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In eukaryotes, L-carnitine is involved in energy me-
tabolism by facilitating f-oxidation of fatty acids. Car-
nitine acetyltransferases (CrAT) catalyze the reversible
conversion of acetyl-CoA and carnitine to acetylcarni-
tine and free CoA. To redesign the specificity of rat CrAT
toward its substrates, we mutated Met*4, The M564G
mutated CrAT showed higher activity toward longer
chain acyl-CoAs: activity toward myristoyl-CoA was
1250-fold higher than that of the wild-type CrAT, and
lower activity toward its natural substrate, acetyl-CoA.
Kinetic constants of the mutant CrAT showed modifica-
tion in favor of longer acyl-CoAs as substrates. In the
reverse case, mutation of the orthologous glycine
{Gly***) to methionine in carnitine octanoyliransferase
(COT) decreased activity toward its natural substrates,
medium- and long-chain acyl-CoAs, and increased activ-
ity toward short-chain acyl-CoAs. Another CrAT mutant,
M564 A, was prepared and tested in the same way, with
similar results. We conclude that Met*® blocks the entry
of medium- and long-chain acyl-CoAs to the catalytic
site of CrAT. Three-dimensional models of wild-type and
mutated CrAT and COT support this hypothesis. We
show for the first time that a single amino acid is able to
determine the substrate specificity of CrAT and COT.

Carnitine acyltransferases are essential for the p-oxidation
of fatty acids and thus play an important role in energy me-
tabolism in eukaryotes. There are three carnitine acyltrans-
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ferase families: the carnitine palmitoyltransferases (CPTs),
CPTI and CPT II, are essential for mitochondrial g-oxidation
and are located in the outer and inner mitochondrial mem-
brane, respectively. CPT I facilitates the transfer of long-chain
fatty acids from the cytoplasm to the mitochondrial matrix,
which is the rate-limiting step in g-oxidation (1). Mammalian
tissues express three isoforms of CPT I (each encoded by a
different gene), in liver (L-CPT I, muscle (M-CPT I) and brain
(CPTI-c)(2—4). Carnitine octanoyltransferase (COT) facilitates
the transport of medium-chain fatty acids from peroxisomes to
mitochondria through the conversion of acyl-CoAs, shortened
by peroxisomal B-oxidation, into acylearnitine (5). Carnitine
acetyltransferase (CrAT) catalyzes the reversible conversion of
acetyl-CoA and carnitine to acetylearnitine and free CoA.

Due to the impermeability of organelle membranes to CoA,
CrATs function in a compartmental buffering system by main-
taining the appropriate levels of acetyl-CoA and CoA in cellular
compartments. In peroxisomes they remove excess activated
acetyl groups releasing free CoA, which can then accept more
acetyl groups produced by pg-oxidation, thereby allowing the
oxidation to proceed. This indirectly facilitates the transport of
acetyl moieties to the mitochondria for oxidation (6, 7). Mito-
chondrial CrAT plays a major role in modulating matrix acetyl-
CoA concentration. The production and utilization of acetyl-
CoA in the mitochondrial matrix lie at a major metabolic
crossroads. Regulation of the fate of acetyl-CoA is mediated, to
a large extent, by the effects of the molecule itself on pyruvate
dehydrogenase kinase, which is inhibited by a high acetyl-CoA/
CoA ratio. In the liver, mitochondrial acetyl-CoA also activates
the key gluconeogenic enzyme pyruvate carboxylase. There-
fore, high rates of B-oxidation of fatty acids result in the acti-
vation of gluconeogenesis from pyruvate and its precursors. In
mammalian tissues, CrATs can also contribute to the excretion
of exeess or harmful acyl melecules, such as acylearnitines.
CrAT activity has also been implicated in the cell eyele from Gy
to S phase (8). CrATs also appear to play an important role in
human health. For example, decreases in CrAT activity have
been reported in patients with disorders of the nervous system,
such as Alzheimer’s disease (9, 10), ataxic encephalopathy (11),
and several vascular diseases (12, 13).

The crystal structures of the mouse and human CrAT have
recently been reported, alone and complexed with their sub-
strates carnitine or CoA (14, 15). The data provide critical
insights into the molecular basis for acyl-chain transfer and a

! The abhreviations used are: CPT, carnitine palmitoyltransferase;
COT, carnitine octanoyltransferase; CrAT, carnitine acetyltransforase;
wt, wild-type; nt, nuclectide(s); GST, glutathione S-transferase.
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possible common mechanism for all carnitine acyltransferases.
A histidine residue interacts with an aspartic/glutamic acid at
the catalytic site (16) and acts as a general base (1). The
position of this histidine at the center of the catalytic tunnel
allows access to both substrates carnitine and acetyl-CoA,
which lie on oppesite sides of the tunnel (15, 17). The catalytic
His extracts the proton frem the 3-hydroxyl group of carnitine
or the thiol group of CoA, depending on the direction of the
reaction. The activated hydroxyl or thiol group then has direct
access to the carbonyl carbon in acyl-CoA or acylcarnitine, and
the reaction proceeds without the formation of an acyl-enzyme
intermediate (14). Previous site-directed mutagenesis experi-
ments have demonstrated an essential catalytic role for the
homeologous histidines in CPT II, L-CPT I, and COT (15,
18, 19).

Substrate specificity of carnitine acyltransferases may be a
function of structural features that govern the fit of the carbon
chain. The acetyl group of acetylearnitine points toward a hy-
drophobic pocket in the CrAT erystal, which is located at the
intersection of the two beta sheets in the enzyme (14). In CrAT,
this pocket is partly occupied by the side chain of Met®54,
Because the equivalent residue in all other carnitine acyltrans-
ferases is a glycine, Met™! could be the residue that blocks the
access of medium- and long-chain fatty acids to the hydropho-
bic pocket.

Here we report site-directed mutagenesis that meodified
CrAT Met®* to glycine, its counterpart in COT, CPT I and CPT
II. We assessed the kinetic properties of the yeast-expressed
mutant for acyl-CoA substrates other than acetyl-CoA. Cata-
lytie efficiency and enzyme activity of the mutant favored lon-
ger acyl-CoAs, Moreover, we also mutated COT Gly™* (ortholo-
gous to CrAT Met™) to methionine. The activity of the COT
mutant G553M toward several acyl-CoAs was practically iden-
tical to wt CrAT. Docking analyses on the three-dimensional
models of wt and mutated CrAT and COT econfirm that Met®®
blocks the entry of the hydrocarbon chain of acyl-CoAs to the
CrAT molecule.

EXPERIMENTAL PROCEDURES

Cloning of Rat CrAT—Rat CrAT cDINA was amplified by PCR, using
the FfuTurbo® DNA polymerase (Stratagene), from rat testis cDNAs
using two primers: CrATATG. for (5-ATGTTAGCTTTTGCTGCCAG-3')
and CrAT2100.rev (5'-CTTGTTCAGCCTCTGGGCTCAGC-3"). The for-
mer was taken from a rat CrAT DNA sequence (XM _242301) and
contains the ATG start coden, and the latter was designed from a rat
c¢DNA clone that corresponds to the 3'-untranslated region of rat CrAT
{GenBank AA925306). A fragment of 2070 nucleotides was obtained,
purified, and subcloned into the pGEM®.T vector (Promega), yielding
the pGEM-T-CrAT™ construct. The rat CrAT ¢DNA fragment was
sequenced {GenBank AJG20886) with an Applied Biosystems 373 auto-
mated DNA sequencer.

Construction of the Rat CrAT and COT Models—The structural
models for wt CrAT and wt COT were constructed using homology
modeling procedures based on the multiple, structure-based alisnment
of the rat CrAT and COT amine acid sequences with members of the
carnitine acyltransforase family, including the three-dimensional strue-
tures of human CrAT (Protein Data Bank (PDB) entry 1NMS (15)) and
mouge CrAT (free engyme structure: PDB accession number 1NDB;
carnitine complex: INDF; CoA complex: 1NDI (14)). The thres-dimen-
sional modals were built using the program Swise-Pdb Viewer and the
SWISS-MODEL server facilities (20-23) (available at www.expasy.ch/
awisamod/SWISS-MODEL html). The structural quality was checked
using the WHAT-CHECK routines (24) from the WHAT IF program
(25) and the PROCHECK validation program from the SWISS-MODEL
sarver facilities (26); briefly, the quality values of both models are
within the range expected for protein structural medels. The three-
dimensional models of CrAT mutants M5684G and M564A and COT
mutant G5533M were built by the same procedures using the structures
obtained for the respective wt enzymes as templates.

Molecular Docking—Docking calculations to obtain a molecular
model of the interaction between the substrates acetyl-CoA, decanoyl-
CoA, and myristoyl-CoA and the three-dimensional models of the pu-
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tative receptor proteins wt CrAT, wt COT, CrAT M564G, M564A, and
COT G553M were performed using the programs Autodock (27, 28) and
Hex (29), Protein targets and ligands (acyl-CoAs and carnitine) were
prepared using the algorithms Addsol and Autotors from the Autodock
package. For each individual ealculation, a global search (100 cyeles)
was performed using Autogrid and Autodock. Having discarded the
noen-realistic positions far from the substrate cavity described for acetyl-
CoA in the FDB 1NDI crystal structure, the ligand positions of lowest
energy were selected. The relative positions of the acyl extensions of the
ligand molecules were refined using the rigid docking program Hex

Construction of Plasmids For Expression in Saccharomyces
cerevisiae—For expression experiments on CrAT, the 1925-nt fragment
containing the rat CrAT coding region was subcloned into the S, cer-
evisige expresaion plasmid pYESZ2 (Invitrogen). To enable cloning into
the only HindIII site of the pYES2 plasmid, a HindIII site (underlined
in the HindITI-CrAT.for primer) immediately 5" of the ATG start codon
was introduced by PCR, using pGEM-T-CrAT™ as template. A consen-
sus sequence (in boldface type), optimized for efficient translation into
veast, wag also introduced in the same PCR, using the forward primer
HindII-CrAT for (5'-TCGATAAGCTTATAAAATGTTAGCCTTTGCT-
GCCAGAAC-3") and the reverse primer EcoRICrAT.rev (5'-CGGAAT-
TCCGCCAAAGTGGGCTTGGCTGTG-3"), which introduces a HindIII
and EcoRI sites (underlined). PCR products were digested with HindIII
and EcoRI and ligated to the pYES2 plasmid, producing pYESCrAT™.
For protein expression experiments on COT, plasmid pYESCOT™ was
prepared as described elsewhere (19).

