a homozygote for a
deletion in the gene encoding DGUOK. However, before this diagnosis became available
the baby went into liver failure and renal shutdown and died at age 6½ months.

4. Results
4.1. Molecular studies

4.1.1 Patient 1: mitochondrial studies—Due to the suspicion of mitochondrial
involvement, the CTLN2 (citrin), DGUOK, MPV17, and TK2 genes were sequenced. The
only mutation detected was a heterozygous c.22insC, in the MPV17 gene. A search for an
intragenic deletion using targeted array CGH (MitoMet®) with dense oligonucleotide probe
coverage of the MPV17 gene, failed to detect any deletion. However, mitochondrial
depletion was shown by the facts that the mtDNA content in the liver of the patient was
found to be drastically reduced to 12% of the mean of three control liver specimens (Table
3), and that electron transport chain complexes I and IV activities in the liver specimen were
reduced compared to control means, but all complex activities in cultured skin fibroblast
cells were normal (Table 4).
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Given the proven hepatic mtDNA depletion, the combined complex deficiency, and the
identification of one mutation in the MPV17 gene, the functionality of this gene was further
investigated by sequence analysis of cDNA isolated from the patient’s cultured skin
fibroblasts. A total of 28 MPV17 cDNA clones were sequenced (Fig. 1A and 1B), and eight
different types of transcripts were detected, none of them normal (Fig. 1A). (1) Sixteen
clones (the majority, 57%), had c.22insC in exon 1 with skipping of exon 2 (Fig. 1B); (2)
three clones had an insertion of 63 bp in the 5’ promoter region; (3) three clones had
skipping of exons 1 and 4; (4) two clones had skipping of exon 1 and an insertion of 158 bp
in the intron 1 region; (5) one clone was normal except for c.22 insC, which results in frame-
shift; (6) one clone had c. 22insC and partial skipping of exon 2 (7) one clone had c.22insC
and skipping of exons 2 and 4; (8) one clone had C.22insC and skipping of exons 2, 3, and
4. Thus, although a second mutant allele was not identified, there were no normal
transcripts, a finding consistent with the presence of MPV17 deficiency and mtDNA
depletion.

4.1.2 Patient 2: mitochondrial studies—Patient 2 had a clinical presentation typical of
the DGUOK deficient hepatocerebral form of mtDNA depletion syndrome in the newborn
period. Sequence analysis of her DGUOK gene detected no mutations in exons 1–5.
However, PCR failed to amplify exons 6 and 7, suggesting homozygous deletion of these
two exons. Oligonucleotide aCGH (MitoMet®) detected a homozygous deletion of 3.3 kb
encompassing exons 6 and 7 of the DGUOK gene (Fig. 2A). Both parents are heterozygous
carriers of the 3.3 kb deletion (Fig. 2A). Subsequent PCR/sequence analysis confirmed the
size of deletion to be 3,127 bp with the breakpoints at c.707+417 (intron 5) and c.834 (end
of 3’UTR)+ 3416, containing the last two exons of the DGUOK gene (Fig. 2B). The
mitochondrial DNA profile on the same array showed mtDNA reduction (about 25% of age-
matched control mean) in a blood specimen of the patient, consistent with the mtDNA
content evaluated by qPCR (24%) (Table 3).

4.1.3 Studies of glycine methyltransferase in patients 1 and 2—For patient 1 the
GNMT gene was sequenced and no mutations were found. GNMT activity in extracts of the
explanted liver was low when normalized to total protein (0.031 U/mg protein compared to
0.29 and 0.38 U/mg protein in two normal livers); but not low when normalized to GNMT
protein calculated from Western blots (1.9 U/mg GNMT protein compared to 2.2 and 1.2 U/
mg GNMT protein in the normal livers).

Sequencing of the GNMT gene of patient 2 revealed a heterozygous mutation, c.469C>T
(p.Arg157Trp) [NM_018960], but no additional changes. Expressed in E. coli, this variant,
located on the surface of the molecule, had Km and Vmax values close to those of the wild-
type enzyme. and size-exclusion chromatography showed it to be a tetramer, as is wild-type
GNMT [19].

