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Abstract: Muscle carnitine palmitoyltransferase II (CPT II) deficiency is associated with various
mutations in CPT2 gene. In the present study, the impact of the two CPT II variants P50H and
Y479F were characterized in terms of stability and activity in vitro in comparison to wildtype (WT)
and the well investigated variant S113L. While the initial enzyme activity of all variants showed
wild-type-like behavior, the activity half-lives of the variants at different temperatures were severely
reduced. This finding was validated by the investigation of thermostability of the enzymes using nano
differential scanning fluorimetry (nanoDSF). Further, it was studied whether the protein stabilizing
diphosphatidylglycerol cardiolipin (CL) has an effect on the variants. CL indeed had a positive effect
on the stability. This effect was strongest for WT and least pronounced for variant P50H. Additionally,
CL improved the catalytic efficiency for CPT II WT and the investigated variants by twofold when
carnitine was the varied substrate due to a decrease in KM . However, there was no influence detected
for the variation of substrate palmitoyl-CoA. The functional consequences of the stabilization by CL
in vivo remain open.
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1. Introduction
The β-oxidation of long-chain fatty acids (LCFAs) is the major source of energy for
skeletal muscle. The entry of LCFAs into the mitochondria requires a carnitine-dependent
transport system [1] (Figure 1). The so-called carnitine shuttle consists of carnitine palmitoyltransferase I (CPT I), carnitine:acylcarnitine translocase (CACT) and carnitine palmitoyltransferase II (CPT II). CPT I is an integral outer mitochondrial membrane protein
and converts acyl-CoAs to acylcarnitines, which are released into the intermembrane
space. Acylcarnitines are translocated into the mitochondrial matrix by CACT in exchange
with unesterified carnitine. CPT II, located on the inner mitochondrial membrane, catalyzes the reconversion of acylcarnitines to acyl-CoAs, thereby providing substrates for
β-oxidation [1,2].
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transport into the mitochondria by inhibiting CPT I. CPT II WT is not inhibited by this
compound [32]. The amino acid exchange S113L oft CPT II leads to an abnormal enzyme
inhibition by malonyl-CoA in vitro. In addition, marked thermosensitivity of this variant
was detected [29]. This was interpreted as a possible cause for the provocation of symptoms.
The second frequent variant causing a muscle phenotype is P50H [22,33,34], located near the
membrane associating domain [30] at the amino-terminal domain. A possible interference
with the association between CPT II and the mitochondrial membrane caused by this
amino acid exchange was suggested [34]. An altered stability of this CPT II variant was also
suspected [35]. The variant Y479F was identified as a private mutation [33] also causing
a muscle phenotype. In contrast to the localization of S113L and P50H, this amino acid
exchange is located at the carboxy-terminal domain [30].
The biochemical consequences of the CPT II variants P50H and Y479F including the
effect of CL have not been characterized so far. In the present study, the variants P50H
and Y479F were compared to WT and variant S113L in vitro. Additionally, the influence of
CL on CPT II and its variants was studied because previously stabilizing effect of CL on
CACT has been reported [13]. The kinetic behavior of the enzymes was investigated using
the substrates palmitoyl-CoA (Pal-CoA) and L-carnitine and the well-known competitive
inhibitor R-amino carnitine. The CPT II variants clearly differed in their thermostability
with variant P50H as the most thermosensitive among the enzyme variants. Both the
temperature dependent enzyme activity and the protein stability could be modulated by
the amphiphilic substance CL.
2. Results
2.1. Thermosensitivity of CPT II Variants
To evaluate the enzyme behavior under different temperature conditions that are
relevant under physiological conditions, we chose 30 (cold), 37 (normal), 40 (moderate fever) and 42 ◦ C (high fever) for the experiments. The enzyme variants were expressed recombinantly in E. coli, carried a N-terminal histidine-tag and were purified by
standard chromatography in the presence of a detergent (for experimental details, see
Sections 4.1 and 4.2). The impact of temperature was investigated by incubating purified
CPT II variants at appropriate temperatures and determining their enzymatic activity
after defined incubation periods. The enzyme assay was based on an adaptation of Rufer
et al. [30] for the transfer reaction of the palmitic acid from palmitoyl-CoA to L-carnitine
(see Section 4.3).
The initial enzymatic activities of the variants were similar to the wild type (WT)
(Figure 2a, incubation time 0 min). WT showed stable activity at an incubation concentration of 1 mg/mL at 30 ◦ C over 60 min. However, the activity of Y479F, S113L and
P50H decreased during incubation time already at 30 ◦ C (Figure 2a), with complete loss of
activity for variant P50H within 25 min. Increasing temperatures up to 42 ◦ C correlated
with shorter half-life of enzyme activity for all variants compared to WT (Figure 2b and
Tables S1 and S2). At 37 ◦ C, the half-life of Y479F activity was only a quarter that of WT
and the half-lives of the other variants were even lower. The variant P50H had the shortest
half-life under all conditions tested.
After and during heat treatment, aggregation along with inactivation was observed.
The aggregation of CPT II WT and variants was also visible in the aggregation optic
measurement during the nanoDSF experiment (Figure S1).
2.2. Effect of Cardiolipin on Thermosensitivity of the Enzyme Activity
Then, the effect of CL, as a potential stabilizing agent, was investigated in the activity assay. Therefore, 0.1 mg/mL recombinant enzyme was incubated with various
concentrations of CL (0.125, 0.25 or 0.5 mM) or buffer at 30 and 42 ◦ C, respectively.