Construction of Plasmids for Expression in Escherichic coli—To ex-
press the rat CrAT protein in E. coli, a cDNA fragment containing CrAT
was obtained from plasmid pYESCrAT*, digested with HindIIT, blunt-
ended, and again digested with EcoRI. This fragment was then purified
and subcloned into the expreasion wector pGEX-6P-1 previously di-
geated with BamHI, blunt-ended, and again digested with EcoRI. The
plasmid obtained was pGEX-CrAT™!,

Construction of Site-directed Mutants—CrAT mutantzs M564G,
M564A, H343A, and E347A were constructed using the QuikChange
PCR-based mutagenesis procedure (Stratagene) with the pYESCrAT™
plasmid as template. COT mutant G553M was conatructed using pYE-
SCOT™ as template. The following primers were used: primer CrAT-
M584G.for (5'-CAAGACAGACTGTGTCGGGTCCTTCGGACCTGTG-
37, and primer CrATM584G.rev (5’ -CACAGGTCCGAAGGACCCGAC-
ACAGTCTGTCTTG-3") were used to construet pYESCrATM®4S; primer
CrATMS64Afor (5" CAAGACAGACTGTGTCGCGTCCTTCGGACCTGT-
G-3"), and primer CrATM5684A rev (5 -CACAGGTCCGAAGGACGCGAC-
ACAGTCTATCTTE-3') were used to construct pYESCrATM®A: primer
CrATH343A for (5 -GTGGGATGGTTTAT GAAGCTGCAGC TGCAGAAG-
GG-37, and primer CrATH343Arev (5 -CCCTTCTGCAGCTGCAGCTT-
CATAAACCATOCCAC-3') were used to construct pYESCrATH 44
primer CrATE34TA for (5'-GAACATGCAGCTGCAGCAGGGCCCCCCA-
TTGTC-3') and primer CrATE34TA rov (5" -GACAATGGGGGGCCCTGC-
TGCAGCTGCATGTTC-3') were used to construct pYESCrAT=74
primer COTGE53M.for (5'-GTTACTTACGAATTCAGATGGTCGTGGTT-
CCCATG-3'), and primer COTGE53M rev (5'-CATGGGAACCACGACC-
ATCTGAATTCGTAAGTAAC-3") were used to construct pYESCOT M,
In all the cases the mutated nucleotides are underlined. The appropri-
ate substitutions, as well as the absence of unwanted mutations, were
confirmed by sequencing the inserts.

Expression of CrAT and COT in 8. cerevisice—The plasmids contain-
ing wt and mutants CrAT and COT were expressed in veast cells, and
mitochondrial and peroxisomal ecell extracts were prepared as previ-
ously deacribed (18, 19). A strain of 8. cerevisiae devoid of COT activity
and lacking the endogenous CAT2 gene (FY23Acat2 (MATa frpl ural
Acai2:LEU2)) was used as an expression system. Although this strain
conserves two additional CrAT genes (YATY and YAT2) (30), its carni-
tine acetyltransferase activity in the conditions in which it was ex-
pressed was not detected.

Expression and Purification of Rat CrAT Wild-type in E. coli—For
expresgion and purification of rat CrAT protein the glutathione S-
transferase (GST) gene fusion system (Amersham Biosciences) was
used. The construetion pGEX-CrAT™ was transformed into E. coli
BL21, and fusion protein GST-CrAT was overexpressed overnight after
the addition of 0.1 mM isopropyl-1-thio-g-p-galactopyrancaide at 18 *C.
The scluble fusion protein was purified from bacterial lysates using
glutathione-Sepharose 4B with a batch method. Finally, CrAT was
eluted by cleavage of the fusion protein with the site-specific protease
PreScission protease (Amersham Biosciences). Purity of rat CrAT pro-
tain was checked by SDS-PAGE.

Determination of Carnttine Acyliransferase Activity—Carnitine acyl-
transferase activity was measured by a slight modification of an end
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Fiz. 1. Sequence and proposed secondary structure of rat carnitine acetyltransferase (CrAT), Alignment of amino acid sequence of

carnitine acetyltransforases from rat (CrAT-rat), mouse (Swiss-Prot code: CACP_MOUSE), human (CACF_HUMAN),

and domestic pigeon,

Columba livie (CACP_COLLI). The secondary structure elements for Protein Data Bank entry 1INDB (mouse carnitine acetyltransferase) are
numberad as previously published (14). The modeled secondary elements for rat CrAT are also indicated (H: alpha helix; E: beta strand). Residues

are shaded according to conservation.

point fluoremetric method (31). The assay was conducted for & min at
30 *C in a solution containing 0.1 mM acvl-CoA, 1.5 myM EDTA, 1.5 mM
L-carnitine, 40 my HEFPES buffer (pH 7.8) in a total volume of 600 pl.
Reactions were started by the addition of yeast-expressed protein: 5 ug
for CrAT, 4 pg for COT, or from 0.1 to 5 pg of E. coli-expressed CrAT.
Parallel (blank) assays were run in the absence of L-carnitine. Reactions
were arrested by heat treatment (10 min at 70 °C). Proteins were
sedimented by centrifugation for 10 min at 13,400 x g; 550 pl of the
supernatant was collected, 35 pl of a stock selution (2 mg/ml) of
T-fluore-2,1,3-benzoxadiazole-4-sulfonamide was added, and the mix-
ture was incubated at 50 °C for 30 min. Fluorescence intensities, indi-
cative of the binding of the CoA thiel group to 7T-fluore-2,1,3-benzox-
adiazole-4-sulfonamide, were measured in 10-mm path-length glass
cuvettes (T00 pl) at 391 nm (excitation wavelength) and 515 nm (emis-
sion wavelength). These fluorescence intensities were compared with a
standard curve for CoA between 0 and 30 nmol. All fluorometer record-
ings were performed with a PerkinElmer Life Sciences LS 45 lumines-
cence spectrometer, and the engyme activities were measured in dupli-
cate. For determination of the K, for carnitine, acyl-CoA was fixed at
0.1 mM. For determination of the K, for acyl-CoA, carnitine concentra-
tion was fixed at 1.5 mM. Values reported are the means and standard
deviations of three or four determinations. All protein concentrations
were measured using the Bio-Rad protein assay with bovine albumin as
standard. K, and V. values were calculated with the analysia of
variance program.

Generation of Anti-rat Carnitine Acetvltransferase Antibodies—Two
female New Zealand White rabbits were each injected subcutaneously
on days 0, 21, 42, and 63 with 150 pg of the purified CrAT protein. The
protein was emulsified 1:1 with Freund's complete adjuvant (day 0) or
incomplete adjuvant (days 21, 42, and 63) in a total volume of 1 ml.
Rabbita were bled completely 10 days after the third booater (day 73).
and then the serum with the anti-rat CrAT antibodies was iselated. All
the procedures were performed in accordance with the recommenda-
tions of the Animal Experimentation Ethical Committee of the Univer-
ity of Barcelona.

Immunological Technigues—S. cerevisice protein extracts (8 pg for
CrAT and 10 pg for COT) were treated with sample buffer and sub-
jected to 8% SDS-PAGE. Electroblotting to nitrocellulose sheets was

carried out for 1 h at 250 mA. Immunodetection of CrAT was performed
uazing anti-CrAT antibodies (1:10,000 dilution), and immunodetection of
COT was done with anti-COT antibodies obtained as described else-
whera (19). The blots were developed with the ECF Western blotting
svstem from Amersham Biosciences. The quantifications were carried
out using a fluorescence scanning device from Molecular Dvnamics
Storm 840™

RESULTS

Isolation of Rat CrAT—A c¢DNA fragment corresponding to
rat CrAT was isolated from rat testis mENA by RT-PCR and
sequenced. The sequence has been deposited in the Gen-
Bank™ (accession no. AJ620886).

Rat CrAT mRNA encodes a predicted protein of 626 amino
acids with a molecular mass of 70,500 Da (Fig. 1), which shows
96 and 90% identity with CrAT from mouse and human, re-
spectively. The N-terminal end of the primary translation prod-
uct has a sequence of 21 amino acids before the second methi-
onine, which is the putative first amino acid in peroxisomal
CrAT. By comparison with other CrATs we postulated a 29-
amino acid sequence that transports the protein into mitochon-
dria (32). [ts amino acid composition is consistent with the
general composition given for leader peptides that translocate
cytosolic synthesized proteins into mitochondria (33).

Re-engineering CrAT Substrate Specificity—Inspection of the
published crystal structure of CrAT revealed that acetyl-CoA
points to a hydrophobic pocket at the intersection of two
B-sheets (strands 51 and g% in the IN domain and strands 513
and Bl4 in the C domain) and helix o12 (14). This pocket is
partially occupied by the side chain of Met®® from strand g14.
Because this methionine is only present in CrAT, but not in
other carnitine acyltransferases (CPT I, CPT IL, or COT) (Fig.
2), in which the equivalent residue is a glycine, we hypothe-
sized that it could play a role in the correct positioning of the
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CPT1 RAT 252 SHYVAMEML 469 mnz'ﬁsmﬁmrwumzmuw 683
CPT1 MOUSE 252 SHYVAMEML 469 muqm*ur?cﬂmrmw 683
CPIl_mm 252 SHYYAMDLL 469 me* I VAHIWE YWMSIDSL 6083
CPTM HUMAWN 254 SHYYVMDLV 469 IWAE G APIIGHIWEFVLGTDSE 683
C:PIH_RII‘ 254 SHYYAMDFV 469 LITE* VAPI IGHINEFVLATDTF 683
CPTHM _MOUSE 254 SHYYAMDFV 469 I.I‘ITE*: VAPT IGHIWEFVLATDTF 683
CPTC MOUSE 251 STYYMMDFL 465 I.S?l!*' VCPYVSGHIWEFTLATECF  &78
CPIC_HML]I 252 SHYYMMDFL 466 Ls“i LCPISGHMWEFTLATECF 680
CPT2_RAT 131 FNPFMAFNP 368 m*lsm-s VAVLRFFNEVFEDSTQ 586
CPTZ MOUSE 131 FHPFMAFWE 368 VHFE GVAVLREYNEVFEDSTQ 586
CPT2? HUMAN 131 FHNPFMAFWP 368 VHFE *uswsu VAVLREFNEVFEDSTQ  5B6
OCTC RAT 101 VNFVGPSPH 323 CSCD H.I.PI'- IAHYVDEKLLE 540
OCTC_HUMAN 101 VNFAGRAAH 323 mcninr- ISYYVDEKIFQ 540
OCTIC_BOVIN 101 VNFGEPASH 323 sncvrn‘-! VEKVCYYVDENILE 540
CACP HUMAN 118 SSPGVMIPE 339 LVYE HGFPIVILLDYVIEYTKE 550
CACP MOUSE 118 SSPGVILPK 335 MVYE SGPP IVALVDHVMEY TEKK 550
cm:m 118 SSPGVLIPE 339 MVYE PPIVALVDHVMEYTEK 550 ¥
EEEEE HHHHHHHHH EEEEEEE EEE
E1 H12 E13 El4

Fiz. 2. Alignment of representative sequences of mammalian carnitine-acyltransferases. Amino acid sequence of 17 representative
enzymes that catalyze short acyl-CoAs as substrates: CrAT (CACP) from human, mouse, and rat, and enzymes which have medium- and long-chain
acyl-CoAs as substrates: L-CPT I (CPTI) from rat, mouse, and human;, M-CPT I (CPTM) from human, rat, and mouse; brain CPT I (CPTC) from
human and mouse; CPT IT(CPT2) from rat, mouse, and human; and COT (OCTC) from human, rat, and bovine; were obtained from the Swiss-Prot
data bank and aligned uaing Clustal W, The subfamily conserved residue according to acvl-CoA chain-length specificity is shaded in black: for CrAT
it is a methionine; and for COT, L-CPT I, M-CPT I, brain CPT I-¢c, and CPT II it is a glycine. Position of catalytic histidine, catalytic
aspartic/glutamic, STS catalyvtic domain and a conserved proline residue, are also shaded in gray. Secondary structure elements are indicated as

in Fig. 1.

hydrocarbon chain of acyl-CoA as substrate, and therefore we
prepared CrAT mutant M564G, which we then expressed in the
budding yeast, S. cerevisiae.

