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Background: The enzyme carnitine palmitoyltransferase 1 regulates the rate of fatty acid oxidation.
Results: The regulatory domain of the enzyme constitutes an amphiphilic structural switch.
Conclusion:The switch can integrate enzyme inhibitor concentration andmembrane characteristics into one regulatory signal.
Significance: This represents a highly sophisticated regulatory mechanism for enzymes residing at the membrane-water
interface.

The enzymecarnitine palmitoyltransferase 1 (CPT1),which is
anchored in the outer mitochondrial membrane (OMM), con-
trols the rate-limiting step in fatty acid �-oxidation in mamma-
lian tissues. It is inhibited by malonyl-CoA, the first intermedi-
ate of fatty acid synthesis, and it responds to OMM curvature
and lipid characteristics, which reflect long term nutrient/hor-
mone availability. Here, we show that theN-terminal regulatory
domain (N) of CPT1A can adopt two complex amphiphilic
structural states, termed N� and N�, that interchange in a
switch-like manner in response to offered binding surface cur-
vature. Structure-based site-directed mutageneses of native
CPT1A suggest N� to be inhibitory andN� to be noninhibitory,
with the relative N�/N� ratio setting the prevalent malonyl-
CoA sensitivity of the enzyme. Based on the amphiphilic nature
of N and molecular modeling, we propose malonyl-CoA sensi-
tivity to be coupled to the properties of the OMM by N�-OMM
associations that alter the N�/N� ratio. For enzymes residing at
the membrane-water interface, this constitutes an integrative
regulatory mechanism of exceptional sophistication.

Mitochondrial oxidative phosphorylation is the primary
source of ATP formation in eukaryotes. In most mammalian
tissues, this process utilizes either pyruvate or long chain fatty
acids (LCFA)4 as substrates. Carnitine palmitoyltransferase 1

(CPT1), which is an integral protein of the outer mitochondrial
membrane (OMM), converts LCFA-CoA esters to carnitine
esters. This permits access of the acyl moieties into the mito-
chondrial matrix, where CPT2 mediates their conversion back
to CoA esters followed by their �-oxidation (1, 2). The inhibi-
tion of CPT1 by malonyl-CoA (MCoA), the first intermediate
of fatty acid synthesis, enables the enzyme to exert major con-
trol over the rate of fatty acid oxidation in all tissues.MCoAacts
as a stringent physiological inhibitor of the liver and heart/mus-
cle isoforms CPT1A and -B, respectively (3, 4). Moreover, the
sensitivity of CPT1A to MCoA inhibition is markedly affected
by the lipid composition and fluidity of the OMM, both when
they change physiologically, for example under starvation or
diabetes (5, 6) or when the fluidity of the membrane is altered
experimentally in vitro (7). This correlation to the longer term
physiological state endows CPT1Awith a pivotal metabolic role
in fuel selection, particularly in pathological conditions such as
type 2 diabetes and obesity (8, 9) for the treatment of which
CPT1A is a drug target (10). In addition, CPT1A shows very dif-
ferent enzyme kinetics depending whether it resides within the
bulkoutermembraneor in the contact sites that exist between this
membrane and the inner membrane of mitochondria (11).
CPT1A consists of a short, well conserved N-terminal regu-

latory domain (N) and a largeC terminal catalytic domain (CD),
which are linked by two transmembrane segments that span the
OMM (Fig. 1, A and C). As demonstrated by cross-linking
experiments (6), complementarymutagenesis (12), and protein
engineering (13), MCoA sensitivity is modulated by a poorly
understood interaction between N and CD. Specifically,
mutagenesis studies have identified two classes of mutations
within N (12, 14–16). Substitutions or deletions involving
approximately the first 18 residues decrease MCoA sensitivity,
whereas substitutions or deletions within residues 19–40
increase MCoA sensitivity (16). The ability to increase MCoA
sensitivity is noteworthy because essentially randommutations
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are unlikely to increase the affinity between N and MCoA or
CD, pointing to the evolution of an intricate regulatory mech-
anism at the membrane-water interface. Also noteworthy are
the common structural features of the MCoA inhibitor and
PCoA substrate (Fig. 1B), which raises the question as to how
the enzyme differentiates between both compounds in the con-
text of N-CD interactions when only the CoAmoiety protrudes
from the active site (Fig. 1A).

Although it is possible to express full-length CPT1A heter-
ologously inPichia pastoris (17), structural studies ofCPT1 that
could provide a rationale for its complex regulatorymechanism
have not been achieved yet perhaps because of its membrane
association. However, the catalytic domain of CPT1A shares an
�30% sequence identity with other MCoA-insensitive acyl-
transferases of known structure, including carnitine acetyl-
transferase, choline acetyltransferase, and CPT2 (18–21). This
level of sequence homology permits the construction of mean-
ingful CD structuralmodels (e.g. Fig. 1A), which can explain the
effects of certain point mutations within the CD (22–24). To
provide structural insight into the CPT1 regulatory mecha-
nism, it therefore appears most relevant to characterize the
structure of the N-terminal domain. A structural model for N
has been discussed (12), but without significant sequence iden-
tity to known structures, modeling appears challenging in this
case. In addition, the absence of an explanation as to how
CPT1A senses the molecular properties of the membrane and
integrates them into the MCoA concentration-dependent sig-
nal warrants structural studies of N in the presence of mem-
brane mimics.
Here, we used multidimensional, heteronuclear NMR spec-

troscopy to reveal two alternative structures for the N-terminal
regulatory domain of CPT1A. Structure-based site-directed
mutageneses in conjunction with functional assays of the full-
length protein ascribe physiological relevance to both struc-
tures and suggest that their environment-dependent popula-
tion ratio is used to integrateMCoA concentration, membrane
composition, and curvature into one regulatory signal. In com-
bination with molecular modeling of the N�MCoA�CD com-
plex, the structural basis of CPT1A regulation is proposed.
These results provide fundamental insight into the regulation
of enzymes residing at the membrane-water interface.

