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The molecular basis of medium-chain acyl-CoA
dehydrogenase (MCAD) deficiency in compound
heterozygous patients: is there correlation between
genotype and phenotype?
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Medium-chain acyl-CoA dehydrogenase (MCAD) defi-
ciency is the most commonly recognized defect of mito-
chondrial B-oxidation. It is potentially fatal, but shows a
wide clinical spectrum. The aim of the present study
was to investigate whether any correlation exists be-
tween MCAD genotype and disease phenotype. We de-
termined the prevalence of the 14 known and seven
previously unknown non-G985 mutations in 52 families
with MCAD deficiency not caused by homozygosity for
the prevalent G985 mutation. This showed that none of
the non-G985 mutations are prevalent, and led to the
identification of both disease-causing mutations in 14
families in whom both mutations had not previously
been reported. We then evaluated the severity of the
mutations identified in these 14 families. Using express-

ion of mutant MCAD in  Escherichia coli with or without

co-overexpression of the molecular chaperonins
GroESL we showed that five of the missense mutations

modulated to a different extent depending on the
amounts of available chaperonins. Thus, some of the
missense mutations may result in relatively high levels
of residual enzyme activity, whereas the mutations lead-
ing to premature stop codons will result in no residual
enzyme activity. By correlating the observed types of
mutations identified to the clinical/biochemical data in
the 14 patients in whom we identified both disease-
causing mutations, we show that a genotype/pheno-
type correlation in MCAD deficiency is not
straightforward. Different mutations may contribute
with different susceptibilities for disease precipitation,
when the patient is subjected to metabolic stress, but
other genetic and environmental factors may play an
equally important role.

INTRODUCTION

Medium-chain acyl-CoA dehydrogenase (MCAD; EC 1.3.99.3)
is one of four chain length specific, straight-chain acyl-CoA
dehydrogenases which initiate the mitochond&iakidation of

affect the folding and/or stability of the protein, and that
the residual enzyme activity of some of them could be
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straight-chain acyl-CoA ester$,Z). The human MCAD gene  On this basis, we have suggested that interindividual variation
consists of 12 exons that span more than 44 kb encodingofiendogenous factors, especially those of the mitochondrial
precursor protein of 421 amino aci@4j. The first 25 amino folding machinery, may be important in determining the suscepti-
acids in the human enzyme are suggested to make up the ledillily to disease precipitatioi(,26,27).

peptide B). On import into mitochondria, the leader peptide is On the other hand, Brackett and co-workéry pave stated
cleaved off, producing the mature MCAD monomer (42.5 kDayhat compound-heterozygosity with the G985 mutation and one
In the mitochondria, folding of the MCAD monomer is assiste®f the non-G985 mutations, A583, gives rise to a particularly
by the chaperonin, mitochondrial heat shock protein 60 (Hsp68§vere presentation of the disease. Based on this one might
(6). Subsequently the monomers are assembled to the functiof@culate whether in some instances the nature of the non-G985
homotetrameric MCAD enzyme, with one molecule of flavinmutation may in itself be sufficient to explain the phenotypic
adenine dinucleotide (FAD) per subunig). The three dimen- €xpression of MCAD deficiency in patients who are not

sional structure of the MCAD enzyme from pig liver has beeROMOzygous for the G985 mutation. _

MCAD deficiency is the most common defect of mitochondriaf correlation between MCAD genotype and clinical phenotype
B-oxidation in humansl(,11). Itis a potentially fatal, autosomal €an be made. We have determined the prevalence of all the 14

recessively inherited defect, which most often presents in the filOWn and seven new mutations in members from 52 unrelated
years of life (1-13). families with MCAD deficiency who all harbor one or two

The clinical manifestations of MCAD deficiency are diverseNoN-G985 allele(s), using a combination of mutation-specific

: S ) ; °CR/restriction enzyme digestion based assays and direct
bml;;u\?vtijfhlIylet?ﬁgrg;(:l\ljvc:ﬁcﬁsgqnfyInc?eu\f;gpncmtgetcogﬁglyf;glyc{equencing of PCR amplified DNA. Then we characterized the

Biochem_ically the_d isegse s charac_terized by urinary e xcretic_)n E\‘?:oli based expression system with or without co-overexpres-
Ce—Clc[)hdlcarboTy:lc _amds,h acyllglycu_1e aln(? ag:ylcarnkl)tlneI clonj_u-$ ibn of the chaperonins GroEL and GroES-07). Finally, we
gates [hexanoylglycine, phenylpropionylglycine, suberylglycin s '

and octanoylcamitine1(.14,15)]. Between 20 and 25% of elated the MCAD genotype to the observed clinical phenotype

patients die suddenly at first presentation of the dis&8ses), {ﬂéhp?relsdfeﬁ?tslfgé; in whom we identified non-G985 mutations in
but affected patients, who remain without symptoms for years '
have also been reporte¢18).
Part of the explanation for this wide clinical spectrum is that
fasting stress, often in connection with fever, is usually requirdRESULTS
to trigger the disease. Differences in MCAD genotype could also
be important for the disease manifestation. However, it is Wqllantification of mutations
known that the entire clinical spectrum of MCAD deficiency can
be observed among patients who are homozygous for the . . . .
prevalent G985 mutationl,16; unpublished results). This We used PCR/restriction enzyme digestion based mutation

ific assays to test for five of the known non-G985 mutations
clearly shows that the most common MCAD genotype—80% ecl ;
patients are homozygous for the G985 mutafi6re()—cannot ocated outside exon 11, namely T148343-48, A447,C730 and

: e : - A99 (20,24,29,30). The A583 mutation located in exonZL),

be correlated with a specific disease phenotype. Despite this ? X .
could still be speculated that patients with other MCADangthgOSSeggrl]) kcv%\?'g ?g:t;%%fsgrmbutaté(i)rrésctloggteuderl]r;ire]xor;fll
genotypes exhibit a more distinct correlation between MCAI_()1 P . y q 9

enotype and clinical phenotype amplified genomic DNA.
) Unftgftunatel little isF,) knowtzpab.out the prevalence of, and th In 50 of 52 families with non-G985 mutations the index

. Y, . . preve ' tients were analyzed. In the remaining two families in whom
disease phenotype associated with the different non-G9

; ) > . ials f hei i ilabl
mutations in MCAD deficiency. So far 14 non-G985 mutatlon,\cgibte”alS fom the index patients were not available, parents and

lings were analyzed instead. Using this approach we identified
have been reported,18,21-24), but only a small number of 1 disease-causing mutations in 14 of the families. In addition

patients have been t_ested f(_)r_all of them. . e have in our previous studies identified both mutations in seven
Due to the very variable clinical spectrum of the disease, MUgR e 52 families15,18,29).