Enzyme activity of yeast-expressed CrAT mutant M564G
was tested for acyl-CoA substrates of various lengths and com-
pared with wt CrAT. Wild-type CrAT was highly active toward
acetyl-CoA and butyryl-CeA (Fig. 3A), but not toward other,
longer-chain acyl-CoAs. The activity was practically zero with
dodecanoyl-CoA and longer acyl-CoAs. In contrast, CrAT mu-
tant M564G (Fig. 3B) was more active toward lenger acyl-CoAs:
it showed a new activity toward palmitoyl-CoA and a 1250-fold
increase of activity toward myristoyl-CoA (Tables I and II).
This figure was calculated after determination of enzyme ac-
tivities with highly purified wt CrAT after expression in E. coli
(see “Experimental Procedures”). Otherwise, activity also in-
creased with dodecanoyl- (58-fold), decanoyl- (7-fold), octanoyl-
(11-fold), and hexanoyl-CoA (7-fold), while activity toward
acetyl-CoA decreased 50%. These values indicate that the long
side chain of methionine impedes the positioning of medium-
and long-chain acyl-CoAs in the hydrophebic pocket, but when
this side chain is shortened (as in the mutant) other, longer
acyl-CoAs fit the catalytic site and catalysis proceeds.

Kinetic Characteristics of wt CrAT and Mutant M564G—A
series of kinetic experiments were performed by varying the
length of the acyl-CoA substrate (from C2 to C16 acyl-CoA)
with both wt CrAT and mutant M564G. The mutant showed
standard saturation kinetics for both carnitine and acyl-CoA
substrates, as did the wt CrAT (data not shown). This property
was general for every acyl-CoA, irrespective of its length. K
values for wt CrAT varied slightly (between 23 and 33 pm) with
the chain length of the substrate (Table I). Vi, was maximal
for butyryl-CoA and then decreased for longer acyl-CoAs. Wild-
type CrAT V.. and catalytic efficiency (defined as V /K,
ratio) for octanoyl-CoA was only 8% of those for acetyl-CoA. K |
and V., for carnitine as substrate were also measured by
varying the length of acyl-CoA. K, increased with the length of
the acyl-CoA substrate. K, for carnitine with octanoyl-CoA as
substrate was 5-fold that for acetyl-CoA, and concomitantly,
V oz decreased to 10% when octanoyl-CoA was the substrate in
comparison with acetyl-CoA. Catalytic efficiency for carnitine

also decreased; for example, catalytic efficiency for octanoyl-CoA
was only 2% versus acetyl-CoA. This implies that short-chain
acyl-CoAs are preferential substrates when the concentration
of carnitine is low and that the binding of long acyl-CoAs lowers
affinity for ecarnitine.

Different behavior was observed with CrAT mutant M564G
(Table II). Although K, values for fatty acyl-CoA varied
slightly with the chain length (between 11 and 32 pm), Vija.
increased, particularly with hexanoyl-CoA. Another maximum
of activity was also observed with myristoyl-CoA. K, for car-
nitine decreased when the acyl-CoA was long, showing that the
mutant preferred long-chain acyl-CoAs as substrates. Catalytic
efficiencies for both carnitine and acyl-CoA increased with the
length of acyl-CeA, values for hexanoyl-CoA and octaneyl-CoA
being the highest. In contrast to the wt CrAT, mutant M564G
behaved as if its natural substrates were medium- and long-
chain acyl-CoAs.

The comparison of catalytic efficiencies between octanoyl-
CoA and acetyl-CoA for the wt and CrAT mutant M564G shows
that this peint mutation produced an increase of 103-fold. We
did not eompare catalytic efficiencies for longer fatty acyl-CoAs,
because their activities were too low. These results were inter-
preted as showing that replacement of methienine by glycine
increased the space for positioning of carnitine and acyl-CoA,
which in turn increased the catalytic efficiency.

Re-engineering COT Specificity—Through the experiments
performed above we had converted rat CrAT into a pseude rat
COT, which was able to catalyze medium- and long-chain acyl-
CoAs. Our aim was then to achieve the opposite, that is, to
transform rat COT into a pseudo rat CrAT by modifying a
single amino acid. The catalytic activity of CrAT mutant
M564G toward different acyl-CoAs was very similar to that of
wt COT (Fig. 3, B and D). To improve our definition of the role
of COT Gly®*? (arthologous to CrAT Met®®) in catalytic activity
with respect to acyl-CoAs of different lengths, COT mutant
553M was prepared and expressed in S. cerevisiae.

Enzyme activity of yeast-expressed COT mutant G553M was
tested with substrates of different length and compared with
wt COT (Fig. 3). Results show that wt COT was highly active
toward medium-chain acyl-CoAs: hexanoyl-, octanoyl-, and dec-



Redesign of Carnitine Acetyltransferase Specificity

A
< )
g - CrAT wild-type
=%
=]
_.E BD:'
E
E
B 400
E
=
= 200
2
z
C: Ci GCi Cg Cip Ciz Cu Cis
Carbon chain langth: Cr-Cad
B _
"=
‘E . ae CrAT M564G
2
- 600
k=
=
B 400 1
E
g
= 200 9
=
il ] \ =
C: C Cg Co Cip Ciz Ca Cy
Carbon chain length: C--Cod
C -
=
[T
B an- CrAT M564A
=%
=]
5 6m -
E
E
S 400 4
E
= - r
z 200'{
2
2 [ 1] .

C: Cs G Cu Cuw Cu

Carbon chain kanglh: Cn-Cod

Cig Cag

33003
D -
E
2 COT wild-type
ENTE
(=]
E
:E 400
B
E
o |_'_| |J_‘
[ ]
3 lmEm ’_L|
C: Cs Cg Cg Cyp Ciz Cu Cy
Carbon chain langth: Go-CoA
E
E
5 COT G553M
2§00 1
(= ]
E
E 400
£
£ 2001
ey
=
b N
C Cs G GCs Gin Ciz Cu Cug
Carban chain length: Ch-Cod
F
CrAT
— — | 471 kDa
wild type  M364G MS64A
G coT
[ — < D
wild type  G553M

FiG. 3. Carnitine acvliransferase activity of 5. cerevisiae cells expressing wi CrAT and COT and the point mutanis CrAT M&64G,
Ms64A, and COT G353M. Extracts from yeast expressing wt CrAT (4), wt COT (I¥, and point mutants CrAT M&G4G (B, MG64A (£, and COT
G5563M (E) were assayed for activity with acyl-Cols of different chain length ranging from acetyl-Cod to palmitoyliCod, as described under
“Experimental Procedures.” The results are the mean * 5.1 of at least three independent experiments with different preparations. Immunoblots
showing expreasion of wt CrAT, CrAT M564G, and M&&4A (F); and of wt COT and COT G553M (G0 5. cerevisios extracts (8 pg for CrAT and 10
pg for COT) were saparated by SDS-PAGE and subjected to immunchlotting using specific antibodies. The arrows indicate the migration poeition

and the molecular mass of rat CrAT (71 kDa) and rat COT (69 kDal.

anovl-CoA, but not toward other acyl-CoAs with either a
shorter or a longer hydrocarbon chain. COT mutant G553
showed much lower activity toward medium- and long-chain
acyl-Cods, but a slight increase in activity toward short-chain
acyl-CodAs (acetyl-, and butyryl-CoA), showing maximum activ-
ity toward butyryl-CoA: at variance with wt COT, but the same
as wt CrAT (Fig. 3).

COT mutant G553M showed a 31-fold decrease in activity
when octanoyl-Cod was the substrate with reapect to wt COT.
Activity with hexanoy]l-Cod also decreased (9-fold). Activities of
COT mutant G553M toward acyl-Cods containing betwean 10
and 16 carbons in their chain were undetectable, ao the profile
of activities toward the whole list of acvl-CoAs was practically

identical to that of wt CrAT. Mutation of Gly™® to Met in COT
reproduced the subatrate specificity of wt CrAT. Weatern blot
of yeast-expressed wt and mutants CrAT and COT showed the
same molecular masses and similar expression levels (Figs. 3,
F and G,

Positioning of Fatty Acyl-CoAs in the Wild-type and Mutated
CrAT and COT Models—A common model 12 proposed for the
location of acyl-Cods in the active center of both CrAT and COT
enzymes (Fig. 4). Three-dimensional models of the rat wt CrAT
and COT were generated by homology-modeling procedures
uzing the crystallized structures of mouse and human CrAT a=
templates (14, 15), in a similar way to that used to construct
the model for rat CPT I, as described elsewhere (34). The
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Tapre I
Enzyme activity and kinefic parameters of CrAT wt expressed in 8. cerevisice
Mitochondrial protein from yeast expressing wt CrAT were assayed with acyl-CoAs of different carbon lengths ranging from acetyl-Cod to
palmitoyl-Cod, as described under “Experimental Procedures.” The results are the mean + 5.0, of at least three independent experiments with

different preparations.

N K, Vi Catalytic efficiency
AeykCod Activity — — —

Carnitine Aeyl-Co Carnitine Aeyl-Cod Cernitine Aeyl-Cod

r!mon'-m:'ﬂ'r-mgpmeciﬂ -1 M ﬂmo!—min"rﬂzg pr\om'r!"r Vonar! K

CyrCol 442 + 866 202121 228+10 615 * 56 560 * 0D 253 241
Ci-CoA 663 + 62 220 * 4 307+28 G&T + 07 685 + BS 258 223
CerCod 119 £ 15 567 £ 80 332146 176 £ 22 145 £ 5.1 0.31 446
CgCol 457 65 984 £ 120 247+ 65 Gax sl 460+ 7.1 0.05 Ls2
Cy-Codt 203 +41 ND* ND ND ND ND ND
CyzrCod 6.0 £ 2.8 ND ND ND ND ND ND
C,,-Cod 0.33  0.07°
CierCol urr

= NI, not determined.
* Thia activity was chtained using purified rat CrAT expressed in E.
= UD, undetectable activity.

ol

Tapre 11
Enzyme activity and kinetic parameters of CrAT mutant M5&4G in 8. cerevisiae
Mitochondrial protein from yeast expressing CrAT mutant M364G were assayed with acyl-Cols of different carbon length ranging from
acetyl-Cod to palmitoyl-Cod, as described under “Experimental Procedures.” The results are the mean = S, of at least three independent

experiments with different preparations.

v, Catalytic efficiency

Acil-Cal Activity — = — == —
Carnitine Acyl-Cod Carnitine AeylCoA Carnitine Aeyl-CoA
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CoCal 234 = 30 330+ 44 31T+ 53 107 + 20.8 248 + 25 0.58 77
C_‘-CD.A 641 = 3.2 170 = 45 148* 10 T42 + 133 872 £ 125 4.4 i3]
CaCoA B0Z + 66 164 + 11 223 6.0 1145 £ 256 1120 * 106 7.0 G0
CaCah 488 + 24 86.0 x 6.1 109+ 5.6 522 + 108 663 + 110 6.1 &0
l.'.‘-m-CuA 136 = 7.3 269 69 108+ 1.7 1563 = 10.6 25T 4186 5.7 24
Cyz-Cod 360 = 0.5 ND= ND ND ND ND ND
Cy-Codt 400 + 29 300 + 50 127+ 2.5 G2 + 84.8 505 + 835 149 40
C-Cod 181 * 6.9 ND ND ND ND ND

= NI, not determined.

models for the mutants CrAT M&64G and COT G553M were
built using the structural models of their respective wt en-
Zvmes a3 templates to enaure minimal variation in the atomic
position of the residues located close to the active center of hath
proteina. The carnitine molecule and the CoA part of the acyl-
Cofs were located uging the information available in the crys-
tallized structures of mouse CrAT (PDB entries: 1NDF and
1NDI (141). Positioning of the acyl part of the acetyl-, decanoyl-,
and myristoyl-CoA substrates was modelad by the simulation
docking algorithma Auntodock (27, 28) and Hex (29).

