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Abstract

Many of the previously described enzymatic assay methods for the diagnosis of medium-chain acyl-CoA dehydrogenase (MCAD)
have been dependent upon the measurement of radioisotope-labeled co-products or reduction of electron acceptors. We have deve
assay method to detect 2-enoyl-CoA production using high-performance liquid chromatography (HPLC). Crude cell lysate prep
lymphocytes were incubated withn-octanoyl-CoA and ferrocenium hexafluorophosphate. The detection of 2-octenoyl-CoA was signi
reproducible. We applied the assay to samples from four infants suspected to have MCAD deficiency by tandem mass spectromet
newborn screening conducted in the Hiroshima area of Japan. Three of them were proved to have pathologically reduced resid
activities, although they were associated with various clinical and biochemical phenotypes. In addition, another symptomatic Japan
and her presymptomatic sibling who were detected by MS/MS selective screening were successfully diagnosed by our enzymatic a
results indicate that the method can be a useful confirmatory test for MS/MS screening of MCAD deficiency.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Tandem mass spectrometry (MS/MS) has enabled screen-
ing of inborn errors of fatty acid oxidation, includ-
ing medium-chain acyl-CoA dehydrogenase (MCAD; EC
1.3.99.3) deficiency. In order to aid the timely follow-up of
screening results that suggest abnormalities in MCAD, rapid

∗ Corresponding author. Tel.: +81 82 257 5212; fax: +81 82 257 5214.
E-mail address:ugoch@mac.com (G. Tajima).

and simple confirmatory tests for the enzyme activity an
gene mutation analysis should be available. For the enzy
study, the assay which uses the reduction of electron t
fer flavoprotein (ETF) has been utilized as a standard me
[1–3]. However, since this method requires purification of
liver ETF and must be performed under strictly anaer
conditions, it is disadvantageous and other artificial e
tron acceptors, such as ferrocenium ion[3,4], and phenazin
methosulfate (PMS) in combination with dichlorophe
indophenol (DCIP)[5], have been utilized. The assay
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tritium release from [2,3-3H]acyl-CoA was described as a
radioisotope-dependent method[6]. In addition, intact-cell
oxidation assays using the14CO2 release[1,4,5] and the tri-
tium release from [9,10-3H]fatty acids[7–9] were frequently
utilized in previous studies.

Despite being the main product of the enzymatic reaction
in the assays mentioned above, 2-enoyl-CoA production is
not directly detected in these methods. There were several
reports on the product formation in such assays. Kølvraa et
al. detected the production of 3-hydroxyfatty acid using gas
chromatography mass spectrometry (GC/MS) by coupling 2-
enoyl-CoA production with crotonation and alkaline hydroly-
sis[10], and this method was utilized in other studies[11,12].
Wanders[13] and Oey[14] referred to their method that
detects the enoyl-CoA species produced by dehydrogenation
of 3-phenylpropionyl-CoA using high-performance liquid
chromatography (HPLC); however, the details of the method
have not been described. In order to realize a practical method
for enzymatic diagnosis of MCAD deficiency, we have devel-
oped another HPLC-based assay whereinn-octanoyl-CoA is
used as substrate and 2-octenoyl-CoA production is directly
detected. In this report, we will also demonstrate the appli-
cation of our method to confirming MCAD deficiency in
patients found through an MS/MS newborn screening pro-
gram conducted in Japan.
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before analysis, distilled water was added to the pellets to
achieve a cell density of 106 lymphocytes/50�l, and the cells
were lysed by pulsed sonic disruption (1 cycle/s with 30%
duty cycle of sonic burst at 45 W, using SONICATOR W-
225R; Misonics, New York, USA) that took 2 min under
ice bath conditions. Complete disruption of the cells was
ascertained by microscopic examination. Immediately fol-
lowing sonication the crude cell lysate was used for the
reaction.