effort has been directed towards elucidating the molecular cell, tamilies where a non-G985 mutation was identified. we also

pathology in MCAD deficiency. In particular the molecularanalyzed all available family members for the mutation. Muta-
defect of the mutant protein (K304E) resulting from the prevalegbns identified by the mutation specific assays were verified in
G985 mutation has been investigaté@%-28), but also three  the index patient by direct sequencing of amplified genomic DNA
other missense mutations have been studi€?%-27,29).  (not shown). Moreover, in those patients in whom we identified
These experiments showed that the folding and/or assemblyffn-G985 mutations we investigated whether the two mutations
these four mutant MCAD proteins is compromised, and that thigere the only mutations present in the two MCAD alleles. This
to a variable extent can be modulated by increasing the amows done by performing direct sequence analysis of amplified
of available chaperonins. In addition, recent experiments hagenomic DNA covering the coding region of all exons of the
shown that the K304E mutant protein resulting from the G98®ICAD gene from these patients (see Materials and Methods). In
mutation is temperature sensitive. Both in human lymphoblasi#i the index patients from the 14 families described below, and
and in expression experiments=scherichia colihe folding of  the seven families previously describ&#,18,29) the presence

the K304E mutant protein could be improved by decreasing tle€ more than one mutation in each allele was excluded in this way.
temperatureZ6). Thus, we were able to ensure that the phenotypes of these patient:

lecular consequences of the identified mutations using our
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were not influenced by additional unrecognized mutations in their A 124
MCAD gene. Met'“Z> lle
ATG ATA

Mutation specific assays

The T157 mutation was only detected in the two families who
have previously been described)(
In two unrelated families (Families 1 and 2) of British origin we Dﬂ}
identified the A447 mutation. In Family 1 the mutation was
identified in the index patient and his asymptomatic brother (Fig. N ﬁ BN M UC
1A), both of whom are carriers of the G985 mutation. This
corresponds well with the fact that the MCAD enzyme defect had
also been indicated in the brother, although he had never A447 —
experienced any symptoms. We also detected the A447 mutation G 447 —
in an unrelated British family (Family 2). In this family the index
patient and her three year younger asymptomatic sister, both of
whom are carriers of the G985 mutation, are heterozygous for the
A447 mutation. This patient is the same as the one described
previously by Yokota_1 and co—\{vorkerZO}[. B Gly**“Lm-Arg
The C730 mutation, previously reported by Yokota and GGA AGA
co-workers 20), was not observed in any of the families we
examined here.
The A799 mutation, previously reported by Yokota and
co-workers 20), was observed in an Australian family (Family
3). The mutation was present in heterozygous form in the index
patient (Fig1B). She is heterozygous for the G985 mutation.
Analysis for theA343-48 mutation44), by Rsd digestion of
a PCR product harboring exon 5 (FifC) revealed one
apparently heterozygous patient who is also a carrier of the G985
mutation. However, sequence analysis of the amplified fragment
showed that the lack of cleavage was not, as expected, due to
removal of the diagnostiBsd site but instead caused by a
347G- A transition (A347), which abolished tisd recogni-
tion sequence (GTAC at position 347-350). The A347 mutation Oyl 3T
changes the second nucleotide of theTTéadon encoding C et !
cystein@ of the mature MCAD protein to TAfor tyrosine. The TGT TAT
A347 mutation has not previously been reported.

__~81bp
— 71bp
— 51 bp

Sequencing of exon 7
A 347

In order to test for the presence of the A583 mutation located in
exon 7 1), we PCR amplified and sequenced a 305 bp fragment G 347 <<
spanning the entire exon 7 and part of the flanking introns.
The A583 mutation was identified in four unrelated families of
Scottish, Irish, Northern-lrish and American origin. In all four
families (Families 4—7) the index patient was heterozygous for
the G985 mutation. Figure 1. (A) Testing for the A447 mutation. The results from testing for the
Analysis of the parents from Family 4 showed that the mothet447 mutation in Family 1 is shown together with a normal control (N) and an
was heterozygous for the AS83 mutation and the father walltialy Eoreb R e o e e and cloaved
heterozygous for the G985 mutation. In Fam”y S anaIyS|S of thgggn?ents with normal sequence are 71 gp. T?le presence of th£A447 mutation
parents showed that the mother was heterozygous for the AS&gndicated by black shading in the pedigrBgTesting for the A799 mutation.
mutation and the father was heterozygous for the G985 mutatiomhe resuits from testing for the A799 mutation in Family 3 is shown. Uncleaved
Analysis of three healthy siblings, two of whom are heterozygou8)C) PCR product is 96 bp. Cleaved A799 mutation bearing fragments are 64

; ; and cleaved fragments with normal sequence are 87 bp. The presence of the
for the G985 mutation, showed that the A583 mutation was n 99 mutation is indicated by black shading in the pedigiadesting for the

pres_ent In any of th_em' In Families 6 and 7 there was no mater'§l43—48 deletion. The results from testing forABd3-48 deletion are shown.
available from family members. Normal control (C). Uncleaved (UC) wild-type PCR product is 232 bp.

In a French family (Family 8) sequence analysis of the indexncleaved PCR product harboring ti@43-348 deletion would be 226 bp.
patient, who is heterozygous for the G985 mutation, showed thgge‘%"ig Vgg?é%)nexggm%fgsz 35 211()8[)")10322;;%?]?5‘1 vcv'i?}z‘éféfggg‘eﬁgﬁzy'fh the
this patient was hEterozygous fo_r a 474G transition (G474). were identified. Lane P shows the patient who was first suspected to be
The G474 mutation has not previously been reported. It chang@serozygous for tha343-348 deletion. Sequence analysis showed that the
the second nucleotide of the T&Bdon encoding tyrosites of observed pattern was instead caused by a 34¥utation that abolished the

the mature MCAD protein to a TAGop codon. If translated such diagnosticRsd site. The 347G. A mutation changes cystefffeto tyrosine.
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a protein would be truncated by nearly two thirds (234 amino
acids) of the coding region.

In a Czech family (Family 9) sequence analysis of the index
patient, who is heterozygous for the G985 mutation, showed her
to be heterozygous for a deletion of a\4{4) corresponding to

| Cantrol .
Patient 14
Control P.

position 474 or 475 of the cDNA sequence. BW&4 mutation &
changes the TGT codon encoding cysteétheo GTG (valine) il
and leads to a premature stop codon only one codon downstream. . .
If translated such a protein would be truncated by nearly two MCAD ‘i"‘

thirds (232 amino acids) of the coding region. Aé4 mutation
has not previously been reported.