5. Discussion
This paper reports two children with different mitochondrial DNA depletion syndromes and
hepatic abnormalities. For patient 1, mtDNA was shown to be drastically reduced in the
liver, and no normal MPV17 transcripts were found. There was a heterozygous mutation,
c22insC in MPV17 that caused not only frameshift, but frequently also exon skipping.
Although a second mutant allele was not identified, the remaining aberrantly spliced
transcripts suggest there was such a mutation, located perhaps at the promoter or 5’UTR
region or intron 1, affecting mostly exon 1 or exon 2 skipping. For patient 2, the
identification of a homozygous deletion of exons 6 and 7 of the DGUOK gene directly
confirms the hepatocerebral form of the mtDNA depletion syndrome.

Mudd et al. Page 5

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5.1. Evidence as to the cause of the elevated methionine and AdoMet
Genetic defects directly involved in the methionine/homocysteine cycle that are presently
known to cause hypermethioninemia and/or elevations of AdoMet are the following (see
Fig. 3): deficient activity of either methionine adenosyltransferase (E.C. 2.5.1.6) (MAT) I/
III, cystathionine beta-synthase (E.C. 4.2.1.22) (CBS), glycine N-methyltranserase (E.C.
2.1.1.20) (GNMT),or S-adenosylhomocysteine hydrolase (E.C. 3.3.1.1) [20]. For both
patients 1 and 2, the virtually normal values for tHcy and the cystathionine values above the
reference range, ruled out CBS deficiency. The very elevated plasma AdoMet
concentrations ruled out deficiency of MAT I/III. The normal concentrations of plasma
AdoHcy indicated that S-adenosylhomocysteine hydrolase deficiency was not the cause
[21]. Although the elevated AdoMet, together with normal sarcosine and the slightly
elevated serum transaminases were consistent with deficiency of GNMT activity [22;23], as
described above, sequencing of the GNMT genes from both patients revealed no inactivating
mutations.

Deficiency of citrin, a factor that brings about the exchange of mitochondrial aspartate for
glutamate [24] is an additional cause of hypermethioninemia. A compilation of published
reports found methionine elevations in 73/112 patients with childhood citrin deficiency [20]
and more recently 10/10 elevations have been added [25] to bring the totals to 83/122). The
methionine elevations are usually transient in childhood and hypermethioninemia has not
been reported in adult citrin deficiency. The citrin genes of both patients 1 and 2 were
sequenced, but no mutations were detected.

Deficient activity of fumarylacetoacetate hydrolase (E.C. 3.7.1.2) (tyrosinemia type I) may
cause hypermethioninemia [20], but the normal tyrosine or succinylacetone levels in patients
1 and 2 are strong evidence against such a deficiency

Taken together, the above findings rule out any of the known genetic causes of elevation of
methionine and/or AdoMet. Liver disease is well-established to be a non-genetic cause of
elevated methionine. Because both patient 1 and 2 had elevations of serum transaminases
and, in time, more serious liver abnormalities, the possibilities that their abnormal levels of
both AdoMet and methionine were due to liver disease merit discussion:

5.1 1. AdoMet—Several lines of evidence indicate that ordinary liver disease is an unlikely
explanation of abnormally high levels of this compound: (a) The rate of enzymatic
conversion of methionine to AdoMet in livers of cirrhotics was found to be only 38–56% of
control activity [26]. (b) Patients with cirrhosis have been reported to have hepatic
concentrations of AdoMet of 17.3 ± 2.6 µM, not significantly different from the control
level of 17.8 ± 3.1 µM [27]. (c) Plasma AdoMet’s in three cases of hepatitis were 16–77 nM.
A single case, a two-week old child, had a slightly high concentration of 180 nM [22].
However we have recently found plasma AdoMet may be elevated to this extent in children
without liver disease during the first month or two after birth (unpublished observations). (d)
Median serum AdoMet level in 40 individuals with alcoholic liver disease was 120 nM
(range 63–328) compared to the median in 28 healthy subjects of 89 nM (72–160) [28].
Thus none of these patients with liver disease had an AdoMet concentration as high as the
highest observed in the two present patients with mtDNA mutations.

