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Medium chain acyl-CoA dehydrogenase (MCAD) deficiency (MCADD) is associated with ACADM gene mutations,
leading to an impaired function and/or structure of MCAD. Importantly, after import into the mitochondria,
MCAD must incorporate a molecule of flavin adenine dinucleotide (FAD) per subunit and assemble into tetra-
mers. However, the effect of MCAD amino acid substitutions on FAD incorporation has not been investigated.
Herein, the commonest MCAD variant (p.K304E) and 11 additional rare variants (p.Y48C, p.R55G, p.A88P, p.
Y133C, p.A140T, p.D143V, p.G224R, p.L238F, p.V264I, p.Y372N, and p.G377V) were functionally and struc-
turally characterized. Half of the studied variants presented a FAD content <65 % compared to the wild-type.
Most of them were recovered as tetramers, except the p.Y372N (mainly as dimers). No correlation was found
between the levels of tetramers and FAD content. However, a correlation between FAD content and the cofactor’s
affinity, proteolytic stability, thermostability, and thermal inactivation was established. We showed that the
studied amino acid changes in MCAD may alter the substrate chain-length dependence and the interaction with
electron-transferring-flavoprotein (ETF) necessary for a proper functioning electron transfer thus adding addi-
tional layers of complexity to the pathological effect of ACADM missense mutations. Although the majority of the
variant MCADs presented an impaired capacity to retain FAD during their synthesis, some of them were struc-
turally rescued by cofactor supplementation, suggesting that in the mitochondrial environment the levels and
activity of those variants may be dependent of FAD’s availability thus contributing for the heterogeneity of the
MCADD phenotype found in patients presenting the same genotype.

1. Introduction

Medium-chain acyl-CoA dehydrogenase (MCAD; EC 1.3.8.7) belongs
to the family of acyl-CoA dehydrogenases (ACADs), which includes 11
mitochondrial flavoenzymes participating in different metabolic path-
ways [1,2]. The short (SCAD), medium (MCAD), long (LCAD), very long
chain (VLCAD) and family member 9 (ACAD9) acyl-CoA de-
hydrogenases are involved in mitochondrial fatty acid p-oxidation
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(FAO), whereas the short-branched chain acyl-CoA (SBCAD), isovaleryl-
CoA (IVDH), glutaryl-CoA (GCDH) and isobutyryl-CoA (IBDH) de-
hydrogenases participate in the amino acid catabolism. Two additional
members are also involved in FAO namely the acyl-CoA dehydrogenase
family members 10 (ACAD10) and 11 (ACAD11) [3]. ACAD10 has weak
dehydrogenase activity against several long and branched-chain acyl-
CoA substrates, while ACAD11, besides presenting a specificity towards
docosanoyl-CoA (C22-CoA) and a lower activity against other long-
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chain fatty acid-CoA substrates, was found not only in mitochondria but
also on cytoplasmatic vesicles and nuclei, at least in human skin fibro-
blasts [3]. VLCAD and ACAD9 assemble as homodimers whereas the
remaining ACADs are homotetramers.

MCAD catalyses the first step in mitochondrial FAO (mFAO) which
involves the a,pf-dehydrogenation of acyl-CoAs of medium chain lengths
including butyryl-CoA (C4-CoA), hexanoyl-CoA (C6-CoA), octanoyl-CoA
(C8-CoA), decanoyl-CoA (C10-CoA), lauroyl-CoA (C12-CoA) and
tetradecanoyl-CoA (C14-CoA), with a preference for C6- to C12-CoA
substrates and a maximum catalytic efficiency for C8-CoA [2,4,5].
This enzyme is encoded by the ACADM nuclear gene and is synthesized
in the cytosol as a polypeptide chain of 421 amino acids. Upon mito-
chondrial import, the mature functional protein is formed in the matrix
through the cleavage of the N-terminal signal peptide (25 residues) [6].
The incorporation of flavin adenine dinucleotide (FAD) in the poly-
peptide chain promotes protein folding which is followed by the as-
sembly into homotetramers (~176 kDa) as a result of dimerization of the
homodimers [7-10]. Each mature monomer (396 residues; ~44 kDa)
contains three structural domains: the N- and C-terminal a-domains
(aND, a-helices A-F, residues 1 to 126; and aCD, a-helices G-K, residues
243 to 396; respectively) and an intermediary p-sheet domain (pD;
B-strands 1-7; residues 129 to 233) [11]. Four a-helices of each mono-
mer, as a pseudo four-helix bundle structure (a-helices G-I and K), form
the core of the tetramer [7,11,12] with a-helices H and I of each
monomer establishing contacts responsible for the protein’s tetrameri-
zation. The homotetrameric MCAD presents four catalytic pockets
where FAD binds noncovalently, acting as the cofactor, essential for the
enzyme’s function and structure [7,13]. Within the catalytic pocket, the
terminal acyl chain of the substrate is buried between the aND and the
aCD, while its 3’-phosphoadenosine moiety is located at the interface
between the two monomers of a dimer and partially exposed to the
solvent [7,11,12]. FAD establishes contacts with both subunits of a
dimer. The flavin ring of FAD is positioned between the D and aCD of a
monomer and is aligned with the substrate acyl group and the protein’s
catalytic residue Glu376 [11] allowing the o, dehydrogenation of the
substrate to occur thereby producing the corresponding trans-2-enoyl-
CoA and FADH; [14]. The adenosine moiety of the FAD interacts with
the aCD of the neighbouring protein subunit within the dimer.

In the context of mitochondrial energy metabolism, the production
of FADH,, as catalysed by MCAD, has an important role as the subse-
quent re-oxidation to FAD by the electron-transferring flavoprotein
(ETF) allows the establishment of electron flux towards the respiratory
chain through the mitochondrial inner membrane ETF:ubiquinone
oxidoreductase (ETF-QO) also referred to as ETF dehydrogenase
(ETFDH) [13]. ETF is a mitochondrial matrix localized heterodimeric
protein, composed of an a subunit (32 kDa; ETF-a) and p subunit (28
kDa; ETF-p), containing one FAD molecule (ETF-a) and one adenosine
5’- monophosphate (AMP; ETF-p) [15]. ETF acts as a mitochondrial
electron transfer hub, since it accepts electrons not only from MCAD but
also from the other ACADs and additional mitochondrial flavoenzymes
involved in different metabolic pathways. The reducing equivalents
obtained by ETF, are then transferred to the mitochondrial inner
membrane enzyme ETF:QO, which in turn delivers the electrons to
ubiquinone thereby feeding the respiratory chain [2,16,17] with
reducing equivalents. In this perspective, the establishment of MCAD/
ETF interactions is fundamental to maintain the FAO-Oxidative Phos-
phorylation communication. These MCAD/ETF interactions are mainly
established through salt bridges and hydrogen bonds involving a-helices
C and D of the aND of a MCAD monomer and the ETF-f recognition loop
(Arg191 to Lys200) [18]. The FAD molecules of both proteins must be in
close proximity (14 A rule) in order to allow electron transfer to occur
[19,20]. It has been suggested that the repositioning of the ETF-a will
bring its FAD close to the neighbouring monomer of the MCAD dimer
allowing electron transfer [18,21]. Conformational changes due to
amino acid substitutions in MCAD sequence may directly or indirectly
affect the ETF/MCAD recognition and/or interaction, further impairing
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the electron transfer from MCAD to ETF thus preventing electron flow
and precluding MCAD FADHjy re-oxidation back to FAD.

Mutations in the ACADM gene are responsible for MCAD deficiency
(MCADD; OMIM #201450, ORPHA42), an autosomal recessive inborn
metabolic disorder (IMD) and the most common disorder of the mFAO
pathway [13,22]. MCADD is not only clinically heterogeneous, but the
same is true for the corresponding biochemical and mutational profiles,
which complicate proper diagnosis, and treatment [23]. Currently,
MCADD is included in newborn screening (NBS) programmes in many
countries [24,25], contributing to reduce the associated morbidity and
mortality. MCADD patients are mostly asymptomatic but episodes of
metabolic stress (e.g. prolonged fasting, intense exercise or illness with
fever episodes) may lead to hypoketotic hypoglycemia, elevated liver
enzymes and hepatosteatosis, encephalopathy, coma, and death [13].
The prevalence of MCADD has been calculated to be ~1:15,000 in
Caucasians, with other populations displaying lower frequencies
[24,26]. Epidemiological data also revealed that MCADD is the most
frequent IMD in many countries [27-29], mainly due to the high fre-
quency of the c. 985G>A ACADM gene mutation in those populations.
To date, 432 different ACADM gene variations were identified (ClinVar,
National Center for Biotechnology Information (https://ncbi.nlm.nih.
gov/clinvar/); accessed 28 April 2023), from which 68 are classified
as pathogenic, 82 as likely pathogenic and 165 are grouped as uncer-
tain/conflicting. Nevertheless from these putative 315 disease-causing
ACADM gene variations the large majority is classified as missense
mutations (=69 %) leading to an impaired function and/or structure of
MCAD [7,30-34]. Therefore, MCADD is considered a conformational
disorder with associated loss-of-function [32,34]. Presently, pharma-
cological therapies for MCADD are not available. Treatment strategies
mainly involve dietary control of lipids intake and avoiding fasting [35],
but many patients still present life-threatening decompensation epi-
sodes, with reports of serious metabolic crisis and sudden death among
controlled individuals [26,30,36]. This reflects the urgency of address-
ing the unmet medical needs of MCADD patients through the research
and development of therapeutic strategies to minimize the potential
MCADD associated morbidity and mortality.

