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Abstract
Medium chain acyl-CoA dehydrogenase
(MCAD) deficiency is a common inher-
ited metabolic disorder affecting fatty
acid P oxidation. Identification of carriers
is important since the disease can be fatal
and is readily treatable once diagnosed.
Twelve molecular defects have been
identified in the MCAD gene; however, a

single highly prevalent mutation, A985G,
accounts for >90% of mutant alleles in
the white population. In order to facili-
tate the molecular diagnosis of MCAD
deficiency, oligonucleotide primers were

designed to amplify the exon regions
encompassing the 12 mutations enzyma-
tically, and PCR products were then
screened with a single strand confor-
mation polymorphism (SSCP) based
method. Minigels were used allowing
much faster run times, and silver stain-
ing was used after gel electrophoresis
to eliminate the need for radioisotopic
labelling strategies. Our non-radioactive,
minigel SSCP approach showed that
normals can be readily distinguished
from heterozygotes and homozygotes for
all three of the 12 known MCAD muta-
tions which were detected in our sam-

pling of 48 persons. In addition, each
band pattern is characteristic for a speci-
fic mutation, including those mapping in
the same PCR product like A985G and
Ti 124C. When necessary, the molecular
defect was confirmed using either res-

triction enzyme digestion of PCR pro-

ducts or by direct DNA sequence analysis
or both. This rapid, non-radioactive ap-
proach can become routine for molecu-
lar diagnosis of MCAD deficiency and
other genetic disorders.

(J Med Genet 1994;31:551-554)

MCAD deficiency is a common inherited auto-
somal recessive disorder of mitochondrial fatty
acid oxidation with a frequency approaching 1

in 10 to 20 000 white infants.'"3 Therefore,
approximately 1 in 50 to 70 persons should be
carriers for the disease. It presents usually
within the first two years of life with fasting
associated hypoketotic hypoglycaemia which
may lead to coma and death. Occasionally,
patients have a single episode without warning
which is fatal; these cases are often diagnosed

as sudden infant death syndrome (SIDS).i7
Treatment of MCAD deficiency is based on
avoidance of fasting and glucose infusion dur-
ing the episode.

Since MCAD deficiency appears to be rela-
tively common with variable clinical presenta-
tion and is readily treatable once diagnosed, it
is important to recognise carriers and sus-
pected cases. Diagnosis can be achieved by
measurement of cis-4-decenoic acid by gas
chromatography mass spectrometry or by
direct detection of acyl-carnitine.>" A more
accessible technique for many laboratories
involves PCR based molecular analysis. The
MCAD gene comprises 12 exons which span
55 kb of DNA.'4 5 Ten single base changes,
one insertion, and one deletion have been
reported to date: eight are clustered in exon 11
(T977C, A985G, a 13 bp tandem repeat inser-
tion at position 999, T1008A, C1045T, a 4 bp
deletion encompassing position 1100-1103,
T1124C and A1161G), two in exon 9 (T730C
and G799A), and one each in exon 6 (G447A)
and exon 3 (C157T).'1-8 The A to G transition
at nucleotide 985 in exon 11 of the MCAD
gene accounts for > 90% of the mutant alleles
characterised in white populations with
MCAD deficiency while some alleles (7-8%)
are still unidentified.'9

Different molecular methods are in use to
detect mutations causing MCAD: modified
PCR/restriction digestion, allele specific PCR
(ASPCR), and allele specific oligohybridisa-
tion (ASO). Screening for the A985G muta-
tion is generally performed by PCR using a
forward primer which creates an NcoI restric-
tion site in the mutant, but not the normal
allele. Resultant PCR products are then
subjected to NcoI digestion followed by electro-
phoresis on native agarose gels.20 This ap-
proach allows detection of the most common
mutation in white populations; however, it
leaves other MCAD defects undetected. Since
the incidence ofMCAD deficiency is relatively
high in the northern European population, a
rapid screening strategy is needed to establish
frequency and mutation heterogeneity. Fur-
thermore, neonatal screening is particularly
useful since symptoms can be prevented by
appropriate management.

Methods and results
We devised a rapid SSCP based method which
identifies at least three of the 12 known muta-
tions. SSCP analysis is an important approach
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for detection of base changes in PCR products,
and has been recently used to distinguish DR4
alleles for determination of HLA compati-
bility.2122 The technique is based on the prin-
ciple that under non-denaturing conditions the
electrophoretic mobility of single stranded
nucleic acid depends not only on size but also
DNA sequence.23 We present important modi-
fications to the original SSCP protocol which
facilitate rapid non-radioactive delineation of
mutations causing disease. Our approach
involves the use of minigels which also allows
much faster run times, and silver nitrate stain-
ing for single stranded DNA detection which
eliminates the need for radioisotopic labelling
strategies. Pharmacia LKB Biotechnology
(Alameda, CA) recently introduced a pre-cast
gel system which uses a similar approach to
mutation detection. Our protocol including
PCR steps takes about four to six hours.

