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Glutaric aciduria type 1 (GA1) is an autosomal recessive metabolic disorder caused by deficiency of glutaryl-CoA dehydrogenase
enzyme encoded by the GCDH gene. In this study, we presented the clinical and molecular findings of seven GA1 patients
in Malaysia. All the patients were symptomatic from infancy and diagnosed clinically from large excretion of glutaric and 3-
hydroxyglutaric acids. Bidirectional sequencing of the GCDH gene revealed ten mutations, three of which were novel (Gln76Pro,
Glu131Val, and Gly390Trp). The spectrum of mutations included eight missense mutations, a nonsense mutation, and a splice site
mutation. Twomutations (Gln76Pro and Arg386Gln) were homozygous in two patients with parental consanguinity. All mutations
were predicted to be disease causing by MutationTaster2. In conclusion, this is the first report of both clinical and molecular
aspects of GA1 inMalaysian patients. Despite the lack of genotype and phenotype correlation, early diagnosis and timely treatment
remained the most important determinant of patient outcome.

1. Introduction

Glutaric aciduria type 1 (GA1, OMIM #231670) is an auto-
somal recessive disorder of lysine, hydroxylysine, and tryp-
tophan caused by deficiency of glutaryl-CoA dehydrogenase
(GCDH, EC 1.3.8.6) enzyme. The disease was first described
in 1975 [1] and has an estimated prevalence of 1 in 100,000
newborns [2]. Defective GCDH enzyme results in accu-
mulation of the glutaric acid (GA), 3-hydroxyglutaric acid
(3-OH-GA), glutaconic acid, and glutarylcarnitine (C5DC).
These can be detected in body fluids (urine, plasma, and
CSF) and tissues by gas chromatography/mass spectrometry
(GC/MS) or electrospray-ionization tandemmass spectrom-
etry (MS/MS) [3, 4].

Patients often present macrocephaly at birth, accompa-
nied by “soft” neurological symptoms of hypotonia, irritabil-
ity, and jitteriness [5]. About 75%of the patients then suffer an
acute encephalopathic crisis, usually associatedwith an upper

respiratory and/or gastrointestinal infection, immunization,
or surgical intervention between the ages of 2 and 37 months
[5, 6]. After recovery, the patients lost motor skills and func-
tion and a severe dystonic-dyskinetic syndrome in children
with relatively well-preserved intellectual functions and a
prominent forehead may be recognized [5]. If by this stage
the underlying metabolic disorder remains undiagnosed,
cerebral atrophy develops with clinical findings of pyramidal
tract signs and mental retardation [5]. Treatment consisting
of lysine-restricted diet using natural proteinwith a low lysine
content and appropriate amino acid supplements (lysine-free,
tryptophan-reduced) was effective especially if administered
in presymptomatically diagnosed patients [6].

GCDH enzyme is encoded by GCDH gene which is
located on chromosome 19p13.2 spanning about ∼7 kb region
and contains 12 exons (transcript ID ENST00000222214) [7,
8]. To date, close to 200 pathogenic mutations have been
reported in the Human Gene Mutation Database (HGMD)
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with missense mutation being the most common type
(http://www.hgmd.cf.ac.uk/ac/index.php). In specific ethnic
groups, a few common mutations were prevalent such as
Ala421Val in the Amish [8], Arg402Trp in the Europeans [9],
and IVS10-2A>C in the Chinese [10]. In Malaysia, GA1 is the
second most common organic acidurias, constituting about
7.2% of inborn errors of metabolism (IEM) diagnosed at the
Institute for Medical Research (IMR) from year 1999 to year
2005 [11]. However, mutational analysis of GA1 patients from
Malaysia has never been reported. Therefore, in this study
we investigated the clinical and molecular aspects of seven
Malaysian patients with GA1.