Being considered a conformational disorder, MCADD is a potential
candidate for the treatment with pharmacological chaperones, which
are small compounds able to promote conformational stabilization,
thereby avoiding the intracellular degradation of the protein and
rescuing enzyme function. Although this approach has never been
investigated in MCADD management, treatment with pharmacological
chaperones has been already implemented [37] or investigated for some
IMD [38-40].

The ¢.985A>G transition is the most common ACADM mutation,
identified in homozygosity in 50-80 % of MCADD patients and in
compound heterozygosity with rare mutant alleles in about 20 % of the
MCADD population [27,41]. At the protein level, the c.985A>G ACADM
mutation results in the substitution of a lysine (K) by a glutamate (E) at
position 304 (p.K304E) of mature MCAD (p.K329E in the precursor
protein containing the 25 amino acids of the mitochondrial signal pep-
tide). This variant has been extensively characterized at the biochemical
and structural levels [30-32,42,43]. However, until now, only a limited
number of the less frequently identified MCAD variants have been
studied.

In this work, we studied the p.K304E variant and a group of 11 rare
MCAD variants (amino acid residues numbering corresponding to the
mature protein), identified in MCADD patients in Portugal and in The
Netherlands [27,44-46] (Table S1), which were selected by their
localization in the three protein domains namely aND (p.Y48C, p.R55G
and p.A88P), D (p.Y133C, p.A140T, p.D143V and p.G224R), and aCD
(p.L238F, p.V264I1, p.Y372N and p.G377V). Due to the relevance of the
cofactor FAD, not only for the enzymatic reaction catalysed by MCAD
but also for its protein structure, we studied the FAD content and binding
capacity as well as its role on the conformational stability of MCAD
variants. To understand if amino acid changes in the MCAD sequence
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can interfere with its interaction with ETF, we also studied the enzyme’s
activity using the artificial and natural electron acceptors. The obtained
data will allow not only to understand the molecular basis of MCADD
but also to devise small molecules to be used as stabilizers of the variant
proteins (pharmacological chaperones) which qualify as future medi-
cines for the treatment of this rare genetic metabolic disease.

2. Material and methods

2.1. Expression and purification of recombinant wild-type and variant
MCAD

The nucleotide numbering is based on the GenBank RefSeq
M16827.1. The ACADM DNA mutation numbering system is based on
the ¢cDNA, with +1 corresponding to the A of the ATG translation
initiation codon in the reference sequence. ACADM gene is translated as
a full-length precursor protein containing the N-terminal mitochondrial
signalling peptide (25 amino acid residues). In this work amino acid
residues were numbered according to the sequence of the mature protein
with Lysl corresponding to Lys26 in the precursor protein.

The wild-type (WT) MCAD cDNA (kindly provided by N. Gregersen,
DK), encoding the mature protein, was cloned into the Ndel and HindIII
sites of the pET28a(+) expression vector in frame with a C-terminal
6 xHistidine (6 xHis) tag, as previously reported [43]. The ACADM gene
mutation c.985A>G (p.K304E) was obtained as previously described
[43]. The c.218A>G (p.Y48C), c.238A>G (p.R55G), ¢.337G>C (p.
A88P), c.473A>G (p.Y133C) c.493G>A (p.A140T), c.503A>T (p.
D143V), ¢.745G>A (p.G224R), c¢.789A>C (p.L238F), ¢.865G>A (p.
V264I), c.1189T>A (p.Y372N) and ¢.1205G>T (p.G377V) ACADM gene
mutations were generated by site-directed mutagenesis using the XL
Quick Change II system (Agilent, Santa Clara, CA, USA) and the muta-
genic oligonucleotides described in Table S2. The obtained constructs
were sequenced in both directions to verify the introduction of the
desired mutations and exclude additional mutational events.

The WT and variant forms of MCAD were expressed in Escherichia
(E.). coli BL21 (DE3) and purified by immobilized metal affinity chro-
matography (IMAC) as described previously [43] with some minor
modifications. Briefly, bacterial cells transformed with the expression
constructs were grown in Luria-Bertani (LB) medium, supplemented
with kanamycin (50 pg-mL_l), at 37 °C, 140 rpm, until an ODggonm of
0.6-0.8. Protein expression was then induced by adding isopropyl $-D-1-
thiogalactopyranoside (IPTG, 1 mM). After incubation for 21 h at 27 °C,
140 rpm, cells were harvested (2057 g, 10 min, 4 °C), resuspended in
buffer A (20 mM potassium phosphate buffer, pH 7.4, 500 mM NacCl)
containing 1 mg-mL~! lysozyme, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 0.5 pg-mL~! DNase and 0.1 mg-mL ™" FAD. Cells were lysed by
sonication and the soluble fraction was obtained after centrifugation at
12,857g for 40 min, 4 °C. The soluble proteins were purified by IMAC
(Ni-NTA agarose; Qiagen; Hilden, Germany) using buffer A and an
imidazole gradient (20-250 mM) as previously described [43]. The
IMAC fractions containing the recombinant MCAD proteins were
pooled, concentrated to a final volume of 2.5 mL using a 30 K MWCO
protein concentrator (Amicon® Ultra — 15; Millipore, Burlington, MA,
USA) and used for size exclusion chromatography (SEC). The MCAD
tetramers were further purified on a Hiload™ 16/60 Superdex™ 200
prep grade column (GE Healthcare; Chicago, IL, USA), using the SEC
buffer (20 mM potassium phosphate buffer, pH 7.4, 200 mM NaCl) and a
flow rate of 0.7 mL-min~' in an AKTA®primeplus system (GE Health-
care) equipped with a UV detector (A 280 nm) and a fraction collector.

The purified tetramers were quantified using the Bio-Rad Protein
assay (Bio-Rad; Hercules, USA) and bovine serum albumin (BSA) as
standard. To assess purity the obtained proteins (1 pg) were loaded into
a 12.5 % polyacrylamide gel (Criterion TGX 12 %, Bio-Rad) and visu-
alized using NzyBlue Safe (NZYTech; Lisboa, Portugal). The UV-Vis
spectrum (A 250-600 nm) of recombinant MCAD (WT and variants), at
130 pg-mL~! in SEC buffer, was monitored on a Shimadzu UV-VIS
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spectrophotometer (Shimadzu Corporation, Japan) to evaluate FAD
incorporation by either analyzing the Absagp nm/Abssso nm ratio and
quantifying the FAD content (e450nm = 14.5 mM L.em™h [5,47]. The
purified recombinant MCAD tetramers were stored at —80 °C in 20 % of
glycerol.

2.2. Expression and purification of recombinant ETF

For the expression of the ETF protein (ETF-o and ETF-f) a bicistronic
expression system was used produced by NZYTech (Supplementary
Fig. S1), employing the design described in Bross et al. [48]. The cDNAs
of the WT ETF-B (GenBank: X71129.1) and ETF-a (GenBank: J04058)
were synthesized (codon optimized for expression in E. coli) and cloned
into the pHTP1 expression vector (Nzytech), each being under the
control of an individual T7 promoter and T7 terminator. A 6 xHis tag is
at the N-terminus of the ETF-f} subunit.

Recombinant ETF was expressed in E. coli BL21 (DE3) and purified
by IMAC following the protocol described in Augustin et al. [49] with
some minor modifications. Briefly, cells were grown in TB medium
supplemented with kanamycin (50 pg-mL™') at 37 °C, 140 rpm, until an
ODg00 nm > 1.5. The protein expression was induced using 0.5 mM IPTG.
After incubation for 4 h, at 37 °C, 140 rpm, cells were collected by
centrifugation (10 min; 2057g; 4 °C). Cells were further resuspended in
buffer A, containing lysozyme (1 mg~mL’1), PMSF (1 mM), DNase (0.5
pg~mL*1) and FAD (0.1 mg-mL*I), and lysed by sonication, as above.
The recombinant proteins were IMAC purified using an imidazole
gradient (20 to 300 mM) consisting of three washing steps (20 mM, 40
mM and 75 mM) and elution with 300 mM imidazole. A PD-10 desalting
column was used to eliminate the presence of imidazole on eluted
fractions and to exchange to buffer B (50 mM Na-Hepes, pH 7.0, 200 mM
NaCl). The ETF protein was quantified (BioRad protein assay), analysed
by SDS-PAGE as above and stored in 10 % glycerol at —80 °C. When
necessary, the protein aliquots were concentrated using a 10 K MWCO
protein concentrator (Amicon® Ultra — 15) at 3000g at 4 °C.