In a French family (Family 10) sequence analysis of the index S
patient showed that he was heterozygous for a 5GA
transition (G577). We have previously reported that this patient, -
his father and his healthy sister are heterozygous for a 13 bp '
insertion mutation\999-12) in exon 1116). The mother was B-AGTIN .. -
found to be heterozygous for the G577 mutation. The G577
mutation has not previously been reported. It changes the first —

nucleotide of the £C codon encoding threon#$€of the mature - > Northern bi veis of patient h or A955.56
; ; igure 2. Northern blot analysis of patient homozygous for -
MCAD protein to GoC for alanine. deletion. Northern blot analysis of i@ total RNA from control fibroblasts
(Control F), 15ug total RNA from patient 14 and {ug total RNA from control
placenta (Control P) was performed as described previously using a MCAD
Sequencing of exon 11 probe (53) and B-actin probe (Clonetech, Palo Alto, CA).

We have previously reported the results from sequencing of exBlt they were both heterozygous for this 2 bp deleh@55-56),
11 from Compound heterozygous patients from 36 unreiatégree"]g. We”W|ththe factthattheyare fII’StCOUSIﬂS, and .ShOW”ﬁlg
families with MCAD deficiency 18). In the present study we that the index patient is homozygous for A985-56 mutation.
sequenced exon 11 from the remaining 16 of our 52 families. TeA955-56 deletion changes the reading frame from $&fine

all the investigated persons the results from the G985 assay @&l leads to a premature stop codon only four codons down-
the sequencing were in agreement. Only one of the seven knoffgam. If the mutant MCAD mRNA is translated the resulting
non-G985 mutations located in exon 18,22) was identified. In ~ Protein would be truncated by 99 amino acids.

an American family (Family 11) we identified the previously In order to investigate if the premature stop codon had any
described 4 bp deletio1100-03) 80,31), corresponding to ~ €ffect on the steady state MCAD mRNA amount in patient cells
cDNA position 1100-1103 or 1102-1105. The mutation wa¥e analyzed MCAD mRNA from the patient by Northern blot
identified in heterozygous form in the index patient and his fathetnalysis (Fig2). The results from the Northern blot analysis
The index patient is heterozygous for the G985 mutatio§flocument that the steady state amounts of mutant MCAD mRNA
Interestingly, his mother is homozygous for the G985 mutatioif'e drastically decreased to a level not detectable by this type of
but she has always been asymptomatic. analysis. . o S )

The encoded mutant protein Wouid be truncated by 37 aminoTh|S IS the first MCAD def|C|ent. patlent |dent|f|ed Whp IS
acids. The deleterious nature of this mutation has previously bedmozygous for a non-G985 mutation, and at the same time she
Verified by expression Of recombinant mutant proteE’chh (30) IS the flr§t patlent W|th two mutations that result Ina Complete IaCk

In an Australian family (Family 12) sequence analysis of thf functional MCAD enzyme.
index patient, who is heterozygous for the G985 mutation, showed
that this patient was heterozygous for a 1058A transition  pejetion of exons 11 and 12
(G1055). The G1055 mutation has not previously been reported.

It changes the second nucleotide of thd Tadon encoding In addition to the mutations dealt with above, a deletion covering
tyrosine®2’ of the mature MCAD protein to TiGfor cysteine. the entire exon 11 and 12 of the MCAD gene has been reported
In a family from Argentina (Family 13) sequence analysis of th€23). By examination of our total patient material, including both
index patient, who is heterozygous for the G985 mutation, showé&milies where the patient is homozygous for the G985 mutation
that she was also heterozygous for a 1 bp insertion 6¥74189) and the 52 families where the patient is not homozygous for the
in exon 11 corresponding to cDNA position 1189 or 1190. Th&985 mutation, we excluded the exon 11-12 deletion mutation in

V1189 mutation will lead to a shifted reading frame froml14 families with MCAD deficiency. In 65 families with patients

tyrosiné62 ending with a premature stop codon only four codongho were diagnosed as being homozygous for the G985 on the
downstream. The encoded mutant protein would be truncated bgsis of results from the G985 assay, hemizygosity, and thus the
31 amino acids. This mutation has not previously been reportegresence of the deletion, could be ruled out because both parents

In a Scottish family (Family 14) direct sequence analysis of theere found to be heterozygous for the G985 mutation. In 49
amplified fragment from the index patient showed a normalon-G985 homozygous patients the deletion could be ruled out
sequence through exon 11, except that the nucleotides Afther because they were found to be heterozygous for the G985
corresponding to position 955-956 or 957—958 or alternativelyputation or because they were found to be heterozygous for the
the nucleotides TA corresponding to position 956—957 of thegolymorphic silent 1161A G mutation in exon 113@). These
cDNA were deleted. Sequence analysis of her parents reveatedults document that the deletion mutation is very rare.
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Table 1.Mutations in the MCAD gene

cDNA pos& Exon residue 1991 This studp  Total Ethnicity Family no.  Referencé
Ira 1T T
157C-T 3 R28C 1/2 2/57 2/70 France, Holland (29)
A343-48 5 AG90-C91  Nd 0/57 1/70 USA (24)
347G A 5 ca1y Nd 1/57 1/70 USA (Present study)
447G- A 6 M1241 1/20 2/57 2/70 UK 1,2 (20)
474T-G 7 Y133X Nd 1/57 1/70 France 8 (Present study)
NAT4 7 Truncation Nd 1/57 1/70 Czech Rep. 9 (Present study)
577A-G 7 T168A Nd 1/57 1/70 France 10 (Present study)
583G- A 7 G170R Nd 4/57 6/70 USA, UK, Eire 4,5,6,7 (21)
730T-C 9 C219R 1/20 0/57 1/70 USA (20)
799G- A 9 G242R 2/20 1/57 3/70 Australia, USA 3 (20)
A955-56 11 Truncation Nd 2/57 2/70 UK 14 (Present study)
977T-C 11 M301T Nd 1/57 1/70 USA (18)
Vv999-12 11 Truncation  3/38 2/57 3/70 Spain, France, Germany 10 (15,20)
1008T-A 11 S311R Nd 1/57 1/70 UK (28)
1045C-T 11 R324X Nd 1/57 1/70 USA (18)
1055A- G 11 Y327C Nd 1/57 1/70 Australia 12 (Present study)
A1100-03 11 Truncation 2/23 1/57 3/70 USA 11 (30,31)
11247-C 11 1350T 1/23 0/57 1/70 USA (20)
1150G-T 11 E359X Nd 1/57 1/70 UK (18)
V1189 11 Truncation Nd 1/57 1/70 Argentina 13 (Present study)
11/38 24/57 34/70

2All nucleotide numbering is according to Kelly and co-workers (3).
bIncludes results from references 15,18 and 29

/T = Identified alleles/Tested alleles

dThe reference for the initial identification of the mutation is given.
Nd = Not detected.