2.3. Enzymatic reaction

n-Octanoyl-CoA and FcPF6 were dissolved in distilled
water just prior to each analysis. The reaction mixtures
were comprised of 80 mmol/l K2HPO4 (pH 7.0), 2 mmol/l
n-octanoyl-CoA, 1 mmol/l FcPF6, and a 50�l aliquot of the
crude cell lysate, resulting in a total volume of 100�l. FAD
was added to some samples and omitted in some other sam-
ples. The mixture was incubated at 37◦C, and the reaction
was terminated by adding 100�l of acetonitrile. Control
blanks, to which acetonitrile was added before incubation,
were prepared for each assay. Denatured protein and other
insoluble constituents were precipitated by centrifugation at
7200×gat 4◦C for 10 min, and a 20-�l aliquot of the super-
natant was analyzed by HPLC.
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.1. Reagents

n-Octanoyl-CoA (MW 893.7) and flavin adenine d
cleotide (FAD) were purchased from Sigma Chem
St. Louis, MO, USA). Ferrocenium hexafluorophosph
FcPF6) was purchased from Aldrich (St. Louis, M
SA). Acyl-CoA oxidase (ACO) was purchased from Wa
ure Chemical Industries (Osaka, Japan). All the o
hemicals used were of the highest purity commerc
vailable.

.2. Preparation of crude cell lysate

Human lymphocytes were isolated from venous bl
amples. Informed consent was acquired prior to blood
ling. Heparinized blood was diluted 1:1 with saline

ayered over SEPARATE-L lymphocyte isolation medi
Muto Pure Chemicals, Tokyo, Japan). After centrifuga
t 25◦C for 30 min at 400×g, lymphocytes were isolate
nd washed twice with saline, each time followed by c

rifugation at 4◦C for 10 min at 200×g. The number of lym
hocytes obtained was counted, and the cells were wa
gain with saline followed by centrifugation at 4◦C for
0 min at 400×g. Subsequently, the lymphocytes were tra

erred to other tubes and centrifuged at 4◦C for 5 min at
200×g. The saline was discarded, and the final cell

ets were either used directly or kept at−80◦C. Immediately
.4. HPLC analysis

The product of the enzymatic reaction and the other
tituents were separated by an HPLC system (LC-10
himadzu, Kyoto, Japan) equipped with a reverse-p
ctadecylsilane column of 150 mm× 6.0 mm (STR ODS

I; Shinwa Chemical Industries, Kyoto, Japan). The mo
hase was composed of 100 mmol/l NaH2PO4 (pH 4.0) and
8% (v/v) acetonitrile, and it was pumped at a flow rat
.5 ml/min. The CoA-derivatives were detected at 260
sing an ultraviolet spectrophotometric detector (SPD
himadzu). The peak area was quantified using a data
essing system (C-R4A chromatopac, Shimadzu). Lac
commercially available authentic standard for 2-octen
oA, we performed the identification and quantification

ollows.

.5. Identification of 2-octenoyl-CoA

Since the amount of product in the assay for dehy
enase activity towardn-octanoyl-CoA (hereafter MCAD
ctivity) was limited for further analysis, we utilized t
CO activity towardn-octanoyl-CoA, using modification
f a previous report[15]. The product, theoretically consi
red to be 2-octenoyl-CoA, was separated by HPLC.
obile phase was composed of 100 mmol/l CH3COONH4

pH 4.0) and 30% (v/v) acetonitrile, with the flow rate
t 1.5 ml/min. The fraction of the product was collected

ntroduced into a time of flight mass spectrometer equip
ith an electrospray ion source (ESI-TOFMS; Q-STAR X
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Applied Biosystems, Foster City, CA, USA). Scan range was
m/z100–1000 in the negative ion mode.

2.6. Quantification of 2-octenoyl-CoA

The collected fraction of the product of the ACO reaction
was dried at 25◦C in a centrifugal vaporizer (CVE-200D;
Tokyo Rikakikai, Tokyo, Japan). The resultant material was
dissolved in distilled water, and the absorbance at 258 nm was
quantified using a spectrophotometer (Hitachi 557, Tokyo,
Japan). The concentration of 2-octenoyl-CoA was calculated
based upon a previous report that determined the extinc-
tion coefficient of 2-octenoyl-CoA to be 20.4 mM−1 cm−1 at
258 nm[16]. The same samples were re-analyzed by HPLC
under the condition used for the assay of MCAD activ-
ity (hereafter MCAD assay) to determine the correlation
between the peak area and the concentration of 2-octenoyl-
CoA.

2.7. Identification of mutations in the MCAD gene

Genomic DNA was isolated from white blood cells by
standard laboratory procedures. Polymerase chain reaction
(PCR) was used to amplify all twelve exons, including part
of the flanking intron sequences, of the human MCAD gene,
with intron-located primers as previously described[17],
u ycler
( A,
U l and
w ion
K ycle
s ator

Cycle Sequencing Ready Reaction Kit (Applied Biosystems)
on an automated sequencer (ABI PRISM 310 Genetic Ana-
lyzer; Applied Biosystems).

