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Abstract

Background—Very-long-chain acyl-CoA dehydrogenase (VLCAD) deficiency (VLCADD) is
diagnosed in the US through newborn screening (NBS). NBS often unequivocally identifies
affected individuals, but a growing number of variant patterns can represent mild disease or
heterozygous carriers.

Aims—To evaluate the validity of standard diagnostic procedures for VLCADD by using
functional /n vitrotools.

Methods—We retrospectively investigated 13 patient samples referred to our laboratory because
of a suspicion of VLCADD but with some uncertainty to the diagnosis. All 13 patients were
suspected of having VLCADD either because of abnormal NBS or suggestive clinical findings.
ACADVIL genomic DNA sequencing data were available for twelve of them. Ten of the patients
had an abnormal NBS suggestive of VLCADD, with three samples showing equivocal results.
Three exhibited suggestive clinical findings and blood acylcarnitine profile (two of them had a
normal NBS and the third one was unscreened). Assay of VLCAD activity and immunoblotting or
immunohistologic staining for VLCAD were performed on fibroblasts. Prokaryotic mutagenesis
and expression studies were performed for nine uncharacterized ACADV/L missense mutations.

Results—VLCAD activity was abnormal in fibroblast cells from 9 patients (8 identified through
abnormal NBS, 1 through clinical symptoms). For these 9 patients, immunoblotting/staining
showed variable presence of VLCAD; all but one had two mutated alleles. Two patients with
equivocal NBS results (and a heterozygous genotype) and the two patients with normal NBS
exhibited normal VLCAD activity and normal VLCAD protein on immunoblotting/staining thus
ruling out VLCAD deficiency. Nine pathogenic missense mutations were characterized with
prokaryotic expression studies and showed a decrease in enzyme activity and variable stability of
VLCAD antigen.
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Conclusions—These results emphasize the importance of functional investigation of abnormal
NBS or clinical testing suggestive but not diagnostic of VLCADD. A larger prospective study is
necessary to better define the clinical and metabolic ramifications of the defects identified in such
patients.

INTRODUCTION

Very-long-chain acyl-CoA dehydrogenase (VLCAD) deficiency (VLCADD) is a disorder of
long chain mitochondrial fatty acid oxidation (FAO) [1, 2] with more than 400 reported
patients [3]. VLCAD deficiency can present with a variety of clinical symptoms and a
spectrum of severity that ranges from severe life threatening illness in the newborn period to
relatively mild disease first developing late in childhood or early adulthood. Two major
childhood phenotypes have been recognized [4-6]. The first consists of severe neonatal or
early onset disease with recurrent episodes of hypoglycemia, acidosis, hepatic dysfunction,
and cardiomyopathy. Patients who survive their initial presentation exhibit progressive
cardiomyopathy and have a reported 75% mortality rate in the first few years of life.
Children with later onset symptoms can have repeated episodes of hypoketotic
hypoglycemia but are at low risk of developing cardiomyopathy, with a resultant lower
mortality and better long term prognosis. Sequence analysis of the ACADVL gene has
revealed some correlation of mutation genotype with phenotype however, this relationship is
imperfect [5, 7]. Not surprisingly, patients with null mutations leading to complete absence
of VLCAD tend to have more severe symptoms than those with some residual enzyme
activity.

VLCADD is readily identified by newborn screening (NBS) of acylcarnitine profiles from
blood spots with tandem mass spectrometry (often referred to as expanded newborn
screening) in numerous countries, including the US, and has emerged as the second most
common inborn error of fatty acid oxidation [6, 8-12]. The natural history of VLCADD has
been radically modified by NBS due to pre-symptomatic treatment, with great improvement
in short-term outcome [6, 13-15]. Implementation of such treatment requires that follow up
procedures for confirmatory diagnosis for individuals flagged by NBS be as accurate as
possible.