2.3. FAD binding affinity assays

The relative affinity of MCAD variants for the FAD cofactor was
assessed by differential scanning fluorimetry (DSF) assays. The DSF as-
says were performed in the absence and presence of increasing FAD
concentrations (2.5-80 pM range [50-52] in SEC buffer, in a reaction
volume of 50 pL containing recombinant MCAD proteins (5 pg) and
SYPRO Orange at a final concentration of 2.5-fold (5000-fold stock so-
lution from Invitrogen, Carlsbad, CA, USA). Assays were run in a Real-
Time PCR system (C1000 Touch® Thermal Cycler; Bio-Rad) with fluo-
rescence acquisition in the FRET channel (10 min incubation at 20 °C
followed by a 1 °C-min~" linear temperature gradient up to 90 °C), as
previously described [43]. Data were fitted to a sigmoidal dose-response
equation using GraphPad Prism, thus allowing the determination of the
melting temperature (Tp,). The difference between the T, value at a
given FAD concentration and the Ty, in the absence of FAD was defined
as ATp,. To calculate the FAD binding affinity (kp), the ATy, values were
plotted as a function of FAD concentration and the data were fitted with
a one site-specific binding equation and the apparent binding affinity
constants (kp) were determined.

2.4. Enzyme activity of purified MCADs

The specific enzyme activity of purified recombinant MCAD proteins
was determined using either phenazine methosulfate (PMS) and the
terminal 2,6-dichlorophenolindophenol (DCPIP) as artificial electron
carriers or the natural electron carrier ETF together with DCPIP [53,54].
The concentration of acyl-CoA substrates and DCPIP were always
adjusted by using €260 nm 15.4 mM ™ '-em ™! and egp0 nm 21 mM-em Y,
respectively [5]. The enzyme reactions were performed in SEC buffer, in
a final volume of 180 pL containing 2.5 pg of purified MCAD (WT or
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variants), 1.5 mM PMS or 20 pg of recombinant ETF and 48 uM DCPIP.
The reaction was started by adding 20 pL of the corresponding acyl-CoA
substrate (C6-CoA, C8-CoA, C10-CoA and C12-CoA; Sigma-Aldrich; St.
Louis, MO, USA) at a final concentration of 33 pM. The reaction was
followed by measuring the DCPIP absorption decrease at Agpo nm for 200
s, at 25 °C, on a ZENYTH 3100 microplate reader (Anthos Labtec,
Salzburg, Austria), equipped with a 595 + 8 nm filter. Specific enzyme
activities were expressed as pmol of DCPIP reduced per min per mg of
MCAD protein (pmol DCPIP-min~!-mg™1).

Kinetic assays were performed using C8-CoA concentrations from 1
to 100 pM. The steady-state kinetic data were analysed by non-linear
regression analysis using GraphPad Prism (La Jolla, CA, USA) and the
Michaelis-Menten equation.

Thermal inactivation profiles were obtained for the purified MCAD
tetramers by pre-incubating protein aliquots (5 pg) at different tem-
peratures (25-70 °C) for 10 min and chilling them on ice (10 min) prior
to determining enzymatic activity using C8-CoA as the substrate and the
redox pair PMS/DCPIP as described above. The mid-point of thermal
inactivation (T /3), which indicates the temperature at which the pro-
tein presents 50 % residual activity was determined by non-linear
regression analysis.

2.5. Far-UV circular dichroism

Far-UV circular dichroism (CD) was employed to analyse the sec-
ondary structure content of MCAD variants in comparison with the WT
protein. The far-UV CD experiments were carried out in a Jasco J-815
spectropolarimeter (Easton, MD, USA) equipped with a Jasco CDF-426S
Peltier temperature controller. Protein samples were diluted to 0.15
mg-mL~! in 20 mM potassium phosphate (KPi) buffer, pH 7.4 and
transferred to a 0.1 cm path quartz cuvette. The spectra were acquired at
20 °C, resulting from four accumulations under the following conditions:
50 nm-min ! scanning speed; data pitch 0.5 nm; data integration time
(DIT) 2 s; bandwidth 2 nm; N flow 8 L-min~. The experimental setup
for thermal denaturation profiles was: A = 222 nm; temperature range
20-90 °C; 1 °C-min~! temperature gradient; data pitch 0.5 °C; DIT 1 s;
bandwidth 2 nm; N; flow 4 L-min~'. The thermal denaturation curves
were analysed according to a two-state model and the Ty, values were
determined as the inflexion points from the fitted sigmoidal thermal
denaturation curves.

2.6. Thermal stability assays

In addition to far-UV CD-monitored thermal denaturation curves,
dye-free differential scanning fluorimetry (dfDSF) was employed to
probe the thermal denaturation of MCAD variants following different
molecular events. The dfDSF assays to analyse FAD-associated fluores-
cence (dfDSFpap) were performed in an Applied Biosystems QuantStudio
7 Flex RT-PCR, monitoring the flavin fluorescence (Aexc 470 nm, Aep 558
nm) as a function of temperature. The dfDSF assays analyzing intrinsic
tryptophan fluorescence (dfDSF7g; Aexe 275 nm, Aem 330 nm), to probe
global protein thermal denaturation, were performed in a nanoTemper
Prometheus NT.48 nanoDSF. All variants were analysed at 0.5-0.6
mg-mL~! in SEC buffer. In both approaches, thermal melting experi-
ments were done by increasing the temperature between 20 and 90 °C at
a linear temperature rate of 1 °C-min~!. The dfDSFgap assay allowed the
estimation of the midpoint of the FAD-associated fluorescence as a
function of temperature (Tsorapy). The thermal denaturation curves
obtained by dfDSFirr were best fitted with a sum of two sigmoidal
curves, accounting for two transitions, allowing determination of Frac
(difference between fitted Ty, and Tpo values).

To evaluate the kinetics of the thermal denaturation of recombinant
MCAD (WT and variants), an isothermal denaturation fluorimetry
(ITDF) assay was performed. In this assay, the C1000 Touch® Thermal
Cycler (Bio-Rad) was used to measure the fluorescence, at a fixed tem-
perature (42 °C), over time (150 min). The reaction mixtures were
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prepared as in the flavin binding affinity assays. One-phase or two-phase
dissociation functions were used to fit the data and to obtain the half-
lives, using GraphPad Prism. The denaturation rate (k) was calculated
from the slope at the lowest half-life obtained for each temperature
studied [55].

2.7. Limited proteolysis

Limited proteolysis by trypsin assays was performed in SEC buffer, at
37 °C, and in a final volume of 210 pL containing 42 pg of purified re-
combinant MCAD (WT or variants), 0.12 pg trypsin (1:25 (m:m) trypsin:
protein ratio) and in the absence or presence of 80 pM FAD. At different
time points (0-120 min), aliquots (15 pL) of the reaction were collected
and the proteolysis was stopped by the addition of soybean trypsin in-
hibitor (1:1.5, m:m) protease:inhibitor ratio). The samples were ana-
lysed by SDS-PAGE (12.5 %) and the full-length protein was quantified
by densitometry using Image J® 1.52K (NIH, USA). The data obtained
were fitted to a one-phase exponential decay equation (GraphPad Prism)
to determine the plateaus of degradation (% of full-length protein at
infinite time) as a measure of the full-length protein resistant to prote-
olysis (FLplateau) [43].

2.8. Statistical and in silico analysis

The data obtained from independent experiments (N > 3) are pre-
sented as the mean =+ standard deviation (X 4 S.D.). Statistical signifi-
cance (P) was determined by the Student’s paired t-test. A P < 0.05 was
considered significant. The correlation between data was determined
with the Pearson Correlation assay using GraphPad Prism to obtain the
correlation coefficient (r) and P (P < 0.05 was set as the significant
criterion).

The effect of the introduced substitutions on the thermodynamic
stability and protein conformation of the protein was estimated using
the Site Directed Mutator (SDM) server (http://marid.bioc.cam.ac.
uk/sdm2) [56] and the coordinates of MCAD/ETF complex (PDB ID:
1T9G). The coordinates of pig (sus scrofa) MCAD structure (PDB ID:
1UDY) were loaded into UCSF Chimera [57] and the amino acid changes
were obtained with the structure editing tool of Chimera. The most
probable rotamer of the substituting amino acid was selected and the
resulting steric hindrances were analysed. Structural images were pro-
duced using UCSF Chimera.

3. Results

3.1. Production, oligomeric profile and secondary structure of
recombinant MCAD variants

In this work cell lysis was always performed in the presence of 0.1
mg-mL~! FAD, to prevent the cofactor loss during the harsh sonication
procedure. The need for cofactor supplementation during protein
expression was also assessed. As no difference in protein yields was
observed, protein expression was always performed without FAD addi-
tion to the culture medium (data not shown). From the 12 variant pro-
teins analysed, only two (p.A88P and p.L238F) presented very low levels
in the soluble fraction of E. coli lysates preventing their further purifi-
cation, and therefore were excluded from this study. After IMAC puri-
fication the remaining 10 variants were recovered in different yields
varying from 0.38 + 0.28 (p.Y48C) to 1.16 + 0.42 mg (p.R55G) per litre
of cell culture (Table S3).