3. MS/MS newborn screening in the Hiroshima area

We have conducted a pilot study of MS/MS newborn
screening in the Hiroshima area of Japan since 1999. All
newborns in the area whose parents gave written informed
consent in advance were enrolled in this study. Gener-
ally, dried blood spots (DBS) were collected on the fifth
day after birth, and were analyzed by MS/MS. Details of
the MS/MS protocol were described elsewhere[18]. New-
borns showing elevated levels of octanoylcarnitine (C8-
carnitine) in DBS (cut off < 0.3 nmol/ml) associated with
the ratio of octanoylcarnitine to decanoylcarnitine (C8/C10)
higher than 1.5 were suspected to have MCAD defi-
ciency.

In a period from April 1999 through October 2004,
101,020 out of 154,998 newborns (65.2%) in the Hiroshima
area consented to participate in this screening. Octanoyl-
carnitine levels were abnormally elevated in DBS obtained
from four newborns. One of them was an extremely-low-
birth-weight (ELBW) infant who was supplemented with
m tra-
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nder standard conditions in an automated thermal c
DNA Thermal Cycler 480; Perkin-Elmer, Wellesley, M
SA). PCR products were separated on 2% agarose ge
ere purified with GFX PCR DNA and Gel Band Purificat
it (Amersham Biosciences, Piscataway, NJ, USA). C
equencing was performed using DNA BigDye Termin

able 1
rofiles of the patients diagnosed with MCAD deficiency

Patient 1

ear of birth 2000
ex Male
thnicity Father: Japanese–Peruvian

Mother: Japanese–European
8 in neonatal DBSa (C8/C10
ratio)b

0.62 (3.65)

ighest C8 in serumc (C8/C10
ratio)b

5.97 (3.49)

exanoylglycine in urine Elevated (in acute metabolic failu
ypoketotic dicarboxic aciduria Detected (in acute metabolic fai
CAD activityd 10.3%
CAD gene mutation
(paternal/maternal allele)

449–452delCTGA/157C > T

linical presentation Acute metabolic failure
(cardiopulmonary arrest) at 8 mon
old

a Concentration of octanoylcarnitine in dried blood spots for newbor
b The ratio of octanoylcarnitine to decanoylcarnitine in dried blood spo

s indicative of MCAD deficiency.
c Concentration of octanoylcarnitine in serum, expressed as nmol/m
d n-Octanoyl-CoA dehydrogenase activity, expressed as percentag
edium-chain triglyceride oil; the C8-carnitine concen
ion and the C8/C10 ratio in DBS were 0.62 nmol/ml
.17, respectively. He was proved to have normal MC
ctivity afterward. Profiles of the other three suspected c
re summarized inTable 1. There was no consanguinity
ny of the three families.

atient 2 Patient 3

001 2003
emale Male

Japanese Japanese

.92 (11.38) 0.43 (1.87)

9.56 (11.93) 1.21 (2.24)

Elevated (in neonatal period) Not elevated
Detected (in neonatal period) Not detected

6% 13.2%
nknown/unknown Unknown/449–452delCTGA

ymptomatic as of 42 months old Asymptomatic as of 16 month

ning, expressed as nmol/ml (cut off < 0.3).
serum. The ratio higher than 1.5 associated with the elevation of octanoylcarnitine

ff < 0.2).
mean of those in samples from 15 normal subjects.
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Fig. 1. A part of the sequence of exon 6 in a sample collected from patient 3. Direct sequencing identified a heterozygous deletion of four base pairs (CTGA)
at the sites 449–452.

4. Case reports

Patient 1 was a healthy 8-month-old boy of Japanese–
Peruvian–European descent born in 2000, who abruptly
became ill and rapidly fell into cardiopulmonary arrest asso-
ciated with liver dysfunction and hyperammonemia (AST
286 IU/l, ALT 257 IU/l, CK 8702 IU/l, NH3 > 400�g/dl).
Plasma glucose at the onset was not measured. Fortunately,
resuscitation and intensive care were started early, so that he
recovered without any sequelae. The concentration of C8-
carnitine and the C8/C10 ratio in serum collected during the
acute symptomatic period were 5.97 nmol/ml (cut off < 0.2)
and 3.49, respectively, and those in DBS for newborn screen-
ing were 0.62 nmol/ml and 3.65, respectively. The organic
acid profile of urine was analyzed by GC/MS according to a
previously reported method[19]; hypoketotic dicarboxylic
aciduria and elevated hexanoylglycine were evident. The
concentration of C8-carnitine in serum collected during the
period of recovery from the metabolic failure decreased to a
level slightly above the cut off value (0.41 nmol/ml). We did
not follow this patient any longer because he moved away
from the Hiroshima area soon after the recovery.

