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Carnitine acyltransferases catalyze the exchange of
acyl groups between coenzyme A (CoA) and carnitine.
They have important roles in many cellular processes,
especially the oxidation of long-chain fatty acids, and
are attractive targets for drug discovery against diabe-
tes and obesity. These enzymes are classified based on
their substrate selectivity for short-chain, medium-
chain, or long-chain fatty acids. Structural information
on carnitine acetyltransferase suggests that residues
Met-564 and Phe-565 may be important determinants of
substrate selectivity with the side chain of Met-564 lo-
cated in the putative binding pocket for acyl groups.
Both residues are replaced by glycine in carnitine
palmitoyltransferases. To assess the functional rele-
vance of this structural observation, we have replaced
these two residues with small amino acids by mutagen-
esis, characterized the substrate preference of the mu-
tants, and determined the crystal structures of two of
these mutants. Kinetic studies confirm that the M564G
or M564A mutation is sufficient to increase the activity
of the enzyme toward medium-chain substrates with
hexanoyl-CoA being the preferred substrate for the
M564G mutant. The crystal structures of the M564G mu-
tant, both alone and in complex with carnitine, reveal a
deep binding pocket that can accommodate the larger
acyl group. We have determined the crystal structure of
the F565A mutant in a ternary complex with both the
carnitine and CoA substrates at a 1.8-Å resolution. The
F565A mutation has minor effects on the structure or
the substrate preference of the enzyme.

Carnitine acetyltransferase (CrAT)1 belongs to the family of
carnitine acyltransferases, which catalyze the exchange be-
tween acyl-CoA and acylcarnitine (1–4). The enzymes of this
family are classified based on their substrate selectivity. CrAT
prefers short-chain fatty acids, whereas carnitine octanoyl-
transferase prefers medium-chain fatty acids. The exchange
reaction for the long-chain fatty acids is catalyzed by the car-
nitine palmitoyltransferases (CPTs). These enzymes generally
contain �600 residues and have significant sequence homol-
ogy. For example, the amino acid sequence identity between

CrAT and the other carnitine acyltransferases is �35%. How-
ever, these enzymes do not share any recognizable sequence
homology with other proteins in the data base.

The CPTs have crucial roles in the transport of long-chain
fatty acids into the mitochondria for oxidation (2). In humans,
three different CPT enzymes (CPT-Ia, CPT-Ib, and CPT-Ic) are
associated with the outer membrane of the mitochondria and a
fourth CPT enzyme (CPT-II) is located in the mitochondrial
matrix (3). Naturally occurring mutations of these proteins
are linked with hypoketonemia, hypoglycemia, and other dis-
eases (2, 3). Inhibitors of these enzymes may be efficacious for
the treatment of type 2 diabetes (5, 6). At the same time,
agonists of these enzymes can stimulate fatty-acid oxidation
and may regulate body weight (7). Consequently, there is
currently a considerable amount of interest in the carnitine
acyltransferases.

We recently reported the crystal structure of mouse CrAT
alone and in complex with its substrate carnitine or CoA (8).
The structure of the free enzyme of human CrAT has also been
reported (9). The structures demonstrate that the carnitine
acyltransferases are made up of two domains (N and C do-
mains) of the same backbone fold and that the active site is
located at the interface between the two domains (Fig. 1A) (10).
The carnitine and CoA substrates are bound in a tunnel on
opposite sides of the catalytic His-343 residue. The carboxylate
group of carnitine has four hydrogen bonds with the enzyme,
and its negative charge is balanced by the side chain of the
strictly conserved Arg-518 residue. In contrast, the positively
charged trimethylammonium ion of carnitine interacts with
several hydrophobic side chains. The structural information
suggests that this cation may be important for stabilizing the
oxyanion in the tetrahedral transition state of the reaction (8),
an example of substrate-assisted catalysis (11).

The structures of the carnitine and CoA complexes identify a
potential binding site for the acyl group of the substrate (Fig.
1B) and suggest that Met-564 and Phe-565 in this pocket may
be strong determinants of the preference for short-chain fatty
acids by CrAT (8). To assess the functional roles of these
residues in the substrate selectivity of carnitine acyltrans-
ferases, we have created and characterized single-site mutants
in this binding pocket of mouse CrAT based on the structural
information.