The recombinant MCADs (WT and variants) obtained by IMAC were
further purified by SEC to isolate the biologically active tetramers. Size-
exclusion chromatography was also used to monitor the oligomeric
profile of the recombinant MCAD variants in comparison with the
oligomeric profile of the recombinant WT protein. As shown in Fig. 1,
from the 10 variants studied only three presented a relative percentage
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of tetramers (MM =~ 160 kDa) lower than that found for the WT protein
(89.9 + 9.2 %), namely the p.Y48C (63.1 + 3.3 %, P < 0.005), p.D143V
(69.7 £ 6.4 %, P < 0.05) and p.Y372N (9.0 £ 2.8 %, P < 0.0001). For
the p.Y48C and p.Y372N the lower level of tetramers was mainly due to
a higher percentage of dimers (MM ~ 80 kDa), with the p.Y372N being
mostly recovered in this form (68.4 + 3.9 %, P < 0.0001; WT: 1.7 + 1.9
%). When compared with WT (6.7 + 6.8 %), a higher level of high
molecular forms (HMW; MM > 400 kDa) were also observed for the p.
D143V (19.9 £ 7.6 %, P < 0.05) and p.Y372N (18.4 & 4.3 %, P < 0.05).
None of the recombinant MCAD proteins presented significant levels of
monomers (MM ~ 40 kDa), which ranged from 1.6 % (WT) to 4.3 % (p.
Y372N), nor were purified mainly in their HMW form (Fig. 1). As the low
levels of p.Y372N tetramers (8.9 + 2.8 %) precluded their use for
additional assays, all further studies with this variant were performed
with the isolated dimers.

Far-UV CD was employed to analyse the effect of the studied amino
acid substitutions resulting from ACADM missense mutations on the
secondary structure of the respective MCAD variants. As observed in
Fig. 2, the Far-UV CD spectrum of WT MCAD is dominated by two major
bands centered at ~225 nm and ~210 nm. The spectra recorded for the
studied variants display essentially the same spectral features, with a
similar ratio between the intensity of the two bands as compared to WT
MCAD.

3.2. Flavinylation status and apparent FAD binding affinity of the
recombinant MCADs

The FAD content of the WT and variant recombinant MCADs is
depicted in Table 1. The observed FAD:WT molar ratio was 0.88/subunit
and the Absyg0/Abssso was 5.3, in line with the values reported in the
literature for the recombinant WT MCAD [5] and indicating a high FAD
content with almost full occupancy (Absagg/Absasp 5.2-5.5) [58] in the
produced recombinant WT MCAD. The data obtained for the studied
variants suggest that five out of the ten proteins (p.Y48C, p.Y133C, p.
A140T, p.D143V and p.Y372N) did not incorporate FAD as efficiently as
the WT as low levels of FAD content/subunit (<0.56) and high ratios of
Absygo/Absasy (>8.0) were observed. Moreover, among these variants,
the lowest content (<33 % of WT) was determined for the p.A140T and
p-Y372N variants, with the p.D143V variant showing virtually no FAD
content. Interestingly, the p.Y372N and p.D143V variants also presented
a low percentage of tetramers (Fig. 1). Considering these data the
studied variants were grouped according to the degree of FAD incor-
poration as Group I (FAD content <67 % of WT; p.Y48C, p.Y133C, p.
A140T, p.D143V and p.Y372N) and Group II (FAD content >78 % of
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Fig. 1. Oligomeric profile of recombinant wild-type
(WT) medium chain acyl-CoA dehydrogenase
(MCAD) and variants after purification by immobi-
lized metal affinity chromatography. The relative
percentage of each oligomeric form corresponds to
the ratio between the intensity of the peaks observed
in the size exclusion chromatography (SEC) chro-
matograms for that oligomeric form and the totality
of the oligomeric forms analysed. (m) High molecular
weight forms (HWM), >400 kDa); (m) Tetramers,
~160 kDa; (@) Dimers, ~80 kDa; and (m) Monomers,
~40 kDa. Values represent X + S.D. of at least three
independent expression and purification assays,
- except for the p.R55G (N = 2). P (*<0.05, **<0.005
and ***<0.0001) was calculated by comparing MCAD
variant values with the WT.

mmdeaned WT
: p.Y48C
p.R55G
p.Y133C
p.A140T
p.D143V
p.G224R
p.V264l
p.K304E
p.Y372N
p.G377V

-

CD (a.u.)

220 240
A (nm

Fig. 2. Impact of amino acid substitutions on the secondary structure of re-
combinant medium chain acyl-CoA dehydrogenase (MCAD) variants probed by
Far-UV circular dichroism (Far-UV CD) spectropolarimetry by comparison with
the secondary structure of the recombinant wild-type (WT) MCAD. The Far-UV
CD spectra were collected in a 0.1 cm light path cuvette at 20 °C. Variants and
WT MCAD were at 0.15 mg~mL’1, in 20 mM KPi, pH 7.4. The spectra were
offset for presentation purposes. (a.u.) Arbitrary units.

200 260

WT; p.R55G, p.G224R, p.V264I, p.K304E and p.G377V).

In line with the observed FAD content in the purified enzymes, the
MCAD variants with lower FAD content presented higher apparent
binding affinities (kp), ranging from 13.1 + 2.2 (p.V264I) to 44.0 +
12.2 pM (p.A140T) (Table 1 and Fig. S2), to be compared with WT
MCAD (7.4 + 1.3 pM). Conversely, the p.R55G, p.G224R, and p.K304E
variants, presenting similar FAD content to the WT, also showed kg in
the same range. Out of this trend, and when compared to the WT, the p.
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Table 1

FAD content determined by UV-Vis spectrophotometry, and apparent FAD
binding constant (kg) determined by differential scanning fluorimetry (DSF), of
recombinant wild-type (WT) and variant MCAD tetramers (Group I: low FAD
content; Group II: FAD content similar to WT).

FAD content/subunit Absago/ ks FAD
(molar ratio) Absyso (uM)
WT 0.88 5.3 7.4+1.3
p.Y48C 0.56 8.0 19.8 +£ 9.0
p.Y133C 0.48 9.2 374%
1.9
44.0 +
Group I p.-A140T 0.32 13.4 19,9
p.D143V  n.d. - P
p. b
Y379N° 0.23 19.7 -
p-R55G 0.77 5.9 6.7 + 0.6
p.G224R 0.87 5.1 8.2+ 0.9
Group p.V2641 0.77 5.8 13.1 + 2.2%
11 p-K304E 0.74 6.0 80+1.3
p.G377V 0.75 5.3 4.4 + 0.8

Notes: MCAD variants were grouped according to the FAD content being lower
(Group I) or similar to the WT (Group II); (n.d.) Not detected. The FAD content
was determined using the Absssonm and €4sonm of 14.5 mM.cm™. Kg values
represent X & S.D. of at least three independent assays. Statistical significance
was determined using the Multiple t-test and comparing the variant forms to the
WT MCAD (*P < 0.05; **P < 0.01; ***P < 0.0001).

2 Assays were performed with the dimers.

b For variants with very low FAD binding it was not possible to accurately
determine the kg.

V2641 and p.G377V variants, for which a FAD content of 0.8 was
determined (WT = 0.9), showed lower (kg 13.1 + 2.2 pM) and higher
affinity (kg 4.4 + 0.8 pM) for the cofactor, respectively.

3.3. Catalytic properties of recombinant MCAD tetramers

The chain length specificity of the WT and variant MCAD tetramers
catalytic activity was determined using 33 pM of substrates and the
PMS/DCPIP assay. As shown in Fig. 3A, under these conditions, the WT
MCAD presented the highest specific enzyme activity for C6-CoA (1.50
+ 0.12 pmol DCPIP-min~!-mg~1), followed by C8-CoA (1.20 + 0.05
pmol DCPIP-min 'mg~!), C10-CoA (1.10 + 0.02 pmol
DCPIP-min 'mg™!) and CI2-CoA (0.97 + 0.05 pmol
DCPIP-min~!-mg ™). The chain-length specificity and the specific ac-
tivity of WT MCAD are in line with those obtained by other authors
[4,42,59]. A similar chain-length dependency was observed for the
majority of the studied recombinant MCAD variants (C6 > C8 > C10 >
C12). Out of this trend, both p.R55G and p.Y133C variants presented the
lowest activity in the presence of C8-CoA namely 0.96 + 0.06 and 0.19
+ 0.01 pmol DCPIP-min~!-mg~?, respectively (Fig. 3A), with the latter
showing maximum activity for the C12-CoA substrate (0.56 + 0.04 pmol
DCPIP-min~!-mg~1!). For the MCAD variants with the lowest enzyme
activities (p.D143V, pY372N and p.G377V) highest responses were ob-
tained towards the C10-CoA substrate.

When compared with the WT recombinant MCAD (Fig. 3A and
Supplementary Fig. S3), all the studied variants presented lower residual
enzyme activities for the tested acyl-CoA substrates, except the p.R55G
variant which only showed statistically significant differences towards
the C8-CoA (Fig. 3A and B) and the p.V264I variant that did not present
a statistically significant difference only towards the C8-CoA (relative
enzyme activity: 98 + 8 %; P > 0.05). Focusing on the activity towards
the C8-CoA substrate, for which a maximum catalytic efficiency is
described for MCAD [2,4,5] and in the data obtained in the PMS/DCPIP
assay (Fig. 3A and B) significant decreases were observed for the re-
sidual activity of the recombinant variants p.Y48C (44 + 10 %, P <
0.005), p.R55G (69 £+ 1 %, P < 0.005), p.Y133C (16 £+ 1 %; P < 0.0001),
p-A140T (48 + 1 %; P < 0.0001), p.G224R (46 + 2 %, P < 0.0001), and
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p.K304E (74 + 4 %, P < 0.005). The p.D143V, and p.G377V were the
variants that showed the lowest residual enzyme activities (0.4 and 1 %,
respectively). As expected, when compared to the WT tetramers, the p.
Y372N dimers showed only 0.6 & 0.3 % of residual enzyme activity.