The acyl-CoA dehydrogenases (ACADs) are a family of enzymes that catalyze the a,p-
dehydrogenation of acyl-CoA esters, transferring electrons to electron transferring
flavoprotein (ETF) [16]. At least nine members of this enzyme family have been identified,
each with a characteristic substrate specificity profile [17-23]. Very long, medium and short
chain acyl-CoA dehydrogenases (VLCAD, MCAD, and SCAD respectively) catalyze the
first step in the B-oxidation cycle with substrate optima of 16, 8 and 4 carbon chains
respectively. ACAD?9 is active against both saturated and unsaturated long chain substrates
[24, 25]. The physiologic role of long chain acyl-CoA dehydrogenase (LCAD) remains
unknown [26]. All ACADs are encoded in the nuclear genome as a precursor protein and
function in the mitochondria [27-29]. While mature VLCAD and ACAD?9 are homodimers,
the other ACADs are homotetramers with each monomer containing a non-covalently bound
flavin adenine dinucleotide molecule (FAD) as a prosthetic group [17, 30, 31]. VLCAD
protein shares homology with other ACADs over much of its length, but has an additional
180 amino acids at its carboxy terminus which facilitates its interaction with the inner
mitochondrial membrane and other fatty acid oxidation proteins [32-34].

In an attempt to evaluate the validity of the diagnostic procedures clinically available for
VLCADD (/e blood acylcarnitine profile and molecular genetic testing of ACADVL), we
used a combination of functional tests to retrospectively characterize enzymatic,
biochemical, and molecular data of suspected VLCADD patients referred to our laboratory
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in the last three years with special emphasis on samples with some uncertainty raised by
initial test results.

MATERIALS AND METHODS

Fibroblasts studies

Cell culture—Patient skin biopsies for fibroblast culture were performed on a clinical basis
with written informed consent from patients and/or parents. Fibroblasts were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
and 100 pg/ml penicillin/streptomycin, 4.5 g/l glucose, 4 mM glutamine and 2 mM
pyruvate. At 90% confluence in a T175 flask, cells were harvested by trypsinization,
pelleted and stored at —80°C for further studies.

Western Blot—Cell pellets were resuspended in 250 p.l ice-cold water and subjected to
sonication on ice and centrifuged at 18,000 x g for 20 minutes at +4°C to remove cell debris.
The supernatant was used for western blotting as described [33]. Briefly, 50 g protein of an
SDS treated sample was loaded onto the gel. Following electrophoresis, the gel was blotted
onto a nylon membrane followed by visualization with a primary rabbit anti-VLCAD
polyclonal antibody and secondary alkaline phosphatase goat anti-rabbit IgG antibody. Anti-
VLCAD serum was produced as already reported [33].

Confocal imaging of fibroblasts—Fibroblasts from patients and healthy controls were
seeded at a concentration of 5x10% cells/ml on tissue culture-treated glass cover slips and
allowed to grow overnight at 37°C in a 5% CO,, 95% humidity incubator. Cells were then
fixed in 4% paraformaldehyde for 10 min followed by 0.1% Triton X100 cell
permeabilization and further blocked after brief washings in 5% donkey serum (Jackson
ImmunoResearch, WestGrove, PA) for 1 hour on ice. This was followed by double primary
antibody incubation with 1) anti-VLCAD antibody and 2) anti cytochrome ¢ oxidase subunit
4 antibody (Abcam, Cambridge, MA) at 4°C overnight. After brief washing, cells were
further incubated with donkey anti-rabbit secondary antibody Alexa fluor 488 (Invitrogen,
Grand Island, NY) for VLCAD, and donkey anti-mouse secondary antibody Alexa Fluor
555 (Invitrogen) for cytochrome ¢ oxidase subunit 4. Nuclei were counterstained with
DAPI. The cover slips were then mounted using mounting media before imaging. All the
images were taken using a Olympus Confocal FluoView FVV1000 microscope at a
magnification of 60X.

VLCAD activity measurement—Fibroblasts pellets were resuspended in 250 pl 50 mM
Tris-Cl, pH 8.0, 10 MM EDTA, subjected to sonication on ice and centrifuged at 18,000 x g
for 20 minutes at 4°C. The supernatant was assayed for VLCAD activity with the highly
sensitive and specific electron transfer flavoprotein fluorescence reduction assay as
described using 100 to 150 g protein [35, 36].