2. Materials and Methods

2.1. Patients Enrolment. Seven patients with GA1 were
recruited at the Metabolic Clinic of Hospital Kuala Lumpur
(HKL). Diagnosis was established based upon clinical pre-
sentations, increased excretion of GA and 3-OH-GA in urine
organic acid analysis and tandemmass spectrometry analysis
of C5DC in dried blood spots (DBS). Parents of the affected
child were guided to sign a consent form for genetic testing.
Parental consanguinity was observed in patients 5 and 7
(Table 1). Sample from patient 3 was taken when the patient
was 8 years old upon visit to the Metabolic Clinic; however,
the patient has passed away of pneumonia at 11 years of age.

Clinical outcomes of patients with GA1 were evaluated
based on the motor and speech disability assessment devel-
oped by Kyllerman et al. [15]. Briefly, motor disability was
scored as 1, 2, or 3 for mild, moderate, or severe motor dys-
function, respectively. Patientswith severemotor dysfunction
were wheelchair dependent and showed severe disability in
everyday life [15] whereasmildmotor disability is mildmotor
dysfunction and no disability in daily life. Speech was scored
as 1, 2, or 3 depending on whether the patient is fluent, could
express only single words, or has no speech at all, respectively
[15].

2.2. Mutation Analysis. Approximately 5 to 10mL of periph-
eral blood was collected from all seven patients in EDTA
tubes and genomic DNA was isolated using the QIAcube
(Qiagen, Hilden, Germany). Both the quantity and quality of
extracted DNAs were measured using NanoDrop ND-1000
Spectrophotometer (NanoDrop, Wilmington, DE, USA).
Primers were designed in-house to amplify all coding exons
and flanking intronic sequences of GCDH gene. PCR was
performed in a volume of 50𝜇L containing 100 ng genomic
DNA, 0.1 U TaqDNApolymerase (Fermentas), 1x of Pfu PCR
bufferwithMgSO

4
, 1𝜇mol of each of the primers, and 0.2mM

of dNTPmix.Amplificationwas performedusing touchdown
PCR protocol as described previously [16].

The PCR products were purified using the QIAquick
PCR Purification kit (Qiagen, Hilden, Germany) accord-
ing to manufacturer’s instructions. Cycle sequencing was
performed using the BigDye� Terminator cycle sequencing
v3.1 chemistry (Applied Biosystems, Foster City, CA, USA)
followed by purification using DyeEx 2.0 Spin Kit (Qiagen).
Purified cycle sequencing products were dried on vacuum

concentrator, resuspended in 10𝜇L of Hi-Di formamide, and
analyzed on the Applied Biosystems 3500 Genetic Analyzer.
Sequencing results were aligned to the reference sequence
of the GCDH gene (GenBank NM 000159.3) using SeqScape
Software v3.0 (Applied Biosystems) to identify any DNA
variants. All variants identified were annotated against pub-
licly available databases such as the HGMD and dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/). The pathogenicity of
novel DNA variants was evaluated by using MutationTaster2
software (http://www.mutationtaster.org/). DNA samples
from 50 healthy individuals were tested for the presence of
novel DNA variants identified in our patients.

3. Results

3.1. Clinical Findings. Theclinical features of sevenMalaysian
GA1 patients are summarized in Table 1. All patients were
symptomatic with onset of symptoms from 3 to 11 months of
age (Mean: 5 months, SD ±2.8 months). Acute gastroenteritis
was documented in patients 3 and 7 preceding insidious
onset of neurological regression. Patients 1, 2, and 6 pre-
sented with acute encephalopathy. Patients 4 and 5 were
diagnosed with bilateral subdural haemorrhage and subdural
effusion, respectively, when investigated for macrocephaly.
Both (patients 4 and 5) developed generalized dystonia
following intracranial surgery.