EXPERIMENTAL PROCEDURES

Expression and Purification of N-terminal CPT1A Peptide—
Using the cDNA of human liver carnitine palmitoyltransferase
1 (CPT1A), isoform 2 (Mammalian Gene Collection Image
3352642; UniProtKB entry P50416) as template, an insert
encompassing Met1–Lys42 was generated by PCR and sub-
cloned into the pET-44 expression vector (Novagen, Inc.) with
the third IgG-binding domain of proteinG (GB3) asN-terminal
fusion protein and an intervening tobacco etch virus protease
cleavage site. A truncation variant, N(�Met1–Val8), and G18A
point mutation were subsequently constructed using standard
techniques.
Expression was induced in Escherichia coli BL21-

(DE3)pLysS,T1R cells (Sigma) cultured at 37 °C in M9 minimal
medium, containing combinations of 99% 13C-labeled D-glu-
cose, 99% 15NH4Cl, and 99% D2O, at an A600 of 1.0 by adding

isopropyl 1-thio-�-D-galactopyranoside to 1.0 mM. Cells were
lysed by sonication in 50 mM NaH2PO4/Na2HPO4, pH 7.4, 300
mM NaCl, 100 mM SDS, 20 mM imidazole, 2 mM �-mercapto-
ethanol. The clarified lysate was applied on aHiTrap IMACHP
column (GE Healthcare) charged with Ni2� for immobilized
metal affinity chromatography. The column was washed with
50mMNaH2PO4/Na2HPO4, pH 7.4, 300mMNaCl, 25mM SDS,
and bound protein was eluted in 50 mM Tris�HCl, pH 8.0, 300
mM NaCl, 8 M urea, 300 mM imidazole. The N peptide was
cleaved from the fusion protein using tobacco etch virus prote-
ase at amolar ratio of 1:50 overnight at 30 °C in 50mMTris�HCl,
pH 8.0, 0.5 mM EDTA, 1 mM DTT, 100 mM NaCl solution,
leavingMet1 as the N-terminal residue (25). Uncleaved protein
and fusion protein were removed by immobilizedmetal affinity
chromatography, and the column flow-through was applied on
a Hamilton PRP-3 reverse-phase HPLC column. N peptide was
eluted using a linear gradient from 70:30% buffer A (H2O, 0.1%
TFA)/buffer B (80% acetonitrile, 0.1% TFA) to 25:75% in 40
min. Peptide purity was verified by SDS-PAGE and NMR sub-
sequent to freeze-drying.
NMR Sample Preparation—N peptide concentration was

measured in acetonitrile/water solution by UV spectroscopy
(�280 nm � 6,990 M�1 cm�1), and defined amounts of peptide
were freeze-dried. Peptidewas taken up in a volume of 280�l to
yield the following solutions: 0.5mMN, 25mMMES�NaOH, pH
5.6, 150 mM DAC; 0.5 mM N, MES�NaOH, pH 5.6, 150 mM

DDAC; 0.25 mM N, 25 mM HEPES�NaOH, pH 7.4, 100
mM TDAC; 0.25 mM N, 25 mM HEPES�NaOH, pH 7.4, 100 mM

HDAC; 0.5 mM N, 25 mM HEPES�NaOH, pH 7.4, 250 mM OM;
and 0.25 mMN, 25mMHEPES�NaOH, pH 7.4, 200 mMDDMG.
The N peptide�DDAC micelle complex was aligned relative to
the magnetic field by stretched, negatively charged polyacryl-
amide gel of 320-�l volume, which was polymerized from a
4.6% w/v solution of acrylamide, 2-acrylamido-2-methyl-1-
propanesulfonate, and bisacrylamide with a monomer-to-
cross-linker ratio of 39:1 (w/w) and a molar ratio of 98:2
of acrylamide to 2-acrylamido-2-methyl-1-propanesulfonate
(26). Upon transferring the gel into an open-ended NMR tube,
a 2H splitting of 2.1 Hz was observed following overnight
equilibration.
NMRSpectroscopy—NMRexperimentswere carried out on a

cryoprobe-equipped Bruker Avance 700 spectrometer at 35 °C.
Data were processed and analyzed with the nmrPipe package
and CARA. 2H/13C/15N-labeled N peptide and TROSY-type
H-N detection (27) were used for HNCA-, HNCACB-, and
HNCO-based backbone assignments, the measurement of
3JC�C� and 3JNC� couplings (28), and the detection of 1JNH,
1JC�C�, and 1JC�N, as well as 1JNH � 1DNH, 1JC�C� � 1DC�C�, and
1JC�N � 1DC�N couplings (29–31) using isotropic and aligned
samples, respectively. {1H}-15N NOE measurements were car-
ried out also using deuterated peptide with 5 s of presaturation
preceded by a recycling delay of 4 s for theNOE experiment and
a 9-s recycle delay for the reference experiment. Aliphatic side
chain assignments of a protonated sample were achieved us-
ing HAHB(CBCACO)NH, (H)CCC(CO)NH, and H(C)CC-
(CO)NH experiments (32). Interproton NOEs were measured
by 15N-edited NOESY and HSQC-NOESY-TROSY experi-
ments (120-msmixing time) inH2O using protonated and deu-
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terated peptide, respectively. A 13C-edited NOESY spectrum,
optimized for the detection of aliphatic nuclei, was recorded
with a mixing time of 120 ms in D2O solution.
Structure Calculations—TheDDAC-boundN peptide struc-

