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Introduction

Aim. To identify mutations in patients from Ukraine with glutaric aciduria I, isolated methyl-
malonic aciduria, and isovaleric aciduria. Methods. Sanger sequencing. Results. We have
identified 37.5 % of alleles (3/8) in patients with methylmalonic aciduria, 100 % of alleles (4/4)
in patients with isovaleric aciduria, 100 % of alleles (4/4) in patients with glutaric aciduria type 1.
MUT gene mutations in patients from Ukraine are represented by one known N219Y missense
mutation p. and a R326G missense rearrangement. Analysis of the GCDH gene in patients from
Ukraine revealed three known missense mutations: R383C, G390R and A421V. Rearrangements
in the /VD gene of our patients were represented by two novel mutations: 49dupTGTGGCG,
S133C, and one known mutation: R53P. Conclusions. The mutations observed in Ukrainian
patients with organic acidurias were mostly represented by rare or new rearrangements. These
data could be useful for the development of molecular diagnostics of Ukrainian patients with
glutaric aciduria I, isolated methylmalonic aciduria, and isovaleric aciduria
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(EC 5.4.99.2)), isovaleric aciduria (MIM
243500, deficiency of isovaleryl-CoA dehy-

Organic acidurias are a subgroup of inborn
errors of metabolism which includes more than
33 inherited disorders by SSIEM classification
2011 [1] and are characterized by the cumula-
tive prevalence of 1:7962 live birth [2]. The
most prevalent disorders in this group are iso-
lated methylmalonic aciduria (MIM 251000,
deficiency of methylmalonyl-CoA mutase

drogenase (EC1.3.99.10)), propionic aciduria
(MIM 606054, deficiency of propionyl-CoA
carboxylase (EC 6.4.1.3)), and glutaric acid-
uria type 1 (MIM 231670, deficiency of glu-
taryl-CoA-dehydrogenase (EC 1.3.99.7)).
Organic acidurias are caused by the deficiency
of enzymes and transporters which take part
in metabolism of amino acids, carbohydrates
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or lipid intermediates [3]. Such alterations of
metabolism lead to some common clinical
manifestations such as developmental delay,
seizures, lethargy, coma, vomiting, failure to
thrive, hepatomegaly, respiratory distress and
some unique ones such as dystonic-dyskinetic
disorder, macrocephaly in case of GA I, sweaty
odor of feet in case of IVA [3—5]. The most
common biochemical features are hyperam-
monemia, metabolic acidosis, ketosis and hy-
poglycemia. Without treatment these disorders
could result in coma or death very quickly.
Therefore, early diagnosis is crucial for de-
creasing a level of disability, mortality and
morbidity of patients. In all developed coun-
tries the majority of organic acidurias are de-
tected within the newborn screening by tandem
mass spectrometry of acylcarnitines in dry
blood spots [6]. The diagnosis is confirmed by
gas chromatography, mass spectrometry or
molecular genetic analysis.

Glutaric aciduria I (GA I) and isovaleric
aciduria (IVA) are monogenic autosomal reces-
sive inherited disorders, caused by mutations
in genes GCDH (mapped to 19p13.2, includes
12 exons) and /VD (mapped to 15q.14-15,
includes 12 exons) respectively [4, 5].
Noteworthy, methylmalonic aciduria (MMA)
is a big heterogenous group of inherited dis-
orders which are remarkable for elevation of
methylmalonic acid in biological fluids. In
terms of biochemical features these disorders
are divided into two groups — isolated MMA
and combined MMA. Isolated MMA is a clin-
ical condition which could be caused by muta-
tions in such genes as MUT, MMAA, MMAB
and MCEE, while combined MMA manifests
in complex with homocystinuria/homocyste-
inemia and is caused by mutations in the genes
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MMACHC, MMADHC, LMBRD1, ABCB4,
HCFCI [7]. The isolated MMA 1is a more
prevalent disorder than the combined one and
60 % of mutations are detected in the
MUT gene (mapped to 6p.12.3, consists of
13 exons) [8]. The current mutation database
HGMD Professional 2017.4 describes 361 mu-
tations in the MUT gene, 87 rearrangements
in the VD gene, and 208 the in GCDH gene.
The absence of highly predominant mutations
in the genes MUT, IVD and GCDH and the
need to define and distinguish different types
of MMA stipulate the use of sequencing as a
common method of confirming MMA, VA
and GA L.