The age at diagnosis varied considerably from6months to
13 years of age (Mean: 4 years, SD±4.6 years). All patients had
increased excretion of GA and 3-OH-GA in urine organic
acid analysis. Patients 2, 5, and 6 showed mildly increased
C5DC in DBS while patient 7 showed marked elevation. CT
or MRI of the brain showed the typical widening of bilateral
Sylvian fissures with frontotemporal atrophy in all patients
except for patient 7 who has generalized cerebral atrophy.
Upon diagnosis, all patients were treated on low protein diet
supplemented with lysine/tryptophan-free synthetic formula
and L-carnitine.

All patients except for patients 5 and 7 had severe motor
disability and absence of speech. Patient 5 with moderate
motor disability was able to walk with assistive device and
attended normal school with educational support. Patient 7
has only mild motor impairment when last assessed at age 2.

3.2. Mutations in GCDH Gene. Ten mutations were iden-
tified in the seven patients, and three of them were
novel (Table 1). These included eight missense mutations
(Gln76Pro, Glu131Val, Ala298Thr, Gly354Ser, Arg355Cys,
Arg386Gln, Gly390Trp, and Ala421Thr), a nonsense muta-
tion (Arg128∗), and a splice site mutation (c.1244-2A>C).
Three novelmutations (Gln76Pro,Glu131Val, andGly390Trp)
were not detected in our 50 healthy individuals tested exclud-
ing the probability of polymorphism. MutationTaster2 pre-
dicted all novelmutations as disease causing.The two patients
with homozygous mutations (patients 5 and 7) were due
to parental consanguinity. Two recurrent mutations (c.1244-
2A>C and Arg355Cys) were identified in two unrelated
patients.



BioMed Research International 3

Ta
bl
e
1:
Su
m
m
ar
y
of

cli
ni
ca
la
nd

m
ol
ec
ul
ar

ch
ar
ac
te
ris

tic
so

fs
ev
en

M
al
ay
sia

n
pa
tie

nt
sw

ith
G
A
1.