ture of the well folded Ala9–Trp39 residues (Fig. 3B) was calcu-
lated by simulated annealing, starting at 3000 K using the pro-
gram XPLOR-NIH (33). The peptide termini were represented
by random-coil conformations. Except for Gly18,�, � backbone
dihedral angle constraints were derived fromN,H� C�, C�, and
C� chemical shifts using the program TALOS� (34). �1 side
chain angle restraints were derived from the 3JC�C� and 3JNC�

coupling constants (supplemental Table S1). NOE interproton
distance restraintswere referenced to the linear�-helical struc-
ture of His25–Trp39. In addition to standard force field terms
for covalent geometry (bonds, angles, and improper dihedrals)
and nonbonded contacts (van der Waals repulsion), dihedral
angle and interproton distance restraints were implemented
using quadratic square well potentials, and a backbone-back-
bone hydrogen-bonding potential and torsion angle potential
of mean force were employed (35, 36). The difference between
predicted and experimental residual dipolar couplings (�1D)
was described by a quadratic harmonic potential. The final val-
ues for the force constants of the different terms in the simu-
lated annealing target function are as follows: 1,000
kcal�mol�1�Å�2 for bond lengths; 500 kcal�mol�1�rad�2 for
angles and improper dihedrals, which serve tomaintain planar-
ity and chirality; 4 kcal�mol�1�Å�4 for the quartic van derWaals
repulsion term; 30 kcal�mol�1�Å�2 for interproton distance
restraints; 500 kcal�mol�1�rad�2 for dihedral angle restraints;
0.3 kcal�mol�1�Hz�2 for 1DNH residual dipolar couplings
restraints, and 1DC�N and 1DC�C� scaled relative to 1DNH
according to their dipolar interaction constants; 1.0 for the tor-
sion angle potential; and a directional force of 0.20 and a line-
arity force of 0.05 for the hydrogen-bonding potential. A total of
20 structures were calculated (Table 1). Coordinates, chemical
shifts, and structural constraints for N� have been deposited in
the Protein Data Bank as code 2le3 and BMRB with accession
number 17690.
CPT1A Homology Modeling and N Docking—An atomic res-

olution model of the CD of human CPT1A (residues 168–766)
was derived from rat choline acetyltransferase (PDB code
1T1U; 29% sequence identity) by homology modeling (37).
Similar results were obtained when using mouse carnitine
acetyltransferase (PDB code 1NDB) or rat choline acetyltrans-
ferase (PDB code 1Q6X) templates. Docking calculations with
N�were performed using the programClusPro 2.0 (38).MCoA
was placed in the CoA and carnitine binding pockets of the
N��CDmodels using the complexes of the CD of mouse carni-
tine acetyltransferase with CoA and carnitine, respectively
(PDB codes 1ndi and 1ndf, respectively) (20), as templates.
Assay of CPT1 Activity—The construction of the pGAPZ

plasmid expressing wild type rat CPT1A has been described
previously (16). The point mutations in CPT1A (Fig. 6) were
prepared by QuikChange PCR. Transformation into and
expression in P. pastoris strain X-33 were performed according
to the expression system distributor Invitrogen. Mitochondri-
ally enriched cell-free extracts from P. pastoris expressing
CPT1A were prepared and assayed for CPT activity with L-[N-

methyl-3H]carnitine hydrochloride as described previously
(17). Briefly, the standard assay buffer contained 150mMKCl, 1
mMEGTA, 20mMHEPES, pH 7.2, 1% (w/v) fatty acid-free BSA,
and 1 mM dithiothreitol. Reactions were prepared in duplicate
with palmitoyl-CoA added to a final concentration of 35 �M

and the addition of varying amounts of malonyl-CoA in a final
volume of 1.1 ml. Yeast extract was added, and reactions were
heated to 30 °C for 2 min before the addition of L-[3H]carnitine
to a final concentration of 500 �M and then incubated for a
further 4 min before termination of the reaction by addition of
0.3 ml of 6 M HCl and transfer to ice. [3H]Palmitoylcarnitine
was extracted into butan-1-ol at low pH and determined by
liquid scintillation counting. Nonlinear curve fitting and calcu-
lation of enzyme kinetic parameters were performed as
described previously (16, 39). Intrinsic enzyme activities were
unchanged relative to the wild type when normalized for the
level of protein expression as quantified on Western blots by
anti-C antibodies (40).