Patient 2 was a Japanese girl born in 2001 as a mature
infant without any familial history suggestive of metabolic
disorders. The concentration of C8-carnitine in DBS was
5.92 nmol/ml, with the C8/C10 ratio being 11.38. When she
c her
e ical
p lood
g Analy
s led
n ex-
a nths,
t ays
b itine

reached 19.56 nmol/ml at highest, when the C8/C10 ratio was
11.93.

Patient 3 was a Japanese boy born in 2003. There was no
particular problem in his familial, fetal, or perinatal history.
The concentration of C8-carnitine in DBS was 0.43 nmol/ml,
and the C8/C10 ratio was 1.87. Organic acid profile of
urine collected at the age of 1 month was normal. He has
been asymptomatic until 16 months old, with the concentra-
tion of C8-carnitine always slightly above the cut off value
(1.21 nmol/ml at highest with the C8/C10 ratio being 2.24).

Two different mutations in the MCAD gene were iden-
tified in the samples collected from the three patients; a
novel mutation of 449–452delCTGA (exon 6) in one allele of
patients 1 and 3 each (Fig. 1), and a single base transition of
157C > T (exon 3) in the other allele of patient 1. Regarding
patient 1, the del449–452 mutation derived from his father of
Japanese–Peruvian descent, and the 157C > T mutation from
his mother of Japanese–European descent. Patient 3 inherited
the allele harboring the four-base deletion from his mother.
No mutation was identified in the other allele of patient 3, or
in either allele of patient 2.

5. Results

Kinetic studies on the MCAD activity were initially per-
f
p the
r l/l
( F
c ase
w sted;
0 f
i n
m not
ame to our clinic on the 25th day after birth for furt
xamination, there was no abnormal finding in her clin
resentation, blood gas analysis, or in the levels of b
lucose, plasma ammonia, and serous transaminases.
is of urine collected on her first visit by GC/MS revea
on-ketotic dicarboxylic aciduria and elevation of h
noylglycine. She has been asymptomatic until 42 mo

hough the profiles of acylcarnitines in serum have alw
een highly abnormal; the concentrations of C8-carn
-

ormed using crude cell lysate prepared from 106 lym-
hocytes. Product formation linearly increased within
ange ofn-octanoyl-CoA concentration from 0.5 to 4 mmo
n= 4, Fig. 2a). Product formation with regard to FcP6
oncentration and incubation time exhibited an incre
ith a tendency to reach a plateau within the range te
.25–4 mmol/l of FcPF6 (n= 3, Fig. 2b), and 5–30 min o

ncubation (n= 3, Fig. 2c). Adding FAD to the reactio
ixture at concentrations of 0.1, 1, and 10 mmol/l did
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Fig. 2. Rate of 2-octenoyl-CoA production by crude cell lysates prepared from lymphocytes of normal subjects, as a function of (a)n-octanoyl-CoA concentration
(n= 4); (b) FcPF6 concentration (n= 3); (c) incubation time (n= 3); and (d) density of lymphocytes in the crude cell lysate (n= 2). Each point of the data represents
the mean and the range of the values.

affect product formation (data not shown). When the con-
centrations ofn-octanoyl-CoA and FcPF6 in the reaction
mixture were kept at 2 mmol/l and 1 mmol/l, respectively,
and the incubation time was kept 10 min, product forma-
tion increased linearly depending on the initial cell density in
the crude cell lysate. This cell density was within the range
of 0.25× 106–3× 106 lymphocytes/50�l (n= 2, Fig. 2d).
Based on these results, we determined the assay condition
as follows; the reaction mixture should contain the crude cell
lysate prepared from 106 lymphocytes, 2 mmol/ln-octanoyl-
CoA, and 1 mmol/l FcPF6, with the incubation for 10 min.