The results from the mutation specific assays and sequencingcofoverexpression and a eukaryotic expression syst€@3i7
exon 7 and 11 are listed in Talil@and2. Also the data from the cells (L8,25-27,29).
1991 Workshop repor8@) have been included, and a compilation In the present study we have analyzed five of the remaining six
of the data from 1991 and the data from the present study is atassense mutations present in our patients. Expression of mature
listed. By comparing patient lists from the laboratories involved, allild-type MCAD protein and the mature forms of the mutant
duplicates have been excluded from the list. Moreover, only oMéCAD proteins resulting from the A447, G577, A583, A799,
sibling from each family is counted in the tallies. G1055 and G985 mutations were performed.aoli JIM109 cells.
Transformed JM109 cells harbored expression plasmids encoding
the mature form of wild-type or one of the mutant MCAD proteins
Characterization of the identified mutations and the plasmid pGroESL encoding the chaperonins GroEL and
GroES or the control plasmid pCaP which lack the GroESL
The 12 different non-G985 mutations identified in patientshaperonin genes (see Materials and Methods). The A347 mutation
investigated in the present study (Tablean be divided into six was not tested because it was identified after we had finished testing
missense mutations and six mutations that either directly el the other mutations. Our results from expressing the mutant
indirectly results in creation of a premature stop codon (PS@oteins M124l (A447 mutation), T168A (G577 mutation), G170R
There can be little doubt that all six of the identified PSC mutatiof8583 mutation), G242R (A799 mutation) and Y327C (G1055
are disease-causingy. In contrast, the disease-causing nature afutation) without GroESL co-overexpression show that they all
the identified missense mutations is more complicated to predietxhibit a severely decreased enzyme activity when compared with
Therefore they were characterized by expression of recombindime wild-type protein (Fig3). This indicates the disease-causing
mutant protein inE.coli. A total of 10 missense mutations nature of these mutations. Moreover, our results show that the
(including the G985 mutation) have been identified in our sampknzyme activity of all the mutant proteins, except G170R and
of MCAD-deficient patients (Table and2). We have previously T168A, to a varying degree can be increased by co-overexpression
analyzed four of them (G985, T157, C977 and A1008) using af the GroESL chaperonins, and thus that compromised folding
E.coli based expression system with or without chaperoniand/or tetramer formation is part of the molecular defect mechanism.
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Table 2. Summary of clinical, biochemical and molecular data
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DA, dicarboxylic aciduria; Gly, glycine conjugates present in urine; Car, carnitine conjugates present in plasma/urine; mo,

months;t, dead.

material not available.

one mutation identified in each parent. N =

Parents: Y



Human Molecular Genetics, 1997, Vol. 6, No. 5701

As a first approach to establish an explanation for the observed
| discrepancy between the enzyme activity of the G242R mutant
- protein and the observed amount of tetrameric protein in the

+ Grok native gel we investigated whether this mutation affects the
‘ ‘ thermal stability of the tetrameric mutant enzyme by comparing

M - GroE

its thermal inactivation profile to that of wild-type MCAD protein
(data not shown). Furthermore, we also compared the thermal
‘ ‘ inactivation profiles of the mutant proteins M124l, Y327C and
‘ st K304E to that of wild-type MCAD protein (data not shown).
. M ‘ Measurements of the thermal inactivation profiles were per-
+ formed as previously described for the K304E mutant protein
. i [ R ‘ T i (26). Consistent with our previous experiments we found the
thermal stability of the K304E mutant protein to be moderately
“w . e | decreased as compared to the wild-type. In contrast the thermal
T . - : stability of the M1241 and G242R mutant proteins were similar
WE T BO0AE T MIZH CENER- ARV TIGEA; BT to that of the wild-type MCAD. This shows that for these two
mutations instability of the functional mutant protein does not
Figure 3. Tetramer formation and enzyme activity of mutant MCAD proteins. contribute to the molecular def‘??t meChamsm’ and co_nsequently
Transformed JM109 cells harboring expression plasmids encoding the matufflat & decreased thermal stability is not the explanation for the
part of wild-type or one of the mutant MCAD proteins and the plasmid altered mobility and decreased intensity of the band from the
PGroESL encoding the chaperonins GroEL and GroES (open bars) or th€242R mutant protein in native-PAGE. Therefore, at present we

control plasmid pCaP which lacks the GroESL chaperonin genes (shaded barﬁb_ve no simple explanation for the observed behavior of the
were grown and induced as described (26). Extracts (duplicates) welri%;2 42R mutant protein

investigated by measuring enzyme activity (upper panel) and by PAG . .

followed by Western blot analysis (lower panel). The designations of the mutant_ThF—f thermal stability of the Y327C .mUtant .pro.teln_ was
M1241 (A447 mutation), T168A (G577 mutation), G170R (A583 mutation), significantly decreased as compared to wild-type, indicating that
Gz‘t‘Z_R (A799 fg_““’i“%”i; T327tﬁ (G1055 mUtj!t'O”I) and W'f"lt';]type (IWI)MCIAD this is a major molecular defect mechanism of this mutation.
proteins are indicated below the corresponding lanes of the gel in the lower : :

panel. The bars in the upper panel_ qorr_esponds to the Ianes in the lower pant l:enrr?g;’gglj?;?'/(;):fregz?Ittﬁgrl\c/)lTZmemeJ(tgl;’]etSS:gtg|?1tlzggalts|rr:0\1,‘\|{oﬂr:1at
(Qpper pan(_el) MCAD enzyme activity in thg soluble fraction was mea_sured - _p ! g

with the ferricenium assay (56). Samples with GroESL co-overexpression arthe A447 mutation) resembles that previously described for the
indicated with open bars and samples without GroESL expression are indicat§@ 28C protein (resulting from the T157 mutatiof%+7,29),

with shaded bars. The scale is micromoles of ferricenium reduced per hour p(ﬁamew an isolated defect in the folding process which may be
mg of total soluble protein. Columns represents the average from two tiali dbyvi ina th t of ch . Th
independent experiments where enzyme activity measurements were pep—a lally rescued Dy increasing the amount or chaperonins. €