Mutagenesis and expression studies

For prokaryotic mutagenesis studies, nine mutations (R162H, 1189T, G289R, 1420L,
G439D, M443R, G514E, L540P and R567Q) were introduced into the VLCAD AEx3
pET-21a(+) expression construct using the QuickChange Site-Directed Mutagenesis Kit
according to the manufacturer’s instructions (Stratagene, La Jolla, CA). Mutations were
verified by sequencing and the plasmids were introduced into an £. coli expression strain
(BL21), cultured at 37°C and induced for expression studies as previously described [33].
Enzyme activity and Western blotting were performed on cell-free extracts as above.
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Patients and mutations

Thirteen patients with a suspicion of VLCADD were retrospectively studied (Table 1).
Seven patients (PTs 1, 3, 4, 5, 6, 9 and 10) had been flagged by newborn screening as
unequivocally suggestive of VLCADD due to a clearly elevated C14:1 and/or C14
acylcarnitine levels. For 3 patients (PTs 8, 12 and 13), the results of the NBS were equivocal
for VLCADD (Table 1). For the other patients, NBS was normal in two (PTs 2 and 7) and
not performed in one (PT 11), but all three exhibited clinical symptoms considered
suggestive of VLCADD (Table 1). Blood acylcarnitine profiling was diagnostic of
VLCADD in PT11 but only showed non-specific abnormalities in PTs 2 and 7. ACADV/L
genomic DNA sequencing data are shown in Table 1. Nine patients had two identified
mutations, while three had only one mutated allele (PTs 8, 12, 13). Six new missense
mutations (R162H, 1189T, 1420L, M443R, G514E, L540P), one previously reported [5, 37,
38] and functionally characterized [33] mutation (V283A), and 4 reported but
uncharacterized missense mutations (L202P, G289R, G439D, R567Q) [38-40] were
identified. Two splice donor site mutations were identified. The first mutation, previously
reported, (c.1182+1G>A) induces exon 11 skipping [41], while the second (c.1182+3G>T)
is new. Two small indels, insertion of 9 base pairs (c.1707_1716dup) and a 3 base-pair
deletion (c.896_898del) are novel. The latter change induces a p.K299 deletion. This amino
acid deletion and has previously been reported to be caused by a different mutation (c.

895 897del) [42]. Patient 11, whose mutations have previously been reported [43], harbored
2 known mutations creating a frame shift: a deletion of 2 base pairs (c887_888del) [44] on
one allele and a splice mutation on the other (c.1679-6G>A) [45]. Patient 2 harbored two
variants likely to be non pathogenic (G43D, reported as a likely polymorphism [5], and
L17F, reported as a non pathogenic variant: http://www.ncbi.nlm.nih.gov/sites/varvu?
gene=37). For the patients with only one ACADV/L exonic mutation, a macro or micro gene
deletion/duplication was ruled out by prior clinical microarray analysis.

Fibroblasts studies

1. Enzyme activity and immunoblotting (Fig. 1)

VLCAD activity in fibroblasts was deficient in all of the 7 patients with
unambiguous abnormal NBS results, in one of the 2 patients with equivocal NBS
results (PT 8), and in one of the 3 clinically suspected patients (PT 11), with
activity ranging from not detectable to 38% of simultaneous controls (Fig. 1).
VLCAD antigen was normal in one of these cell lines (PT 3), significantly reduced
but present in 2 (PT 4 and 8), and absent in all of the others. Patients 2 and 7
(normal NBS), and 12 and 13 (equivocal NBS) had no abnormalities in VLCAD
activity or antigen.

2. Immunofluorescence staining of patient and wild type fibroblasts for VLCAD
revealed the variable presence of VLCAD antigen that most of the time, correlated
well with the Western blotting results (Fig. 2) although immunostaining was more
sensitive in detecting VLCAD antigen.

Prokaryotic mutagenesis and expression studies

All 9 mutations studied in an £. coli expression system had a clear impact on VLCAD
activity and variable impact on the level of stable antigen (Fig. 3). Activities ranged between
undetectable and 50% of that obtained with a wild type expression vector. Western blot of
whole cell extracts with VLCAD antibody showed normal (G439D, M443R and G514E),
decreased (G289R, 1420L and R567Q) or absent (R162H, 1189T and L540P) VLCAD
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antigen. Because enzyme activity and VLCAD antigen were normal in cells from patient 7,
molecular testing was not further pursued.