Fig. 3a shows a representative chromatogram of the
MCAD assay in a sample from a normal subject. The peak
of the product that was assumed to be 2-octenoyl-CoA was
eluted after an 8-min retention time and was well resolved

from the other constituents. The retention time was compat-
ible to that of the product of the ACO reaction. Analyzed by
ESI-TOFMS, this compound presented a base peak ofm/z
444.5, while the mass spectrum of the base peak for authen-
tic n-octanoyl-CoA wasm/z 445.5, both corresponding to
doubly-deprotonated molecular ions ([M− 2H]2−; Fig. 3b
and c). These results demonstrated that the peak obtained
in the chromatogram of the MCAD assay was indicative
of 2-octenoyl-CoA. The concentration of 2-octenoyl-CoA
dissolved in distilled water that was calculated from the
absorbance at 258 nm correlated linearly with its peak area
on HPLC within the range of 1.03–102.94 pmol per 20�l
of samples introduced into HPLC (Fig. 4). Based on the
method from IUPAC provisional draft (Currie LA, 1994),
detection limit and quantification limit of 2-octenoyl-CoA
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Fig. 3. (a) A representative chromatogram of the assay for the MCAD activity in lymphocytes from a normal subject. The product of the reaction was eluted at
a retention time of approximately 8 min. The retention time was compatible to that of the product of the ACO reaction. Analyzed by ESI-TOFMS, (b) authentic
n-octanoyl-CoA presented a base peak ofm/z445.5, while (c) the fraction of the product of the ACO reaction contained a compound presenting a base peak of
m/z444.5. Both mass spectra corresponded to [M− 2H]2− molecular ions.

were determined to be 0.62 and 1.87 pmol, respectively.
The detection limit was lower than approximately 2% of the
mean 2-octenoyl-CoA production in samples from normal
subjects. In the above conditions, the MCAD activity was
determined as a mean of duplicated assays with subtraction
of a blank value, expressed as pmol 2-octenoyl-CoA/min per
106 lymphocytes. Thus, activity that is as low as 0 pmol/min
per 106 lymphocytes can theoretically be determined.
Coefficient of variation of the intra-assay (n= 5) was 6.6%
and that of the inter-assay conducted on five consecutive
days (n= 5) was 4.0%.

The MCAD activities in the samples collected from nor-
mal subjects (n= 15) ranged from 24.96 to 40.92 pmol/min
per 106 lymphocytes, with a mean± S.D. value of
32.96± 5.47 pmol/min per 106 lymphocytes, whereas those
in the samples collected from patients 1, 2, and 3 were 3.40,
0.85, and 4.34 pmol/min per 106 lymphocytes, respectively.
Residual activities of the three patients were calculated to
be 10.3%, 2.6%, and 13.2% of the mean of those in nor-
mal subjects, respectively (Fig. 5). The MCAD activity in
the lymphocytes of the ELBW infant, who showed abnormal
results in the MS/MS screening, was normal (107.4% of the
mean of those in normal subjects).

In addition, we applied the enzymatic assay to another
symptomatic Japanese girl, who was the first confirmed
patient of MCAD deficiency in Japan and was referred to in
our previous report[18] (patient 4), and her younger brother
who was presymptomatically found to have elevated levels
of C8-carnitine (patient 5). The MCAD activities in their
lymphocytes were 3.2% and 2.4% of the mean of those in
normal subjects, respectively. More detailed information
about these siblings will be described elsewhere (Ohtake et
al., in preparation).

The MCAD activity of the mother of patient 3, who
had the same deletion in one allele of the MCAD gene,
was 12.97 pmol/min per 106 lymphocytes (39.4% of the
mean of those in normal subjects), while that of his
father was slightly below the range of the normal con-
trol value (23.18 pmol/min per 106 lymphocytes, or 71.9%
of the mean of those in normal subjects). Comparatively,
the enzyme activities in lymphocytes of the mother of
patient 2, and the father and the mother of patients 4
and 5, were 32.2%, 36.5%, and 27.0% of the mean of
those in normal subjects, respectively. Distribution of the
MCAD activities of these carriers is also presented in
Fig. 5.
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Fig. 4. A regression line between the amount of 2-octenoyl-CoA and the
peak area on HPLC is described within the lower part of the range studied.
2-Octenoyl-CoA dissolved in distilled water was introduced into the HPLC
at eight different concentrations ranging from 1.03 to 102.94 pmol per 20�l
of sample and repeated five times for each concentration.