Aim
To investigate a disease-causing mutations

spectrum in patients with organic acidurias
from Ukraine.

Materials and Methods

This study included 8 patients (4 males and 4
females) aged from 10 days to 3 years. These
individuals were selected for organic aciduria
diagnosis confirmation by selective screening
of inborn errors of fatty acid and amino acid
metabolism (2011-2016). All selected patients
with suspected isolated methylmalonic acid-
uria, glutaric aciduria type I or isovaleric ac-
iduria had elevations of typical acylcarnitines
in dry blood spots and organic acids in urine.
All parents gave their written informed consent
on these investigations. The study was ap-
proved by the Committee of Bioethics of
NSCH “OKhMATDYT”.

Dry blood spots were collected on
Whatman™ N 903 specimen collection papers
and dried according to all requirements.
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Genomic DNA was extracted from dry
blood spots with NEOGENE reagents kit
(Ukraine) according to the manufacturer’s pro-
tocol.

The exons and flanking intronic regions of
the MUT, IVD and GCDH genes were amplified
by the polymerase chain reaction (PCR) from
genomic DNA in SimpliAmp™ Thermal Cycler
(Thermo Fisher Scientific) with the amplifica-
tion kit GenPak®PCRCore NEOGENE
(Ukraine) and primers developed with Primer3
software. The primers are presented in Table 1.

The visualization of PCR products was per-
formed with capillary electrophoresis on
MCE-202 MultiNA Shimadzu (Japan) using
DNA 500 Shimadzu kit (Japan), 1000
Shimadzu kit (Japan) and molecular weight
marker 25 bp DNA Ladder Invitrogen by Life
Technologies (USA), and dye SYBR® Gold
Molecular probes by Life Technologies (USA).

The PCR products were sequenced directly
using forward and reverse primers on genetic
analyzer ABI 3130 by Applied Biosystems
(USA). The preparation of samples to sequenc-

Table 1. Primers for exons and flanking intronic regions of genes GCDH, IVD and MUT

GCDH gene MUT gene IVD gene
Exon Primers Exon Primers Exon Primers
23 F: ggccggattctaggaggaac 2 F: aggaagcagaaaaggggaaga 1 F: cacggttgattggctcgg
R: cttagtgcctctgaceetgg R: cgtgcatgtgttgttttctttca R: tgtcccacggtctcaaatct
45 F: gtcacctgatcagtctegcet 3 F: gttggttttgacatgtatgagca 23 F: tcaagctgtctaggctgaaga
R: cagtgagccaagatcgtge R: cctgcaagtaacgacagaaca R: cacaggtccaaaagatgcagt
6 F: accctctgaaagtggcetgtg 4 F: ggtacagtcctgatgatggttc 4 F: taagcaggtctgtggcatca
R: gatcagatctccaggtgaage R: ttcaacagcacagtggatcc R: atccatggcceccttectaac
7.8 F: cctgeettggectectaaa 5 F: cataaatgtacgtgcactgatct 5.6 F: ctttaccgacaccctggtct
R: cgagtccggetgagtaagaa R: gcactacagggaagctagga R: cttttggtcacccteettge
9 F: ggactgtgtgcaaaccgag 6 F: aaacactgaactctgactcttct 7 F: gggagcatgggactaggatg
R: ccacagctgetcagaagga R: actgctgttctttgtatgaget R: cacatgtcactgaagcgcta
10 F: agtgacgtccttctgageag 7 F: tcccaagacttaagaggttttgt ] F: agctccacttctgactggaa
R: catcaaggacaagagggacag R: tatgcttgectgtgtgeate R: tectcaggcecttttgtetgt
1 F: ctgctgtccectcttgtectt ] F: tctactttcctctcacaccee 9 F: ccgtaactgtggcaagactt
R: ccacagtccccatgtgagta R: tcctgagcaagtttctcaatge R: ctgcatgctgaggaagactg
12 F: agcattcaccatctctgttgg 9 F: acttgggaaggtcagcactatta 10-11 F: ccccatctecateatectga
R: aggaacacatctgaacgacttc R: cctcagecacagtaaaatacaca R: aggctggtcttgaactcctg
10 F: aagagaattggatgcataaaggc 12 F: cccteectettgetaccttt
R: tctgtttgacatgagaaactect R: ttgggagctgttgtggagaa
1 F: cctgcacattaacccctgaat
R: agtcagtggctacataccagt
12 F: ctcccattetgtaggttatctgt
R: agcataggttactggtttgca
13 F: agccccaaatgecagtagta
R: acaccaggcctataagtaaggt