RESULTS AND DISCUSSION

N-terminal CPT1A Domain Can Adopt Two Structural
States—Based on the functional properties of CPT1, we
hypothesized that N might associate with the CD, with the
OMMor exist “free” within the aqueous environment (Fig. 1A).
To address this hypothesis, a peptide, also termed N, corre-
sponding to the first 42 residues of humanCPT1A (Fig. 1C) was
prepared recombinantly. N was found to be insoluble in aque-
ous solution, suggesting that, in native CPT1A, it cannot exist
free in the cytosol. If N were to associate with the OMM, an
amphiphilic structure would be required. To detect and stabi-
lize such a structure, we investigated its interaction with phos-
pholipid bicelles and detergent micelles, which constitute well
established model systems for the study of protein-membrane
interactions (41, 42). Upon screening an extensive array of dif-
ferent bicelles and micelles, N was found to be amenable to
structural characterization by NMR spectroscopy in the pres-
ence of several micelle systems (Fig. 2A).
Depending on themicelle system employed, one of two char-

acteristic HN-N peak patterns was observed (Fig. 2, B and C).
One of these states, termedN�, was observed in the presence of
cationic tetra- or hexadecyltrimethylammonium chloride
(TDAC or HDAC) micelles (Fig. 2, A and B). The second state,
termed N�, was obtained not only in the presence of neutral
n-octyl-�-D-maltopyranoside (OM) and zwitterionic DDMG
micelles but, unexpectedly, also in the presence of decyl- and
dodecyltrimethylammonium chloride (DAC and DDAC)
micelles (Fig. 2,A andC). DDAC and TDACdiffer in the length
of their hydrocarbon tails by two methylene groups (Fig. 2A),
giving rise to different micelle sizes. Like DAC and DDAC, OM
and DDMG also exhibit relatively short hydrocarbon tails (Fig.
2A), which are anticipated to result in smallmicelles (low aggre-
gation numbers). Thus, among the detergents studied, micelle
size rather than headgroup identity determined the structural
state of N. This invariance to a wide range of headgroup types
clearly indicates that micelles are suitable membrane mimics
for N.
To examine the influence of the micelle system on N� and

N� formation in more detail, 13C� chemical shift assignments
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were performed for N bound to OM and the four trimethylam-
monium-based micelles studied (Fig. 2A). With increasing tail
lengths, these lattermicelles exhibit aggregation numbers of 30,
44, 62, and 84, respectively (43, 44), and thus offer a continuous
increase in micelle surface area paired with a decrease in scaf-
fold curvature. In contrast to 1HN-15N chemical shifts, 13C�

chemical shifts correlate directly with backbone torsion angles
(45, 46), rendering them powerful probes of protein conforma-
tion. For the five micelle systems studied, only two sets of 13C�

chemical shifts were observed (Fig. 3A). Consequently, N
exhibited virtually identical backbone conformations when
bound to OM, DAC, or DDAC micelles, as well as when asso-
ciated with TDAC or HDAC micelles. This observation dem-
onstrated that the conformation ofNdoes not change gradually
and continuously according to the size of the micelles provided
but interconverts between N� and N� in a switch-like manner
when a discrete micellar size threshold is reached.
In conclusion, micellar membrane mimics support an asso-

ciation of N with the OMM. Because there are two functionally
opposing types of mutations within the N-terminal domain of
CPT1A with respect to the effects on MCoA sensitivity (12,
14–16), the detection of two structural states may be signifi-
cant. N is relatively small (Fig. 1, A and C) and an amphiphilic
association with the OMM may require the N-CD association
to be also of amphiphilic nature, i.e.micelles may act as folding
scaffolds for theOMM- aswell as theCD-associated state of the
N-terminal regulatory domain.
Structure ofN� State—Toelucidate the structural basis of the

switch-like behavior of N and to assign functionality to the
respective structural states, the structure ofN�was determined
bymultidimensional, heteronuclear NMR spectroscopy. Simu-
lated annealing calculations based on residual dipolar coupling,

close interproton distance, and backbone and side chain tor-
sion angle restraints were carried out, resulting in an ensemble
of a total of 20 structures for which a coordinate precision of
1.03 Å was obtained for heavy atoms (Fig. 4A). A summary of
structural statistics is provided in Table 1. Despite the relatively
small size of N, a complex structure, encompassing �-helix,
�-sheet, �-turn, as well as an unstructured stretch, was found
(Fig. 4, A and B). The eight N-terminal residues of N� (Met1–
Val8) were unstructured and were followed by an anti-parallel
�-sheet, comprising sheets �1 (Phe10–Val14) and �2 (Ile19–
Leu23). At the C terminal end of the peptide, an �-helix, termed
�2, was present encompassing His25–Trp39 (Fig. 4A). The
�1-�2 connection was formed by Thr-Pro-Asp-Gly, constitut-
ing a hairpin of canonical sequence (47). Ser24 mediated the
transition between �2 and �2. It entertained backbone-to-
backbone hydrogen bondswith both theC�Oof the first struc-
tured residue (Ala9) and the N-H group of Leu28. Moreover,
close contacts between Ser24(O�) and Glu26(HN) as well as
Ala27(HN) were detected, providing further capping of helix �2
(Fig. 4C). Another notable feature of N� was the hydrophobic
packing interaction between the methyl groups of Ala27 and
Ala9 (Fig. 4C).With the exception of Phe12 andTyr32, side chain
rotamers were averaged (supplemental Table S1). The regular
secondary structure elements of N� showed backbone dynam-
ics characteristic of well ordered structural elements as evi-
denced by close to maximal {1H}-15N NOE values (Fig. 3B).
Slight decreases in backbone dynamics were noticeable
between secondary structure transitions (Thr15–Gly18 and
Ser24).
The N� structure was found to be distinctly amphiphilic,

which would have been difficult to predict from its primary
sequence (Fig. 1C). The residues lining each side of the �1-�2