Fig. 5. The MCAD activities in samples from normal subjects (n= 15),
patients with MCAD deficiency (n= 5), their parents (n= 5), and a false
positive case, measured under the determined assay condition, are shown a
percentage of the mean of those in normal subjects. Residual MCAD activ-
ities of the patients ranged from 2.4% to 13.2%. The enzymatic activities
of their parents ranged between those of the patients and the normal sub-
jects (27.0–71.9%). The very-low-birth-weight neonate supplemented with
medium-chain triglyceride oil had normal level of MCAD activity (107.4%).

6. Discussion

The introduction of acylcarnitine analysis by MS/MS
has enabled mass screening of fatty acid oxidation dis-
orders including MCAD deficiency. As the application of

this technique to newborn screening prevails, there will be
increasing need for simpler tests to confirm the abnormal
results indicative of MCAD deficiency, especially in cases
that do not have the common 985A > G mutation in the
MCAD gene. Thus, it is worth establishing a rapid and sim-
ple method of enzymatic diagnosis. Various methods have
been described in previous reports and are summarized in
Table 2. In a previous review[13], Wanders et al. pointed
out the following demerits of these conventional methods:
use of radioisotopes (14CO2 release, tritium release), require-
ment of commercially unavailable reagents (tritium release
from [2,3-3H]acyl-CoA, ETF reduction), demand of anaer-
obic conditions (ETF reduction), high background activity
(FcPF6 reduction, PMS/DCIP reduction), or need for deriva-
tization (GC/MS-based assay). They suggested that their
HPLC-based product formation assay was superior, and using
this method Oey et al. reported some data on the activities
of MCAD and other fatty acid oxidation enzymes in human
placenta[14]. However, based on the information referred
by us, neither details of their method, nor data obtained by
applying the method to patients with MCAD deficiency have
been described.

We also intended to develop an MCAD assay method for
directly detecting 2-enoyl-CoA formation. Since it was previ-
ously reported that lymphocytes could be used for enzymatic
assay of MCAD[1,4,13], we have shortened the assay process
b urce.
A
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p
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r d,
w lym-
p rning
t CoA
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m els of
m is of
M nd
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s idual
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y using peripheral lymphocytes as a crude enzyme so
lthough the dehydrogenase activity towardn-octanoyl-CoA

n a crude cell lysate can be influenced by the similar enzy
ocated in peroxisomes[20], Wanders et al. showed that su
eroxisomal contribution should be only minimal[4]. The
nalytical procedure was simplified by adopting HPLC, a

shing the need of radioisotopes and further derivatizatio
he product. Thus, it only takes several hours from samp
f blood to the end of the assay. The amount of the b
equired of newborns is a few milliliters of whole bloo
hich is usually adequate to isolate sufficient number of
hocytes that are required for repeated assays. Conce

he substrate, Wanders et al. used 3-phenylpropionyl-
13], which was shown to be highly specific to MCAD, le
nfluenced by overlapping chain length specificities of o
cyl-CoA dehydrogenases[21]. However, the superiority o

his compound diminishes, because it has to be synthesi
ach laboratory. For practical purpose, it is desirable to e

ish a reliable assay method by usingn-octanoyl-CoA, which
as been utilized in many of the previous studies (Table 2),
nd is commercially supplied.

The levels of residual MCAD activity in our three patie
eem to be either consistent with or superior to those in
ious reports (Table 2). Patient 1 abruptly developed sev
etabolic decompensation associated with elevated lev
edium-chain acylcarnitines in serum, and the diagnos
CAD deficiency was confirmed both enzymatically a
enetically. Compared with this case, patient 2 had alw
hown severer biochemical abnormalities, and the res
CAD activity in her lymphocytes was also clearly low
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Table 2
Methods for enzymatic diagnosis of MCAD deficiency described in previous reports

Author Method Source of enzyme
(crude cell lysate)

Substrate Number of
patients

Mean residual
activity (%)

Coates[1] ETF reduction Fibroblasts Octanoyl-CoA 10 9.2
Lymphocytes 6 9.0

Frerman and
Goodman[2]