F -forward, R- reverse
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ing and analysis was performed with BigDye
Terminator v3.1 cycle sequencing kit by
Applied Biosystems (USA), BigDye XTermi-
nator Purification Kit by Applied Biosystems
(USA), PCR clean up Gel extraction by
Macherey-Nagel (Germany), according to the
protocol of the manufacturer.

The assessment of pathogenicity of novel
missense mutations was verified with Mutation
Taster, Polyphen2, Provean software. Nucleo-
tide sequence changes which result in frame-
shift were considered pathogenic. The predic-
tion of the effect of novel missense mutations
on the structure of protein was made with
DeepView4.1 software, the modelling involved
the use of a crystallographic structure of hu-
man methylmalonyl-CoA mutase PDB ID:
2X1J previously reported by Froese et al. [9]
and human isovaleryl-CoA dehydrogenase
PDB ID: 11VH reported by Tifanny et al. [10].
The analysis of mutations was performed using
the normal human MUT (NM_000255.3), IVD
(NM_002225.3), GCDH (NM_000159.3) se-
quences as a reference. The nomenclature of
mutations was based on coding sequences
according to the standards of the Human
Genome Variation Society [11].

Results and Discussion

The sequencing of exons and intron flanking
regions of the MUT, GCDH, IVD genes was
performed to confirm the diagnosis of isolated
methylmalonic aciduria in 4 patients, glutaric
aciduria type I in 2 patients and isovaleric
aciduria in 2 patients with a specific profile of
elevated acylcarnitines in dry blood spots and
organic acids in urine.

According to the gene MUT sequence, two
different missense mutations in this gene were
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identified in 2 patients with suspected isolated
type of MMA. Patient 1 carried mutation in 3
exon p. N219Y, ¢.655 A > T in homozygous
state (Table 2). This rearrangement has already
been described in the HGMD database and is
considered to be a frequent mutation, as its
presence in 25 alleles out of 302 in Caucasian
population was previously published [8].

Patient 2 had a missense mutation in exon
5 of the MUT gene p. R326G, ¢.976 A> G in
heterozygous state which has not been added
to HGMD database yet (Fig. 14) (Table 2).
The analysis of this novel missense mutation
with Mutation Taster, PolyPhen2 and Provean
Predictor software showed that it had a patho-
genic effect (Table 3). The 3D model of meth-
ylmalonyl-CoA mutase (MCM) revealed that
the replacement of positively charged large
amino acid Arg with a small neutral amino acid
Gly in the 326 position causes breaking of 4
hydrogen bonds, which Arg326 creates with
Thr92, Phe91, Gly380 and Ala330 in the
N-terminal domain (Fig. 1B). Consequently,
such alterations result in the tertiary conforma-
tion changes of methylmalonyl-CoA mutase
that likely affect the protein function.