Forty-eight samples from white persons of
northern Europe ancestry were referred to the
Children's Hospital of Philadelphia for deter-
mination of MCAD deficiency. The majority
of those tested were sibs or parents of children
diagnosed with sudden infant death syndrome,
from families with a history ofMCAD disease,
or had atypical profiles for excreted organic
acids and enzymatic assays. Genomic DNA
was extracted from peripheral blood leuco-
cytes using previously described protocols.24
Four segments encompassing exons 3 and 4,
exon 6, exon 9, and exon 11 of the human
MCAD gene were amplified using a DNA
thermocycler as previously described.25 Oligo-
primer sequences with MCAD gene coordin-
ates and PCR product sizes are listed in the
table. Amplifications were performed for 30
cycles in 100 pl of reaction containing 300 ng
of genomic DNA, 6-7 mmol/l MgCl2,
16 6 mmol/l (NH4)2SO4, 5 mmol/l OME,
6-8 gmol/l EDTA, 67 mmol/l Tris Cl pH 8-8,
200 jtmol/l dNTP, 0 15,mol/l primers, and
2 5 U Ampli Taq polymerase (Perkin Elmer
Cetus, Norwalk, CT). Each cycle included the
following denaturation, annealing, and Taq
polymerase extension conditions: 94°C for 45
seconds, 60°C for 30 seconds, and 72°C for 45
seconds for exon 3, 4, and 9 amplifications;
95°C for one minute, 50°C for one minute, and
72°C for 1-5 minutes for exon 6; and 94°C for
two minutes, 56°C for one minute and 30
seconds, 72°C for two minutes for exon 11. Up
to a maximum of 16 PCR products (8 x 2
minigels) can be electrophoresed on a non-
denaturing minigel (7-2 cm x 10-2 cm) (Bio-
Rad Laboratories, Melville, NY) containing
10-12% (w/v) acrylamide (acrylamide/bis 38:1
(w/w)) and 5-10% (v/v) glycerol. PCR pro-
duct (2 gl) is mixed with 10 l of denaturing

solution (95% (v/v) formamide, 0 05% (w/v)
each of bromophenol blue and xylene-cyanol
in 20mmol/I EDTA), samples are heated at
96°C for five minutes, cooled in a 4°C ice bath,
and then electrophoresed in 1 x TBE buffer at
4°C using 120-150 volts for two to four hours.
Visualisation of single stranded DNA was per-
formed by standard silver nitrate staining
(Bio-Rad Laboratories).
SSCP patterns for the different MCAD mu-

tations are shown in the figure. All samples
showing normal SSCP patterns were subjected
to automated DNA sequence analysis and
shown to have normal sequence in the PCR
products of exons 3, 4, 9, and 11 (data not
shown). Two of the eight known mutations in
exon 11 were detected in our samples using
SSCP (lanes 2 and 3). The patterns for normal
(N), A985G, and Ti 124C mutations were

clearly different. Assignment of N/N (figure,
lane 1), A985G/A984G (lane 2), A985/T1 124C
(lane 3), and A985G/N genotypes (lane 5) in the
249 bp PCR product from exon 11 was con-
firmed either by digestion with NcoI for A985G
or AccI for Ti 124C, as described previously.20
The only known mutation in exon 6 was also
readily detected in our samples using SSCP
(lanes 7 and 8). Patterns for normals (lane 6)
and G447A (lane 8) were clearly resolved, and
assignment of the G447A/N genotype (lane 8)
in the 81 bp PCR product from exon 6 was
confirmed by digestion with MseI as described
previously. These results corroborated by
direct DNA sequence analysis of the PCR pro-
ducts suggest that this SSCP protocol has not
missed detection of any other disease causing
mutation in these MCAD gene exon regions in
the samples we analysed. Results of our analysis
of the 48 samples showed the following: 29 were
negative for any of the 12 known mutations, and
there were 11 heterozygotes and six homozy-
gotes for A985G, one heterozygote for G447A,
one compound heterozygote for A985G/
Ti 124C, and one for A985G/G447A. Further
studies are in progress to analyse additional
MCAD gene regions by SSCP for potential
disease causing mutations in the remaining
samples.

Discussion
This non-radioactive minigel SSCP approach
can readily distinguish at least three of the 12
known MCAD disease causing mutations and
may in fact distinguish the remaining known
MCAD mutations. Additional samples con-
taining the remaining nine mutations are now
required to test this. In addition, each band
pattern is characteristic for a specific mutation,
including those mapping in the same PCR

Oligonucleotides used for genomic DNA amplification and DNA sequence analysis
PCR
product

Primer Sequence 5'-3' Exon (bp) Coordinate*

MCAD-1-F AGTTCACCGAACAGCAGA 3 and 4 202 119-136
MCAD-2-R TTCCCAGGCTCTTCTAATTAG 229-249
MCAD-3-F CAAATGCCTATTATTATT 6 81 388-405
MCAD-4-R ACACATCAATGGCTCCTC 451-468
MCAD-5-F GAATTAAACATGGGCCA 9 141 709-725
MCAD-6-R TACAGGTCTGGTTTTATCAAA 829-849
MCAD-7-F CACCAAGCAATATCATTTATG 11 249 946-966
MCAD-8-R CTGATAGATTTTGGCATCCCT 1174-1194

* Coordinates refer to published sequence of the MCAD gene.14
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PCR SSCP assay for MCAD mutations. Bands diagnostic for exon 11 mutations
A985G (band 1 in lanes 2-5) and T1124C (band 2 in lane 3), and the exon 6
mutation G447A (band 3 in lanes 7 and 8) are indicated. Additional common bands
are seen in PCR products encompassing exons 11 and 6 in normal controls (lanes 1

and 6, respectively). Amplifications were done with genomic DNA from normals
(N/N) (lanes 1 and 6), A985G/A985G (lane 2), A985G/T1124G (lane 3),
A985G/G447A (lanes 4 and 7), A985G/N (lane 5), and G447A/N (lane 8).
Patterns in lanes 7 and 8 for exon 6 are identical since A985G maps in exon 11.

product as evidenced by different patterns for
A985G and T1124C in exon 11 (figure, com-

pare lanes 2 and 3, and lanes 3 and 5). Band
patterns differing from those described in this
report can be further characterised by direct
DNA sequence analysis to define the mutation.
This SSCP method is rapid, simple, reliable,
cost effective, and capable of detecting disease
causing mutations in the MCAD gene, and is a

good first step in targeting regions for further
DNA sequence analysis.
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