5.2 Hypermethioninemia
Elevation of methionine has previously been reported in patients with hepatic mtDNA
depletion syndromes [2;3]. In published papers that explicitly mention amino acid assays for
patients with DGUOK deficiency [2;29–37], 6/22 were found to have elevations of
methionine, with plasma concentrations as high as 513 [2], 816 µM [35], or 26 x normal
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[37] [probably being equal to more than 1100 µM]. Less information is available for
MPV17, but among the four such patients reported by Wong and coauthors, one was
hypermethioninemic with a concentration 15-fold above the upper limit of the normal range
[3], and elevated methionines have been present in the patient reported by Navarro-Sastre et
al [38] and in at least three of the Navaho patients studied by S. Holve and his colleagues
(personal communication, S. Holve).

To provide some perspective on the methionine elevations in mitochondrial patients relative
to those found in other liver disorders, a search was carried out for publications in which
quantitative values had been reported for plasma or serum methionine in patients with liver
abnormalities. The results are plotted in Fig. 4, which shows the means and indicates the
upper ends of the ranges among 33 groups with hepatic problems ranging from deep hepatic
coma to hepatitis or fatty liver. The highest methionine concentrations found in the two
patients reported in this paper are shown at interval 18. It is apparent that the elevations of
methionine in the 777 cases composing the groups with liver abnormalities were almost
always far less than those for patients 1 or 2, and that at least some of the methionine
concentrations previously found in mitochondrial patients are also relatively high in
comparison.

5.3 Working hypothesis
In summary, the evidence presented and discussed above indicates the elevations of AdoMet
and the (sometimes extreme) hypermethioninemias of the mitochondrial patients reported
here are not explained by any of the previously recognized causes of these abnormalities.
We therefore suggest the following working hypothesis that relates these elevations to the
underlying mitochonrial depletion syndromes: A transporter that takes AdoMet from the
cytoplasm, where it is synthesized in an ATP-dependent reaction, into mitochondria has
been identified [39]. The human protein (SAMC) functions almost exclusively by a counter-
exchange mechanism, so that the uptake of AdoMet into mitochondria requires the efflux of
a counter-substrate, usually AdoHcy [40] (Fig. 3). Mitochondrial AdoMet comprises about
30% of the total AdoMet in rat hepatocytes, and, although it turns over less rapidly than
cytoplasmic AdoMet [41], within the mitochondria there are a variety of AdoMet-dependent
methyltransferases that utilize AdoMet as a methyl donor [42]. We suggest that, if the
mitochondria are depleted or otherwise unable to utilize the AdoMet they would normally,
the AdoMet may accumulate in the cytoplasm and leak out of the cells, explaining the
elevation in the plasma. Why is the AdoMet not disposed of by GNMT, as is the case in
most situations when it tends to accumulate [19;43]? One possibility is that GNMT, located
in the cytosol and strongly inhibited by 5-methyl-THF [19], may be inhibited by 5-methyl-
THF not retained by abnormal mitochondria. That possibility is unlikely because practically
all the cellular 5-methyl-THF is normally already located in the cytoplasm [44]. A more
plausible possibility is based on the tissue distributions of MAT and GNMT expression. A
tissue such as skeletal muscle has MAT activity [45] but no detected GNMT protein [46].
Thus, AdoMet may accumulate abnormally in muscle if the mitochondria of that tissue are
deleted or non-functional, but will not be disposed of by GNMT, and may leak into the
plasma. However such extracellular AdoMet will not have access to GNMT in liver, the
tissue with the major amount of GNMT activity [46;47], because hepatic cells do not have a
transport system for AdoMet uptake [39]. The plasma AdoMet will then be removed by
urinary excretion [48]. Accumulation of AdoMet in muscle will tend also to cause elevation
of methionine because, among the MAT isozymes, muscle expresses only MAT II, the form
that is highly sensitive to inhibition by AdoMet [49;50]. Even though the renal clearance of
AdoMet is close to that of creatinine [48], the leakage of AdoMet from non-hepatic tissues
needed to sustain a plasma concentration of 500–1000 nM need be only 0.1–0.2 millimol/
day, an amount small relative to the total bodily daily rate of synthesis of AdoMet that
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ranges in adults from 15.5–23.4 millimol/day [43], so the proposed working hypothesis does
not require the normal flux of AdoMet into mitochondria to be a major component of total
AdoMet utilization. In presenting the above working hypothesis, we do not mean to imply
that methionine elevations in mitochondrial disorders are due solely to leakage from non-
hepatic tissues. Liver dysfunction may also play a role, and, when plasma concentrations are
not extremely high, may be contributing especially significant proportions.