The mutation in the second allele of Patient 2
was not detected in any exon from 2 to 13 and
its intronic flanking regions. The only addi-
tional findings in Patient 2 were three polymor-
phisms p. K212K, p. R532H, p. 1671V in ho-
mozygous state. No mutations were found in
exons 2—13 with flanking regions of introns of
the MUT gene in two other patients with sus-
pected MMA. In these two patients it is neces-
sary to search for mutations in regulatory re-
gions or introns of the MUT gene or other genes
MMAA, MMAB, MCEFE which are responsible
for other types of isolated MMA [7].
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Table 2. Mutations in patients with organic acidurias

Patient Diagnosis Gene Genotype Reported for the first
No Exon Allele 1 Exon Allele 2 time
[Vl [y [5 [0000 ya [wa | ShmidbyGak
o [ Jooon [ [miEe T [RRSE L osimnns
A N
L L L e i L v e

R O LR L 1o R D 50 L

NA — not available

The sequence of the GCDH gene, performed
in order to confirm the diagnosis of glutaric
aciduria type I in Patient 3, detected missense
rearrangement p. R383C, ¢.1147 C > T in ho-
mozygous state (Table 2). This mutation is con-
sidered to be rare, for example, in Spanish pop-
ulation it was present in one allele out of 70 and
in 3 alleles out of 38 in Japanese population [5,
17]. The diagnosis of glutaric aciduria type [ was
also confirmed in Patient 4 with the identifica-
tion of two known missense mutations p. G390R,
c.1168G > C — a rare variant in Caucasian pop-
ulation, and p. A421V, c. 1262 C> T — prevalent
in Old Order Amish population [14, 15, 18].

The sequencing of the /VD gene in Patient 5
with suspected isovaleric aciduria revealed a

known mutation p. R53P, ¢.158 G > C in het-
erozygous state (Table 2). Previously this mu-
tation was reported in two alleles out of 16 in
the USA studies and in 5 alleles out of 46 in
Turkish population [16, 19]. A novel duplica-
tion of 7 nucleotides — ¢.49dupTGTGGCG
(Table 2) was detected in the second allele of
Patient 5 (Fig. 24). This mutation causes a
frameshift in exon 1, changing amino acid
sequence and resulting in crucial alteration of
tertiary structure of isovaleryl-CoA dehydro-
genase with the loss of all cofactor and sub-
strate binding sites. Such a truncated and
changed protein could not perform its func-
tions. The analysis of the /VD gene of Patient
6 revealed missense rearrangement p. S133C,

Table 3. Description and characteristics of new mutations in patients with organic acidurias

New mutation Mutation Taster

p- R326G in exon 5 of MUT gene Disease causing

p- S133C in exon 4 of IVD gene Disease causing

Polyphen2 Provean Predictor
Probably damaging score of 1.000 Deleterious
—6.991
. Deleterious
Probably damaging score of 1.000 4698
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Fig. 1. 4 — Image of MUT gene se-
quence of Patient 2 with rearrange-
ment ¢.976 A > G in heterozygous
state. B — Fragments of three-dimen-
sional models of human wild-type
MCM (green amino acid residue)
and MCM with mutation p. R326G
(red amino acid residue).
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c.49dupTGTGGCG

WY

Sl e apmua  mard T Fig. 2. A — Image of IVD gene se-

c Ak E c A < quence of Patient 5 with duplication
¢.49dupTGTGGCG in heterozygous
state. B — Image of the /VD gene se-
quence of Patient 6 with rearrange-
ment ¢.398 C > G in homozygous
state. C — Fragment of three-dimen-
sional models of human wild-type
isovaleryl CoA  dehydrogenase
(IVD) (green amino acid residue)
and IVD with mutation p. S133C
(red amino acid residue).
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¢.398 C > G in homozygous state (Table 2)
(Fig. 2B). This mutation has not been described
in mutation database HGMD yet. The analysis
of this rearrangement by Mutation Taster,
Polyphen2, Provean software predicted it as
the disease-causing one (Table 3). This muta-
tion causes a change of one polar amino acid
Serine to another polar amino acid Cysteine in
the N-terminal domain of isovaleryl Co-A de-
hydrogenase (IVD). Such replacement causes
breaking of one hydrogen bond which Ser133
creates with Alal29 and lengthens the other
which Ser133 creates with Ser256 (Fig. 2C).
Also, other hydrogen bonds with Tyr134,
Alal36, His137, Val130 remain unchanged.
Taking into consideration the fact that this
amino acid residue is close to FAD-binding
site, such alterations could affect cofactor bind-
ing and functional activity of protein.