Int. J. Mol. Sci. 2021, 22, 4831
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW

4 of 16
4 of 16

a

b
800

50

Half-life t1/2 [min]

40

Specific activity [U/mg]

WT
Y479F
S113L
P50H

600

30

20

10

400
200
10
8
6
4

0
WT

Y479F

S113L

P50H

2
0

0

20

40

Incubation time [min]

60

30

37

40

42

Temperature [°C]
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Figure 2. (a) Specific activity of recombinant CPT II wild type and variants (enzyme concentration 1 mg/mL during incuincubation time) at 30 ◦ C measured spectroscopically using enzyme assay. The reaction was started by adding 15 nM
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conditions, it was interesting to further characterize the thermostability of the enzymes.
Thus, the protein stability was investigated applying nano differential scanning fluorimetry
(nanoDSF) using 1 mg/mL protein in absence or presence of 0.25 mM CL (for details, see
Section 4.5). NanoDSF is a standard method for the investigation of the folding/unfolding
of proteins and the interaction of proteins with effectors/ligands/substrates [36,37]
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Figure 3. The effect of varying cardiolipin (CL) concentration on the enzymatic activity of recombiFigure
3. The effect of varying cardiolipin (CL) concentration on the enzymatic activity of recombinant CPT II (enzyme concentration 0.1 mg/mL during incubation time) after incubation at 30 and
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bars are SD derived from three independent experiments. The statistical differences of the maximal
enzymatic activities between measurements in buffer or buffer with cardiolipin are indicated as
p-values in Tables S3 and S4.

respectively. The TM-value of WT in absence of CL (Figure 4a, solid line, 37 °C) was used
as reference for comparing WT and variants and the effect of CL on protein stability (Figure 4b). The results of the temperature transition from 15 to 95 °C revealed lower TMvalues for all variants compared to WT (Figure 4b). While the difference was moderate for
variants S113L and Y479F, ΔTM was as large as 10 °C for variant P50H. The addition of CL 6 of 16
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As shown in Figure 4a, the addition of CL also leads to a doubling of the first derivative values at the maxima of WT and variants. This could indicate a change in protein
conformation in the microenvironment of the intrinsic proteinogenic fluorophores tryptophanes and tyrosines upon interaction with CL. This consequently would strengthen the
hypothesis of stabilization. Furthermore, the maximal values of the first derivative of the
variants S113L and Y479F were similar (Figure S2). This value is slightly lower for WT and
significantly reduced for variant P50H, indicating that the amino acid exchange P50H has
an impact on the CPT II structure.
These findings support the data from the enzyme activity measurements in terms of
thermosensitivity of the variants as well as the stabilizing effect of CL.
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2.4. Effect of CL on the Catalytic Efficiency of CPT II
2.4.1. Conversion of Palmitoyl-CoA
To gain further insights into the details of the positive effect of CL the kinetic parameters, kcat and KM were investigated in the absence and presence of CL first varying
the substrate palmitoyl-CoA (Pal-CoA). The results on the catalytic efficiency (kcat /KM )
are displayed in Table 1. CPT II WT and the variants P50H and Y479F had comparable
catalytic efficiencies with only marginal differences in kcat and KM for Pal-CoA. Variant
S113L showed a 1.6-fold lower catalytic efficiency for Pal-CoA compared to WT, which
results from an increase in KM (Table 1). This suggests that binding of Pal-CoA might be
impaired in S113L, confirming previous structural data which categorize variant S113L
involved in substrate binding [32]. The addition of CL had no significant impact on the
catalytic efficiency of Pal-CoA (Table 1).
Table 1. Effect of 0.25 mM CL on the kinetic parameters kcat and KM and the catalytic efficiency of CPT II WT and variants
for palmitoyl-CoA as varying substrate at 25 ◦ C (n ≥ 3).
CPT II Variant