5.4: Cystathionine elevations in the patients
Mild elevations of plasma cystathionine (as much as 1.9-fold above the upper limit of the
reference range) were found in patient 1 (Table 1). Similar mild elevations of plasma
cystathionine (up to as high as 1.7-fold) have been reported in patients with severely
elevated methionine due to MAT I/III deficiency. Inhibition of cystathionine gamma-lyase
(CGL), the enzyme that catabolizes cystathionine, was shown to be a plausible explanation
of such elevations. [51]. However, in the sample from patient 2, cystathionine was far more
elevated −9.2-fold (Table 2). A possible explanation for this quantitative difference between
patients 1 and 2 may be that brain mitochondria were affected in patient 2 (who certainly
had CNS abnormalities), but not in patient 1, who remained cognitively normal throughout
his life. Human brain has a concentration of cystathionine of 23–57 mg per cent, far above
the level of 0.8 mg per cent present in either liver or muscle [52]. This is attributable to the
fact that, although CBS activity is present in brain of mice and rats at 3 [53] to 20 % [45] of
the specific activities in liver [data for human brain not available], CGL activity is so low in
rat, monkey, or mouse brain as to be only marginally measurable (perhaps 0.2 % of the liver
activity) or to require especially sensitive methods to detect [45;54;55]. If the DGUOK
deficiency in patient 2 led to abnormal elevation of AdoMet in her brain, the AdoMet would
tend not only to increase the rate of homocysteine formation by increasing the fluxes
through AdoMet-dependent methyltransferases, but also, by virtue both of its inhibition of
MTHFR [56], and its stimulation of CBS [57], to cause available homocysteine to be
converted to cystathionine rather than being reconverted to methionine (Fig. 3). As a result,
cystathionine would accumulate abnormally in brain of patient 2 and leak into her plasma. A
similar sequence would not happen in patient 1 if his MPV-17 abnormality did not cause
AdoMet to accumulate in his brain tissue.

5.5. Why did the elevations of AdoMet and methionine diminish in patient 1 as he aged?
A remaining uncertainty is why the elevations of both methionine and AdoMet in patient 1
abated as he aged. For this patient, the chief source of AdoMet leakage from non-hepatic
cells into the plasma was probably skeletal muscle, a tissue which, although it has a
relatively low MAT activity per unit of protein [45], may well contribute significantly to
overall AdoMet synthesis because muscle is a major total body component, during
childhood amounting to between 22 and 37% of the body weight [58]. Because muscle has
no GNMT activity, AdoMet accumulated due to mitochondrial depletion or malfunction will
leak out, rather than being utilized by GNMT. Patient 1 was mildly myotonic as early as age
16 months, and toward the end of his life had gross loss of muscle mass and poor muscle
tone, so clearly his muscle mitochondria were affected. Loss of muscle mass would perhaps
lead to less leakage. An additional (but not mutually exclusive) possibility is that, as his
muscle mitochondrial function became worse, their ability to produce ATP became
progressively impaired, and the ATP-requiring synthesis of AdoMet diminished. Further
studies of patients with progressive involvement of muscle mitochondria will help to resolve
these uncertainties

5.6 Future directions
For the moment, the cases reported in this paper suggest that mitochondrial disease might be
included in the differential diagnosis of hypermethioninemia, especially when there is an
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accompanying elevation of plasma AdoMet. Further studies that include assays of plasma
AdoMet, methionine, and cystathionine concentrations are needed to ascertain which
mitochondrial disorders are most likely to cause these metabolic abnormalities, how often
they occur, their extent, and the timing of their appearance. Once further knowledge
becomes available, it will be possible to judge whether, and in what situations, such assays
will be useful additions to the study of mitochondrial abnormalities.

Highlights

> We describe two patients with different fatal mitochondrial depletion
syndromes.

> Each had marked elevations of plasma S-adenosylmethionine and
methionine.

> Evidence is provided that neither had any of the known causes of these
elevations.

> An hypothesis is presented relating these abnormalities to mitochondrial
disorders.