The location of acetyl-Cod in the active center of the modal
for rat wt CrAT (Fig. 44) is, as expectad, very similar to that
described for CoA in the crystallized mouse CrAT. The sulfur
atom of the CoA molecule iz close to carnitine and to the
catalytic His**, whereas the acetyl group appears to lie in a
small cavity defined, by the g-sheeta E1, E13, and E14, as the
walls of the hollow, and by the lateral chain of residue Met84
as the floor. Surprisingly, the shape of the cavity appears to be
vory difforent in the structure of the active center of CrAT
mutant M664G (Fig. 48). The small size of the side chain of
Gly™4 reveals a deeper pocket in the same position as the
shallow cavity in the wt molecule. This preformed pocket is now
accessible to longer acyl groups, as can be modeled using myr-
istoyl-Cod as substrate. The position of the fatty acyl part of
myriatoyl-Cod is very similar to that modeled for the palmitoy]
part of palmitoyl-CoA in a hydrophobic pocket of CPT I (34).
The open cavity of CrAT mutant M&64G 1z surrounded by
Gly*4, by hydrophobic residues Vall?2, Leul24, Jle351, Va2
Val®®5, Met?®6, Val®=, Ala®™® and Cys®2 (located in g-sheets
E1,E13, and E14 and in a-helix H12, as in CPT ) and by polar
residues Asp®™® and Thr" at the bottom. Interestingly, it

appears that the cavity for longer acy] groupa is preformed in
CrAT and that Met®* acts as a lid to close the accesa to the
hydrophobic pocket (Fig. 5A). When the side chain of Met™®4 is
removed, the pocket is now accessible, extending the sensitivity
of the enzyme to long-chain acyl-CodA substrates (Fig. 58). This
is consiatent with the enzymatic activity observed when using
C&, €10, C12, and C14 acvl-CoA az substrates (Fig. 3B).

The madel for wt COT and its interaction with decanoy]l-Cod
is very aimilar to the one for CrAT mutant M&E4G and myris-
tovl-Cod. The sulfur atom of the acyl-CoA molecule is close to
carnitine and to Hiz*27, the catalytic residue, whereas the fatty
acid extension ia enclosed in a pocket (Fig. 4C) defined by the
side chain of hydrophobic residues positioned in p-sheetas E1,
E13, and Ei4 and in o-helix H12: Vall™, Ala**2, Maet™9,
Met?5 Val 296 41a®*¢, Leu™®, Leu™®, and Ile®*!. The floor of
the cavity is occupied by polar residues Ser'®? and Asp®®. In
contrast, the structure for COT mutant G553M resombles that
for wt CrAT: the side chain of Met™ now clozes the entrance to
the pocket and defines a narrow cavity, structurally equivalent
to that of the active center in wt CrAT, where the amall acetyl
group of acetyl-CoA can be fitted (Fig. 400, In aymmetry with
CrAT, the hydrophobic cavity for long acyl-CoAs in the COT
structure can be closed by the lateral chain of Met™®, which
actz as a lid, like the corresponding residue in CrAT, Met®84,
The model again correlates with the enzymatic activities of wit
and mutant COT when using short- and long-chain acyl-CoAs
as subatratea (Fig. 3).

The Mutant M564A Also Broadened the Specificity of CrAT—
Because glyeine does not constrain the backbone psi/phi angles,
its subatitution for methionine could modify substrate specific-
ity simply a2 a result of increased flexibility. To rule out this
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Fia. 4. Proposed models for the positioning of faity acyl-Cods in the wit and mutated CrAT and COT. A, location of a moleculs of
acetyl-Cad in the active center of wt CrAT. Position of Met® (red) as well as the secondary etructure elements alpha helix 12 and beta strande
1. 12, and 14, surrounding the acetyl hollow, are indicated. The molecule of carnitine, a2 well as the catalytic residue His™® are also represented.
B, location of a molecule afn:l@q‘isbggl—ﬂo.&in the deep pocket opened in the CrAT mutant M564G. Positions of Gly™, hydrephobic residues around
the acyl-chain (Val'®, Len®™*, [, Val®**, Val™= Mat®* Val®* Ala™F and Cv=™2) and polar residuee Asp™ and Thr*®" are indicated, C, a
molecules of decanoylCoA in the }grdmphobiinpacka: defined by alpha helix 12 and beta strandz 1. 12, and 14 of wt COT, Positions of Val*™, Ala™=,
Met™®, Met®™, Val®™? Ala®™¥, Lou™®, Len®", and [1e™! and the polar residues Ser™ and Asp™® are indicated. IV, model for the loeation of &
molecule of acetyl-Cod in the shallow cavity closed by Met™® (red) of COT mutant G553M. Carnitine, His™’, and the positions of secondary

structure elements heli 12 and beta stranda 1, 13, and 14 are alao represented.

possibility, we prepared another CrAT mutant, MaG4A. Ala-
nine is also a small amino acid, but; onlike glycina, it does not
affect flexihility. So if methionine/glyeine acta as a molecular
gate to prevent/permit acyl-Cod binding as a function of chain
length, the alanine mutant should behave similarly to the
glveine. The change of specificity of the alanine mutant might
not be as pronounced, but it would still be able to catalyze
acyl-Codsa longer than acetyl-Cod and atyryl-Cod.
Accordingly, we expressed the CrAT mutant M&644 m S
cereisine, and the extracta were assaved for carnitine acyl-
transforase activity using acyl-CoAs of varioua chain lengths as
subgtrates. The results were similar to these found in mutant
Ma64G, (Fig. 3C). For instance, CrAT mutant ME64A activity

toward myristor]l-Cod increased 242-fold with respect to the wit
CrAT, The -fold activation of the M&644A mutant toward acyl-
Cods of between C& and C12 ranged hetween 6- and 23-fold
CrAT Ms64A also showed some activity toward palmitor]l-Cod
{11 nmolmin~!mg protein~1), which was abaent in wt CrAT.
In addition, the activity of CrAT mutant M&64A toward ita
natural substrate acetyl-CoA was less than half that of
wt CrAT.

Activity of CrAT Mutants H343A and E347A—TIt 15 generally
accepted that 4 histidine is the main catalytic residue in car-
nitine acvltransforases. Thiz eritical histidine residue had been
mutated in several proteing of the carnitine acyltransforase
family like rat CPT II(18), rat L-CPT-1(1&), rat COT (19), and
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CrAT wild type

Fi1z. 5. Bubstrate docking in wt CrAT and mutants, Proposed
location of acetyl-CoA and myristoyl-CoA acyl-chains in the active cen-
ters of rat CrAT wt (4), mutant M5684G (B), and mutant M5844 (C)
surface structural models, respectively. Hydrophobic reaidues in the
walls of the deep pocket are colored in green. Mot surface, closing the
cavity in wild-type CrAT, is depicted in red. Ala®™ is depicted in yellow.
Catalytic His® is also represented (pink frace).

human peroxizomal CrAT (15), and in all cases the mutation
completely abolished enzyme activity. To see whether the ho-
mologous histidine behaved similarly in rat CrAT, we mutated
CrAT His™® to Ala, because this position is orthologous to
ather carnitine acyltransferases. Enzyme activity of CrAT mu-
tant H343A was abolished.

We also mutated Glu**" to Ala in rat CrAT. In almost all the
ather members of the family, an aspartate is found at this
position, which could functionally be substituted for glutamate.
The mutation of the Glu™7 to Ala resulted in total loss of
catalytic activity.

Both CrAT mutants H343A and E347A were expressed in
S. cerevisiae at similar levels to the wt (data not shown), on the
basis of which the hypothesis that the abeolition of activity was
caused by low protein expression was ruled out.

DISCUSSION

Previous to this study, an mRNA sequence of rat CrAT had
been reported, based on the in sifico localization of several open
reading frames (accession number XM _242301) observed in the
genomic rat CrAT sequence (acceszion number NW_047651).

Redesion of Carnitine Acetyltransferase Specificity

The genemic organization of the postulated rat CrAT was sim-
ilar to CrATs from various organisms (35). However, it was also
postulated to contain an extra exon (exon 7his) not found in any
other organism, solely on the basis of the observation of an open
reading frame of 81 nt within intron 7. Our findings after
sequencing the rat CrAT cDNA did not reveal the proposed
exon This. To establish whether this exon is present in mature
CrAT mRNA, a shorter cDNA fragment comprising the puta-
tive exon This was PCR-amplified. No such sequence was
found, from which it was concluded that rat CrAT does not
contain an exon This. Nor was such an exon observed in any
published CrAT ¢DNA sequence or in 40 published expressed
sequence tag sequences from rat CrAT, and no such amino acid
sequence can be aligned with protein sequences of CPT I, CPT
II, or COT from various organisms. Alternatively, if such an
exon were to exist, rat testis expression of the processed mRNA
containing exon This would be undetectable even using
PCR amplification.

The use of a mutant strain of S. cerevisige devoid of CrAT
and COT activity allowed us to express wt and mutant rat
CrAT and COT c¢DNAz and study their kinetic characteristics.
The results show that the yeast-expressed CrAT behaves like
rat CrAT from mitochondria (36). This is the first time that
mammalian CrAT has been expressed in yeast.

The carnitine acyltransferases family has a common cata-
lytic mechanism, which is the transfer of the fatty acid moiety
from fatty acyl-CoA to carnitine in a process that involves
deprotonation of carnitine and nucleophilic attack of the car-
bonyl carbon of the thicester bond of acyl-CoA. In CrAT the
residue implicated in this process is His™®, Mutant H343A was
expressed in 5. cerevisice, and the activity of the mutant was
abolished, although the expression was practically identical to
wt CrAT. Other carnitine acyltransferazes stabilize the cata-
lytic histidine through an aspartic acid. Glu®7 occupies the
same position in CrAT as an aspartic residue in other carnitine
acyltransferases (34), The important role of Glu™7? in CrAT
activity is clearly defined, because mutant E347A abolished
enzyme activity, as seen in CPT II (16).

This general mechanism, which also corresponds to a similar
three-dimensional structure (34), is nevertheless comple-
mented by substrate-specific characteristics. Substrate apeci-
ficity is now well defined, on the basis of the studies of various
groups: CrAT catalyzes short-chain acyl-CoAs (acetyl-CoA, pro-
plonyl-CoA, and butyryl-CoA) (36-39), whereas COT catalyzes
medium-chain acyl-CoAs containing between 6 and 12 carbons
(40, 41}, and CPT I and CPT II catalyze palmitoyl-CoA and
long-chain fatty acyl-CoAs (40). We hypothesized that a struc-
tural feature on the enzyme might be responsible for substrate
specificity, depending the length of the acyl-CoAs. We ad-
dreased this question with CrAT and COT.

The putative amino acid residue responsible for governing
the aceess of the acyl-CoA was identified by cloge examination
of the catalytic site in CrAT crystals. The recent report of the
crystal structure of mouse (14) and human CrAT (15) suggested
Met® as a candidate, because its side chain is voluminous and
projects into the putative cavity where the acyl-CoA may enter.
The fact that methionine is a bulky residue suggests a possible
role in permitting the access of only short-chain substrates
auch as acetyl-CoA and butyryl-CoA. Interestingly, aceording
to the information gleaned from multiple alignment of the
sequences of the carnitine acyltransferases family of proteins,
the presence of either a Gly or a Met residue in the same
position is, respectively, a common feature in all long-chain and
short-chain acyl-CoA enzymes. This type of position, in multi-
ple alignment with a pattern of variation related to differences
in function of the correspending groups of subfamilies of pro-
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teins, implies functional and structural changes that are se-
lected through evolution. Such residues are conceptually re-
lated with specific active sites, substrate binding sites, or
inhibitor interaction patches (42), as demonstrated in the case
of the interaction of several members of the carnitine acyltrans-
ferases family with the inhibitor malonyl-CoA (43).