In line with data described in the literature [5], when comparing the
catalytic activity of the WT recombinant MCAD towards C8-CoA using
the two electron acceptor pairs (Supplementary Fig. S3D and Fig. 3B) a
lower activity (0.25 =+ 0.02 pmol DCPIP-min'-mg ') was found when
assayed with the ETF/DCPIP (PMS/DCPIP: 1.20 + 0.05 pmol
DCPIP~min’1~mg’1). The same trend was obtained for all the studied
variants (Fig. S3D). The relative enzyme activity of the variants using
the two different assays was then compared (Fig. 3B). The analysis of the
residual activity obtained for the C8-CoA substrate using the two
different assays (PMS/DCPIP and ETF/DCPIP; Fig. 3B) showed three
different results among the recombinant MCAD variants studied: (i)
same level of response between assays (for p.Y48C, p.A140T, p.D143V,
p-V2641 and p.G377V variants); (ii) higher level of response with PMS/
DCPIP assay (for p.R55G, p.G224R and p.K304E variants; 31 %, 40 %
and 20 % decrease, respectively) and (iii) higher level of response with
the ETF/DCPIP assay (for p.Y133C and p.Y372N variants; 24 % and 5 %
increase, respectively). In line with the data obtained with the PMS/
DCPIP assay, the p.D143V and p.G377V were the variants presenting the
lowest catalytic activity towards the C8-CoA substrate (not detected and
2.0 £ 0.1 % residual activity, respectively) also with the ETF/DCPIP
assay. The p.Y372N dimers also presented a low residual enzyme ac-
tivity with C8-CoA in the ETF/DCPIP assay (5.1 + 0.1 % of the WT
tetramers) that, however, was 5 % higher than the value obtained with
the PMS/DCPIP assay.

The determination of the steady-state kinetic parameters of the re-
combinant WT and MCAD variants (Table 2; Fig. S4) revealed that the
majority of the MCAD variants presented a Vi lower than the WT (1.57
+ 0.01 pmol DCPIP-min~!:mg™!) ranging from 0.21 + 0.04 pmol
DCPIP-min~!mg~! (p.Y133C) to 1.25 + 0.06 pmol DCPIP-min~*-mg~}
(p.K304E). The p.V264I and the p.R55G variants presented a higher
Vmax than the WT (2.04 + 0.05 pmol DCPIP-min’lmg’1 and 1.83 +
0.09 pmol DCPIP-min~!-mg~), respectively), although no statistically
significant difference was observed for p.R55G. As for the affinity to-
wards the C8-CoA substrate (K,,), when compared to the WT (13.2 + 1.9
pM) the variants presenting a higher (p.V264I) or similar (p.R55G) Vpax,
showed higher K,, values for C8-CoA (lower affinity), namely 25.1 + 2.4
pM (p.V264L; P < 0.01) and 26.2 + 2.4 pM (p.R55G; P < 0.005),
respectively. The higher K,, observed for the p.K304E variant (15.3 +
2.4 pM) was not statistically significant when compared to the WT
MCAD. Importantly, regarding the catalytic efficiency (i.e. K,/ Vmax),
five out of the seven variants, presented a catalytic efficiency lower than
the value determined for the WT (9.7 + 1.2 pM_l-min‘l) ranging from
4.2 + 2.3 pM tmin! (p.Y133C) to 7.0 + 0.7 pM~Lmin~! (p.G224R).
For the remaining two variants (p.Y48C and p.A140T) the catalytic ef-
ficiencies (p.Y48C: 10.6 + 3.9 pM 'min~! and p.A140T: 8.8 + 1.8
pM1.min~!) were not statistically significantly different from the
values found for the WT recombinant MCAD. The low enzymatic activity
of the p.D143V, p.Y372N and p.G377V variants prohibited the study of
their kinetic parameters.

3.4. Effect of amino acid changes on MCAD thermal and conformational
stability

The impact of the missense ACADM mutations herein investigated on
the MCAD’s protein thermal stability was monitored by far-UV CD and
dfDSF. In far-UV CD thermal denaturation experiments, protein
unfolding was followed at 222 nm as a representative wavelength for
a-helical structure loss (Fig. S5). The data were fitted according to a two-
state model, allowing to estimate apparent Tp, values for all variants
(Table 3). Seven (p.Y48C, p.Y133C, p.A140T, p.D143V, p.V264l, p.
K304E and p.Y372N) out of the ten variants studied presented T, values
>2.0 °C lower than the WT MCAD (ATy, > —2.0 °C). The only variant
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with an apparent higher melting temperature than WT MCAD was the p.
G377V variant.

The dye-free differential scanning fluorimetry (dfDSF) experiments
were employed to probe the thermal denaturation of the recombinant
MCAD variants following different molecular events. Monitoring the
flavin fluorescence (dfDSFgap; Fig. S6 and orange lines in Fig. S7A-C)
enabled probing changes in the FAD environment (possibly related with
FAD release from the MCAD protein), while monitoring the intrinsic
tryptophan fluorescence (dfDSFyrg; black lines in Fig. S7A-C) allowed to
follow the denaturation of the protein. Nevertheless, dfDSFrap was only
possible for flavin-loaded variants, since the flavin-depleted p.D143V
and p.Y372N variants exhibited no significant FAD-derived fluorescence
(Fig. S7C). The calculated Tsorapy values (Table 3) indicate a lower
stability of the FAD cofactor in the p.Y48C, p.Y133C, p.A140T and p.
K304E variants as compared to WT MCAD. The difference between fitted
Tm1 and Ty values from dfDSFirr was variant-dependent, ranging from
2.8 to 10.8 °C. For simplicity of analysis, the two values were weighted
according to the relative contributions of each transition and a Tave
was calculated. As observed in Table 3, the variants p.Y48C, p.Y133C, p.
A140T, p.D143V, p.K304E and p.Y372N exhibit lower thermal dena-
turation resistance than WT MCAD (TmavewT) - TmAVE(variant) >
—2.0 °C), whereas the p.G377V variant exhibits increased thermal
stability.

In addition, dfDSFgap and dsDSFyr data also offered the possibility
to compare the changes in FAD environment and protein denaturation
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Fig. 3. Substrate chain-length dependence of the

catalytic activity of wild-type (WT) and variant

human medium chain acyl-CoA dehydrogenase

(MCAD) tetramers. (A) The catalytic activity was

determined using the PMS/DCPIP assay for the C6-

CoA (m), C8-CoA (m),C10-CoA (m) and C12-CoA ()

substrates (33 pM); In B the assay was performed

using the C8-CoA substrate and the PMS/DCPIP (m)

N and ETF/DCPIP (M) reaction. Data represent X + S.D.

of at least three independent expression and purifi-

& cation assays, each analysed in triplicate. P values

= (*<0.05, **<0.01, ***<0.005 and ***<0.0001) were

calculated by comparing the C6-, C10- and C12-CoA

with the C8-CoA in A. In B the P calculated by

comparing the PMS/DCPIP and ETF/DCPIP assays is

also shown. The data for the p.Y372N variant were

obtained using the dimeric forms. Group I: low FAD
content; Group II: FAD content similar to WT.

events. Notably, the onset of FAD-derived fluorescence increase pre-
ceded global protein denaturation in all variants. However, by analyzing
the Tsorap), FAD appears to dissociate concurrently with protein
denaturation, apparently maintaining its association with the protein
until the later events of protein unfolding (TavE)-

The kinetics of thermal denaturation was studied by ITDF experi-
ments at 42 °C, in the absence or presence of additional FAD (Fig. S8). At
this high fever-mimicking temperature, and with no supplementation of
FAD, all the variants exhibited faster rates of denaturation (k) than the
WT MCAD (Ak > 50 F-min~1) whereas the p-G377V exhibited a lower
denaturation rate (Ak of —88 F-min~!) as shown in Table 4 and Fig. 4.

In the presence of 80 pM of FAD, all the MCAD proteins (WT and
variants) exhibited considerably lower denaturation rates than in the
absence of FAD (Table 4; Fig. S8B). However, when the Ak values ob-
tained in the absence and presence of FAD were compared (Fig. 4), for
the Y133C and p.D143V variants no statistical significance was
observed. Nevertheless, in the presence of the cofactor all the variants
still unfolded with slightly higher rates than WT, with the p.G377V
remaining the single variant in which the kinetics of thermal unfolding
was found to be similar to WT (Table 4; Figs. 4 and S8B).

In addition to the structural thermal stability, assays were performed
to analyse the functional thermal stability. To this end, thermal inacti-
vation profiles were obtained by incubating the MCAD WT and variants
at various temperatures and then measuring the activity at 25 °C. The
midpoint of thermal inactivation, T; /5, was calculated taking the activity
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Table 2

Kinetic parameters of recombinant wild-type (WT) and Group I and Group II
variant medium chain acyl-CoA dehydrogenase (MCAD) tetramers towards
octanoyl-CoA (C8-CoA).