> Further studies of these metabolites in mitochondrial disorders are needed.
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Figure 1.
cDNA clones and sequence from patient 1.
1A. Total of 28 TA clones c.22insC were constructed and sequenced. Eight different types
of MPV17 cDNA were detected. The majority, 16/28 clones (57%) had c.22insC with E2
skipping. The remaining 12 clones were distributed as follows: three had insertion of 63 bp
at 5’ UTR which is part of promoter region; three had E1 and E4 skipping; two had E1
skipping and insertion of 158 bp from intron 1 region; one had c.22insC only, with no exon
skipping; one.had c. 22insC with skipping of partial E2; one had c. 22insC with skipping of
E2 and E4, one had c.22 insC with skipping of E2, E3 and E4.
1B. cDNA sequence of clone type (1) shows both c.22insC and E2 skipping.
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Figure 2.
A. A homozygous large deletion encompassing exons 6 and 7 of DGUOK gene was present
in patient 2. Both parents are heterozygous for the same deletion.
B. Schematic diagram showing the deletion breakpoints confirmed by PCR. The exact
deletion size is 3126bp (c.707+417_c.834+3416).

Mudd et al. Page 15

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Methionine metabolism and its relationship with mitochondrial function. Activities are
identified numerically as follows: 1. Methionine adenosyltransferase (MAT (chiefly
isozymes MAT I and MAT III in liver, Mat II in non-hepatic tissues; 2. A variety of
AdoMet-dependent methyltransferases; 3 Glycine N-methyltransferase (GNMT) (separated
in this figure from the other methyltransferases because of its unique role in AdoMet
disposal); 4. Cystathionine beta synthase (CBS); 5. Cystathioinine gamma-lyase (CGL). 6.
Methylenetetrahydrofolate reductase (MTHFR); 7. The transporter (SAMC) that imports
AdoMet into mitochondria in exchange for export of the the counter-substrate, AdoHcy.
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Figure 4.
Plasma methionine concentrations in the two patients reported in this paper with proven
mitochondrial disorders, and in 33 groups of patients with liver disease (taken from previous
publications). Peak values for the two mitochondrial disorder patients are indicated by the
triangles placed in position 18 between groups 17 and 19 because these patients are not
members of any of the 33 groups with liver disease. The reference range for the laboratory
in which plasma methionines for these two patients were assayed is 13.3 to 42.7 µM. For
each group of liver disease patients the mean is indicated by a triangle. Groups 1–17 are
arranged from left to right according to descending values of their means with the vertical
bars indicating the overall range for each group. Patient groups 19–34 are similarly arranged
by descending means, but the vertical bars represent means + 2 SD because overall ranges
for these groups were not reported. A total of 777 patients are included in the combined
groups with liver diseases. The patient groups used are the following: 1. Deep hepatic coma
[59]; 2. Hepatic precoma [59]; 3. Cryptogenic cirrhosis [60]; 4. Cirrhosis [61]; 5. Chronic
active hepatitis with progression to cirrhosis [60]; 6. Viral hepatitis [60]; 7. Primary biliary
cirrhosis [60]; 8. Severe cirrhosis, Child-Pugh class B/C[62]; 9. Decompensated cirrhosis
[63]; 10. Alcoholic hepatitis with or without cirrhosis [60]; 11. Hepatitis [22]; 12. Alcoholic
fatty liver: [60]; 13. Alcoholic hepatitis [64]; 14. Mild cirrhosis, Child-Pugh class A [62];
15. Alcoholic liver disease [28]; 16. Compensated cirrhosis [63]; 17. Chronic persistent/
active hepatitis [63]; 18. Patients 1 and 2 with proven mitochondrial abnormalities. 19.
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Acute hepatic necrosis/encephalopathy [65]; 20. Extrahepatic biliary atresia and cirrhosis
[66] 21. Cirrhosis with coma [67]; 22. Cirrhosis, Child-Pugh C. [67]; 23. Chronic cirrhosis/
encephalopathy [65]; 24. Cirrhosis, Child-Pugh B or C [68]; 25. Micronodular alcoholic
cirrhosis [69]; 26. Alcoholic cirrhosis [70]; 27. Alcoholic cirrhosis [71]; 28. Alcoholic
cirrhosis [72]; 29. Cirrhosis, Child-Pugh B. [67]; 30. Chronic cirrhosis [65] 31. Hepatitis
[67]; 32. Cirrhosis, Child-Pugh A [67]; 33. Inactive cirrhosis:[73]; 34. Fatty liver [67].