Pa
tie

nt
1

2
3

4
5

6
7

G
en
de
r

M
al
e

M
al
e

M
al
e

M
al
e

Fe
m
al
e

Fe
m
al
e

Fe
m
al
e

Ra
ce

Ch
in
es
e

Ch
in
es
e

Ch
in
es
e

Ch
in
es
e

M
al
ay

M
al
ay

M
al
ay

Pa
re
nt
al
co
ns
an
gu
in
ity

−
−

−
−

+
−

+
A
ge

at
on

se
t

5m
3m

5m
3m

3m
5m

11
m

A
ge

at
di
ag
no

sis
6y

13
y

8m
7m

5y
6m

2y
Ac

tu
al
ag
e

20
y

23
y

D
ie
d
at
11
y

4y
14
y

20
m

2y

Fi
nd

in
gs

at
on

se
t

M
ac
ro
ce
ph

al
y,
se
iz
ur
es
,

irr
ita
bl
e,
dy
sto

ni
a,
SD

H

M
ac
ro
ce
ph

al
y,
se
iz
ur
e,

irr
ita
bl
e,
dy
sto

ni
a,
SD

E,
hy
dr
oc
ep
ha
lu
s

M
ac
ro
ce
ph

al
y,

ne
ur
or
eg
re
ss
io
n,

SD
H

M
ac
ro
ce
ph

al
y,
SD

H
M
ac
ro
ce
ph

al
y,
SD

H
M
ac
ro
ce
ph

al
y,
se
iz
ur
e,

irr
ita
bl
e,
dy
sto

ni
a,

SD
H

M
ac
ro
ce
ph

al
y,

ne
ur
or
eg
re
ss
io
n,

SD
H

Pr
ec
ip
ita
tin

g
ill
ne
ss

−
−

+
−

−
−

+
D
ys
to
ni
a

+
+

+
+

+
+

−

M
ot
or

di
sa
bi
lit
y

Se
ve
re

Se
ve
re

Se
ve
re

Se
ve
re

M
od

er
at
e

Se
ve
re

M
ild

Sp
ee
ch

Ab
se
nt

Ab
se
nt

Ab
se
nt

Ab
se
nt

N
ea
rly

flu
en
t

Ab
se
nt

N
ea
rly

flu
en
t

CT
/M

RI
br
ai
n
fin

di
ng

s
Ty

pi
ca
l∗

Ty
pi
ca
l∗
,h
yd
ro
ce
ph

al
us

Ty
pi
ca
l∗

Ty
pi
ca
l∗
,a
bn

or
m
al
sig

na
l

at
pu

ta
m
en
,c
er
eb
ra
l

at
ro
ph

y

Ty
pi
ca
l∗
,g
en
er
al
iz
ed

ce
re
br
al
at
ro
ph

y
Ty

pi
ca
l∗

G
en
er
al
iz
ed

ce
re
br
al

at
ro
ph

y

U
rin

eG
A
ex
cr
et
io
n

In
cr
ea
se

In
cr
ea
se

In
cr
ea
se

In
cr
ea
se

In
cr
ea
se

In
cr
ea
se

In
cr
ea
se

C5
D
C
in

D
BS

(r
ef
.

<
0.
22
𝜇
m
ol
/L
)

N
D

0.
38

N
D

N
D

0.
34

0.
43

4.
9

N
uc
le
ot
id
ec

ha
ng

e
(1
)c
.8
92

G
>
A
;

(2
)c
.12

44
-2
A
>
C

(1
)c
.10

60
G
>
A
;

(2
)c
.11
68
G
>
T

(1
)c
.10

63
C>

T;
(2
)c
.12

61
G
>
A

(1
)c
.3
82

C>
T;

(2
)c
.10

63
C>

T
(1
)c
.2
27
A
>
C

(2
)c
.2
27
A
>
C

(1
)c
.39

2A
>
T

(2
)c
.12

44
-2
A
>
C

(1
)c
.11
57
G
>
A

(2
)c
.11
57
G
>
A

Pr
ot
ei
n
ch
an
ge

p.
A
la
29
8Th

r;
Sp
lic
es

ite
p.
G
ly
35
4S
er
;

p.
G
ly
39

0T
rp

p.
A
rg
35
5C

ys
;

p.
A
la
42
1Th

r
p.
A
rg
12
8∗
;

p.
A
rg
35
5C

ys
p.
G
ln
76
Pr
o

p.
G
ln
76
Pr
o

p.
G
lu
13
1V
al

Sp
lic
es

ite
p.
A
rg
38
6G

ln
p.
A
rg
38
6G

ln

Re
fe
re
nc
e

G
oo

dm
an

et
al
.(
19
98
)[
12
]

Ta
ng

et
al
.(
20
00
)[
10
]

Sc
hw

ar
tz
et
al
.(
19
98
)[
13
]

Th
is
stu

dy
G
oo

dm
an

et
al
.(
19
98
)[
12
]

G
oo

dm
an

et
al
.(
19
98
)[
12
]

Bu
sq
ue
ts
et
al
.[
14
]

G
oo

dm
an

et
al
.(
19
98
)[
12
]

Th
is
stu

dy
Th

is
stu

dy
Ta
ng

et
al
.(
20
00
)[
10
]

G
oo

dm
an

et
al
.(
19
98
)[
12
]

Pa
th
og
en
ic
ity

pr
ed
ic
tio

n
(M

ut
at
io
nT
as
te
r2
)

D
ise

as
ec

au
sin

g
(b
ot
h)

D
ise

as
ec

au
sin

g
(b
ot
h)

D
ise

as
ec

au
sin

g
(b
ot
h)

D
ise

as
ec

au
sin

g
(b
ot
h)

D
ise

as
ec

au
sin

g
D
ise

as
ec

au
sin

g
(b
ot
h)