formed in duplicates in each experiment. The lines on top of the bars indicaté3242R mutant protein (resulting from the A799 mutation)
the range of the values obtained in the two experiments. (Lower pangiy1.25 behaves similarly to the K304E protein (resulting from the G985
Of_tt]oéﬁ't Psfgtg"f‘oﬁgwe% Sglu\t;\I/Zs?gLact;tit\?{r?re Vagr?ifacé%fi‘t fng’ASEinig ";A é‘K’DgeI"nutation), namely with two molecular defects. One that affects
\;vrgtibodies. The position >cl)f the tetrameric ?orm of MCAD prc[))tein is indicated the f0|dmg process (.“ke M1.24|’ R28C and K304E)’ WhIC!’] can be
by an arrow. The band observed above the band from the tetramer hadartly alleviated by increasing the amount of chaperonins and a
previously been shown to cross react with GroESL antibodies, indicating thasecond effect, which cannot be corrected. Based on this the T157,
it represents complexes between GroESL chaperonins and MCAD protein (250447, A799 and G985 mutations may be considered as being
milder than the other missense mutations.
heThe Y327C mutant protein (resulting_ from the G1055 muta-
tion) has two separate defects. One folding defect, which can only
Qe alleviated to a minor extent by chaperonin co-overexpression
and a defect resulting in a decreased thermal stability of the
mutant protein. The molecular defects of the Y327C mutant
rotein are, however, more severe and result in a much lower

low amounts or no tetrameric protein was present from celf€Sidual enzyme activity than those of the K304E mutant protein,
expressing the T168A, G170R and Y327C proteins. Th hich also has defects in folding/tetramerization as well as in
observed amounts of tétrameric MCAD protein correspbndé ermal stability of the functional tetramer. Finally, our results

well with the measured enzyme activities in all cells except E:W that the G577 and AS83 mutations both lead to severe

h 4

To further characterize the molecular defects resulting from t
different mutations we analyzed lysates from Eheoli cells
expressing wild-type MCAD and the mutant proteins by nativ
PAGE followed by Western blotting (Fig). Considerable
amounts of tetrameric MCAD protein was present from cell
expressing wild-type, K304E and M1241 MCAD, whereas ver

those expressing the G242R mutant protein. Despite the fact tHSfECtS in the mutant proteins (T168A and G170R), which cannot
the enzyme activity measured from cells expressing the G243 modulated by chaperonin co-overexpression.

mutant was comparable to that of cells expressing the K304E

protein, the tetramer band observed in the native gel was muplsCUSSION

weaker than that from K304E, and migrated slightly slower.

However, when the wild-type and mutant MCAD proteins wer®ne of the original goals of the present study was to establish
analyzed by SDS-PAGE and Western blotting of pellet andhether any of the known mutationk5(18,21,23,24,29) are
supernatant fractions (not shown) the size of the wild-type and allevalent among the non-G985 chromosomes, and thus, if testing
mutant proteins, including G242R, were correct. Moreover, thgith one or a few mutation specific assays would improve the
amount of G242R and K304E proteins were comparable awmliagnostic efficiency. Our results show that this is not the case.
corresponded well with the measured enzyme activity. None of the 14 mutations previously described, nor the seven new
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mutations identified in the present study are prevalent among thénterestingly, glycin&’C which is changed to an arginine by the
non-G985 chromosomes (Takile A583 mutation, is located in the same turn intsheet domain
The second aim of this study was to investigate if or to whatose to the FAD molecul®) as threonink®8 It may thus seem
extent the different MCAD genotypes can be correlated to tlreasonable to suggest that the drastic substitution of diy@ine
variable clinical phenotypes of the disease. with the much larger and charged arginine in this part of the
In an attempt to investigate this we evaluated the moleculanzyme may disturb FAD-cofactor binding and thus the folding/
defect of all mutations identified in the patients of the presemigomerization of the MCAD tetramer. The fact that a similar
study. Firstly, our results frofa.coli expression of the mutant mutation of the homologous glycine residue to a valine in
proteins document the disease-causing nature of all the misseiss¥aleryl-CoA dehydrogenase has been observed in a patient
mutations investigated. It is noteworthy that the disease-causiwih VD deficiency @6), corroborates the notion that disturb-
nature of the A447 and A799 mutations have not previously beance of the molecular architecture of this part of the acyl-CoA
verified by expression studies, despite the fact that thesehydrogenase enzymes may affect their folding pathway. In this
mutations were identified already in 1920,80). Secondly, our connection it is also interesting to note that a mutation of
results show that the different non-G985 mutations may in fagtutamaté®® (E365K) in glutaryl-CoA dehydrogenase (GCD),
cause different and variable levels of residual MCAD enzymehich is homologous to tyrosi#& (changed to a cysteine by the
activity. Furthermore, the amount of active mutant enzyme is f@1055 mutation) in MCAD, has recently been reported to cause
some of the mutant variants dependent on the level of availal@&D enzyme deficiency, resulting in glutaric-aciduria in patients
chaperonins. In line with the results of our previous report$7). Moreover, we have previously reported that argfine
(18,26,27,29) the G985 mutation was shown to cause a mildgichanged to a cysteine by the T157 mutation) in MCAD is
defect than the other mutations, except for the A447 mutatidromologous to the mutated argififitR22W) in the short-chain
(characterized herein) and the T157 mutation (characterizedanyl-CoA dehydrogenase (SCAD), causing SCAD deficiency
refs26,27 and29). (29,38). Thus, mutations in the homologous amino acids for as
It is interesting to note thé&.coli cells expressing the M124l1 many as three of the amino acids changed by the 12 missense
mutant protein, resulting from the A447 mutation, or the G242Rutations identified in MCAD deficiency have been found in
mutant protein, resulting from the A799 mutation, display up tother acyl-CoA dehydrogenase deficiencies. This indicates that
80 and 40%, respectively, of the MCAD enzyme activity levelthe mutational pattern in the acyl-CoA dehydrogenase enzymes
measured from cells expressing wild-type MCAD, when thés similar, and that mutations often affect residues which do not
folding defect is alleviated by chaperonin co-overexpressioseem to be directly involved in enzyme function, but rather are
Thus, the residual MCAD enzyme activity of the G242R mutanportant for enzyme biogenesis.
protein is similar to the K304E mutant protein and that of M124] Whereas most of the missense mutations may result in residual
is nearly twice as high. It could thus be hypothesized that tddCAD activity above background, the identified PSC mutations,
seriousness of the A447, A799 and G985 mutations could keéhich would result in premature termination if translated, would
influenced by the capacity of the folding machinery in patient cellsot be expected to give any residual MCAD enzyme activity.
In contrast to this the mutant proteins (T168A, G170R anHirstly, we have shown that for two of the mutatidk855-56 in
Y327C) resulting from the G577, A583 and G1055 mutationthe present study af®99-12 in our previous study9®)] where
show very little (Y327C) or no (T168A and G170R) response tpatient cells were available, that they both result in drastically
chaperonin co-overexpression. This indicates that for thesecreased amounts of steady state mutant MCAD mRNA. This
mutations the defect in enzyme biogenesis/stability is so severe tisdh itself sufficient to explain the enzyme defect, and it is in good
the capacity of the folding machinery in patient cells would havegreement with the observation that this type of mutation usually
a much smaller (if any) impact on the residual MCAD enzymeesults in severely decreased amounts of mutant mRM)A (
activity. It is interesting to note that the G577 mutation is the fir&@econdly, for those mutations where the truncated enzymes have
mutation in the MCAD protein that directly affects an amino acitbeen tested by expression (1045C A1100-03 and 1150GT)
(threoniné®8) known to be functionally important. Threorfife  they were shown to result in very low amounts of immunoreactive
is located in th@-sheet domain and forms a hydrogen bond witlprotein and no residual enzyme activity, when compared to
the flavin adenine dinucleotide ring of the bound F8PIf could  wild-type MCAD (18,30). Finally, all eight PSC mutations in the
be speculated that replacement of this important residue wolNCAD gene (Table2) encode proteins lacking the active site
affect FAD binding and/or perhaps disturb electron transfeglutamaté?® (39,40).
Despite this it appears that the main molecular defect of the G577 Ve have thus shown that the different non-G985 mutations may
mutation is on enzyme biogenesis, like all the other identifiedause different levels of residual MCAD enzyme activity.
missense mutations. Results by Saijo and Tanaka corroborate fisthermore, our results from the present and the results from
observation, as they have shown that FAD cofactor binding gevious studiesl§,18,21,29) document that the entire clinical
crucial for folding/oligomerization of the MCAD tetram8b). In  spectrum of MCAD deficiency, from remaining without symp-
relation to the possible phenotypic effect of the G577 mutation toms for several years (Family 11) to patients who die suddenly
the index patient, it should however be noted that we hawethe neonatal perio@{,29, and Families 9 and 10 of the present
previously observed that in patient cells the steady state amousiigdy), can be observed in patients who are not homozygous for
of MCAD mRNA from G577 mutation bearing alleles were forthe G985 mutation (Tabl@). Based on this it may seem
unknown reasons drastically decreasés). (The G577 mutation reasonable to expect that differences in MCAD genotype may be
should not by itself interfere with pre-mRNA processing, andnportantin determining the clinical phenotype. In both Families
sequence analysis of all exon/intron junctions of the MCAD gerfeand 2 there exists a sibling who is also compound heterozygous
from the index patient did not reveal any abnormalities. with the A447 and the G985 mutations, but only the index patients
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have experienced clinical symptoms (TabléMoreover, neither the G985 mutation in the other allele, remained without clinical
of the index patients in these two families has suffered from mosgmptoms until 12 years of age (TaB)edespite the fact that he
than one episode, and there were no dead siblings. This is in geodffered from metabolic stress several times during the first two
agreement with the observation from our expression experimenesars of life. Moreover, we have recently reported that individuals
that the A447 mutation is rather mild, and the folding of thevho harbor the seveR@999-12 insertion mutation or the severe
resulting mutant protein (M1241) may be influenced by thd045C- T stop codon mutation in one allele, together with the
available levels of chaperonins. It could be speculated that @985 mutation in the other allele, may remain without symptoms
these two families a good capacity of the folding machinery i5,18). These data clearly show that patients compound
able to ensure a rather high residual MCAD activity from the twheterozygous with the G985 mutation in one of the alleles may
mutant proteins. This is further corroborated by the fact thaemain without clinical symptoms, irrespective of the nature of
measurements of tiffeoxidation activity towards tritium labeled the second mutation.