Mutation of Met®® to Glycine Opens the Hydrophobic Pochet
to Medium- and Long-chain Acyl-CoAs—By alignment we iden-
tified the orthologous amino acid Met5%4 residue in carnitine
acyltransferases that catalyze substrates of longer ¢hain than
acetyl-CoA. It was clear that not oenly COT but alse CPT I and
CPT II contain a glycine in this position (Fig. 2). This suggested
that the smaller glycine was probably the residue that allows
free access of the leng-chain fatty acyl-CoAs, whereas the
larger side chain of Met5* prevented the access of long-chain
acyl-CoAs. CrAT mutant M564G produced positive results that
vindicate these expectations.

The increases in activity and catalytic efficiency toward long-
chain acyl-CoAs in the CrAT mutant M564G were not accom-
panied by changes in K, for acyl-CoA. Maximal changes were
obzerved in V., and catalytic efficiency, which suggests that
these increases in catalytic activity are attributable to the
altered accessibility of the catalytic site.

The Michaelis constants for substrates ranging from acetyl-
CoA to octanoyl-CoA are very similar (Table I). This poses the
question as to whether the various acyl-CoAs in the wt model
are located in the hydrophobic pocket or in the catalytic chan-
nel. If the latter were the case, acyl-CoAs would displace car-
nitine from its site. This appears to occur, as carnitine K,
increases when the chain length of acyl-CoA increases. Carni-
tine is presumably displaced, and catalysis is prevented, as
indicated by the low V., of the wt CrAT in the presence of
long-chain aecyl-CoAs. If the hydrophobic pocket is open, as
shown in the CrAT mutant M564G, the long hydrocarbon chain
can oceupy it. Consequently, carnitine K, decreases when long-
chain acyl-CoAs increase (except for myristoyl-CoA) and cata-
Iytic efficiencies for medium and long-chain acyl-CoA increase,
and catalysis proceeds.

Mutation of COT Gly®*® to Methionine Closes the Hydropho-
bic Pocket—These hypotheses were confirmed by the reverse
experiment: we mutated COT Gly**® to methionine, and the
new mutant behaved like wt CrAT. Results of COT mutant
G553M activity in relation with the acyl-CoA used as substrate
are very similar to those of wt CrAT. The same applies to CrAT
mutant M564G and wt COT: the pattern of activities in rela-
tion to acyl-CoAs of different lengths is very similar. In both
cases the enzymes containing glycine rather than methionine
(CrAT mutant M564G and wt COT) present high enzyme ac-
tivities with medium and long chain fatty acyl-CoAs, whereas
their activity toward acetyl-CoA is low.

An alternative explanation to the model of methionine/gly-
cine acting as a gate to permit the location of longer acyl-CoAs
could be based on increased flexibility of the mutant form,
because glycine does not constrain the backbone psi/phi angles.
Methienine, a larger residue, would render a more rigid envi-
ronment, which would limit substrate binding. To discern be-
tween these two models, an intermediate situation was tested
in which the Met®™ residue in CrAT was substituted by ala-
nine (Fig. 5C). The presence of a methyl group in the side chain
of alanine would mimic the presence of the methionine in terms
of backbone flexibility (reducing the degrees of freedom of the
phifpsi angles of the backbone), but, in contrast, it would also
reflect the small size of the glycine residue. The results ob-
tained in these new conditions, which were similar to those
obtained in the Gly mutant, strongly support the gate model.
This can be taken as a demonstration that a single mutant is
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able to switch the substrate specificity of CrAT and COT.
Kinetic data together with information obtained from the
three-dimensional models of wt or CrAT and COT mutants
indicate that CrAT Met*®* and its orthologous COT Gly®*® are
the residues responsible for the substrate specificity of
these enzymes.

Wild type CrAT and COT have 32% amino acid sequence
identity and, accordingly, the pattern of activity of the two
enzymes toward acyl-CoAs of various lengths is very different.
It i=s noteworthy that CrAT mutant M564G retains the same
sequence identity with wt COT, however, the substrate speci-
ficity of this mutant is practically identical to that of wt COT.
The same argument applies to COT; COT mutant G553M
shares 32% identity with wt CrAT; however, its substrate spec-
ificity is practically identical to wt CrAT. These figures confirm
that Met® is the amino acid responsible for the acyl-CoA
specificity. Despite the fact that 68% of the amino acids are
different in mutant CrAT and wt COT, the change of only one
critical amine acid has rendered both proteins practically iden-
tical in terms of substrate specificity.

To our knowledge, this is the first study to show that muta-
tion of a single amino acid leads to such dramatic modification
of specificity in the various enzymes that use acyl-CoAs of
various lengths. Studies carried out in acyl-CoA dehydrogenase
{44, 45) show that a small change in specificity is obtained after
mutation of three residues or more. Mutation of one residue
alightly modified substrate specificity in the hydrolysis of es-
ters from Burkholderia cepacia, and the combined action of two
mutations increased the specificity to p-nitrophenyl palmitate
by about 5-fold {46). Analogous results were obtained with
Candida rugosa lipase, in which mutation L204F led to a 3-fold
increase in the hydrolysis of a randomized oil versus wt
enzyme (47).

The hydrophobic pocket of CrAT described in this study is
the same as the one we proposed for CPT I (34). In that case,
the orthologous glyeine, which allows correct positioning of
acyl-CoA, is surrounded by two other glycines conforming a gap
that is wide enough to allow the entry of the hydrocarbon chain
into the cavity before eatalysis.

In summary, for the first time we have identified an amino
acid residue that is critical to fatty acyl chain-length specificity
in CrAT. This study may enhance our understanding of the
structure-function relationship for other carnitine acyltrans-
ferases within the context of fatty acid metabolism.
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ABSTRACT: Carnifine acyltransferases catalvze the exchange of acyl groups between camitine and CoA.
The members of the family can be classified on the basis of their acyl-CoA selectivity. Carnitine
acetyltransferases (CrATs) are very active toward short-chain acyl-CoAs but not toward medium- or long-
chain acyl-CoAs. Previously, we identified an amino acid residue (Met*™ in rat CrAT) that was critical
to fatty acvl-chain-length specificity. M364G-mutated CrAT behaved as if its natural substrates were
medium-chain acyl-CoAs, similar to that of carnitine octanoyltransferase (COT). To extend the specificity
of rat CrAT to other substrates, we have performed new mutations. Using in silico molecular modeling
procedures, we have now identified a second putative amino acid involved in acyl-CoA specificity (Asp?™
in rat CrAT). The double CrfAT mutant D356 AMS564G showed 6-fold higher activity toward palmitoyl-
CoA than that of the single CrAT mutant M564G and a new activity toward stearoyl-CoA. We show that
by performing two amino acid replacements a CrAT can be converted into a pseudo carnitine
palmitoyltransferase (CPT) in terms of substrate specificity. To change CrAT specificity from carnitine
to choline, we also prepared a mutant CrAT that mcorporates four amino acid substitutions (A106M/
T465V/T46TN/R518N). The quadruple mutant shifted the catalytic discrimination between L-carnitine
and choline in favor of the latter substrate and showed a 9-fold increase in catalytic efficiency toward
choline compared with that of the wild-type. Molecular in silico docking supports kinetic data for the

positioming of substrates in the catalytic site of CrAT mutants.

Carnifine acyltransferases catalyze the exchange of acyl
groups between camitine and Cod, and play a central role
in fatty acid metabolism in eukaryotes. There are three
carnitine acyltransferase families that differ in their acyl-
cham-length selectivity: camitine palmitovltransferases
(CPTsY), CPT I, and CPT II catalyze long-chain fatty acids,
and camitine octanoyltransferase (COT) prefers medium-
chain fatty acids, whereas carnitine acetyltransferase (CrAT)
uses short-chain acyl-CoAs (I, 2).

CPT I and CPT II are essential for mitochondrial f-oxida-
tion and are located i the outer and inner mutochondrial
membranes, respectively, facilitating the transfer of long-
chain fatty acids from the cytoplasm to the mitochondrial
matrix. CPT I is the rate-limiting step in S-oxidation (3).
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COT 1s localized in peroxisomes and mediates the transport
of medium-chain fatty acids from peroxisomes to mutochon-
dria through the conversion of acyl-CoAs, shortened by
peroxisomal f-oxidation, into acyl-carnitine (4). CrAT
catalyzes the reversible conversion of acetyl-CoA and
carnifine to acetylcamitine and free CoA.

Because of the impermeability of organelle membranes
to CoA., CrATs function in a compartmental buffening system
by maintaimng the appropriate levels of acetyl-CoA and CoA
in cellular compartments. Mitochondrnal CrAT plays a major
role m modulating matrix acetyl-CoA concentration. The
production and utilization of acetyl-CoA in the mitochondrial
matrix occurs at a major metabolic crossroad. The regulation
of the fate of acetyl-CoA 15 mediated, to a large extent. by
the effects of the molecule itself on pyruvate dehydrogenase
kinase, which 1is inhibited by a high acetyl-CoA/CoA ratio.
In the liver, mitochondnal acetyl-CoA also activates the key
gluconeogenic enzyme pyruvate carboxylase. Therefore, high
rates of f-oxidation of fatty acids result in the activation of
gluconeogenesis from pyruvate and its precursors (3). In
mammalian tissues, CrATs can also contribute to the
excretion of excess or harmful acyl molecules as acylcar-
nitines (6). CrATs also appear to play an important role in
human health. For example, decreases in CrAT activity have
been reported in patients with disorders of the nervous
system, such as Alzheimer’'s disease (7), ataxic encephal-
opathy (§). and several vascular diseases (9, /(). Moreover,
1t has been recently reported that hepatic overexpression of
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malonyl-CoA decarboxylase reverted muscle, liver, and
whole-animal nsulin resistance (/7). These findings were
accompanied by a marked decrease in f-hydroxybutyryl-
carmtine 1 muscle samples. This was interpreted as an
indication that an improvement of the mitochondrial function
of msulin-resistant muscle impedes the accumulation of
acetyl-CoA, thereby preventing ketogenesis. In these condi-
tions, carnitine acetyltransferase can be critical because of
its buffering action m mamnfaining the appropriate levels of
acetyl-CoA and CoA.

The erystal structures of the mouse and human CrAT have
been reported alone and in complex with their substrates
carnitine or CoA (12, 13). The CrAT structure contains two
domains that share the same backbone fold. The active site
15 located at the interface of the two domains, and carnitine
and CoA are bound 1 a funnel on opposite sides of the
catalytic histidine residue. More recently, the 3-D structure
of mouse COT (/4) was reported, alone and i complex with
the substrate octanoylcarnitine, showing for the first time,
the structure of the acyl moiety binding site m the carnitine
acyltransferase fanuly. The overall structure of COT 15 verv
similar to that of CrAT, although there are sigmficant
differences m the acyl group binding region, which are
responstible for the differing substrate specificities of the two
enzymes.

We and others recently reported that a single amino acid
determined the acyl-CoA substrate specificity of CrAT and
COT (Met*™* and Gly**, respectively) ({4—16). We dem-
onstrated, by kinetic experiments and 3-D models in rat
CrAT. that the mutation of this veluminous methiomne to
the smaller glycine (CrAT M364G mutant) permuts the access
of medum-chain acyl-CoAs to the hydrophobic pocket (13).
Data from the mouse CrAT M564G mutant crystal confirm
our hypothesis because they reveal a deep acyl group binding
pocket that can accommodate medium-chain acyl-CoAs (76).
Surprisingly, rat CrAT mutant M564G was very active
toward myristoyl-CoA but much less so toward palmitoyl-
CoA suggesting that other amino acids may be responsible
for governing the access of acyl-CoAs longer than myristoyl-
CoA.