Mudd et al. Page 18

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mudd et al. Page 19

Ta
bl

e 
1

H
ei

gh
t a

nd
 w

ei
gh

ts
 a

nd
 p

la
sm

a 
m

et
ab

ol
ite

 c
on

ce
nt

ra
tio

ns
 in

 P
at

ie
nt

 1
.

A
ge

, m
on

th
s

0.
25

6
9

12
14

17
22

38
64

70
7

27
5

83
10

2

B
6 

su
pp

le
m

en
t, 

m
g/

d
0

0
0

0
15

0
10

0
10

0
10

0
10

0
2

2
2

2
2

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

H
ei

gh
t, 

pe
rc

en
til

e*
50

–7
5

5–
10

<3
3–

5
<3

<3
3–

5
5–

10
5–

10
3–

5
<3

W
ei

gh
t, 

pe
rc

en
til

e
5–

10
<3

<3
<3

<3
<3

10
–2

5
10

–2
5

<3
<3

M
et

hi
on

in
e 

(1
3–

43
 µ

M
)

(
70

5)
**

94
7

87
7

24
9

33
71

52
70

A
do

M
et

 (9
2.

8 
± 

16
.2

 n
M

)
93

6
89

1
47

5
14

4
14

3
17

2

A
do

H
cy

 (2
7.

8 
± 

7.
9 

nM
)

19
16

27
11

13

tH
cy

 (5
.1

–1
3.

9 
µM

)
(1

3.
5)

10
.7

12
.2

6.
7

4.
3

4.
5

4.
1

C
ys

ta
th

io
ni

ne
 (4

4–
34

2 
nM

)
44

6
49

8
62

5
64

7
46

4
56

5

tC
ys

 (2
03

–3
69

 µ
M

20
2

21
3

21
4

21
9

20
9

22
2

Sa
rc

os
in

e 
(0

.6
–2

.7
 µ

M
)

1.
8

1.
7

3.
4

2.
3

3.
9

4.
3

D
im

et
hy

gl
yc

in
e 

(1
. 4

–5
.3

 µ
M

)
4.

9
4.

2
8.

5
8.

5
7.

1
8.

9

C
itr

ul
lin

e 
(1

6–
55

 µ
M

)
7

64

Ty
ro

si
ne

 (3
0–

90
M

)
(n

or
m

al
)

(2
9)

(3
6)

(1
50

)
(2

24
)

Se
rin

e
(9

7–
26

7 
µM

)
14

1
10

0
16

2
12

0
16

9

16
5

21
0

Th
re

on
in

e 
(9

2–
24

0 
µM

)
14

8

A
LT

 (1
0–

60
 U

/L
)

10
1

11
1

96 71
(1

17
)

A
ST

 (1
0–

42
 U

/L
)

14
7

22
8

12
9

88
(9

1)

A
lk

al
in

ep
ho

sp
ha

ta
se

 (2
9–

14
4 

U
/L

)
30

5

* Pe
rc

en
til

es
 o

f h
ei

gh
t a

nd
 w

ei
gh

t w
er

e 
es

tim
at

ed
 b

y 
co

m
pa

ris
on

 w
ith

 th
e 

va
lu

es
 fo

r m
al

es
 li

st
ed

 b
y 

th
e 

N
at

io
na

l C
en

te
r f

or
 H

ea
lth

 S
ta

tis
tic

s (
ht

tp
://

w
w

w
.c

dc
.g

ov
/g

ro
w

th
ch

ar
ts

/h
tm

l_
ch

ar
ts

.).

**
V

al
ue

s i
n 

pa
re

nt
he

se
s w

er
e 

ob
ta

in
ed

 in
 la

bo
ra

to
rie

s w
hi

ch
 m

ay
 h

av
e 

so
m

ew
ha

t d
iff

er
en

t r
ef

er
en

ce
 ra

ng
es

 th
an

 th
os

e 
sh

ow
n.