To sum up, the sequencing of the MUT, IVD
and GCDH genes allowed identifying a spec-
trum of mutations in Ukrainian patients with
organic acidurias which is represented by
known but rare variants (p. RS3P in the VD
gene and p. R383C, p. G390R in the GCDH
gene) or novel mutations (p. R326G in the MUT
gene, p. S133C and ¢.49dupTGTGGCG in the
1VD gene). The only exceptions were missense
mutation p. N219Y in the MUT gene and p.
A421V in the GCDH gene which are considered
to be common variants for Caucasians and
Amish population respectively [7, 18].

Conclusions

The sequence analysis of the MUT gene con-
firmed the diagnosis of classic isolated meth-
ylmalonic aciduria in two patients out of 4
suspected ones. In these patients two missense
mutations were detected, including one com-
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monly known mutation p. N219Y (2/8 alleles)
and the other undisclosed one — p. R326G
(1/8 alleles). According to the results of the
GCDH gene sequence, three missense rear-
rangements p. R383C (2/4 alleles), p. G390R
(1/4 alleles), p. A421V (1/4 alleles) were de-
tected in patients with suspected glutaric ac-
iduria type I and the previous diagnosis was
confirmed. Two missense mutations — recurrent
p- R53P (1/4 alleles) and novel p. S133C
(2/4 alleles), and one novel duplication
c.49dupTGTGGCG (1/4 alleles) in the IVD
gene were revealed in patients with a probable
diagnosis of isovaleric aciduria. All new mis-
sense mutations were analyzed with Mutation
Taster, Polyphen2, Provean Predictor software
and were predicted as deleterious ones. Three-
dimensional modelling of novel missense mu-
tations also revealed alterations in the structure
of protein which could affect its functions. In
perspective, these data could be used for the
development of a molecular genetic diagnostic
algorithm for the patients with isolated MMA,
GA T and IVA.
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CrnexkTp MyTaniii y nani€HTiB 3 OpraHivyHuMHA
anuaypisiMu B Ykpaini

O. 1O. bapgiuceka, H. B. OnbxoBuy, T. O. Ilkypxo,
H. T". TopoBenko

Meta. Bu3HadueHHs CHEKTpy MyTalidl y MAIli€HTIB 3
VYkpaiHu, 10 CTPKAAI0TH Ha IIyTapoBy alaypito | tuity,
130J1b0BaHy METHJIMAJIOHOBY allU/Typil0 Ta i30BajepiaHOBY
anmaypiro. Meroau. CukseHyBaHHsI 3a CeHrepom.
Pe3yabraru. byno susisieno 37,5 % MyTaHTHUX ajenei
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(Tpu 3pa3Ku 3 BOCEMH) Y MAIII€HTIB 3 i30J1b0BAHOIO METHII-
MaJIOHOBOIO anupypiero, 100 % aneneit (4otupu 3 4oTH-
PpBROX) Y XBOpHX 3 i30BajiepiaHoBoIO armmaypiero, 100 %
asesieil (4OTUpHY 3 YOTUPHOX) Y MALEHTIB 3 TIIyTapOBOIO
armaypiero [ tumy. Criextp myraniit y reni MUT y nari-
€HTIB B YKpaiHi Npe/ICTaBIeHUH OJIHIEI0 BIZIOMOIO MiCEHC
MmyTari€ero ¢. N219Y ta micerc 3aminoro p. R326G. B pe-
3yJbTarTi aHalli3zy cukBeHcy reny GCDH y naiieHTiB OyIio
BUSIBJICHO TPH BiJloMmi MiceHc nepedynoBu p. R383C,
p. G390R Tta p. A421V. MyTanii B reHi /VD y Hammx
TIAIiEHTIB Oy/IH MpeCcTaBIeHi JBOMa HOBUMH TepeOyIo-
Bami c. 49dupTGTGGCG, p. S133C i omHi€r0 BiTOMOIO
MiceHc 3aMiHO0 p. R53P. BucHoBku. OTprmMani pe3ynb-
TaTH TOKa3ally, 10 CIIEKTP MyTallill y MAIli€HTIB 3 Opra-
HIYHUMH aluaypisiMu B YKpaiHi IpeJcTaBIeHui repe-
Ba)KHO PIJIKICHIMH a00 X HOBUMHU IiepeOynoBamu. L1i mani
MOXYTb OyTH KOPUCHHUMH JUISl pO3POOKH MOJICKYJISIPHO-
TEHETUYHOTO aJITOPUTMY JIarHOCTHKH Y XBOPHUX 3 YKpaiHy,
110 MaloTh TIYTapoBy anuaypito | Tuy, i30Jp0BaHy Me-
THJIMAJIOHOBY alMIyPir0 Ta i30BaJiepiaHOBY aIlMIypiro.