myristic acid in cultured fibroblasts from the index patient in Thus the residual activity from the K304E mutant protein
Family 2 repeatedly have shown the highest activity that we haegpressed from only one G985 mutation bearing allele may,
ever observed among MCAD patients (results not shown). On theder some circumstances, be sufficient to avoid disease
other hand, the index patient in Family 11, who is compoungrecipitation.

heterozygous with the sevé#100-03 deletion in one allele and

Table 3.Primers and restriction enzymes

T157 assay:

A447 assay:

C730 assay:

A799 assay:

Exon 5:
(A343-48/347G- A assay)

Sense: 5GCAGAAAGAATTTCAAGCTAGAGCT-3 (pos. 132-156)
Antisense: SAAATATATTTTGAGCTCCAGATAGTTTGAT-3' (intron 3)
Enzyme:EcdCRI

Sense'-6AAATGCCGATTCTTATTGCTGGA-3 (pos. 388-411)
Antisense: 5ACACATCAATGGCTCCTCGAGT-3' (pos. 468-448)
Enzyme:Hinfl

Sensé:AGGAATTAAACATGGGCCATCGA-3 (pos. 707-729)
Antisense: 5CCATTGCATCGATGAAACCAGC-3 (pos. 823-802)
Enzyme:Clal

Sense-EGATGTTCAGATCTTAGAGGAATTGTC-3 (pos. 727-753)
Antisense: 5CATTGCAACTTTGAAACCAGATC-3 (822-800)
Enzyme:Bglll

Sense:'SACCTTTATTTCTATTGTGATGTACTAC-3 (intron 4)
Antisense! 8 CTTCTAAAAATCCAACTTCTTCAGG-3 (intron 5)
Enzyme:Rsd

Exon 1: Sense!'S55GGAGTATGTCAAGGCCGTG-3(pos. —60 to —41)
Antisense: 5CCACAATACCCATGTTCCAGC-3 (intron 1)
Exon 2: Sense:'BACCACTTGCTGTACTCACTTATG-3 (intron 1)
Antisense: 5CCAAACAAACATATAAAGCTTCA-3' (intron 2)
Exon 3—4: Sense! A TCTACATACTGACTTCATAGG-3 (intron 2)
Antisense: 5SATGACTGAGTAGAGTTCCACA-3 (intron 4)
Exon 6: Sense:'8CATTTTGAATTATAGCATCTCTGA-3' (intron 5)
Antisense: 5TGAAAAGGAGAAATAGCACCT-3' (intron 6)
Exon 7: Sense:'8SCAATCCTGTTTCCAAACAGTCA-3 (intron 6)
Antisense: 5CAAACATACCTTAACTGTAGTGGTT-3 (intron 7)
Exon 8: Sense:'855CATTCACCATGTGTTATTTGCC-3 (intron 7)
Antisense: 5CAAACAAATGTTTTTATTAAGGAAAGT-3' (intron 8)
Exon 9: Sense:'5STGCAGCAAGTCATGAAACAGTG-3 (intron 8)
Antisense: 5GATCCTATAAAGGCTATGAACCCA-3 (intron 9)
Exon 10: Sense!82TCCCAAACATAGACACTTAGGC-3 (intron 9)
Antisense: 5GAATATGAGGGTCTTTACATTTGAACA-3' (intron 10)
Exon 11: Sense:BACATAGCAAGCCCGTCACT-3 (intron 10)
Antisense: SATCAGAAATCCACGTTGTCA-3 (intron 11)
Exon 12: Sense!BATTACAACACACCTTATGCTACTG-3 (intron 11)