FIGURE 1. Overview of CPT1A system. A, domain organization and homology model of the CPT1A structure without the N-terminal regulatory element (N) for
which no homologous structure exists. Possible N association states (OMM-associated, free in cytosol, and CD-associated) are shown schematically. Bound
MCoA is illustrated in ball-and-stick representation. The CPT1A membrane topology is known (60), but the relative orientations of the transmembrane (TM) and
CD domains are unknown, and depicted is one possible arrangement. B, chemical structures of physiological enzyme inhibitor (MCoA) and substrates
(palmitoyl-CoA (PCoA) and carnitine). The common CoA moiety of inhibitor and substrate is noted. C, sequence alignment of N of CPT1A and -1B. Conserved
amino acids are colored by the Jalview multiple alignment editor (61) using the ClustalX color scheme.
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interface are either hydrophobic or charged/polar, and helix �2
exhibits distinctly amphiphilic periodicity (Fig. 4, B and D). N
therefore exhibits tertiary amphiphilicity, which is rare (48).
Between the longitudinal axes of �1-�2 and �2, an angle of
�105° was obtained, providing a rationalization for the prefer-
ence of N� to associate with relatively small, highly curved
micelle scaffolds. The nonplanar structure of N� makes it suit-
able to associate with the CD (Fig. 1A).
Description of N� State and N� 7 N� Switching

Determinant—From the difference of 13C� chemical shifts of
N� and N� (Fig. 3A), it was evident that both states share helix
�2 but diverge otherwise. Specifically, for N�, the structure
comprising sheets �1-�2 became destabilized concomitant to
the establishment of an N-terminal helix comprising Ala2–
Val8, termed �1 (Fig. 3A). The stability of �1 was lower than
that of �2 (Fig. 3B), and therefore, helix �1 must be considered
to be only partially folded under the current experimental con-
ditions. However, we note that, due to post-translational proc-
essing, CPT1 commences with acetylated Ala2 (49), which is an
efficient helix-cappingmotif (50). Under in vivo conditions, the
helical propensity of Ala2–Ala8 in N� may therefore be pro-
moted further. In the context of only partially ordered �1 and

�1-�2 secondary structures, the structural description of N�
must remain illustrative for these regions at present. Fig. 5
depicts a model that was based on the interpretation of chem-
ical shifts (34) and the overall tertiary arrangement of N�.
Whereas helix �2 is well structured, any global N� structure
merely represents one possible �1/�1-�2 conformation out of
an ensemble of partially folded structural states. We propose
that the N� structure, which is formed when the �1-�2 confor-
mation is destabilized, will have a propensity to bind to the
planar OMMor, alternatively, to the OMM and CD simultane-
ously (Fig. 1A).
The contrast between the N� and N� structures suggests

that the formation of �1 and �1-�2 are mutually exclusive. In
the N� state, Ala9 packs against Ala27, which directs the
unfolded Met1–Val8 residues away from the micelle surface
(Fig. 4, B and C). Similarly, because of steric clashes, helix �1
cannot be formed without compromising the structural integ-
rity of either �2 or �1-�2 (Fig. 5). The mutual exclusivity of �1
and �1-�2 appears to be an intrinsic design feature of N, con-
tributing to the switch-like structural transition between N�
and N�. To understand the conformational properties of �1 in
more detail, we next investigatedwhether residual�1-�2 struc-

FIGURE 2. Comparison of employed micelles systems and ensuing NMR spectra. A, chemical structures of successfully employed detergents DAC, DDAC,
TDAC, and HDAC, as well as OM and zwitterionic DDMG. B, representative section of 1HN-15N correlation spectra of N bound to DDAC and TDAC micelles,
resulting in N� and N� states, respectively. C, 1HN-15N correlation spectra of N� bound to the micelles indicated. Selected backbone assignments are shown.
All spectra were recorded at 35 °C and a 1H frequency of 700 MHz.
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tural propensity (Fig. 3) precludes the formation of a stable �1
helix. A G18A substitution in N was generated to abrogate the
�-hairpin, as Ala cannot sustain a 	 backbone torsion angle
range compatible with the hairpin. Compared with the wild
type N� state, G18A led to a loss of NMR chemical shift disper-
sion (supplemental Fig. 1A), indicating that N� could no longer
be formed. By contrast, in N�, the substitution did not increase
the helical content of �1, as evidenced by virtually identical
13C� chemical shifts betweenN�(G18A) andN� (supplemental
Fig. 1B). This suggests that, within the context of the micelle
system employed, residues Ala2–Ala8 had reached their maxi-
mum helical content.
The switch fromN� toN�was observed upon increasing the

micelle size (see above).We tested whether this occurs because
of an increase in micelle curvature or an increase in micelle
surface area that permitted a greater degree of �1 binding so as
to compete with �1-�2 sheet formation. To distinguish
between the two possibilities, a peptide lacking the first eight

amino acid residues, N(�1–8), was studied. This deletion did
not rescue N� when binding to TDAC micelles (supplemental
Fig. 2), showing that curvature per se was the sole N� 7 N�
switching determinant and that the micelle systems employed
did not restrict the structure adopted by N�. Therefore, all our
data indicate that, as the binding surface curvature is increased,
the well defined�1-�2/�2 structure of N� cannot be sustained,
giving way to the adoption of the �1 helix as the default confor-
mation. The switching curvature threshold would appear to be
close to the micelle radius of DDAC of 17.1 Å (43, 44), at which
solution conditions can be chosen to obtain N� and N� simul-
taneously (supplemental Fig. 3). In conclusion, the peptide
equivalent to the regulatory domain of CPT1A can undergo an
amphiphilic environment-dependent structural switch in
which a disturbance in targetN�binding surface curvature flips
N� to the default N� state.
MCoA-dependent Regulation of CPT1A—To assess the func-