In Absence of CL
kcat

WT
P50H
S113L
Y479F

(s−1 )

144.7 ± 3.1
144.3 ± 18
142.1 ± 25
141.4 ± 1.7

KM (µM)
7.10 ± 1.1
5.50 ± 1.4
11.0 ± 3.6
5.10 ± 2.3

In Presence of CL
kcat /KM

(µM1

s−1 )

20.5 ± 3.9
26.4 ± 7.5
12.9 ± 1.8 *
27.5 ± 4.4

kcat

(s−1 )

145.3 ± 9.0
138.2 ± 8.4
145.8 ± 0.9
144.8 ± 13

KM (µM)

kcat /KM (µM1 s−1 )

6.7 ± 1.1
6.7 ±1.8
12.3 ± 3.0
6.7 ± 0.3

21.8 ± 2.3
20.7 ± 3.8
11.9 ± 2.9 *
21.7 ± 4.7

* indicates a significant difference from WT to variant, p < 0.05.

2.4.2. Conversion of L-carnitine
Comparable to Pal-CoA, next the kinetics were analyzed varying the concentration of
the second substrate L-carnitine. The obtained data show no significant differences between
WT and variants regarding the catalytic efficiency for L-carnitine. However, the use of CL
increased the catalytic efficiency of all studied CPT II enzymes for L-carnitine significantly
by two- to threefold (Table 2). The reason for this increase clearly was the improvement in
substrate binding. The KM value for L-carnitine was lowered in the presence of CL while
kcat remained unaffected.
Table 2. Effect of 0.25 mM CL on the kinetic parameters kcat and KM and the catalytic efficiency of CPT II WT and variants
for L-carnitine as varying substrate at 25 ◦ C (n ≥ 3).
CPT II Variant

WT
P50H
S113L
Y479F

In Absence of CL
kcat (s−1 )

KM (mM)

148.6 ± 11.1
137.7 ± 4.9
144.0 ± 5.0
140.5 ± 18.5

15.1 ± 3.4
12.8 ± 2.7
15.5 ± 2.3
17.4 ± 4.4

In Presence of CL
kcat /KM

(mM1

9.8 ± 1.6
10.8 ± 2.6
9.3 ± 1.4
8.1 ± 1.1

s−1 )

kcat (s−1 )

KM (mM)

kcat /KM (mM1 s−1 )

129.9 ± 8.1
138.1 ± 5.6
135.2 ± 2.5
138.7 ± 1.4

5.5 ± 1.0
6.6 ±2.8
6.5 ± 0.2
4.5 ± 0.5

23.6 ± 3.1 *
21.0 ± 1.8 *
20.7 ± 0.3 *
30.9 ± 2.6 *

* indicates a significant difference from kcat /KM in absence of CL, p < 0.05.