Antisense: BAGTAAAGTGGTACTAAAGAAAACACATC-3' (pos.1490-1463)

Mismatching nucleotides are indicated by underlining. The cDNA positions of primers located in the coding region are indicated relative to the start codon.
enzymes used for detection of the different mutations in the mutation specific assays are indicated.
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In light of this, it is interesting to note that Brackett andpitation, is probably not the primary explanation for the observed
co-workers 21), based on their observation of sudden neonatalinical variation in this potentially severe disease. Finally, it
death in two unrelated families, suggested that compoursthould be emphasized that in the vast majority of patients disease
heterozygosity with the A583 and G985 mutations representgeesentation occurs during or following a period of metabolic
particularly severe genotype (A583/G985) which correlates tostress (Tablg), for instance after periods of fasting or due to viral
severe, early presentation of the disease. Although our restitiections. Thus, environmental factors are crucial determinants
from E.coli expression of the mutant protein (G170R) resultingf disease precipitation and the frequency of exposure to
from the A583 mutation corroborate the notion that it is one of theetabolic stress and the severity of the metabolic stress are
most severe missense mutations, the clinical/biochemical ddlerefore probably the mostimportant determinants of the clinical
from the four unrelated patients of the present study (Familigdhenotype, irrespective of the MCAD genotype.

4-7, Table2) with the A583/G985 MCAD genotype do not

indicate that this genotype is particularly severe. None of the foMfATERIALS AND METHODS
index patients with the A583/G985 genotype have suffered from

an early or particularly severe presentation (Tapl&oreover, Patients

Kelly and co-workers3) reported a patient who died suddenly total of 52 unrelated families with patients in whom MCAD

at 22 months of age and had an identical MCAD genotype as tﬁ - .
- L ; . dgfICIency was not caused by homozygosity for the prevalent G985
index patient in Family 11, and we have previously reported tw utation were studied. The PCR/restriction enzyme digestion

unrelated families where the index patients were compou :
; ed assay for the prevalent mutation, G985, was performed as
Cg:ergizf%gngl fo(retheo'rrés;iﬁjng ?s%?jSe Tgrtsgsnsi d?jlétnprzzz?]m scribed elsewher&q). In 45 of the families the index patients
degth) 29) Tt)wlese.gdata clearl %Iocument the fact that GosLere diagnosed as being heterozygous for the G985 mutation, five
: y dex patients did not possess the G985 mutation at all, and in two

compound heterozygous patients with identical MCAD 9€N% milies material from the index patient was not available for DNA

types may have very different clinical presentations. Take alvsi - C o :
. : ysis, but investigation of the parents indicated that the index
together with the fact that G985 compound heterozygous patiefisic i<’ should be expected to be heterozygous for the G985

Witrt]. thfe most seve:jetgor}-GtQ:ShS Tgéag? ns may re?r?ir: asymbifitation. The number of alleles with non-G985 mutations in the
matic for years, ana the fact hat i>9c> compound NEErozygoys 1o mjlies is therefore 57. In all studied families, the index patient
patients with the mildest MCAD mutations (i.e. T157) may preseff_ experienced clinical symptoms of MCAD deficiency, and

with the most severe symptoms i.. sudden unexpected death atdi oo yrine organic acids, including acylglycines, indicative of

3 (29) our data show that it is questionable whether it is reasonal CAD deficienc . :
X . y (L4,15). In the majority of the patients, further
like Brackett and co-workers do, to state that a particular MCAR\ijence for the MCAD defect was provided by at least one of the

genotype may explain a severe form of the disease. followin i DR
; ; . g methodsin vitro enzyme assays §-46), -oxidation
However, in all the patients discussed above the effect of the.. . ST .
non-G985 mutant allele may be masked by the simultaneola%“v'ty measurementsg{,48) or the phenylpropionic acid loading

presence of an allele with the relatively mild G985 mutation. It", iy 6f the families mutations in exon 11 have previously been

could be speculated that in these patients interindividual Variati?é'ported {5,18), and in two of the families the T157 mutation has

in the folding capacity of their cells, by modulating the residugleyiously been reportedld). The case history and the biochemi-

activity of the K304E protein resulting from the G985 mutationgy| characterization, as well as the identification of one of the

is an equally important factor to consider. _ . disease-causing mutationg§999-12 insertion in exon 11) in
The identification of the index patient in Family 14 is in th'SFamin 10 has previously been describ&g).(The index patient

connection particularly interesting. She is the first patien) Family 12 has previously been reported as case 4 elsewhere

identified who is homozygous for a mutation other than the G983 ‘A summary of the clinical and biochemical data on all the

mutation. Despite the fact that shg does not produg:e ay patients in whom both disease-causing mutations are de-

functional MCAD, she has only experienced two mild episodegerihed for the first time are listed in TaBletogether with the

at 20 and 29 months of age. Obviously, the nature of her mutatigRe55e causing mutations identified in each patient. More

(4955-56), for which she is homozygous, implies that her (lacetajled case histories, and clinical-biochemical data are avail-
of) MCAD enzyme activity would not be responsive to anyype upon request.

factors capable of modulating the biogenesis of the MCAD
protein. Thus, she may illustrate that other endogenous factﬁgs i f DNA

may also be decisive for the risk of disease precipitation. T deparation o

overlapping substrate activity,¢1,42) from the other acyl-CoA  Genomic DNA was isolated from blood samples and from
dehydrogenases is an obvious candidate to provide the enzygifured skin fibroblasts by standard methdgld.(DNA from

activity sufficient to overcome the ‘enzyme block’ imposed byhlood spots and whole cells were liberated as described elsewhere
the lack of MCAD and to ascertain sufficient flow through thg19,52).