tional significance ofN� andN�within the nativeCPT1Aenvi-
ronment, we characterized enzyme kinetics, most notably the
concentration ofMCoA at which half-maximal inhibition (IC50
value) is observed, as a function of structure-based point muta-
tions. Following well established protocols (16, 17), rat CPT1A
mutants were expressed in the yeast P. pastoris where the
enzyme resides in its native eukaryotic OMM lipid environ-
ment. The N-terminal regulatory domain is fully conserved
between human and rat CPT1Aexcept for Y32C (Fig. 1C). First,
we studied point mutations aimed at modifying key determi-
nants of the N�3 N� transition without affecting side chain
contacts external to N to avoid altering any N-CD interactions.
The G18A and A9G substitutions fall in this category and were
predicted to favor the N�3 N� transition (Fig. 4 and supple-
mental Fig. S1). When incorporated into CPT1A, either muta-
tion led to a significant increase in the MCoA sensitivity of the
enzyme (Fig. 6) without any change to the intrinsic activity of
the expressed proteins (data not shown). This result identified
N� as the conformation that promotes MCoA inhibition,
whereas N� represents the noninhibitory state. By contrast,
disturbing N� should make CPT1A less sensitive to MCoA
inhibition. Because the N switching machinery resides exclu-
sively within the N� structure (Ala9/Ala27, Thr15–Gly18, and
Ser24), the reverse N� 3 N� switch can only be achieved by
disturbing putative side chain contacts of N� with the
MCoA�CDcomplex.Wepredicted that altering a key side chain
within helix �1 (Fig. 5) would decrease MCoA sensitivity. The
charge reversal mutation E3R was employed and resulted in a
decrease in enzyme sensitivity to MCoA (Fig. 6), in agreement
with our expectation of noninhibitory N� benefiting from dys-
functional N�, i.e. an increased likelihood of N�3 N� transi-
tions. In conclusion, we propose that an N�3 N� structural
switch of the here-determined structures underlies theMCoA-
dependent inhibition of CPT1A.
In the light of our present observations, it is instructive to

revisit the mutagenesis data that have established the existence
of positive and negative determinants of MCoA sensitivity in
the N-terminal domain of CPT1A. Mutations that make
CPT1A more sensitive to MCoA localize within �1-�2 and �2
(14) and are anticipated to destabilize the �1-�2/�2 arrange-
ment of N� (e.g. S24A) or to diminish N� affinity to its target

FIGURE 3. Comparison of structural and dynamic NMR parameter of N
bound to different micelles. A, comparison of backbone secondary struc-
ture propensities as reflected by secondary 13C� chemical shifts. For 2H/13C/
15N-labeled N, random coil conformations are obtained at approximately
�0.5 ppm, whereas positive and negative shifts relative to this value denote
helical and extended backbone propensities, respectively (45). Shifts for DAC
were identical to DDAC and were omitted for the sake of visual clarity. B,
comparison of backbone order (pico- to nanosecond time scale dynamics) as
reflected by {1H}-15N NOE values. Larger values indicate higher order (smaller
amplitude H-N amide bond vector dynamics).
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surface as a result of losing its amphiphilic nature and/or side
chain contacts (e.g.G30A and R22A/H25A/K29A). In addition,
the �(19–30) and �(19–46) deletion mutants, which enhance
MCoA sensitivity (16), would prevent the �1-�2/�2 arrange-
ment ofN� altogether (Fig. 4) andmay be regarded as achieving
a permanent N� 3 N� switch. By contrast, substitutions or
deletions that make CPT1A less sensitive to MCoA localize

within helix �1 except for E26K mutations (12, 14–16), which
resides in helix�2 andmaymake contactswith theCD required
for inhibition in accordance with the conservation of helix �2
betweenN� andN� (Figs. 4 and 5).We regard those “negative”
mutations as negating the formation of functional N� by dis-
turbing the formation of key side chain contacts betweenN and
MCoA�CD and/or by interfering with the mildly amphiphilic

FIGURE 4. Structure of N� (DDAC-bound N at pH 5.6). A, superposition of the ensemble of 20 calculated simulated annealing structures. The peptide termini,
Met1–Val8 and Lys40–Lys42, were unstructured. B, schematic representation of the N� structure (lowest energy ensemble member). The helical conformation
of Ala4–Ala7 was coincidental to this ensemble member only (see A). C, packing of the �1-�2/�2 transition. The carbon atoms of Ala9 and Ser24 are shown in
gray, and the carbon atom of helix �2 residues His25, Glu26, and Ala27 are shown in dark green. Oxygen and nitrogen atoms are shown in red and blue,
respectively. D, surface charge distribution color-coded by electrostatic potential. The potential was calculated using APBS (62).

TABLE 1
Structural statistics for N� (DDAC-bound N peptide)
Statistics for the 20 calculated simulated annealing structures encompassing structured residues Ala9–Trp39 are given. Numbers in parentheses indicate number of
restraints.