2.5. Effect of CL on the Inhibition by R-amino Carnitine
CL showed effects on protein stability as well as the KM value of L-carnitine. In
the next experimental set up, its influence on the enzyme inhibition was analyzed. The
competitive inhibitor R-amino carnitine was chosen for this purpose. The results reveal
that the KI values of the CPT II variants differed from WT. The data show that R-amino
carnitine is a stronger inhibitor of variants P50H and S113L since the inhibition constant
were threefold lower. In the case of variant Y479F, the inhibition was 1.5-fold weaker than
for the WT enzyme. This suggests different impact of the individual amino acid exchanges
in CPT II on the interaction with the inhibitor.
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and Y479F. In vitro the recombinant variants showed a more pronounced thermosensitivity
compared to WT, with variant P50H reacting most sensitive to elevated temperatures.
Consequently, the amino acid exchanges seem to cause a destabilization of the CPT II
structure without major impact on enzymatic activity itself. For variant Y479F, the reduction in enzyme activity due to prolonged incubation at different temperatures was
less pronounced than for variant S113L and P50H. Thus, variant Y479F presumably has
a lower impact on the stability of the enzyme than the other two variants. Based on the
low impact on the CPT II stability, it could be speculated that many patients expressing the
CPT II variant Y479F have not been diagnosed today. Other exclusively thermosensitive
polymorphic CPT II variants with normal enzymatic activity reported only in Japanese
cohorts, e.g., V368I and V605L, have been identified in patients with a more severe course
of influenza-associated encephalopathy (IAE) [39,40]. Prior to the manifestation of IAE,
these patients had no symptoms of CPT II deficiency [40].
The lower stability of the variants P50H, S113L and Y479F compared to WT was also
confirmed by the nanoDSF measurements analyzing the melting behavior of the enzymes
(Figure 4). According to these results of in vitro measurements, the reason for clinical
symptoms does not seem to be a decreased or lacking enzyme activity, but a lower thermal
resistance of CPT II caused by the studied amino acid exchanges, especially in the case
of P50H. CPT II deficiency is characterized by recurring attacks of myalgia and muscle
weakness. The symptoms are triggered by physical stress, fever, infection or exposure to
cold [23]. The time dependent thermal sensitivity in case of S113L and P50H in vitro could
be an explanation for the attack-like symptoms provoked by increase of body temperature
(e.g., fever and prolonged exercise) [22,23] found in respective patients. Under normal
conditions, the unaltered enzyme activity of the variants allows normal mitochondrial
metabolism. Due to stress-related changes such as the above-mentioned situations, the
variants might lose activity at least partly because of their increased thermosensitivity in
comparison to the WT. Patients carrying the respective mutations are cannot cope with the
altered metabolism in the muscles leading to the common episodic symptoms. However, it
has to be considered that compared to experiments performed in vitro also other factors and
the combination thereof, e.g., interaction with substrates/products/effectors (as shown for
the inhibitor R-amino-carnitine and lipids) or other membrane-bound interaction partners
such as CACT, might be involved in vivo, in complex pathophysiological processes.
For variant S113L, the thermosensitivity compared to WT has already been shown
for elevated temperatures >40 ◦ C, but not for 30 ◦ C [29]. The decrease of S113L activity at
30 ◦ C (Figure 2a) and the reduced half-lives of WT at 37–42 ◦ C can be explained by the
buffer composition used. Previously, the detergent n-octyl-β-d-glucopyranoside (β-OG)
of the storage buffer was not removed indicating a stabilizing effect as well. This effect
could be proven by nanoDSF experiments (Figure S3). The core statement remains the
same, namely that variant S113L is more thermosensitive than WT.
In contrast to other acyltransferases which are integral or soluble enzymes, CPT II is
membrane associated. This association is caused by a sequence of 30 amino acid forming a
pair of antiparallel helices with membrane interacting features [30]. It was assumed that
the surface properties of CPT II are eminently suitable for an interaction with CL [30]. It is
well known that CL interacts with various proteins of the inner mitochondrial membrane
and is necessary for their stability and enzyme activity [13,14,41]. The binding of the
related mammalian CPT II from Rattus rattus to CL and other phospholipids as well as the