Kaw4aoBi caosa: opraniuni atmaypii, MUT, GCDH,
1VD.

CrnekTp MyTanuii y NallMeHTOB ¢ OPraHnYeCKUMH
auuAypusiMu B YKpauHe

A. 1O. bapsunckas, H. B. OnapxoBuy, T. A. IlIkypko,
H. I'. Toposenko

Heanb. Onpenenenye crekTpa MyTallUil y MalEHTOB C
YkpauHsl ¢ nyTapoBoi auuaypueit I thna, nzonupoBas-
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HOM METWJIMAJIOHOBOM alUAypUEl U M30BajepuaHOBON
aunnypueid. Meroabl. CukBeHupoBanue 3a CaHrepoMm.
Pe3yabrarel. bouto BeisiBiieHo 37,5 % MyTaHTHBIX aure-
yei (Tpu oOpasia U3 BOCEMH) y TAIIMEHTOB C U30JIHPO-
BaHHOI MeTHIMasoHOBOW armaypuel, 100 % ammeneit
("etpIpe 13 YeThIpex) y OONBHBIX ¢ M30BaJIePUAaHOBOU
armnypueit, 100 % amneneit (4eTeIpe U3 YETBIPEX) y Ta-
IUEHTOB C IIyTapoBoi arwypuei I Tama. Criektp MyTa-
uuid B rene MUT y naiiueHToB ¢ YKpauHbl MPEACTaBICH
OJTHOM M3BECTHOW MHCCEHC MyTaruei ¢. N219Y u muc-
ceHc 3ameHoi p. R326G. B pesynbsrare aHam3a CUKBeHCa
rena GCDH nanieHToB 13 YKpauHbl ObLTO OOHAPYIKCHO
TPU H3BECTHBIE MHUCCEHC mnepecTpoiiku p. R383C,
p- G390R u p. A421V. Myraruu B rere /VD y Hammx
INalucHTOB 6])IJ'II/I MpEeACTaBICHbI ABYMsI HOBLIMU II€pEC-
crpoiikamu ¢. 49dupTGTGGCG, p. S133C u onHOI U3-
BeCTHOH MucceHc 3ameHoi p. R53P. BeiBoabl. [Tomyuen-
HBIE PE3YJIBTATHI IOKA3aJIH, YTO CIEKTP MyTalui y Maru-
€HTOB C OPraHUYECKUMH alUAypUsIMUA B YKpauHe Tpe-
CTaBJIeH B OOJIBIIMHCTBE PEIKMMH WJIM HOBBIMHU Iiepe-
CTpOWKaMH. DTH JTaHHBIE MOTYT OBITH TIOJIC3HBIMH IS
Ppa3pabOTKH MOJIEKYJISIPHO-T€HETHYECKOTO aJropruTMa
JIMarHOCTHKH Y OONBHBIX C TITyTapOBOM aruypurei | Tura,
M30JIMPOBAHHON METHJIMAJIOHOBOW allUIypuel, U N30Ba-
JIEpUaHOBOW auuAypHUel B YKpauHe.

KaoueBble cJ10Ba: opranndeckue anuaypun, MUT,
GCDH, IVD
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