Root mean square deviations from experimental dihedral restraints
All (75)a 0.28 � 0.04°

Root mean square deviations from experimental residual dipolar couplings (Hz) b
1DNH (30) 1.55 � 0.07
1DNC� (29) 1.97 � 0.16
1DC�C� (30) 1.65 � 0.05

Root mean square deviations from experimental distance restraints
All (228) 0.05 � 0.01 Å
Intraresidue (66) 0.03 � 0.01 Å
Inter-residue sequential (�i � j� � 1) (105) 0.05 � 0.01 Å
Inter-residue short range (1 � �i � j� � 5) (35) 0.07 � 0.01 Å
Inter-residue long range (�i � j� 
5) (22) 0.06 � 0.01 Å

Deviations from idealized covalent geometry
Bonds 0.003 � 0.000 Å
Angles 0.596 � 0.016°
Impropers 0.400 � 0.019°

Coordinate precisionc
Backbone non-hydrogen atoms 0.30 Å
All non-hydrogen atoms 1.03 Å

Measures of structural quality
ELJ (kcal mol�1)3d �128.9
Residues in most favorable region of Ramachandran plote 99.3%

a Torsion angle restraints included 33 �, 33 �, and 9 �1 angles.
b Root mean square deviations are normalized to an alignment tensor magnitude of 10 Hz.
c Date are defined as the average root mean square difference between the final 20 simulated annealing structures and the mean coordinates.
d The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM 19/20 parameters and was not included in the simulated annealing target function.
e Data were calculated using PROCHECK version 3.4.4.
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nature of �1 (Ala2, His5, and Val8 line the apolar face, and Asp3,
Gln6, and Ala7 populate the polar helix face; Fig. 5). In sum-
mary, an extensive and consistent body of evidence leads us to
propose that the prevalentMCoA sensitivity ofCPT1A is deter-
mined by the relative population ratio of inhibitory N� to non-
inhibitory N� structural states.
OMM-dependent Regulation of CPT1A—The N� 7 N�

switch may also explain the well established dependence of
MCoA sensitivity on OMM lipid composition and lipid molec-
ular order/fluidity (5–7). As alluded to earlier, based on the
requirement of a strongly curvedmicelle folding scaffold for the

formation of N�, this state appears best suited to interact solely
with the CD as illustrated in Fig. 7A. By contrast, N� formation
requires a less curved surface, and this conformation couldbepro-
moted whenN is able to bind to the near planar OMM surface or
to the OMM and CD simultaneously (Fig. 7C). Thus, a high
N�-OMMaffinity and, consequently, the facilitation of theN�3
N� transition will make CPT1A more prone to inhibition by
MCoA. Conversely, in case of a lowered N�-OMM affinity, the
reverse N� 3 N� transition becomes more probable, thereby
decreasing MCoA sensitivity. We therefore propose that the
N�:N�balancenotonlydetermines theprevalentMCoAsensitiv-
ity of CPT1A but simultaneously couples MCoA sensitivity to
the properties of the OMM. Structurally, this translates into
an inhibitory OMM�N��MCoA�CD and a catalytically active
N��CD�LCFA-CoA�carnitine complex (Fig. 7,A andC).
The switch mechanism between the two states of the N-ter-

minal domain of CPT1A provides a regulatory mechanism that
enables the enzyme to respond to different metabolic states at
multiple levels of organization. Whereas changes in MCoA con-
centration reflect short term substrate availability and lipogenic
enzyme activity, changes inmembrane properties derive from the
longer term metabolic state (51). This includes changes in lipid
composition that occur in response to changes in hormonal bal-
ance such as the degree of unsaturation of acyl group composition
of phospholipids, the identity of phospholipid headgroup, and the
cholesterol/phospholipid ratio of the membrane (5, 51). Finally,
we note that contact sites between the outer and innermembrane
ofmitochondria, which exhibit a high degree ofmembrane curva-
ture (52, 53), represent an environment where the kinetics of
MCoA inhibition with respect to LCFA-CoA shifts from a non-
competitive to a competitive mode (11). Membrane curvature in
unilamellar vesicles is limited to a radius of �105 Å (54), whereas
N�7N� switching takes place at a radius of�17Å (see above). It
follows that the high degree of membrane curvature at contact
sitesmaydisturboptimalOMM-N�-MCoA-CDassociations (Fig.
7C).Therefore, thismayrepresenta furtherelement to theCPT1A
regulatory mechanism, as it will make the relative N�/N� ratio
also dependent on the degree of membrane curvature of its
microenvironment.
Model of the N-CD Interaction—To provide further insight

into the structural basis of CPT1A regulation and to illustrate
our proposed CPT1A regulatory mechanism, we performed
computations that model the docking of N� and N� to a
homology model of the CD. Two pertinent N�-CD docking
results placed N� near the carnitine- and CoA-binding site
within the CD, respectively (Fig. 7, A and B). Upon inserting
MCoA into the CD structure, according to the mode of CoA
binding observed in carnitine acetyltransferase (20), we noted
that a displacement of carnitine must take place to accommo-
date the malonyl carboxylate (Figs. 7A and 1B). This binding
mode is supported by the observation that when the sulfhydryl
group of CoA becomes oxidized to sulfonic acid, it occupies the
carnitine carboxylate-binding pocket (20). It also explains the
competitive relationship between MCoA and carnitine during
catalysis, e.g. MCoA increases Km for carnitine (12, 55). It is
therefore evident that the binding of MCoA and carnitine/
PCoA is structurally distinct at the carnitine-binding pocket.
This difference may give rise to an allosteric conformational

FIGURE 5. Structural model of N� (TDAC-bound N at pH 7.4). A and B, model
illustrates the helical propensity of �1 and stable helix �2. Destabilization of
�1/�2 results in the disruption of any defined �-sheet structure. The relative ori-
entations of �1, �2, and �2 are shown in an arrangement similar to N�.