[-oxidation in a normal situation. Also, interindividual variations
in enzymes involved in the metabolism of potentially toxicS
intermediates of fatty-acid oxidation accumulating due to the
MCAD enzyme defect, could be speculated to be of importan€8CR amplification and subsequent purification of a 421 bp
for disease precipitation. fragment spanning the entire exon 11 and part of the flanking
In conclusion, the present study suggests that variation in thtrons of the MCAD gene was performed as described elsewhere
MCAD genotype, despite the fact that different MCAD mutation$18). Bi-directional solid-phase dideoxy-sequencing was per-
may contribute with different susceptibilities for disease precformed using a prism T7 kit (Applied Biosystems) and a

equencing of amplification products
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semiautomated ABI 373A sequencer (Applied Biosystems). PCRte-directed mutagenesis, and expression of wild-type
amplification, purification and sequence analysis of a 232 bgnd mutant MCAD in E.coli IM109 cells

fragment spanning the entire exon 5 and part of the flankin ,

introns and of a 305 bp fragment spanning the entire exon 7 ah®® mutations A447, G577, A583, A799 and G1055 were all
part of the flanking introns was carried out as described for exroduced by PCR based site-directed mutagenesis into the
11. PCR, purification and sequence analysis of all exons of tREEViously described expression vector pi),(which harbors

MCAD protein coding region was performed as described f¢t 9ene encoding the mature part of human MCAD under the
exons 5, 7 and 11. All primers used are listed in Table control of alac promoter. PCR based site-directed mutagenesis

was performed according to the method described by Sarkar and
Sommer §5) using Pfu polymerase (Stratagene, La Jolla, CA)
and mutagenic primers for each of the mutations with the pwt
plasmid as template. The PCR-products harboring the respective
mutations, were digested with restriction enzyrRef/ EcaR| or
EcaRI/Hindlll) purified and cloned back into the pWT plasmid,
We designed PCR/restriction enzyme digestion based mutatirgplacing the corresponding fragment with the wild-type se-
specific assays for the T157, A447, C730 and A799 mutatiomgience. To confirm that no PCR-derived errors were present in
(20,29), all four of which are located outside exon 11. Thes¢he exchanged fragments, all the constructed plasmids were
assays are all based on the principle of PCR-based introductssquenced.

of diagnostic restriction enzyme sites like the G985 asSyii

addition to the diagnostic site, control sites for enzyme cleavag:]alalySis of expression of wild-type and mutant MCAD

efficiency are introduced in both the variant and control alleles | . ;
all assays. The restriction enzymes and primers used for th NA in E.coli JM109 cells

different assays are listed in TaBldt should be noted that the Growth (at 32C) and disruption of bacterial cells, SDS-PAGE,
assay for the T157 mutation has been changed from thadtive PAGE and Western blot analysis was performed as
originally described49), so that the antisense primer is nowdescribed previously26,26). Measurements of the thermal
located inintron 3. In addition, we have substituted the &&dof  jnactivation profiles were performed as previously described for
with the neoschizomeric enzyntecdCRI, which is more  the K304E mutant protei2). The activity measurements were
efficient and less expensive. . performed by the ferricenium ion based assa).(The
The 6 bp deletion mutation$43-48) in exon 5X4) was tested  concentration of protein ifE.coli JM109 cell extracts was
for by Rsd digestion of the 232 bp PCR amplified fragmentgetermined with a modified Bradford assay kit (BioRad, Rich-
spanning the entire exon 5 and part of the flanking introns. Fromond, CA). All experiments were performed at least two times,

normals the 232 bp fragment can be cut into fragments of 21, 1Q&h enzyme activity measurements performed in duplicates each
and 108 bp wittRsd. If the A343-48 deletion is preseRsd  time.

digestion should instead produce two fragments of 21 and 205 bp.

The PCRs for the different mutation specific assays were
performed with the following program for 35 cycles: denaturatioh CKNOWLEDGEMENTS
for 1 min at 94C, annealing for 2 min at either 8D (157C-T
assay) or 57C (447G- A assay; 730F C assay; 799G A

Mutation specific assays

We thank the following physicians/investigators who made the
) . g initial diagnosis and/or contributed skin fibroblasts, blood
assay) and chain elongation af 4or 3 min. The PCRs were samples or blood spots from their patients: Drs R.A. Chalmers

carried out in an automated thermal cycler (Perkin Elmer Cet ; - ;
Norwalk, CT) with either genomic DNA, boiled blood spots O@K)' E. Christensen (Denmark), D. Curtis (UK), P. Divry

. . . (France), M. Duran (The Netherlands), B. Francois (Belgium), Y.
boiled whole cells as DNA source in Jdvith 15 pmol of each 0o (Belgium), L. Hagenfeldt (Sweden), E. Holme (Sweden),
primer and 2 U recombinarfiaq polymerase (Perkin Elmer

Cetus, Norwalk, CT or Northumbria Biologicals, Northumberi]éﬁacsz)' dEKIeKﬁ(né'rl'the(Gl\(la?m;I;nd\skl, Vli/é‘]ﬁng?”?éé;rrggny)etge\r/_

land, UK). After digestion with the gppro(?riate gestrictionl_ onard (UK), S. Lyonnet (France), R. Matalon (Florida), R.
enzyme, samples were electrophoresed in 12% or 14% poWaCWi&)ore (UK), E. Naugthen (Ireland), R. Pollit (UK), W.J. Rhead
amide gels together with uncleaved samples. The bands w ' ! '

X . o : e : ?Ir&/va), C.R. Roe (Texas), S. Rosthgj (Denmark), R. Santer
visualized by staining with ethidium bromide. (Germany), J. Scholte (The Netherlands), P. Smit (The Nether-
lands), S. Snodgrass (UK), P. Thornton (Ireland), F. Trefz

(Germany), L. Van Maldergem (Belgium), S. Van DerMeer (The

Netherlands), C. Vianey-Saban (France), P. Ward (Ireland) and U.
Wendel (Germany). This work was supported by grants from The
Danish Medical Research Council and The Danish Center for

Total RNA was prepared from frozen patient fibroblasts usinffuman Genome Research.

either a RNeasy kit (Qiagen, Hilden, Germany) or a RNAzol kit

(WAK-Chemie, Bad Homburg, Germany). Northern blot analyABBREVIATIONS

sis of 15ug total RNA from patient and 3@y total RNA from

control fibroblasts and 1fig total RNA from control placenta ETF, Electron transfer flavoprotein; FAD, flavin adenine dinu-
was performed as described previously using the MCAD prolmdeotide; GC/MS, Gas chromatography/mass spectrometry;
(53), a VLCAD probe %4) and g3-actin probe (Clonetech, Palo GCD, glutaryl-CoA dehydrogenase; IVD, isovaleryl-CoA dehy-
Alto, CA). drogenase; PAGE, polyacrylamide gel electrophoresis; MCAD,

RNA extraction and Northern blot
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medium-chain acyl-CoA dehydrogenase; PCR, polymerage.
chain reaction; SCAD, short-chain acyl-CoA dehydrogenase.
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