D
ise

as
ec

au
sin

g

“+
”
=
pr
es
en
t;
“−

”
=
ab
se
nt
;S
D
H

=
su
bd

ur
al
ha
em

or
rh
ag
e;
SD

E
=
su
bd

ur
al
eff
us
io
n;

G
A
=
gl
ut
ar
ic
ac
id
s;
N
D

=
no

td
et
er
m
in
ed
;a
nd

Ty
pi
ca
l∗

=
bi
la
te
ra
lw

id
en
in
g
of

th
e
Sy
lv
ia
n
fis
su
re
sa

nd
at
ro
ph

y
ov
er

th
e

fro
nt
ot
em

po
ra
lr
eg
io
ns
.

Bo
ld

de
no

te
sn

ov
el
m
ut
at
io
n.



4 BioMed Research International

4. Discussion

In this paper, we presented our findings on the clinical and
molecular aspects of GA1 in seven patients from Malaysia.
Clinically, our patients showed typical features of GA1 such
as macrocephaly that was followed by acute encephalopathic
crisis, resulting in neuroregression. Consequently, majority
of our patients (5/7, 71.4%) suffered severe motor disability
and absence of speech. Late diagnosis was a major issue
contributing to the severe outcome observed in our patients
with 57.1% (4/7) diagnosed after 1 year of onset of symptoms.
If started before encephalopathic crisis, dietary treatment and
L-carnitine supplementation can prevent such complications
[6]. However, since clinical presentation was not specific
before onset of encephalopathic crisis, MS/MS-based neona-
tal screening or DNA-based screening should be used to
detect presymptomatic patients [6].

The spectrum of mutations identified in our patients
was similar to previous report [17]. Two mutations, Arg128∗
and c.1244-2A>C, were predicted to abolish GCDH enzyme
activity by producing a truncated protein. The Gly354Ser
mutation was shown to abolish GCDH enzyme activity in
cultured fibroblasts [13] while Ala298Thr mutation signifi-
cantly reduced GCDH enzyme activity to 5–10% [18]. The
Arg355Cys, Ala421Thr, and Gly390Trp mutations affected
the same positions as Arg355His, Ala421Val, and Gly390Ala,
respectively, all of which were reported to have no enzymatic
activity by cultured fibroblasts or expression in E. coli [12, 13,
18].

Two recurrent mutations have been detected: Arg355Cys
in patients 3 and 4 and c.1244-2A>C in patients 1 and
6. Both mutations were previously reported to be disease
causingmutations as they abolished enzyme activity in E. coli
and cultured fibroblast, respectively. Despite the absence of
functional studies for novel mutations, Gln76Pro, Glu131Val,
and Gly390Trp, they were predicted to be pathogenic based
onMutationTaster2 and not present in our 100 normal alleles.
Besides that, the amino acids of novel mutations are highly
conserved among different species suggesting that the region
plays an important role in GCDH activity.

Of the seven patients, two patients from consanguineous
marriage (patients 5 and 7) were mildly affected with gen-
erally good prognosis. Patient 7 harboured changes from
positively charged arginine to polar Glutamine (Arg386Gln)
whereas patient 5 exhibited changes from polar hydrophilic
Glutamine to nonpolar hydrophobic proline (Gln76Pro).
Although MutationTaster2 predicted that both variants to be
disease causing but it could not explain the mild phenotype
in patients since very little correlation between genotype and
phenotype was available in GA1 patients [13]. Even in siblings
with the samemutations, there was a notable difference in the
phenotypes, further indicating that genotype does not predict
clinical outcome [17]. Therefore, better patient outcomes are
not associated with genotypes but rather with early diagnosis
and timely treatment [17].

In conclusion, we have characterized both the clinical
and molecular aspects of GA1 in Malaysian patients. The
setting up of biochemical and molecular testing for GA1 will
hopefully allow for detection of presymptomatic patients that

can be treated early. Functional studies especially for novel
mutations should be considered to confirm the pathogenicity.
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