FIGURE 6. CPT1A structure-based site-directed mutagenesis. Effects of
selected point mutations on the sensitivity of full-length rat CPT1A to MCoA
inhibition. Maximal inhibition for each construct was determined to be 80%
of control activity. The concentrations of MCoA at which half-maximal inhibi-
tion (IC50 value) was observed were 56.0 � 6.8 �M for E3R, 8.1 � 2.7 �M for
G18A, and 1.5 � 0.3 �M for A9G. The IC50 value for the native rCPT1A was
25.0 � 4.9 �M. Values are means of 3–5 determinations (� S.E.).
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change in the CD that increases the N� binding surface curva-
ture, thus triggering an N�3 N� switch. Binding of N� near
the carnitine-binding pocket (Fig. 7A) may facilitate such a
mechanism. Alternative N�-CD associations, for example near
the CoA-binding site (Fig. 7B), are also possible. However,
because MCoA inhibitor and PCoA substrate share the CoA
moiety and differ chemically only near the active site (Fig. 1B),
binding of N� next to CoA appears to be less suitable to differ-
entiate between inhibitor and substrate binding. An alternative
to an allosteric CD conformational change would be a second
MCoA-binding site (12) that could also trigger an N� 3 N�
switch if it were to overlap with the N�-binding site.

Docking of N� to the CD domain was complicated by the
absence of theOMMin ourmodel but facilitated by a structural
constraint derived from complementary mutagenesis. The
E26K point mutation decreases MCoA sensitivity of CPT1A,
but K561E can compensate for this mutation (12) indicative of
the presence of a Glu26–Lys561 electrostatic interaction in the
N��CD complex. In all of our constructed CD models, Lys561
pointed away from the enzyme surface and into bulk solvent,
disfavoring a docking of Lys561 with N embedded in the CD
surface. However, in the context of an OMM-bound N�, such
an interaction was readily obtainable (Fig. 7C). Because of the
lowered dielectric constant of the membrane-water interface

compared with bulk water, a membrane-proximal salt bridge
would also be stronger than a corresponding solvent-exposed
interaction (56). When enforcing an electrostatic Glu26–Lys561
interaction in ourmodels, it was found that N�, and specifically
Glu3, has access to positive side chain charges on the CD or to
the NH2 group of the adenosine moiety of CoA (Figs. 7C and
1B). When evaluated within the context of the micelles used in
this study, the NMR spectral properties of both N� and N�
were essentially unperturbed by the presence of MCoA (sup-
plemental Fig. 4). However, in the absence of a defined CD-
bound MCoA conformation, this result has limited signifi-
cance. We also note that the commencement of native CPT1A
with acetylated Ala2 (49) avoids competition for Glu3 with an
N-terminal positive charge. In summary, a destabilization of
the N� state effected by MCoA may promote CD inhibition
through either OMM-N�-CD or OMM-N�-MCoA-CD inter-
actions. Based on our structural OMM�N��MCoA�CD model,
MCoA-dependent inhibitory actions are explained by a block-
age of substrate access to the CD by N�. In support of this
model, kinetics ofMCoA inhibition with respect to LCFA-CoA
are indeed found to be noncompetitive for the protein within
the bulk OMM fraction (11).
Conclusions—The pivotal metabolic role of CPT1A is

reflected in the intricate structural properties of its relatively

FIGURE 7. Models of N�-CD and N�-CD associations. A and B, models obtained by docking N� to a homology model of the CD using the program ClusPro 2.0
(38). A places the apex of N� over the helix formed by Asp654–Leu667. Arg655 of this helix contributes to carnitine binding and is also positioned to interact with
MCoA as depicted by dashed lines. B docks N� near the CoA-binding site. This model localizes N� closer to CD mutations that affect MCoA sensitivity (e.g. Met593

(63)), albeit this may merely reflect their proximity to the CoA-binding site to which MCoA can bind as well. C, model obtained by manually docking N� to a
homology model of the CD. A Glu26–Lys561 salt bridge was enforced. N� was oriented to permit Glu3–Lys560, Glu3-MCoA(NH2), and Lys41–MCoA (3�-phosphate)
interactions. The outer mitochondrial membrane is expected at the bottom of the panel, providing a binding surface for N� and parts of the CD. N� is shown
in red, the N and C domains, making up the catalytic domain (CD), are shown in blue and gray, respectively. Bound MCoA and selected amino acid side chains
are illustrated in ball-and-stick representation.
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shortN-terminal regulatory domain detected in the presence of
micellar folding scaffolds. The properties ofN enable an amphi-
philic, environment-dependent switch that permits interac-
tions with the CD as well as the OMM. This allows N to inte-
grate information concerning location (membrane curvature),
long term metabolic state (membrane fluidity and composi-
tion), as well as short term metabolic state (MCoA concentra-
tion), providing the structural basis for the molecular “mem-
ory” of CPT1A (57). Based on the regulated interconversion of
N between different environments, its proposed role is etiolog-
ically similar to amphiphilic helices in amphotropic proteins
(58). Aside fromprominent roles inmembrane curvature, sens-
ing, and induction (58, 59), amphiphilic helices can also regu-
late enzyme activity by responding to ligands or to covalent
modifications (58). In comparison, however, the complexity
and sophistication of the integrative regulatory mechanism
evolved for CPT1A appears unprecedented.
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