Choline acetyltransferase (ChAT) belongs to the choline/
carmtine acyltransferase famuly and catalyzes a reaction
sitnilar to that of CrAT except that the acetyl group from
acetyl-CoA 1s transferred to choline mstead of carutine. The
difference between these two substrates is that carnitine has
an additional carboxymethyl group that replaces a hydrogen
at C; of the choline. The recent publication of the rat ChAT
crystal (/7. I8) and several mutagenesis studies (/9—21)
have led to a model for choline/carnitine discrimination n
ChAT on the basis of both electrostatic and steric factors.
In the former, two of the residues that play critical roles m
rat CrAT by electrostatically mteracting with the carboxylate
group of carnitine, Thr*®, and Arg®'® are replaced by neutral
amino acids (Val**® and Asn™) in rat ChAT. Both residues
were mutated by Cronin ({9) in rat ChAT to their counter-
parts in CrtAT (V459T and N514R). and the resulting ChAT
mutant showed an increase in catalytic efficiency toward
carmtine. In addition to electrostatic factors, the crystal data
also indicate that steric factors might contribute to the
selectivity of ChAT toward choline rather than carnitine.

In the present study, we have identified a new amino acid
(Asp**® in rat CrAT) that could contribute, along with Met®®,
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to acyl-CoA selectivity in CrAT. Enzyme activity and kinetic
parameters of the veast-expressed rat CrAT double mutant
D356 AM564G show that it has a preference for palnutoyl-
CoA as the substrate rather than its natural substrate acetyl-
CoA. Furthermore, to redesign rat CrAT specificity from
carnitine to choline, we replaced four amine acids in rat
CrAT with their counterparts in ChAT (Al06M, T465V.
T467N, and R518N) by site-directed mutagenesis. The
modified CrAT shows an increase in catalytic efficiency
toward choline and a decrease i catalytic efficiency toward
carnitine compared with that of the wt enzyme.

EXPERIMENTAL PROCEDURES

Consmruction of Rat CrAT and CPT I Models. A structural
model of wi CrAT enzyme was constructed by homology
modeling techniques using as templates the structures
deposited in the Protemn Data Bank (pdb) corresponding to
human (INMS) (/3) and mouse CrAT (INDB. INDF, and
INDI) (7). essentially as described elsewhere (/5). The
model of liver CPT I (L-CPT I) was constructed using as a
template the structure of mouse carnitine octanoyltransferase
(1XL7, 1XL8) (14), essentially as described elsewhere (22).
CrAT mutants M364G, D336AM564G, T465V/T467TN/
R518N, and Al106M/T465V/T46TN/R518N were modeled
by the same procedures using the rat wt CrAT model as the
template. The structural quality of the models was checked
using the WHAT-CHECK routines (J3) from the WHAT
IF program (24) and the PROCHECK validation program
from the SWISS-MODEL server facilities (25). The 3-D
coordinates of the rat ChAT structure were obtained from
the pdb entries 1Q6X (I7) and 1T1U (I8).

Molecular Docking. Structural models of the molecular
interaction between the substrates mynistoyl-CoA (Crs-CoA).
palmitoyl-CoA (C5-Cod), stearoyl-CoA (Cyz-CoA), and
arachidoyl-CoA (Cyp-CoA) and the 3-D models of the
putative receptor mutant proteins of rat CrAT M564G and
D356 AM564G were built uwsing the suite of programs
included m the Autodock package (26, 27). The proteins and
acyl-CoA ligands were prepared using standard procedures
as specified m the package documentation. To ensure a
complete search of binding sites available for acyl-CoAs,
independent docking calculations were performed. To in-
tensively sample their conformational space, we used the
whole set of rotatable bonds in the acyl chains of the ligands.
Only docking models with their CoA residue positions close
to those found in the 1NDI crystal (/) were considered for
further steps. Finally, among the position clusters selected
for each ligand, the model with the lowest docking energy
for each particular mteraction was considered. The putative
palmutoyl-CoA binding site m rat wt L-CPT [ was modeled
on the basis of nformation from the docking procedures
using the AutoDock docking program, essentially as de-
scribed elsewhere (27). The structural interactions between
the substrates choline and carmitine and the rat wt ChAT,
wt CrAT. and CrAT mutant proteins T465V/T46TN/RS18N
(triple mutant, TM) and ALO6M/T465V/T467TN/RS18N
(quadruple mutant, QM), respectively, were performed using
the methods implemented m the Autodock swte. To preserve
the structural position and conformation of camifine and
choline, respectively. within the actrve sites mdicated in the
original publications of CrAT and ChAT structures (12, 7,
18). ngid docking models were obtained for every putative
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mieraction. Only docked models locating the common
trimethylammonium group of both choline and camitine
the sites ongmally suggested were considered for refimng.
As in the case of the acyl-CoA substrates, the lowest energy
docked models were selected within the filtered sets.

Construction af Site-Directed Mutants of Rat CrAT.
Plasmids pYESCrAT*®¢ and pGEX-CrAT™ were obtained
as previously described (/3). CrAT mutant D356 AMI64G
was constructed using the Quick Change PCR-based mu-
tagenesis procedure (Stratagene) with the pYESCrATM84¢
plasmid as the template. CrAT mutant T465V/T467N was
obtained using the pGEX-CrAT™ plasmid as the template;
CrAT mutant T465V/T467N/R518N was constructed using
the pGEX-CrAT™SV ™ plasmid as the template and CrAT
mutant A106M/T465V/T46TN/R518N was constructed using
the pGEX-CrATHSVIHTNESIEN plasmid as the template. The
appropriate substitutions as well as the absence of unwanted
mutations were confirmed by sequencing the mserts.

Expression af Rat CrAT and L-CPT I in Saccharomyces
cerevisige. Plasmids contamming wi L-CPT I and CrAT
mutants M564G and D356 AM364G were expressed 1n yeast
cells, and mitochondral cell extracts were prepared as
previously described (28). A S. cerevisiae strain devoid of
COT and CPT activity and lacking the endogenous CAT2
gene (FY23Acar? (MATa trpl ura3 Acar2::LEU2)) was used
as an expression system (29).

Expression and Purification of Rat CrAT in Escherichia
coli. For expression and purification of rat CrAT wt and
CrAT triple mutant T465V/T467N/RS518N and quadruple
mutant ALOGM/T465V/T46TN/RS18N, the glutathione S-
transferase (GST) gene fusion system (Amersham Bio-
sciences) was used. The pGEX-6P-1 plasmids containing wt
CrAT and mutant CrAT were transformed into E, cofi BL21.
and fusion protein GST-CrAT was overexpressed overnight
after the addition of 0.1 mM of isopropyl-1-thio-3-D-
galactopyranoside (IPTG) at 18 °C. The soluble fusion
protein was purified from bacterial lysates using glutathione-
sepharose 4B with a batch method. Finally, CrAT was eluted
by cleavage of the fusion protein with the site-specific
protease PreScission protease. The eluted protein contains
five additional amuno acids (Gly-Pro-Leu-Gly-Ser) at its
N-terminus before the ATG start codon.

Determination of Engymaric Aetivity. Two methods were
used for the assay of carnitine acyltransferase: an endpoint
fluorometric method (30) and a radiometric method (28). The
fluorometric assay was used i all cases, unless otherwise
mdicated.

Fluorometric Method. The forward reaction of carnitine
acyltransferase activity was assaved for 8 muin at 30 “Cina
solution containing 0.1 mM acyl-CoA. 1.5 mM EDTA. 1.5
mM L-carnitine, and 40 mM Hepes buffer at pH 7.8, m a
total volume of 600 yL. The reactions were started by the
addition of 3 g of veast-expressed CrAT or from 0.1 to 1
lig of E. coli-expressed CrAT. Parallel (blank) assays were
run i the absence of L-carmtine or choline. All fluorometer
recordings were performed with a Perkin-Elmer LS 45
luminescence spectrometer, and the enzyme activities were
measured in duplicate. For the determination of the K, value
for carnitine or choline, acyl-CoA was fixed at 0.1 mM. For
the determination of the Ky value for acvl-CoA, the choline
concentration was fixed at 100 mM, and the camitine
concentration was fixed at 1.5 mM (wt and CrAT mutant

Redesign of CrAT 1o CPT C

D356 AM564G) or 100 mM (CrAT triple mutant T465V/
T46TN/BS18N and quadruple mutant A106M/T465V/T467TN/
R518N). Cammitine was neutralized with KOH before use.
The values reported are the means and standard deviations
of three determinations. Protein concentrations were mea-
sured using the Bio-Rad protem assay with BSA as standard.
The Ky, and Vi values were deternuned by fitting the data
using nonhinear regression analysis to the Michaelis—Menten
equation with Sigma Plot software. Catalytic efficiency was
defined as Vyw/Ky for yeast-expressed CrAT and as the Ko/
Ky for E.coli-expressed CrAT.

Radiometric Method. This assay was used to compare
CrAT double mutant D356 AM564G and L-CPT I wild-type
activities in mitochondria-enriched fractions (5 ug) obtained
from yeast. The forward reaction of carnitine acyltransferase
actrvity was assayed for 4 nun at 30 °C in a total volume of
200 uL as previously described (28). The substrates were
400 uM L-[methyl-*H]camnitine and 50 uM acyl-CoAs of
varying length, ranging from hexanoyl-CoA (Cs-CoA) to
arachidoyl-CoA (Cyp-CoA).

Immumelagical Techniques. The mitochondrial protein (8
ug) from S. cerevisiae expressing CrAT was treated with
the sample buffer and subjected to 8% (w/v) SDS—PAGE.
Electroblotting to mitrocellulose sheets was carried out for 1
hat 250 mA. The immunodetection of CrAT was performed
using anti-rat CrAT antibodies (1:10 000 dilution) (13). The
blots were developed with the ECF Western blotting system
(Amersham Biosciences). The quantifications were carried
out using a fluorescence scanning device from Molecular
Dynamics Storm 840.

RESULTS AND DISCUSSION

Re-Engineering CrAT inte a Pseudo CPT. In an earlier
study. we showed that the amino acid Met*®* of rat CrAT
was critical to fatty acyl-chain-length specificity in CrAT
(15) because 1ts mutation to glycine (CrAT mutant M364G)
broadened CrAT acyl-CoA specificity from short-chain acyl-
CoAs to medm-chain acyl-CoAs; indeed, we transformed
rat CrAT mito a pseudo COT. We also constructed a 3-D
model of the location of fatty acyl-CoAs in the active center
of wt and mutated M564G CrAT. After a thorough examina-
tion of the 3-D model for the positioning of myristoyl-CoA
in the CrAT M5364G mutant, we identified one charged
residue, Asp®S, which conforms the putative bottom closure
of the hydrophobic pocket that could sterically hinder the
correct posttioning of longer acyl-CoAs than myristovl-CoA.,
such as palmitoyl-CoA. To create a more suitable environ-
ment for the acyl group of long-chain acyl-CoAs nside the
hydrophobic pocket of CrAT, we mutated Asp™*® to the small.
uncharged hydrophobic residue Ala. We prepared the double
CrAT mutant D356 A/M564G. which was expressed in a S.
cerevisiae strain devoid of endogenous CrAT, COT, and CPT
actrvity. Enzyme activity of the veast-expressed CrAT mutant
D356A/M564G was tested for acyl-CoA substrates of various
lengths from acetyl-CoA to arachidoy]l-CoA and compared
with that of the CrAT mutant M364G. As previously
described (15), CrAT mutant M564G (Table 1) was very
active toward medium-chain acyl-CoAs, especially hexanoyl-
CoA, but much less active toward palmitoyl-CoA (802 and
18.0 nmol-min~mg protein™!, respectively), and 1ts activity
with longer acyl-CoAs (stearoyl- and arachidoyl-CoA) was
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Table 1: Enzyme Activities of Rat CrAT wt and Mutants M364G
and D356 A/M364G Expressed in Saccharomyces cerevisias”

activity
(nmol-min~!mg protein™")

acyl-CoA CrATwt  CrATM564G  CrAT D336AMS64G
Cy-CoA 409 +48 234 +30 507+ 4.0
Cy-CoA 1§+ 19 641 £3.2 138 £ 26
Cs-CoA 138 +15 802 + 66 246 £ 15
Csz-CoA 61 +£1.1 438 +24 127+ 29
CipCoA  207L57 136+ 73 67.0£0.7
Cr-CoA 6.0L26 350£350 150 £ 24
Ci+-CoA 0331007 409 £+ 29 218+ 9.0
Cis-CoA UD 18036 100 £ 19
Cjp-CeA  UD uD 389+14
Cxn-CoA UD uD UuD