Vimax (pmol K, (pM) Catalytic efficiency”
DCPIP-min~'-mg~1) (M Lmin~1)
WT 1.57 £ 0.10 139'2 * 9.7 £1.2
p.Y48C 0.62 £ 0.05*** z'g*i 10.6 £ 3.9
p- ok 53+ *
Y133C 0.21 + 0.04 3.4% 42+23
Group p. . 6.3 +
; higor 066+ 0.07 o1t 8.8+ 1.8
p. e . .
D143V
p- y . .
Y372N*"
pRS5G  1.83 +0.09 §642i 5.6+ 0.3%*
p. 7.6 £
G224R 0.66 £ 0.06*** 0.8 7.0 £ 0.7
Group 1 vosdl 2,04 + 0,05+ 251+ oo s
I 2.4%*
P . 153+ .
K304E 1.25 + 0.06 2.4 6.6 +£0.7
p- y . .
G377V

Notes: (Group I) low FAD content; (Group II) FAD content similar to WT. Values
represent X + S.D. of at least three independent expression and purification as-
says each performed in triplicate. P values (*<0.05, **<0.01, ***<0.005 and
#*%%P < 0.0001) were calculated comparing recombinant MCAD variant values
with the recombinant WT MCAD. All assays were performed using the PMS/
DCPIP assay.

2 p.Y372N dimers.

b Catalytic efficiency was calculated using the molecular mass of the tetramer.

¢ For variants with very low enzyme activities it was not possible to accurately
determine the kinetic parameters.

obtained at 25 °C as 100 % (Fig. S9). As shown in Table 4, all variants
except the p.R55G and p.K304E presented T;,» values statistically
significantly different from the WT (56.8 + 1.0 °C). The remaining
variants showed lower T;,» with decreases ranging from —3.8 °C (p.
G224R) to —8.3 °C (p.A140T).

Limited proteolysis by trypsin was performed to probe the confor-
mational stability of MCAD variants. Under the tested conditions, WT
MCAD appeared remarkably resistant to proteolysis by trypsin, with
only ~30 % of the full-length protein band disappearing after 2 h
(Table 4). Therefore, the percentage of full-length protein remaining
intact at the plateau (FLpjateay) Was used to assess the resistance of
MCAD:s for proteolysis. Whereas the p.Y133C, p.G224R, and p.V264I
variants exhibited WT-like behaviour, the p.R55G, p.K304E and p.
G377V variants appeared more resistant to proteolysis. On the opposite,
the p.Y48C, p.A140T, p.D143V and p.Y372N variants were more sen-
sitive to trypsin, particularly the latter two variants, which became
totally degraded (Table 4; Fig. S10). Notably, FAD addition led to an
increased resistance to proteolytic digestion, reflected in the 80-94 % of
full-length protein retained after 120 min for recombinant MCAD WT as
well as for the p.A140T, p.V264I and p.G377V variants. For the p.R55G,
p-Y133C, p.G224R, and p.K304E variants, the FAD-protection was so
effective that it precluded detecting any significant proteolysis up to
120 min. Only the flavin-depleted p.D143V and p.Y372N variants
seemed unresponsive and displayed similar proteolytic profiles in the
absence or presence of FAD.

4. Discussion

Over the last 20 years, the inclusion of the diagnosis of MCADD in
newborn screening programmes in several countries led to a

BBA - Molecular Basis of Disease 1869 (2023) 166766

Table 3

Thermal denaturation parameters of recombinant wild-type (WT) and Group I
and Group II variant medium chain acyl-CoA dehydrogenase (MCAD) tetramers
obtained by Far-UV circular dichroism (Far-UV CD) and dye-free differential
scanning fluorimetry (dfDSF) monitoring the flavin fluorescence (dfDSgap) and
intrinsic tryptophan fluorescence (dfDSFyrp).

Far- dfDSFyrg dfDSFrap
uv
CD
Tm Tm1 Tm2 Frac TmAvE TsoraD)
(O] Q) (O] o) (O]
WT 54.0 525  59.2  0.66 547+ 5754+
+15 +01 +02 + 0.1 0.1
0.02
pyasc 490 477 517 158 49.0 46.3 +
£01  £02 02 oo +0.1 0.3
p. 51.6 497 535 137 52.4 53.4 +
Y133C  £#01  £19  £03 ., +0.1 0.3
Group p. 50.1 48.9 52.1 146 50.6 50.9 +
I A140T  +0.1 £01 +0.1 +0.1 0.3
0.01
p. 49.1 483 511 158 49.5 va
D143V +0.1 £01 0.1 +0.1
0.01
p. 46.4 457 487 1'54 47.0 va
y372N°  +0.2  +01 +0.1 +0.1
0.01
rssg 532 527  59.2 1'49 560+ 59.1+
P £02  +02 +01 0.1 0.1
0.01
p. 52.4 51.7  58.6 1'57 546+ 579+
G224R +05 +£01 0.1 0.1 0.3
0.01
0.46
Group vosar 508 491 568 532+ 563+
1 p- +01 +03 0.1 0.2 0.1
0.01
p. 49.0 457 546 1‘43 50.8 53.8 +
K304E  +0.4 +03 +0.2 £03 0.3
0.01
p. 55.6 51.8  62.6 135 588+  63.2+
G377V 01  £18 01 0.3 0.2

Notes: (Group I) low FAD content; (Group II) FAD content similar to WT; Bold,
Tm and Tsoapy values considered significant when AT, > —2.0 °C. (n/a) not
assessed.

& Tmave = Tmi-Frac + Tyo-(1 — Frac).

> p.Y372N dimers.

considerable improvement in the prognosis of the MCADD patients by
allowing the introduction of early dietary and behavioural strategies to
control the disease as well as to closely monitor the metabolic status of
the patients which altogether greatly reduced the morbidity and mor-
tality associated with this disease. However, whenever a metabolic
challenge triggers decompensation, diagnosed patients are still at risk
for clinical manifestations which may present a wide spectrum of
severity, even for those patients with the same genotype. As for any
other monogenic disorders, in MCADD the pathogenic phenotype will
depend not only on the patient genotype but also on additional extrinsic
and/or intrinsic factors yet to be fully understood. In this study, we
aimed to explore the role of FAD, acyl-CoA MCAD substrate chain
lengths and ETF interactions on the structure and activity of disease-
associated MCAD variants. For this purpose, we studied 12 amino acid
substitutions in the MCAD sequence. These substitutions are scattered
along the three protein domains (Fig. S11), namely the aND (p.Y48C, p.
R55G and p.A88P), D (p.Y133C, p.A140T, p.D143V and p.G224R) and
aCD (p.L238F, p.V264I, p.K304E, p.Y372N and p.G377V). From the
studied proteins, only the p.A88P and p.L238F variants were recovered
mainly in the insoluble fraction of the cell lysate, precluding their
characterization, and suggesting that these amino acid changes lead to
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Table 4

Kinetics of thermal denaturation (k) at 42 °C, thermal midpoint of enzymatic
inactivation (T /») and proteolytic stability (FLpjatean) Of recombinant wild-type
(WT) and Group I and Group II variant medium chain acyl-CoA dehydrogenase
(MCAD) tetramers in the absence (—FAD) or presence of 80 uM FAD (+FAD).

k" (F-min™) T1/o° (°C)  FLpiateau” (%)
_FAD +FAD _FAD +FAD
wr 508 + 83 + 56.8 + 668+ 942+
46 2.3 1.0 2.9 0.5
863 + 175+ 491+ 478+ 797+
P-Y48C 414 43 0.7+ 4.1+ 1405
p. 564 + 116+  51.8+ 562+  94.0 +
Y133C 286 6.4 0.7+ 3.0 0.5
ol P 831 + 121+ 485+ 466+  90.6+
PY o A140T 270 48 0.6%** 5.5+ 0.6%*
p. 688 + 280 +
D143V 173 10.0 n/a n.d. n.d.
p. 2084+ 1053 +
Y372N° 204 135 n/a n.d. n.d.
640 + 97 + 57.6 + 878+ 970+
PRSSG 454 4.0 11 0.8+* 0.4+
p. 661 + 132+ 531+ 746+ 958+
G224R 6.6 3.0 0.7 ** 1.2 0.5
Group 1818+ 108+  49.7 + 69.1+ 833+
V2641
I PV264L g5 8.4 0.7%%+ 15 0.8%%*
p. 736 + 100+ 554+ 804+ 950+
K304E  23.4 8.8 0.5 1.9%* 0.7
p. 420 + 93 + wa 7714+ 938+
G377V 14.2 7.0 1.3% 23

Notes: (Group I) low FAD content; (Group II) FAD content similar to WT; (n/a)
Not assessed; (n.d.) Not detected.

2 p.Y372N dimers.

b The kinetics of thermostability was determined at 42 °C using isothermal
denaturation fluorimetry (ITDF).

¢ The enzymatic assays were performed using the PMS/DCPIP assay and the
C8-CoA substrate at 33 pM. Values represent X & S.D. of at least three inde-
pendent expression and purification assays each performed in triplicate; P
(*<0.05, **<0.01, ***<0.005 and ****P < 0.0001) was calculated comparing
MCAD variant values with the WT.

4 Pvalues (*<0.05, **<0.005 and ***<0.0001) were calculated by comparing
the variant MCADs with the WT; a P < 0.005 (not indicated in the table) was
calculated for all the recombinant proteins (WT and variants) when data was
obtained in the presence or absence of FAD (—FAD).