DISCUSSION

VLCAD deficiency presents with a broad spectrum of symptoms and patients identified
through NBS are most often asymptomatic at birth. Our research laboratory routinely
receives requests for functional testing for samples from individuals with equivocal NBS or
diagnostic testing suggestive of VLCAD deficiency when variants of unknown significance
are identified on molecular testing. Our aim in this study was to more completely
characterize the utility of available functional tools to evaluate such patients. The menu of
functional tools in our laboratory includes measurement of fibroblast VLCAD activity using
ETF fluorescence reduction assay, PAGE followed by Western blotting, immunostaining of
patient fibroblasts, and prokaryotic mutagenesis and expression studies. This combination of
studies allowed us to unambiguously identify affected individuals with VLCADD from
heterozygous carriers and unaffected patients. Of note, our goal was not to attempt to predict
the clinical severity and outcome in individuals identified with VLCADD through NBS,
though our results should ultimately feed back to allow this with further follow up of the
patients. In this regard, clinical testing by acylcarnitine analysis of patient fibroblasts has
shown some prognostic value for broad category of symptoms, but the correlation is
imperfect. Comparing results of clinical fibroblast acylcarnitine profiling available to us
(Fig. 4) confirms this imperfection. Indeed, patient 4 who is predicted to have a mild disease
(residual VLCAD activity with stable antigen) had no abnormal acylcarnitine species, while,
patients 5 and 6 (who had marginal elevations of C14 and C12 acylcarnitines, respectively)
had greatly reduced VLCAD activity and antigen.

The three patients in this study not referred because of abnormal newborn screening (PTs 2,
7, 11) exhibited clinical symptoms compatible with VLCADD, specifically acute metabolic
decompensation with cardiac and liver involvement (PT 2, 11) and sudden death (PT 7). The
diagnosis was established in PT 11 by the presence of an appropriate pattern on
acylcarnitine profile in blood at the time of symptoms but the pattern was nonspecific for
patients 2 and 7. For those patients identified through newborn screening, VLCADD was
suspected because of clearly (PTs 1, 3, 4, 5, 6, 9, 10) or equivocally (PTs 8, 12, 13) elevated
levels of C14:1 and/or C14 acylcarnitines in blood spots. All patients in the unequivocal
group proved to have absent or decreased VLCAD enzyme activity and/or protein in
fibroblasts, while only one (PT 8) from the equivocal group appears to be affected. A second
mutant allele could not be identified in this last patient who was heterozygous for the L202P
mutation, making likely a promoter mutation or one leading to missplicing that would not be
identified by standard sequencing of exonic regions along with intron-exon boundaries.

These data illustrate the value of the ETF reduction assay in confirming VLCADD [46].
Note that under our assay conditions, we typically find no or minimal enzyme activity
reduction in obligate carrier parents (unpublished and as shown for PTs 12 and 13, Fig. 1).
Both novel and known mutations in the ACADVL gene were described in this series of
patients. Several of the mutations were easily predictable to be pathogenic including a
multiple base pair duplication (c.1707_1716dup, PT1), two deletions (c.887_888del, PT 11
and ¢.896_898del, PT 13), and three mutations that likely affect splicing (c. 1182+3G>T, PT
4;¢c.1182+1G>A, PT 5; ¢.1679-6G>A, PT11). Experimentally, these mutations are
confirmed as pathogenic by the lack of VLCAD antigen and/or activity in fibroblasts. Of the
missense mutations, one (V283A) has previously been extensively studied and demonstrated
to be deleterious [33]. Prokaryotic mutagenesis and expression studies confirm that all of the
previously undescribed or uncharacterized mutations are clearly deleterious.
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Molecular modeling of the identified mutations offers some insights into their pathologic
mechanisms (Fig. 5). Mutations at G439 and M443 are likely to affect dimerization of the
VLCAD subunits and/or FAD binding to the apoenzyme. Since the patient mutations at
these positions lead to stable production of VLCAD protein in our prokaryotic expression
system, dimerization is unlikely to be affected, thus implicating defective FAD binding as
causing enzyme inactivity. In this event, the patients harboring these mutations might
respond to some extent to riboflavin supplementation. Of note, enzyme activity in each of
these 2 prokaryotic mutants was not restored by addition of 0.1 mM FAD (not shown).
G514, L540, and R567 are all in the C-terminal region unique to VLCAD and ACAD9
among the ACADs. This domain mimics the structure provided by the tetrameric
configuration of the other ACADs, and thus is critical to the stability of the homodimer.
However, it also serves to help anchor the VLCAD dimer to the inner mitochondrial
membrane. Mutations affecting the latter function have been reported to maintain stable
enzyme activity when expressed in prokaryotes [33]. Indeed the G514E and R567Q
mutations retain some stability and activity when expressed in £. coliand the fibroblast cell
line with these mutations exhibits partial activity. The remainders of the mutations are
scattered throughout the portion of the protein homologous to the other ACADs but distant
to the active site. Thus, they are more likely to affect protein folding and/or stability rather
than a direct effect on the enzyme mechanism. In fact, all of these mutations lead to unstable
protein in the prokaryotic expression, though the effect was least with the G289R mutation
located in a random coil motif on the surface of the protein.