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

http://www.cdc.gov/growthcharts/html_charts


N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mudd et al. Page 20

Ta
bl

e 
2

Pl
as

m
a 

m
et

ab
ol

ite
 c

on
ce

nt
ra

tio
ns

 in
 P

at
ie

nt
 2

.

A
ge

, m
on

th
s

N
B

S
4

5½
6

6½

M
et

hi
on

in
e 

(8
–7

5 
µM

)
(4

4)
34

4
90

8
97

5
11

84

A
do

M
et

 (9
2.

8 
± 

16
.2

 n
M

)
47

5

A
do

H
cy

 (2
7.

8 
± 

7.
9 

nM
)

16

tH
cy

 (5
.1

–1
3.

9 
µM

)
7.

0
10

.9

C
ys

ta
th

io
ni

ne
 (4

4–
34

2 
nM

)
31

60

tC
ys

 (2
03

–3
69

 µ
M

)
19

1

Sa
rc

os
in

e(
0.

6–
2.

7 
µM

)
0.

6

D
im

et
hy

gl
yc

in
e 

(1
.4

–5
.3

 µ
M

)
1.

6

C
itr

ul
lin

e 
(6

–5
4 

µM
)

38
36

40
21

Ty
ro

si
ne

 (<
18

0 
µM

)
34

2
10

3
28

8
33

4
37

6

Su
cc

in
yl

ac
et

on
e

(n
or

m
al

)
(n

or
m

al
)

A
la

ni
ne

 (1
52

–7
34

 µ
M

)
90

7
96

4
98

0
14

01

La
ct

at
e 

(0
.5

–1
.6

 m
M

)
4.

3;
4.

4;
6.

1
23

G
ua

ni
di

no
ac

et
at

e 
(0

.8
–3

 µ
M

)
0.

6

C
re

at
in

e 
(1

0–
10

0 
µM

)
84

C
re

at
in

e 
ki

na
se

 (1
5–

11
0 

U
/L

)
31

10
6

A
LT

 (1
0–

60
 U

/L
)

26
2

16
1

20
5

A
ST

 (1
0–

42
 U

/L
18

8
20

6
48

5

A
m

m
on

ia
79

51
8

B
ili

ru
bi

n,
 to

ta
l (

0.
2–

1.
3 

m
g/

dl
)

4.
4

4.
9

11
.1

B
ili

ru
bi

n,
 d

ur
ec

t (
0.

1–
0.

3 
m

g/
dl

6.
4

Pr
ot

hr
om

bi
n 

tim
e 

(1
2.

6–
15

.2
 se

co
nd

s
50

.8
79

.1

A
ct

iv
at

ed
 p

ar
tia

l p
ro

th
ro

m
bi

n 
tim

e 
(2

3.
3–

35
.7

 se
co

nd
s)

94
.0

12
4.

6

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mudd et al. Page 21

Ta
bl

e 
3

m
tD

N
A

 c
op

y 
nu

m
be

rs
.

Pa
tie

nt
T

is
su

e 
ty

pe
C

op
y 

nu
m

be
r

%
 o

f c
on

tr
ol

M
et

ho
d

Pa
tie

nt
C

on
tr

ol

   
  1

liv
er

45
0

37
84

12
qP

C
R

   
  1

sk
in

 fi
br

ob
la

st
s

86
3

63
7

13
5

qP
C

R

   
  2

bl
oo

d
70

29
5

24
qP

C
R

   
  2

sk
in

 fi
br

ob
la

st
s

59
3

71
8

83
qP

C
R

   
  2

bl
oo

d
25

aC
G

H

M
ot

he
r o

f 2
bl

oo
d

71
aC

G
H

Fa
th

er
 o

f 2
bl

oo
d

93
aC

G
H

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mudd et al. Page 22

Table 4

Electron transport chain (ETC) results.

Patient 1
Liver

Patient 1
SFC*

Patient 2
SFC*

NADH ferricyanide reductase (complex I) 19 93 80

NADH-cytochrome c reductase (complex I + III) 62 160 75

Succinate cytochrome c reductase (complex II + III) 46 137 99

Succinate dehydrogenase (complex II) 62 114 129

Cytochrome c oxidase (complex IV) 26 74 62

Citrate synthase 60 86 96

ETC activities are expressed in % of normal mean.;

*
SFC : skin fibroblast cells
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