 The mitochondrial protein from veast expressing wt CrAT and
CrAT mutants M364G and D356AM364G were assaved with acyl-
CoAs of different carbon length ranging from C3—Cy as described in
Experimental Procedures. The results are the mean £ 5D of at least
three independent experiments with different preparations. UD repre-
sents the undetectable activity.
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FIGURE 2: Carnitine acyltransferase activity of 5. cerevisiae cells
expressing L-CPT I wild type and CrAT double mutant D356A/
M564G. The mitochondrial protemn from yeast expressing L-CPT
I and CrAT double mutant D356A/M564G were assayed for activity
using a radiometric method with acvl-CoAs of different chain length
ranging from Cs—Cao, as described m Experimental procedures.
The results are the mean + SD of at least three independent
experiments with different preparations.
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FIGURE 1: Carmitine acetyltransferase activity of 5. cerevisiae cells
expressing CrAT mutant M364G and double mutant D356A/
M564G. (A) Extracts from yeast expressing CrAT mutant M564G
and double mutant D356 A/M3564G were assayed for activity with
acyl-CoAs of different chain length ranging from Cs—Cyp, as
described in Experimental Procedures. The results are expressed
as the relative acyl-CoA azctivity with regard to hexanoyl-CoA
activity (scaled to 100). The results are the mean + SD of at least
three independent experiments with different preparations. (B)
Immunoblots showing expression of wt CrAT, CrAT M564G, and
CrAT D356AMS64G. 5. cerevisiae extracts (8 ug) were separated
by SDS—PAGE and subjected to immunoblotiing nsing specific
antibodies. The arrows indicate the migration position and the
molecular mass of rat CrAT (71 kDa).

undetectable. CrAT double mutant D356AMS564G also
showed maximum activity toward hexanovl-CoA (246
nmol*min~'*mg protein™?), but in contrast, 1t showed a 6-fold
increase in activity toward palmitoyl-CoA (100 nmol-min~*-
mg protein ') and a new activity toward stearoyl-CoA (38.9
nmolmin~ *mg protein~!) compared with that of the single
mutant M564G. If we express the results for palmitoyl-CoA
as 1ts relative activity with respect to hexanoyl-Cod, this
figure was 41% for the CrAT double mutant but only 2%
for the single mutant (Figure 14).

Table 2: Kinetic Parameters of Rat CrAT Mutant D336 AM364G
Expressed in Saccharomyces cerevisiae®

catalytic

Vo efficiency

acyl-CoA  Kg(uM) (nmolmin~lmg protein=!)  (Piey/Ku)
Cr-CoA 230431 66.5+£2.1 29
Ci5-CoA 72+£04 138 £ 25 19.2

2 Mitechendnial protein from yeast expressing CrAT mutant D356AS
M364G was assaved with acetyl- and palmitoyl-CoA, as described 1n
Experimental Procedures. The results are the mean £ 5D of at least
three independent experiments with different preparations.

In addition, veast-expressed CrAT double mutant D356A/
M3564G and L-CPT I wt activities were compared using a
radiometric method with acyl-CoAs of different length from
Cs-CoA to Cy-CoA (Figure 2). The CrAT double mutant
showed exactly the same activity as that of L-CPT I when
C12-CoA and Cp4-CoA were used as substrates. In longer
acyl-CoAs, the CrAT double mutant displaved a simuilar
activity toward palnutoyl-CoA, approximately 65% of that
of LCPT T wt (178 vs 28 nmol'min~'*mg protein™,
respectively), whereas its activity with stearoyl-CoA was
25% of that of L-CPT I wt. The CrAT double mutant still
mamntamed strong activity with Cg and C3-CoA as substrates,
whereas the L-CPT I activity toward acyl-CoAs with fewer
than 10 carbons in their chain was much lower.

These results indicate that the replacement of Asp™*®, which
conforms the bottom closure of the acyl-CoA binding pocket
of CrAT by alanine (D356A) along with the mutation of
Met** to Gly. allows CrAT to catalyze long-chain acyl-CoAs
such as palmutoyl- and stearoyl-CoA. CrAT double mutant
D356 AM564G catalyzes acyl-CoAs of a wide range of chain
length, from acetyl-CoA to stearoyl-CoA.

Moreover, we determined the kinetic parameters of the
CrAT mutant D356 AM364G with its novel substrate palmu-
toyl-CoA and its natural substrate acetyl-CoA (Table 2). The
mutant showed standard safuration kinetics for both acyl-
CoAs. The K, values with acetyl-CoA and palmitoyl-CoA
were 23 and 7.2 uM, respectively, mdicating a preference
for long-chain acyl-CoAs. Furthermore, the K, value of this
double mutant with palmitoyl-CoA was very simular to that
of L-CPT I wt, 5.7 uM (22). When acetyl-CoA was the
substrate, the catalytic efficiency (defined as Foa/Ky, ratio)
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FIGURE 3; Proposed models for the positioning of long-chain acyl-CoAs in CrAT mutants M364G and DIS6AMS64G and wt L-CPT L
(A) Location of a myristovl-CoA molecule in the pocket opened in CrAT mutant M364G. (B) Location of a stearoyl-CoA molecule (showing
a U-tum of the ending carbon atom bonds) in the deep pocket open in CrAT mutant D336A/M3564G. The position of residues Gly™* and
Asp?™ or Ala®*® (red) as well as The™®®, the catalytic His** (magenta), and the molecule of camitine are indicated. Secondary structure
elements of the active center surrounding the acyl chain locus are also represented (alpha helix HI12 in blue, beta strands in yellow). (C)
Model for the location of a molecule of palmitoyl-CoA in CPT I The presence of charged Glu**® does not interfere with the substrate
position because of the wider cavity conformed by the naturally adopted structural elements. including the distinctive long and flexible loop

between beta strands E13 and E14.

was 2.9, whereas with palmitoyl-CoA. it was 192 which
again shows that the double CrAT nmtant prefers long-cham
acvl-CoAs. Western blot of yeast-expressed wt CrAT and
mutants D3S6AMI64G and M5364G showed the same
molecular masses and sinular expression levels (Figure 1B).

Positioning of Long-Chain Acyl-Cods in CrAT Mutant
D3364/M364G. In a previous study (13). a 3-D model was
proposed for the location of myristoyl-CoA i the hydro-
phobic pocket of the CrAT single mutant M364G. Refined
in silico docking techniques were used in the present study.
allowing the free rotation of the acyl chain bonds of the
ligands. This ensured a complete scan of the available
conformational space mside the enzyme cavity. The new
model for the position of mynstoyl-CoA 1s simular to the
published model (3}, locating the acyl chain m the cavity
that 15 open when Met™® is replaced by glycine The bottom
of the pocket is defined by the presence of Thr'®, which
closes the enzyme wall to the external surface and Asp™®,
which prevents the correct posttionmg of acyl-CoAs longer
than mynstoyl-CoA (Figure 3A).

The bigger cavity formed in CrAT mutant D356 AM564G
by replacing the larger, charged Asp®* by the tiny. nonpolar
alanine, allows the positioning of longer-chain acyl-Cods.
This has also been calenlated, using the same in silico
docking method, for palnutoyl-CoA (Ci5-CoA) (data not
shown) and stearovl-CoA (C13-CoA) (Figure 3B). The last
four carbon atoms of the acyl chain of stearoy]-CoA form a
U-turn, which avoids collision with Thr® at the bottom of
the tunnel and accommodates them mn the space available
around the substituted Ala™®.

When the docking of very long-cham acyl-CoAs. such as
arachidovl-CoA (Cyp-CoA), mto the large cavity of the CrAT
D356 A/MS564G mutant was carried out. no models with low

(stable) energy were obtained despite using the mimmum
consiraints of the appropnate location of the substrate to the
enzyme acitve center. This indicates that the available space
was too small to accommodate acyl chains of more than 18
atoms 1 length. The U-turn formed by stearoyl-CoA points
toward the residues in the alpha helix H12 (Figure 3B).
leaving no free space for additional carbon atoms of longer
acyl chams. The absence of an appropriate model 1s
consistent with the lack of activity of the D336A/MS64G
mutant enzyme toward aracludoyl-CoA (Figure 1A)

Taking 1nto account all of the previous results, we propose
a model for the acyl-CoA cham-length discrimination
CrAT on the basis of the presence of two anuno acids. Met®*
and Asp®*®, which act as checkpoints at different stages of
the entrv of acvl-CoAs to the fatv acid binding site. The
bulkier side chain of Met®® forms the floor of the shallow
fatty acid binding pocket of CrAT and mmpedes the entry of
medium- and long-chain acyl-CoAs, which explains CrAT
selectivity for short-chamn acvl-CoAs. The replacement of
this Met by the smaller Gly (M364G) opens the binding site
and reveals a deeper hyvdrophobic pocket thar can accom-
modate acvl-CoAs of up to 14 carbons. The hydrophobic
chain of longer acvl-CoAs cannot fit in the pocker. m the
presence of the side chain of charged Asp®® and. therefore.
cannot be catalyzed by the enzyme. The substitution of this
amino acid by a smaller. noncharged residue (D3536A) along
with the M564G mutation, completely opens the binding site
and allows the entry of long-chain acyl-Cods. such as
palmitoyl- and stearoyl-CoA.