increase in activity resulting in interaction of recombinant rat CPT II and CL was already
shown [17]. In a previous study an activity-increasing effect of CL on recombinant human
CPT II WT was verified, but no benefit for variant S113L was observed [42]. Our results
of the enzymatic activity measurements as well as the investigation of protein stability
clearly demonstrate the stabilizing impact of CL for WT and variants (Figure 3 (30 ◦ C)
and Figure 4). The maintenance effect for CPT II activity by the addition of CL decreased
with incubation at higher temperatures simulating fever. Especially the activity of variants
P50H and S113L decreased rapidly despite addition of CL during incubation at 42 ◦ C
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(Figure 3). This finding also supports the fact that symptoms of CPT II deficiency are
triggered by events that result in an increase in body temperature [24,25,27] and do not
occur permanently in patients. Furthermore, a considerable increases of the enzymatic
activity for WT (1.5-fold) and variant Y479F (1.8-fold), but only a marginal effect for variants
P50H and S113L, were observed. Based on the current knowledge, it could be speculated
that the lower enzymatic activity increase of the variants has pathological consequences,
especially in situations with increased energy requirements.
The further investigations of the effect of CL on the kinetic parameter of CPT II WT
and its variants revealed some interesting results. In the two-substrate reaction, no effect
was detectable for the first substrate Pal-CoA. In case of the second substrate L-carnitine,
the KM value was decreased by a factor of 2–3, resulting also in a two- to three-fold increase
in catalytic efficiency independent of the CPT II variant. These data suggest that CL has a
positive effect on binding of L-carnitine, thereby improving the catalysis. In addition, this
result was confirmed by the impact of CL on the inhibitory constant of R-amino carnitine.
For both WT and variants, the Ki value decreased significantly showing improved binding
of the inhibitor. Therefore, it can be assumed that CL affects the structural organization
of the carnitine binding pocket. In future studies structural analysis, e.g., X-ray crystal
structures, in presence and absence of CL could give deeper insights into this behavior.
In the lipid binding assay, the interaction of CPT II WT and the variants was shown
for different phospholipids that are mainly found in the IMM (Figure 5). The binding to
CL was also clearly proven even though the signal was weaker than for the other phospholipids. It might be an interesting aspect to evaluate the effect of other phospholipids
for instance phosphatidylinositol derivates on activity of CPT II enzymes in further studies. Nevertheless, this result supports the stabilizing effect of CL shown in the previous
experiments. WT and variants S113L and Y479F showed a similar binding pattern while
variant P50H revealed an altered signal pattern for the tested phospholipids. The mutation
P50H is in the vicinity of the amino acid insertion that is supposed to cause the membrane
association [35]. The exchange P50H seems to cause interference with the association to
CL and other phospholipids of the mitochondrial membrane, whereas variants S113L and
Y479F appear not to affect membrane association.
Considering the positive effect of CL on the variants in the present study together
with the known stabilizing effect of the natural substrates acyl-carnitines with middle chain
fatty acids [29], it might be interesting to evaluate the effect of the combination of CL with
these middle chain fatty acids. In addition, it would be of value to further investigate the
influence of the amino acid exchange P50H on the interaction with CACT.
4. Materials and Methods
4.1. Generation of CPT II Variants S113L, P50H, Y479F
The CPT II WT (His6 -N-hCPT2) and variants P50H (His6 -N-hCPT2/P50H), S113L
(His6 -N-hCPT2/S113L) and Y479F (His6 -N-hCPT2/Y479F) were derived using the Q5 sitedirected mutagenesis kit (New England Biolabs Inc, Ipswich, MA, USA). Plasmid pET28a
(+) [32] carrying humane CPT2 WT cDNA served as template for site-directed mutagenesis.
The implementation was carried out according to manufacturer’s specifications. The primer
pairs listed in Table 4 were used. The nucleotide sequences of the generated expression
plasmids carrying the cDNA of the investigated CPT II variants were confirmed by DNA
sequencing.
Table 4. Primer sequences for site directed mutagenesis. The nucleotide triplets of the amino acid exchanges of the respective
variant are labelled green.
CPT II Variant