Group Il

Fig. 4. Kinetics of thermal denaturation of wild-type (WT) and variant forms of
medium chain acyl-CoA dehydrogenase (MCAD) at 42 °C determined by
isothermal denaturation fluorimetry (ITDF). The denaturation rate (k) of
MCADs were determined in the absence (m) or presence of 80 pM of FAD (H)
and the values obtained for the variants were compared to the WT to obtain Ak.
The data represents the mean + SD of three replicates. P values (*<0.05,
**<0.005, ***<0.0001 and ****<0.00001) were calculated comparing MCAD
variant values with the WT. Regarding the comparative statistical analysis of
the data obtained in the presence and absence of FAD only values not statisti-
cally different (n.s.) or with P < 0.05 are shown.
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protein structures highly prone to aggregation. The Ala88 residue is
localized at the aND (end of the a-helix D) and among the studied var-
iants the p. A88P presented the lowest value of predicted pseudo AAG
(—4.49; Table S1) indicating a highly unstable protein. The bulkier side
chain of a Pro in residue 88 increases the steric clashes (n = 5) with the
surrounding residues and the substitution of Ala by a rigid amino acid as
Pro may also disrupt a-helix D. Regarding the p.L238F variant, the
affected residue is localized at «CD (within the D connecting loop)
buried in a small hydrophobic cavity. Replacing a methyl (Leu) by a
benzyl (Phe) side chain substantially increases the number of steric
clashes (n = 17) with the surrounding residues, therefore presenting a
high propensity to disturb this protein region. The remaining ten MCAD
variants were found in the soluble fraction of the cell lysate and although
obtained in different yields it was possible to isolate the biological
relevant tetramers except for the p.Y372N variant that was mainly
recovered as dimers, which were the oligomeric species studied in this
work.

The FAD cofactor is non-covalently bound to the protein and has an
important role not only for the enzymatic reaction to occur but also on
MCAD assembly and stability [12,51,60], as it has been demonstrated to
be necessary for proper folding inside the mitochondria [8,9]. By
studying non-conservative amino acid substitutions in FAD supple-
mented and non-supplemented culture media and buffers, Saijo and co-
workers [10] showed that some variants can bind the cofactor during
protein synthesis but its FAD-binding capacity is weak, thus prone to
cofactor loss. Therefore, in this work, we focused on the study of the
potential correlation of this protein component with the function and
structure of disease-associated MCAD variants and by this mean to
investigate their pathogenic relevance. In previous work from our group
[43], expression and purification of MCAD (WT and p.K304E) has been
performed in the absence of FAD supplementation. However, antici-
pating that in MCAD variants the FAD binding could be impaired, and to
avoid loss of the cofactor under the stress conditions imposed during
sonication, cell lysis was always performed in buffer supplemented with
FAD as described in the literature [51]. However, no additional FAD was
added during protein purification and storage as described by some
authors [5]. This lysis/purification strategy may explain the slight dif-
ferences observed in enzyme activity and thermostability when reported
data are compared.

Among the three structural domains of MCAD the pD has an
important role in FAD binding. Therefore, not surprisingly, three out of
the four variants studied in this work belonging to the fD domain (p.
Y133C, p.A140T and p.D143V) presented a FAD content/subunit 65 %
lower than WT (Group L p.Y48C, p.Y133C, p.A140T, p.D143V and p.
Y372N). Tyrl33 is in close proximity to the flavin isoalloxazine ring
[11] and Ala140 and Asp143 belong to the Glu137-Asp143 loop which is
essential for correctly positioning the ribityl moiety of FAD [7]. Amino
acid changes in these residues will likely contribute to changes in the
architecture of the cofactor binding pocket. Nevertheless, FAD also es-
tablishes contacts with the aCD, in particular with the a-helix K from its
own subunit that can justify the low content of FAD/subunit observed in
the case of the p.Y372N dimers (Group I) as the Tyr372 residue localizes
at a-helix K and its substitution by Asn may interfere with FAD posi-
tioning. Likewise, FAD interacts with residues from the aCD of the
neighbouring subunit, in particular the adenosine moiety that is sur-
rounded by the loop between the a-helices G and H. The Lys304 residue
is localized on a-helix H and our previous data from molecular dynamic
simulations indicate a change in the architecture of the FAD binding
pocket as well as on the FAD binding affinity for one of the dimers while
the other remained unaffected [43]. These observations may explain
why the FAD content/subunit of the p.K304E variant was ~75 % of the
WT recombinant MCAD. Regarding the p.Y48C variant, that also pre-
sents a low FAD content, it localizes at the aND, for which no direct
involvement with FAD pocket/binding has been established so far.

In order to identify among the studied parameters which were most
influenced by the FAD content, correlation tests were performed against
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FAD affinity, thermostability, proteolytic stability and thermal inacti-
vation of the studied MCAD proteins (Fig. 5). An association was found
between FAD content/subunit and binding affinity for the cofactor
(lower FAD content — higher kg; Fig. 5A), Tsorap) (monitoring FAD
displacement; Fig. 5B), thermal stability of the protein structure (Fig. 5C
and D: Ty, and Tave), resistance to proteolysis (Fig. S5E; FLplateau) and
thermal inactivation (Fig. 5F: Tj,3). These data indicate a strong
dependence of the enzyme stability on the structural presence of the
FAD cofactor. This is particularly evident from the obtained proteolytic
stability data, as the variants presenting the lowest level of FAD (p.
D143V and p.Y372N) were the proteins more prone to limited proteol-
ysis. The susceptibility of proteins to controlled proteases digestion re-
veals the exposure of specific protein regions which are targets for
proteolysis [61,62].

Taken together, it is very likely that the absence of FAD will
contribute to the generation of proteins with less rigid/more flexible
conformations, exposing the target sequences to trypsin hydrolysis. In
contrast, the FAD content/subunit did not correlate with the percentage
of tetrameric forms, suggesting that even within the assembled subunits
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of the tetramer it is possible that the FAD binding sites are not fully
occupied. Nevertheless, the only MCAD variants with disturbed oligo-
meric profiles (p.Y48C, p.D143V and p.Y372N), which presented high
levels of aggregates (p.D143V) and dimers (p.Y48C and p.Y372N), also
showed a low FAD content/subunit namely 0.56 (p.Y48C), ~0 (p.
D143V) and 0.23 (p.Y372N). The recovery of p.D143V tetramers with
almost null FAD content indicates structural viability of tetramers
devoid of cofactor, although presenting low stability and lacking enzy-
matic activity. Similarly, no correlation was observed when the FAD
content was analysed against the denaturation rate at 42 °C (k), indi-
cating that FAD did not directly contribute to faster kinetics of dena-
turation. Remarkably, in those in vitro assays where FAD
supplementation was tested (limited proteolysis and kinetics of thermal
denaturation) it was evident that most of the studied variants responded
to the cofactor increasing the resistance to proteolysis (except the p.
D143V and p.Y372N variants) and to thermal unfolding (except the p.
Y133C, p.D143V and p.Y372N variants to some extent).

At the functional level, and as expected Group I proteins (lower FAD
content: p.Y48C, p.Y133C, p.A140T, p.D143V and p.Y372N dimers) also
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Fig. 5. Association of FAD content/subunit with FAD affinity (A), FAD displacement (B), thermostability (C and D), proteolytic stability (E) and thermal inactivation
(F) of recombinant medium chain acyl-CoA dehydrogenase (MCAD) wild-type (WT) and variants. The correlation between data was determined with the Pearson
Correlation assay using GraphPad Prism to obtain the correlation coefficient (r) and P.
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presented lower residual enzymatic activity towards the tested acyl-
CoAs (<50 % of recombinant WT MCAD activity), and for those vari-
ants for which kinetic parameters were obtained (p.Y48C, p.Y133C and
p-A140T) lower Viyax values were also observed. However, the FAD
content was not the single factor contributing to a relative enzyme ac-
tivity lower than the WT. Indeed, the p.G224R and p.G377V and vari-
ants (belonging to Group II: FAD occupancy approaching the WT)
presented respectively ~40 % of WT and almost null activity. These data
indicate that, as expected, other factors, besides the presence of the
cofactor, are involved in the enzymatic reaction. The Gly377 residue is
localized on the aCD in an adjacent position to the catalytic residue
Glu376. It is expected that the substitution of Gly377 by Val, an amino
acid with a longer side chain, will impact the conformation and local
environment of this region necessary for the chemical reaction to occur,
thus contributing to the low level of enzyme activity. The p.R55G and p.
V2641 variants, although presenting residual enzyme activities >80 %
for all the tested substrates, showed a low affinity for the C8-CoA sub-
strate thus affecting the enzyme’s catalytic efficiency. Val264 is local-
ized at the aCD, within the a-helix G, a long secondary structure with its
N-terminus (Ala243) localized at the protein surface (delineating the
entrance of the catalytic pocket) and the C-terminus (Leu279) deeply
buried and lining the acyl moiety of the substrate. The substitution of
Val by Ile in position 264 may disturb the local helical packing
arrangement with a direct influence on the pocket architecture, thus
rendering a protein with low affinity for the substrate. The Arg55 res-
idue is positioned at a-helix C (aND) in a solvent-exposed region, its side
chain being within electrostatic interaction distance with the side chain
of Glu34 from the neighbouring helix. This interaction is lost by
replacement of Arg55 with Gly, likely causing a local disturbance in
terms of packing of neighbouring helices that propagate to the active
site. Similar long-distance effects of pathogenic substitutions propa-
gating flexibility/instability to the active site and thereby affecting
substrate affinity have been observed in pyruvate dehydrogenase com-
plex E1 component [63].