It has to be noted that the replacement of Mzt by Gly
15 based on both structural and sequence alignment consid-
erations (Met 15 replaced by Gly in COTs and CPTs). and
this substitution could be considered as an evolutionary
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FIGURE 4. Alignment of representative sequences of structure elements surrounding the acyl chain locus of carnitine acyltransferases. The
amno acid sequence of 14 representafive enzymes that catalyze short acyl-CoAs as substrates: CrAT (CACP) from humans, mice. and
rats; and enzymes which have medium- and long-chain acyl-CoAs as substrates: L-CPT I (CPT1) from rafs, mice, and humans; M-CPT
I {(CPTM) from humans and rats; CPT II (CPT2) from rats, mice, and humans; and COT (OCTC) from humans, rats, and bovines were
obtained from the SwissProt data bank and aligned using ClustalW. The residues are colored according to conservation. The CrAT Asp™®
residue corresponds to His or Tyr for COT (His**" or Tyr™*?), and for CPT I, it 1s a glutamic (Glu*®®), and for CPT IL, it is an asparagine
(Asn?%). The position of catalytic histidine (CrAT His*) and the conserved residue according to acyl-chain-length specificity (for CrAT,
it is a methionine -Met’-, and for COT and CPTs, it is a glycine) are also noted. The secondary structure elements alpha helix H12 and

beta strands E13 and E14 are indicated.

development that was selected because it enabled the
carmitine acyltransferase famuly to catalyze longer acyl-CoAs.
However, our replacement of the Asp®® by Ala was only
based on structural considerations. Alignment of the proteins
of the family shows high varability 1n the zone close to the
Asp**®_and the orthologous residues corresponding to CrAT
Asp®*® are His/Tyr in COT, Asn in CPT II, and Glu in CPT
I (Figure 4). In these enzymes, naturally conformed to accept
long chain substrates, the cavity has adopted a shape slightly
different to that of acetyltransferases. Small displacements
of beta strands E1 and E13 as well as alpha helix H12 lead
to a wider cavity where long substrates can adopt less
restrictive conformations. This situation may be extrapolated
from CPT I models (22), and it was observed in mouse COT
structures (/4). Therefore, the presence of bulky or charged
residues m this position for long-chain enzymes 1s not so
critical in terms of substrate fitting as it 15 for mutated
carnitine acetyltransferases, which carrv a narrower, hidden
cavity. The mutation of Asp*™® to Ala along with the mutation
of Met*® to Gly creates an artificial enzyme that behaves as
a CPT m terms of acyl-CoA specificity, although 1t 1s clear
that the replacement of this Asp**® by Ala is not the strategy
followed by nature to handle long-chain substrates m CPTs,
in contrast to the replacement of Met™® by Gly. The
selectivity for long-chain subsirates may be determined by
more complicated factors than specific amino acid vanations
between the different members of the family, possibly by
the mteractions among several different residues, and, at the
same time, by variations in secondary structural elements.
The most striking difference 1 the CPT I enzymes 1s the
presence of a 13-amino acid msertion between beta strands
E13 and E14 (Figure 4) that may form a more flexible pocket
that can accommodate long-chain acyl groups (Figure 3C).
Interestingly, this insertion is located just before the Met®®
residue.

As suggested by 1n silico modeling procedures, the cavity
opened m the D3536A/MS64G mutant 1s almost completely
occupied when stearoyl-CoA 1s mtroduced. Even allowing
the full rotation of acyl chain bonds, 1t was impossible to
obtain an active-enzyme compatible model for longer

substrates. The longer substrates could perhaps be accom-
modated in the hydrophobic pocket if the side chain of Thr*®
were to be removed. However, the fact that this residue 1s
part of the external surface of the protemn introduces new
variables (e.g.. contacts of the end of the acyl cham with
surrounding water), which makes 1t difficult to develop a
meodel using current 1n silico methodologies.

Choline—Carnitine Discrimination in Rar CrAT. Taking
into consideration all of the structural information revealed
by the recent publication of the rat ChAT crystal (/7. 18)
and the mutagenesis studies performed by Cronin (19), we
attempted to redesign CrAT to use choline as the acceptor
of the acetyl group instead of its natural substrate carnitine.
First, we prepared the CrAT trple mutant T465V/T467TN/
R518N (TM), which mcorporates the reverse substitutions
that Cronin successfully performed m rat ChAT and allowed
him to accommodate carnitine mstead of choline. The triple
mutant was expected to eliminate most of the interactions
between the enzyme and the carboxvlate group of carnitine,
which maght favor the binding of choline. At the same time,
however, this toiple mutant might increase the volume of
the catalytic site of CrAT, which could interfere with the
correct posttioning of the smaller choline. Therefore, to
reduce the volume of the carnitine binding pocket and create
a more favorable environment to accommodate the choline,
we prepared the CrAT quadruple mutant A106M/T465V/
T467TN/R518N (QM) with the additional replacement of
Alal® with Met. CrAT TM and QM were expressed in E.
coli, and the protein was purnified to homogeneity. Kinetic
experiments were performed with the substrate pairs choline/
acetyl-CoA and carmitine/acetyl-CoA (Table 3). The wt
enzyme and both mutants showed standard saturation kinetics
for all of the substrates tested. with the exception of the
quadruple mutant with carnitine.

Both CrAT mutants showed improved catalytic efficiency
toward choline (K /Ky,) compared with that of the wt, and
this increase was higher in the QM (9-fold) than in the TM
(5-fold). In both mutants, the increase in catalytic efficiency
was more influenced by the lowering of the K, value toward
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Table 3: Kinetic Parameters of Rat CrAT in Escherichia coli Cells Expressing CrAT Wild-Type, Triple Mutant T465V/T467TN/R318N and

Quadraple Mutant A106M/T465V/ T4A6TN/RI18N"

En Ko eatalytic effictency (Ko Em)
(M) (D Mlesh
CrAT carnitine choline carnitine choline carnitine cheline
wt 101+ 46 86400 £ 5300 869436 138 +014 8.6 3 103 182
T™M 260000 £ 19000 29000 £ 4200 2974007 2434010 11.4 (4 75000) 83.7(15)
QM =300000 18100 £ 330 0.98 + 0.08 3.11+0.19 1.34 (§ 640000) 172 (1 9)

@ Purified protein from E. coli expressing CrAT wild-type (wt) and mutants T465V/T46TN/RS18N (TM) and AlO6M/T465V/ T46TN/RS1EN
{QM) were assayed for kinetics as described in Experimental Procedures. The results are the mean + 5D of three independent experiments with
different preparaticns. The values in parentheses represent the fold change of catalytic efficiency (Kew/'Em) versus that of the wild-type.

cholme (3-fold 1n the QM and 3-fold in the TM) than by an
increase in the Kear value.

In contrast with the results obtained with choline. the two
mutants reduced the catalytic efficiency toward carnitine.
Agamn, the greatest effect occurred with the quadruple mutant,
with a decrease of more than 5 orders of magmtude (640 000-
fold) i catalytic efficiency 1in comparison with that of wt,
whereas the reduction in the triple mutant was about 75 000-
fold. This impairment in catalytic efficiency toward camitine
15 due to the combmation of a decrease m the K., value and
an mcrease m the K, value toward carnitine, the latter being
the stronger factor.

The comparison of the catalytic efficiencies between
choline and carmtine for each enzyme dertvative shows that
although CrAT wt prefers carnitine over choline as the
acceptor of the acetyl moiety by a factor of 47 000 (8.6 x
10° vs. 182 M~1s7%) the mutation of four amino acid residues
i CrAT shafts the catalytic discinunation of the enzyme
favor of choline. Thus, the QM acetylates choline with a
higher catalytic efficiency than canutine by a factor of 128
(172vs 134 M1y,

In the CrAT tnple and quadruple mutants, the Ky values
for acetyl-CoA m the presence of carnitine and choline were
very stmilar to those of wt CrAT. When carnitine was used.
the K, values for acetyl-CoA were 39 uM for wt CrAT. 33
4M for the TM, and 28 uM for the QM. In the presence of
choline, the K values for acetyl-CoA were 19 uM for wt
CrAT, 26 uM for the TM, and 28 ¢M for the QM. These
results indicate that none of the mutations had any effect on
the affinity of the enzyme for acetyl-CoA.

Our results indicate two factors that contribute to the
discrimination between choline and carnitine in CrAT to a
stmilar extent. The first factor 15 the electrostatic interaction
of Thr*®* and Arg™*® with the carboxylate group of carnitine.
‘When this wnteraction 1s elinunated 1 the CrAT triple mutant,
its catalytic efficiency toward camitine dramatically de-
creases, and there 15 a J-fold merease in catalytic efficiency
toward choline. The second factor 15 the side-cham volume
of the residues around the cammitine in the active site of CrAT.
The replacement of Ala'® in CrAT by methionine in the
quadruple mutant reduces the volume of the carmtine binding
site, which almost completely blocks carnitine acetvlirans-
ferase activity and increases the catalytic efficiency toward
cholme by 9-fold. nearly doubling the effect of the abolition
of the electrostatic mteractions.

In an attempt to understand the characteristics of the
carnitine/choline binding site in CrAT. 3-D models were bult
for the wt and the triple and quadruple CrAT mutants and
compared with the published structures of rat ChAT (/7.

=

FIGURE 5. Models of substrate binding sites for wi CrAT, CrAT
TM. and CrAT QM compared to the active site of rat wt ChAT.
The representation of the protein surface of the entrance tunnel for
carnitine/choline substrates for (A) rat CrAT wt, (B) CrAT triple
muiant (T405V/T40TN/R318N), (C) wt ChAT stmucture, and (D)
CrAT quadruple mutant (AlOGM/T465V/T467N/R518N). The
location of a molecule of carnitine is represented in the wt CrAT
model. whereas a molecule of choline 15 represented mn CrAT TM,
CrAT QM. and wt ChAT. The vacuum electrostatics for active sites
was calculated and represented using PyMOL (33). The approximate
positions of mutated residues Met!™ Val*® Asn and Asp®®
are indicated in red Green shows the approximate posttions of
Alal™ Thr® The'¥, and Arg®® in wt CrAT,

18). Using rigid docking techmques, the location of both
substrates was calculated for each enzyme active center
(Figure 3). According to the models, the electrostatic
characteristics of the substrate site for TM CrAT resemble
wt ChAT more than wt CrAT. In addition to the lack of
specific contact for the carboxylate group of camitine, the
site for the tnimethylammonmm group. conunon for both
substrates. 15 mamntamed. In the quadruple mutant, the
presence of Met instead of the original Ala'®® almost
completely mumcs the wt ChAT active site. We conclude
that the reduction of the size of the tunnel impedes the entry
of carnitine and allows better positioning of the smaller
choline.

The fact that our improvement of the catalvtic efficiency
of CrAT toward choline (9-fold) was not as successful as
that achieved by Cromn (/9) with ChAT toward carnitine
{1620-fold) 1s not due to a failure m the acquisition of choline
activity of CtAT mutants because their catalytic activity with
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choline 1s only 3 times lower than that of mutant ChAT with
carnitine (172 vs 469 M~'s™%). The discrepancy is attributable
to the fact that wt CrAT 1s very active toward choline (K ./
K, = 182 M5!, whersas wt ChAT has a very low
carnitine acetyltransferase actrvity (Kop/Ky = 0280 M~1s71).
The relatively high cheline acetyltransferase activity of wt
CrAT could be due to the fact that choline can enter the
carnitine binding pocket without any steric hindrance. The
amuno acid substitutions 1n rat CrAT m this study disclose
several residues that are involved in acyl-CoA and choline
substrate recogmition and provide msight mto the molecular
requirements for their correct positioning for an efficient
catalysis.

The carmitine acyltransferase family has recerved much
attention because they are considered promising targets for
the development of drugs agaist type II diabetes and other
human diseases (31, 32). CrAT mutant D356AM5464G
catalyzes acyl-CoAs over a wide range of cham length, from
acetyl- to palmitoyl-CoA, thereby mimucking the natural
protewns CrAT, COT, and CPT. Long-cham acyl-CoAs (LC-
CoAs) are candidate mediators of msulin resistance. There-
fore, this double mutant may be useful for studies of the
mfluence of fatty acids on wsulin resistance. If tlus CrAT
double mutant were to be overexpressed, these harmful LC-
CoAs would be transformed into acylcarnitine derivatives
and then excreted i urine, thus detoxifying selective acyl
residues and releasmg free CoA and modulating the CoA/
acyl-CoA ratio. The overexpression of this mutant CrAT
presents two advantages over the overexpression of CPT L
First, CtAT mutant D356 A/MS564G reacts with a broader
series of fatty acid acyl-CoAs than CPT I and facilitates the
excretion of a wider range of harmful acyl residues as
acylcamitines. Second. CrAT mutant D356 A/M5464G activ-
1ty 15 not mhibited by malonyl-CoA (data not shown): at
variance with wt CPT I but the same as wi CtAT. The results
presented in this study not only help us to understand the
structure/function relationship within the acyliransferase
family, but also facilitate studies on obesity, nonmsulin-
dependent diabetes (NIDDM), and defective ff-oxidation.
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