Sense Sequence (50 -30 )

Antisense Sequence (50 -30 )

P50H
S113L
Y479F

GGACAGCCTGCATAGGCTGCCTATTC
AAGCTACATTTTGGGACCCTGGT
CTGCGGCAGTTTGGGCAGACAG

TGGTAGTGCATGGTGGGC
GTATGTTTATTCTGTTTGTCCAGAG
GAAGGCCATCTGGAATGC
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4.2. Recombinant Expression and Purification of CPT II WT and Variants
The recombinant protein production of CPT II was performed in Escherichia coli (E. coli)
BL21Gold DE cells. The transformed E. coli cells were cultivated at 37 ◦ C in complex
medium (50 g/L yeast extract, 0.5 g/L ammonium chloride, 20 g/L glucose, 11 g/L
dipotassium hydrogen phosphate and 0.68 g/L magnesium sulfate) containing kanamycin
(50 µg/mL) in a total volume of 15 L. After 4 h, the temperature was reduced to 20 ◦ C by
cooling down the fermentation vessel and CPT II expression was induced by the addition
of IPTG (1 mM). To maintain sufficient supply with glucose the batch fermentation was
supplemented with pulse feeds when the glucose concentration fell below 5 g/L. The first
pulse (150 mL of a stock solution of 500 g/L) was given at 4.5 h of cultivation. The second
pulse (100 mL of 500 mL stock solution of 500 g/L) was fed after 6.5 h of cultivation. The
E. coli cells were harvested 4.5 h after induction by centrifugation at 4000× g, 4 ◦ C for
15 min. A typical harvest of 15 L resulted in 1.5 kg biomass that was stored at −80 ◦ C. The
purification of CPT II enzymes was performed as described previously [32] using standard
chromatographic separation techniques. The storage buffer contained 0.01 g/L n-octylβ-d-glucopyranoside (β-OG), a micelle forming detergent, to stabilize CPT II enzymes.
The CPT II containing aliquots were frozen in liquid nitrogen and stored at −80 ◦ C. The
purity of enzymes was monitored by SDS-PAGE. In addition, the amino acid sequences of
the purified CPT II enzymes (WT and variants) were validated by electrospray ionization
mass spectrometry.
4.3. Enzyme Activity Assay
Before activity measurements, the storage buffer of the enzymes was replaced with
assay buffer (50 mM KH2 PO4 , 120 mM KCl, 1 mM EDTA-Na4 ) using vivaspin turbo 4 tubes
(Satorius Stedim biotech GmbH, Göttingen, Germany) at 4 ◦ C. The pH of assay buffer
was adjusted with KOH to 7.4. The storage buffer was diluted at least 1:500 in assay
buffer. In addition, before each experimental set up, the protein samples were centrifuged
at 16,000× g for 5 min at 4 ◦ C to remove any micro-aggregates. After that, the protein
concentration was determined using bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific GmbH, Berlin, Germany). The enzyme activity of recombinant CPT II was
performed following Rufer et al. [30] with modifications described elsewhere [32]. The
reaction mixture had a total volume of 1 mL and comprised of assay buffer, 1 mM 5-50 dinitro-bis-(2-nitrobenzoic acid) (DTNB), 30 µM Pal-CoA and 12 mM L-carnitine, unless
specified otherwise. After pre-conditioning the mixture to 25 ◦ C for 2 min, the reaction
was started by adding 15 nM of recombinant enzyme. The reverse reaction of CPT II was
detected with the enzyme activity assay. CPT II catalyzed the transfer of fatty acid residue
from Pal-CoA to L-carnitine with release of CoA and Pal-carnitine. The released CoA was
then detected by the reaction of the free thiol group with DTNB, forming 5-mercapto-(2nitrobenzoic acid). This compound has a molar extinction coefficient of 13,600 M−1 cm−1
at a wavelength of 410 nm [43], and its formation was followed spectroscopically. The
reaction was observed for 120 s at 25 ◦ C. The slope of the progress curve was used to
determine the reaction velocity.
4.4. Influence of Temperature and CL on the Enzyme Activity
The purified enzymes were incubated at different temperatures (30, 37, 40 and 42 ◦ C)
using a protein concentration of 1 mg/mL during the incubation periods to investigated
the half-lives of WT and variants. 0.1 mg/mL enzyme was incubated with or without CL
(0.125, 0.25 and 0.5 mM) in the assay buffer. The enzyme activities were determined by
adding 15 nM of pre-incubated enzyme according to Section 4.3 after various incubation
times up to 60 min at an assay temperature of 25 ◦ C. Experiments were done at least three
times independently as double determination.
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4.5. Assessment of Protein Stability
The protein stability was investigated applying nano differential scanning fluorimetry
(nanoDSF) using a protein concentration of 1 mg/mL in assay buffer. The influence of CL
on the protein stability was investigated by adding CL to the protein containing samples
with final concentration of 0.25 mM. The heating rate has been set to 1 ◦ C per min. A
heating ramp from 15 to 95 ◦ C was determined. The nanoDSF data were obtained using a
Prometheus NT.48 device. First derivatives were calculated using PR.ThermControl software (NanoTemper Technologies GmbH, Munich, Germany). Experiments were performed
at least three times independently as double determination.
4.6. Determination of the Kinetic Parameters
It is assumed that the reaction catalyzed by CPT II represents a ping-pong mechanism or compulsory order ternary-complex mechanism [43,44]. KM and Vmax values
for palmitoyl-CoA or L-carnitine were determined using concentration series of Pal-CoA
(0–150 µM) or L-carnitine (0–200 mM), a constant amount of the other CPT II substrate
(30 nM Pal-CoA, 12 mM carnitine) and 7 nM enzyme. These measurements were also
performed in the presence of CL (0.25 mM) to investigate the effect of CL on the kinetic
parameters of CPT II.
The kinetic parameters were determined by evaluating the obtained v/S characteristic
according to the Michaelis–Menten Equation (1). The catalytic efficiency kcat was calculated
using Equation (2):
Vmax ∗ [S]
v=
(1)
KM + [ S ]
kcat =