Fibroblasts form patient 2 had normal enzyme activity and VLCAD antigen. The G43D
variant identified in this cell line has previously been reported to be a polymorphism [5].
Both this variant, and a previously unreported L17F change are located within the
mitochondrial targeting peptide of the VLCAD precursor. Neither is predicted to alter the
amphipathic helix motif critical for this targeting, though introduction of a negatively
charged aspartate residue near the amino terminus of the precursor may reduce the
interaction of precursor VLCAD with the mitochondrial targeting and import machinery.
Interestingly, the fibroblast cell line containing these alterations actually has excess VLCAD
activity. Consistent with this finding, the acylcarnitine profile in this patient showed only
nonspecific elevation of long chain species rather than a pattern suggestive of VLCADD
specifically.

In summary, we found that eight out of ten patients identified through NBS appear to have
true VLCADD while the remaining two are heterozygous carriers. Functional fibroblasts
testing are valuable complimentary tools in order to unequivocally differentiate affected
individuals from heterozygous carriers. These functional tests are also useful to confirm
VLCADD in clinically suspected VLCADD patients. Albeit limited in number, no NBS
negative samples proved to have deficiency. Finally, as already reported, our prokaryotic
mutagenesis system is useful to identify pathogenic ACADV/L mutations. Since VLCADD
molecular heterogeneity makes it very difficult to predict the functional effects based on the
genotype alone, we believe that such a multiple testing modalities approach seems suitable
not only for identification of truly affected patients but also for the follow-up of equivocal
NBS results. Implementation of such functional studies in clinical practice is impractical on
a routine basis but could be considered in patients with unclear results from standard
available tests.
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Figure 1.

Characterization of wild type (WT) and patient fibroblast samples for VLCAD activity and
antigen. The top line shows mutations identified in patient cell lines. Western blot results
using VLCAD antisera are shown in the next line. The bottom line gives the VLCAD
activity from fibroblast extracts presented as a percentage of the concurrent wild type
control (ND is non-detectable). All samples were also tested for MCAD activity and antigen
as a control and gave normal levels of both (not shown).
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Fig.2A
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DAPI — Nuclei — Anti-VLCAD — Anti-COX .

Fig.2B
L540P/c.1707_1716dup G43D/L17F G439D/M443R V283A/c.1182+3G>T  189T/c.1182+1G>A
WT PT1 WT PT2 WT PT3 WT PT4 WT PTS

V283A/G289R L202P/WT V283A/1420L G514E/R567Q c.887_888del/c.1679-6G>A

WT PT6 WT PT8 WT PT9 WT PT10 WT PIM1

Figure 2.