ETF reduction Fibroblasts Octanoyl-CoA 2 (1) 9.2

(2) <3.3
Lehman[3] ETF reduction Fibroblasts Octanoyl-CoA 5 7.6
Lehman[3] FcPF6 reduction Fibroblasts Octanoyl-CoA 5 4.5
Wanders[4] FcPF6 reduction Fibroblasts Octanoyl-CoA 4 9.8
Rhead[5] PMS/DCIP reduction Mitochondria of fibroblasts Octanoyl-CoA 3 5.2
Amendt[6] Tritium release Fibroblasts [2,3-3H]Octanoyl-CoA 19 7.8
Kølvraa[10] 3-OH-Fatty acid formation

(GC/MS)
Fibroblasts Octanoyl-CoA 1 25.0

Niezen-Koning
[11]

3-OH-Fatty acid formation
(GC/MS)

Fibroblasts Hexanoyl-CoA 2 35.7

Duran[12] 3-OH-Fatty acid formation
(GC/MS)

Lymphocytes Octanoyl-CoA 5 2.3–18.8

Wanders[13] 2-Enoyl-CoA formation
(HPLC)

Fibroblasts 3-Phenylpropionyl-CoA ND ND

Lymphocytes

Tajima 2-Enoyl-CoA formation
(HPLC)

Lymphocytes Octanoyl-CoA 5 6.3 (2.4–13.2)

ND: not described.

than that of patient 1. Nevertheless, no mutation was detected
within the entire coding region of the MCAD gene, including
exon–intron junctions. On the other hand, profiles of acylcar-
nitines in DBS and serum from patient 3 have been mild, and
only one mutant allele has been clarified; these observations
suggest that this case could be a heterozygous carrier. How-
ever, the concentrations of C8-carnitine in DBS and serum
of patient 1 during non-symptomatic periods were as low as
those of patient 3, and the residual MCAD activity of patient
3 was also at approximately the same level as that of patient
1. In addition, the MCAD activity of his mother, who was
shown to have the same deletion in one allele, was compat-
ible with the carrier status and was definitely higher than
that of patient 3. Similar levels of residual activity were also
observed in the mother of patient 2 and the parents of patients
4 and 5. These results indicate that patient 3 should also be
a true patient with MCAD deficiency. Taking it into consid-
eration that the father of patient 3 had much higher MCAD
activity than the other carriers, patient 3 is supposed to have
another mutation in paternal allele of the MCAD gene that
should disturb the enzymatic function in a very mild fashion.
According to a review by Chace et al.[22], there are cases
of newborns with less than 1 nmol/ml of C8-carnitine who
have become metabolically decompensated. Therefore, the
severity of MCAD deficiency should not be predicted solely
on the basis of C8-carnitine concentration.

gests
t ific
a ong
J or the
9 ents

[23,24], previous studies on the prevalence of this mutation
failed to identify any mutant allele among Japanese new-
borns[24–26]. To our knowledge other than 985A > G, 49
sporadic mutations have been reported[17,27–39], only two
of which were definitely documented in non-Caucasian sub-
jects[37,39]. None of these various mutations was observed
in the three patients in this study, except 157C > T in one
allele of patient 1, which had been identified in two symp-
tomatic European patients[28]. Instead, 449–452delCTGA,
which provokes premature stop codon at the sites 479–481,
is the first pathological mutation documented in Japanese
patients. Though there were cases where no mutation could
be detected[29], the remaining genetic abnormalities in the
patients in this study are under further investigation.

These facts and speculations highlight the importance of
enzymatic diagnosis of MCAD deficiency, especially among
non-Caucasian populations, and indicate that our MCAD
assay method can diagnose patients with mild deficiency
as well as those with severe clinical and/or biochemical
phenotypes. By using this method as a confirmatory test in
the MS/MS newborn screening program, we have revealed
unexpectedly high frequency of MCAD deficiency in the
Hiroshima area. It is estimated to range from 1:51,666
to 1:33,673, which may not be so much less than that in
the Western countries; recent reports demonstrated that
the frequencies of MCAD deficiency in the United States,
G
a cal
e tory
t rn
s

Genetic heterogeneity observed in our patients sug
hat it may be difficult to utilize a common mutation-spec
ssay as a confirmatory test for MCAD deficiency am
apanese. Although at least one allele was found to harb
85A > G mutation in more than 90% of Caucasian pati
ermany, and Australia were 1:15,000[29], 1:20,800[40],
nd 1:21,300[41], respectively. In conclusion, our practi
nzymatic diagnosis method can be a useful confirma

est for MCAD deficiency found through MS/MS newbo
creening.
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