Vmax
cenzyme

(2)

Experiments were performed at least three times independently as double determination.
4.7. Determination of Inhibition Constant of for R-amino Carnitine for CPT II
The inhibition constant Ki for the competitive inhibitor R-amino carnitine was determined using various concentrations (R-AC, 0, 0.25 and 0.5 mM). A concentration series of
L-carnitine in the enzyme assay was used (0–200 mM) while the concentration of Pal-CoA
remained constant at 30 µM. Experiments were performed at least three times independently as double determination.
The values for Ki were calculated on the basis of the obtained KM values, the Michaelis–
Menten constant of the inhibited reaction KMi and the inhibitor concentration using the
following equation [45]:


[I]
KMi = 1 +
KM
(3)
Ki
Ki =

KM ·[I]
KMi − KM

(4)

4.8. Lipid Binding Assay
Direct interaction of CPT II WT and variants with phospholipids of the mitochondrial
membrane was assessed using membrane lipid strips (Echelon Biosciences, Salt Lake City,
Utah, USA). The membrane was spotted with 100 pmol of various cell membrane lipids.
The assay was performed following manufacturer’s instructions with some modifications
explained in the following. At first, the membrane was washed twice in phosphate buffered
saline (PBS). After 1 h incubation with blocking solution (3% BSA fatty acid-free in PBS)
at room temperature, the membrane was incubated with purified CPT II WT or variant
(final amount 0.4 mg protein) for 2 h at 4 ◦ C. After three washing steps, a-His-Probe (H3)
mouse monoclonal antibody (Santa Cruz Biotech, Santa Cruz, CA, USA, 1:1000 dilution in
PBS containing 3% BSA) was added to the membrane over night at 4 ◦ C. The membrane
was washed three times with PBS and incubated with mouse IgG horseradish peroxidase-
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linked whole antibody (from sheep, Amersham, Little Chalfont, Buckinghamshire, UK)
for 1 h at 4 ◦ C. The interaction was visualized by ECL Western blotting detection reagents
(Amersham, Little Chalfont, Buckinghamshire, UK).
4.9. Statistical Analysis
Statistical analysis and calculation were performed using Prism 8.3 (GraphPad, San
Diego, CA, USA). An analysis was done using ordinary one-way ANOVA with Bonferroni’s
multiple-comparison test. The level of significance was set to p < 0.05.
5. Conclusions
The amino acid exchanges in CPT II variants investigated here, namely S113L, P50H
and Y479F, resulted in the structural destabilization of the enzyme, whereby the variants
differed strongly regarding their thermostability. These amino acid exchanges had no
impact on the specific enzyme activity of the variants compared to WT. The phospholipid
CL stabilized WT and the variants and significantly increased the catalytic efficiency for
the second substrate L-carnitine by improving substrate binding. In general, the mutations
that lead to the destabilization of CPT II are associated with the muscular form of CPT II
deficiency. This is independent of the differences in the thermosensitivity of the variants.
Despite various stabilization options (e.g., CL), this might not sufficiently prevent the
symptoms of CPT II deficiency.
Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms22094831/s1, Figure S1: Scattered light back reflection as measure for aggregation
during the heating ramp from 15 ◦ C to 80 ◦ C of CPT II WT (black) and the variants P50H (red),
S113L (blue) and Y479F (green) in assay buffer (magenta). The light scattering data were obtained
simultaneously with nanoDSF data using the back reflection technology in a Prometheus NT.48