Immunofluorescent staining of wild type (A) and patient (B) fibroblasts. A. Wild type cells
(WT). VLCAD antigen was visualized with green fluorescently tagged antibodies (top,
middle panel) and mitochondrial cytochrome ¢ oxidase (COX) was visualized with red
fluorescently tagged antibodies (top, right panel). Nuclei were visualized with DAPI staining
(blue; top, left panel). The merged image (bottom panel) shows colocalization of VLCAD
and COX in mitochondria as yellow (white arrow). B. Patient fibroblasts. Each panel shows
the merged only image of patients (PTs 1-6 and 8-11) with the corresponding Western blot
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results. The mutations identified in the cell line are shown at the top of each panel for
convenience. Scale bar, 10.75 pm.
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Figure 3.

Prokaryotic mutagenesis and expression studies of 9 missense ACADV/L mutations. Each
mutation shown at the top of the figure was expressed in £. coli and the extract was
analyzed by SDS-PAGE followed by western blotting with VLCAD antibodies (middle).
Activity in cell-free extracts following prokaryotic expression is given on the bottom line.
ND is non-detectable.
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Results from the fatty acid oxidation probe assay in fibroblasts for 10 of the 13 patients.
Since the analyses were performed at two different clinical laboratories, abnormal C12, C14
and C16 acylcarnitines species are expressed as fold of increase relative to upper limit of

control values of the testing lab rather than as actual values.
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Figure5.

Molecular model of VLCAD crystal structure and mutation positions. The molecular
structure of VLCAD from PDB file 2UXW was visualized with the MolView viewer
(Accelerys, Inc, San Diego, CA). Subunit A is color coded according to structural motif: red,
a-helix; blue, B-sheet; white, random coil, orange, C-terminal domain. The B subunit is
colored purple. The mutations described in this manuscript are represented as yellow balls.
The stick structures of FAD and palmitoyl-CoA are colored yellow and green, respectively.
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Table 1

Clinical characteristics of the 13 patients.
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Patients NBslci14:1 Clinical signsat diagnosis (if NBS was Genotype Last follow-up
(M)/C14 (uM) negative)
(normal values
<0.6/<0.7)
1 4.9/6.65 Asymptomatic €.T1619C (p.L540P) 6 years old: normal
€.1707_1716dup
2 N 27 months: acute decompensation with €.G128A (p.G43D) Before 3 years of age: death from
dilated cardiomyopathy, rhabdomyolysis, ¢.C49T (p.L17F) severe hypoglycemia
hypoglycemia, hyperammonemia, lactic
acidosis, renal failure ACPZ with non-
diagnostic elevations of long chain
species
3 3.29/4.71 Asymptomatic ¢.G1316A (p.G439D) 2 years: moderate cK3increase
€.T1328G (p.M443R) during intercurrent infections
4 1.2/0.93 Asymptomatic €.T848C (p.V283A) 1 year: normal
€.1182+3G>T
5 2.83/3.49 Asymptomatic ¢.T566C (p.1189T) 19 months: moderate CK
c.1182+1G>A increase during intercurrent
infections
6 1.59/1.28 Asymptomatic €.T848C (p.V283A) 6 months: normal
c.G865A (p.G289R)
7 N Unexpected sudden death before 6 NA4
months of age. Postmortem ACP with
non-diagnostic elevations of long chain
species
8 0.585/0.656 Asymptomatic €.T605C (p.L202P) 18 months: normal
WT
9 2.59/1.76 Asymptomatic €.T848C (p.V283A) 18 months: normal
c.A1258C (p.1420L)
10 2.12/1.6 Asymptomatic c.G1541A (p.G514E) 6 years of age: lost follow-up
¢.G1700A (p.R567Q)
11 NP7 3 months of age: severe hypertrophic €.887_888del 16 years 4/12: normal (under
cardiomyopathy enlarged liver, episodes c.1679-6G>A triheptanoin)
of hypoglycemia. ACP diagnostic of
VLCAD deficiency
12 0.74/0.74 Asymptomatic c.G485A (p.R162H) 1 year: normal
WT
13 0.69/0.81 Asymptomatic €.896_898del (p.K299del) 18 months: normal
WT

1 .
Newborn screening
2 L. .
Acylcarnitine profile
3Creatine kinase
4Not available
5 .
Flagged as borderline
6,
Flagged as elevated

7
Not performed
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