Regarding MCAD activity towards acyl-CoA substrates with different
chain-lengths, as the acyl group of the substrate is buried into the cat-
alytic pocket, it is expected that substrates with smaller chain-lengths
can be accommodated more easily than longer acyl chains with the
concomitant impact on enzyme activity (C6 > C8 > C10 > C12) [4,5].
However, four (p.Y133C p.R55G, p.G224R and p.K304E) out of the ten
studied variants did not present the expected chain-length dependence.
The higher activity obtained for the p.Y133C variant in the presence of
C12-CoA indicates that the structural changes that lead to low incor-
poration of FAD leave the catalytic pocket more prone to accommodate
acyl-CoA substrates with higher chain-lengths. The p.R55G variant
showed lower residual activity in the presence of C8-CoA, which can be
associated with the lower affinity determined for this substrate, while
the p.G224R and p.K304E variants presented similar residual activities
towards the C6- and C8-CoA substrates, indicating that for these en-
zymes no discrimination for acyl-CoAs of shorter chain-lengths occurs.
Noteworthy, five out of the seven variants for which catalytic parame-
ters were possible to be evaluated, showed catalytic efficiencies (to-
wards C8-CoA) lower than for the WT due to a disturbed V. and/or K.
These data, not only support the pathogenic effect of the studied ACADM
gene mutations, but also highlights the need for a careful evaluation of
the enzymatic assay conditions usually performed in patient cells (such
as cultured fibroblast and lymphocytes) for the diagnosis of MCADD. In
fact, these assays are usually performed at Vp,,x conditions with satu-
rating concentrations of substrate and from our data each variant will
present its optimal activity range. Therefore, enzymatic assays should be
run at substrate concentration ranges near/bellow the enzyme K, as
already reported for other enzymes such as phenylalanine hydroxylase
[64] and pyruvate dehydrogenase [63]. Of note, for the majority of the
studied MCAD variants, the temperature has an impact on the enzyme’s
activity (shifting T7 /2 to lower values). In addition, the higher Ak4z-¢
observed also indicates that most of the variants are conformationally

11

BBA - Molecular Basis of Disease 1869 (2023) 166766

susceptible to temperature levels that occur in case of fever, which could
be envisaged as a mechanism underlying the metabolic decompensation
of MCADD patients in case of infections which frequently lead to coma
and death if not early intervened.

Within a biological context, the correct folding of MCAD is recipro-
cally required for FAD incorporation/maintenance, for the architecture
of the catalytic pocket and importantly it is also necessary for the
establishment of MCAD/ETF interactions. In this work, we aimed to
understand if the amino acid changes occurring in the disease-associated
MCAD variants which we studied, could disrupt these interactions. To
this end, using the C8-CoA substrate, enzymatic assays were performed
in the presence of the ETF/DCPIP pair, and the obtained data were
compared with those determined using the artificial pair PMS/DCPIP.
Five variants (p.Y48C, p.A140, p.D143V p.V264I and p.G377V) out of
the ten variants studied, did not impact MCAD/ETF interaction and/or
electron transfer among the respective FAD, as no statistically significant
differences on residual enzyme activities were found among the two
assays. The amino acid changes introduced in the p.R55G, p.G224R and
p.K304E MCAD variants led to lower catalytic activities in the ETF/
DCPIP assay indicating an effect on the MCAD/ETF interaction and/or
electron flux. In the case of the p.R55G variant, the involved residue is
localized at a-helix C, which together with a-helix D, has been described
to establish contacts with the recognition loop of ETF localized on the
EFT-B (Argl91 to Lys200). It is expected that substitution of the posi-
tively charged Arg residue by a small, flexible and hydrophobic residue
(Gly) will contribute to changes in the conformation of this region that
can compromise MCAD/ETF interactions. For the p.G224R and p.K304E
variants, the affected residues are localized far from the MCAD/ETF
interacting region. However, it has been postulated that upon binding of
the ETF-p to the aND of MCAD, the ETF-a, harbouring the FAD cofactor,
will move towards the pD of the adjacent MCAD subunit approaching
the two FAD molecules (14 A rule) with the involvement of the Arg249
of ETF-a and of the Glu212 localized at p-strand 6 of MCAD [21]. In this
case, the substitution of a small hydrophobic amino acid (Gly) in residue
224 of B-strand 7 by a larger and positively charged residue will disturb
this region probably affecting the Glu212 (MCAD)/Arg249 (ETF-a)
interaction and/or electron transfer between the two FAD molecules.
Interestingly, for the p.Y133C and p.Y372N variants a higher residual
activity was obtained when using the ETF/DCPIP assay suggesting that
MCADY/ETF interaction or electron flux between the two FAD molecules
may actually be enhanced as a consequence of these amino acid changes.

The high levels of dimeric forms presented by the p.Y48C and p.
Y372N suggest that the tetramers of these variants are unstable struc-
tures that tend to dissociate or that MCAD subunits are unable to
assemble as tetramers, an effect much more pronounced in the case of
the later variant which was recovered mainly as dimers. As expected, the
p-Y372N dimers presented defective FAD incorporation, low residual
enzyme activity, and decreased proteolytic- and thermal-stability. As-
sembly of the tetramers is promoted by interactions between the o-he-
lices G and H («CD) of one dimer and the a-helices I and K (a«CD) of the
corresponding subunit of the neighbouring dimer [41]. As such locali-
zation of p.Y372N on a-helix K of the aCD may affect MCAD tetrame-
rization. However, concerning the p.Y48C its localization within the
aND, in the loop connecting a-helices A and B, and far from the protein
secondary structures that are involved in the tetrameric assembly does
not provide any direct suggestion on the effect of Tyr to Cys change on
MCAD tetramerization.

According to previous studies on recombinant MCAD variants, it has
been shown that amino acid changes located in the a-helices of the aCD,
which is involved in the stabilization of the tetramer, have a high pro-
pensity to disrupt the assembly process leading to protein aggregation.
Variant proteins with substitutions in amino acids in the central pD and
in the loops interconnecting this domain and the aCD are particularly
unstable and prone to conformational changes [30-32]. Moreover,
variant proteins with amino acid substitutions localized in the aND have
shown moderate effects on tetramer assembly and thermal stability, as
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well as on catalytic activity [32,65]. However, in our study, we found
that amino acid substitutions in the aND can also contribute to structural
instability (p.A88P), changes in protein assembly, decreased FAD con-
tent (p.Y48C) and lower affinity for the C8-CoA substrate (p.R55G).
These data suggest that intricate networks of non-covalent interactions
occur accounting to MCAD conformation and assembly as well as sub-
strate affinity and cofactor binding. Moreover, even amino acid sub-
stitutions in residues far from the substrate and FAD binding pockets or
from the helical bundle directly involved in the tetramer assembly,
could have an impact on protein function and structure. These hypoth-
eses require further investigation.

Amino acid substitutions in the aND can similarly strongly affect
enzyme activity and/or electron transfer when enzyme activity is
measured using the ETF/DCPIP assay (p.R55G). Therefore, it is expected
that for some of the variant MCAD proteins their enzymatic activity in a
biological context will be lower when compared with in vitro studies,
especially if artificial electron pairs have been used, thus contributing to
the observed inconsistencies when genotype/phenotype correlations
were investigated. In our study the performed thermal denaturation
assays suggest that most of the characterized variants are structurally
unstable in vitro but no direct data on protein misfolding was obtained to
confirm this. In the mitochondrial environment protein misfolding is an
important player as it can lead to aggregation and premature
degradation.

According to our data, the majority of variant MCADs presented an
impaired capacity to retain the cofactor within their structure, and some
of them were structurally “responsive” to cofactor supplementation.
Therefore, we may postulate that in the mitochondrial environment the
levels and activity of those variants will also be dependent on the
availability of FAD, as already observed for other ACADMs [51]. In this
perspective, and as the precursor of FAD, riboflavin (vitamin B2) status
will have an impact not only on the activity of the MCAD variants but
also on their structural stability. Before being used for the intracellular
synthesis of FAD, riboflavin must be absorbed and transported through a
complex system of transporters and enzymes. Riboflavin levels are thus
strongly dependent on several factors such as genetics, inflammation
and infections, exercise, diet and malnutrition, aging and pregnancy
[66]. Due to these factors several studies indicate that insufficient
riboflavin status is more frequent than expected, even in populations
where riboflavin-rich diets are consumed [66]. Concerning MCADD
patients, it would be important to monitor their riboflavin status
particularly during episodes of decompensation. In addition, the effect
of riboflavin supplementation on the clinical status of MCADD patients
should also be addressed as only two studies have been carried out to
date within a restrict number of patients and with no follow-up of the
clinical outcome [67,68].

Overall, for the recombinant MCAD variants analysed in this study,
the molecular basis of pathogenicity can be assumed. Even for those
proteins where the amino acid substitutions did not greatly impact the
structure of the protein, an effect on enzyme activity was observed such
as the low affinity for the C8-CoA substrate (p.V264I) or a defective
interaction with ETF (p.R55G) either at a structural or at a functional
level that can impact the patient phenotype.
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