device. The unfolding of proteins leads to display of hydrophobic regions of the protein on the surface,
which is followed by hydrophobic interaction of the protein molecules resulting in aggregation events.
These aggregates are then detected via light scattering. The curve trajectories for the colloidal stability
of CPT II show that at the beginning of the thermal transition no aggregation was detectable. The
data allow the detection of onset of aggregation (Tagg ) which differs clearly among the variants.
The Tagg for WT is 38 ◦ C, Y479F is 37 ◦ C, S113L is 35 ◦ C and P50H is 32 ◦ C. These results support
the hypothesis of increases thermosensitivity of the variants. Figure S2: The first derivatives of the
transition curves of WT and the variants resulting from the ratio 350/330 nm were plotted against
the temperature. The black, red, blue and green solid lines show the curves of WT and variants P50H,
S113L and Y479F measured in assay buffer, respectively. The black, red, blue and green dashed lines
show the maxima of the values of the first derivatives of the ratio 350 nm/330 nm of WT and variants
P50H, S113L and Y479F, respectively. Figure S3: The effect of amino acid exchange in absence and
presence of n-octyl-β-d-glucopyranoside (β-OG) on the stability of CPT II (1 mg/mL) assessed by
nanoDSF. The TM of WT (37 ◦ C) in buffer was used as reference value (∆TM = 0 ◦ C) to determine
the ∆TM for the variants and the ∆TM for WT and variants in presence of β- OG. Error bars are
SD derived from three independent experiments. Table S1. Comparison of the mean values of the
half-lives (t1/2 ) of CPT II WT and the variants at 30 ◦ C with the half-lives at 37, 40 or 42 ◦ C. The
differences of the half-lives for each CPT II enzyme between 37 and 40 or 42 ◦ C as well as 40 and
42 ◦ C are not significant. Number of experiments for each variant (n ≥ 3). Table S2. Comparison of
the mean values of the half-lives (t1/2 ) between CPT II WT and the variants Y479F, S113L and P50H
at 30, 37, 40 or 42 ◦ C. n ≥ 3. Table S3. Comparison of the maximum activities of CPT II WT and the
variants Y479F, S113L and P50H in buffer with maximum enzymatic activities in presence of 0.25 or
0.5 mM cardiolipin (n ≥ 3). Table S4. Comparison of the maximum activities between CPT II WT
and the variants Y479F, S113L or P50H in buffer with of 0.25 or 0.5 mM cardiolipin (n ≥ 3). Table S5.
Comparison of the ∆TM -values of CPT II WT and the variants Y479F, S113L and P50H in buffer or in
presence of 0.25 mM cardiolipin or 1% n-octyl-β-d-glucopyranoside (β-OG) assessed by nanoDSF
(n ≥ 3). Table S6. Comparison of the transition temperatures (TM ) of WT and the variants Y479F,
S113L and P50H in buffer with of 0.25 mM cardiolipin or 1% n-octyl-β-d-glucopyranoside (β-OG)
assessed by nanoDSF (n ≥ 3). Since the differences of the TM values between buffer with 0.25 mM
CL and buffer with 1% β-OG are not significant, these data are not shown. Table S7. Comparison of
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the transition temperatures between WT and the variants Y479F, S113L or P50H in buffer, in presence
of 0.25 mM cardiolipin or 1% n-octyl-β-d-glucopyranoside (β-OG) (n ≥ 3).
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Pal-CoA
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WT
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R-AC
IMM
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Carnitine palmitoyltransferase
Carnitine:acylcarnitine translocase
Long chain fatty acid
Cardiolipin
Palmitoyl-Coenzyme A
Coenzyme A
Wild type
Phosphate buffered saline
R-Aminocarnitine
Inner mitochondrial membrane
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