MATERIALS AND METHODS

Mutagenesis, Protein Expression, and Purification—Residues 30–
626 of wild-type mouse CrAT was subcloned into the pET28a vector
(Novagen) and overexpressed in Escherichia coli (8). The expression
construct contains an N-terminal hexahistidine tag. The mutants were
designed based on the structural information, created with the
QuikChange kit (Stratagene), and verified by sequencing.

The wild-type and mutant proteins were purified following the same
protocol with nickel-agarose, anion-exchange, and gel-filtration chro-
matography. The protein was concentrated to 80 mg/ml in a solution
containing 20 mM Tris (pH 8.5) and 200 mM NaCl, flash-frozen in liquid
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nitrogen in the presence of 5% (v/v) glycerol, and stored at �80 °C. �20
mg of highly pure wild-type and mutant enzymes were obtained from
the preparation. The protein samples migrated as a single peak from
the gel-filtration column.

Protein Crystallization—Crystals of the M564G mutant were ob-
tained at 4 °C by the sitting-drop vapor diffusion method. The reservoir
solution contained 100 mM Tris (pH 8.5), 150 mM NaCl, and 12% (w/v)
polyethylene glycol 3350, and the protein was at 25 mg/ml concentra-
tion. For cryoprotection, the crystals were transferred to a solution
containing 25% (v/v) ethylene glycol and flash-frozen in liquid nitrogen
for data collection at 100 K. They belong to space group P43 with cell
parameters of a � b � 72.2 Å and c � 128.8 Å. There is one molecule of
the mutant protein in the crystallographic asymmetric unit. Crystals of
the M564G mutant protein in complex with carnitine were obtained by
soaking the free enzyme crystals with 2.5 mM carnitine for 16 h.

Crystals of the F565A mutant were obtained at 4 °C by the sitting-
drop vapor diffusion method. The reservoir solution contained 100 mM

Tris (pH 7.5), 100 mM NaCl, 15% (w/v) polyethylene glycol 3350, and 2.3
mM carnitine, and the protein was at a concentration of 38 mg/ml. The
crystals then were soaked in 5 mM acetyl-CoA for 2 h before being
flash-frozen for data collection. They belong to space group C2 with cell
parameters of a � 165.1 Å, b � 89.6 Å, c � 123.0 Å, and � � 129.2°.
There are two molecules of the mutant protein in the crystallographic
asymmetric unit.

Data Collection, Structure Determination, and Refinement—X-ray
diffraction data were collected on an ADSC Quantum-4 CCD at the X4A
beamline of the National Synchrotron Light Source (NSLS) as well as
on a R-AxisIV imaging plate system mounted on a Rigaku RU-H3R
rotating anode x-ray generator. The diffraction images were processed
and scaled with the HKL package (12).

The initial structures of the mutants were determined by the molec-
ular replacement method with the program COMO (13, 14). The struc-
ture refinement was carried out with the program CNS (15). Manual
adjustment of the atomic model against the electron density was per-
formed with the program O (16). The crystallographic information is
summarized in Table I.

Kinetic Studies—The substrate preference of wild-type and mutant
CrAT enzymes were determined by kinetic studies following a protocol
reported earlier (17). The reaction buffer contained 25 mM potassium
phosphate (pH 7.4), 125 �M 4,4�-dithiobispyridine (dissolved in etha-
nol), 0.5 mM CoA, 2 mM carnitine, and 0.5 �g of enzyme in a volume of
0.2 ml. The reaction was monitored by the increase in absorbance at 324
nm. The assays were repeated 2–5 times for each enzyme preparation
with each substrate to verify the observed reaction rates.

RESULTS AND DISCUSSION

Selection of Residues for Mutagenesis—Based on the crystal
structure of mouse CrAT in complex with carnitine, we pre-
dicted the possible binding mode of acetylcarnitine (8). For the
current studies, we modeled the compound octanoylcarnitine in
the binding site, assuming a mostly extended conformation for
the acyl group (Fig. 1B). The octanoyl group is chosen as a
representative of medium-chain acyl groups. In the model, it is
located in a pocket that is formed between helix �12 and
strands �1, �8, �13, �14, and �15, supporting our earlier pre-
diction that this may be the binding site for longer acyl groups.
Interestingly, the residues that are in close proximity of the
octanoyl group are poorly conserved among the carnitine acyl-

FIG. 1. Structure of CrAT. A, sche-
matic drawing of the structure of mouse
CrAT (8). The catalytic His-343 residue is
shown in red. The positions of the carni-
tine (in green) and CoA (in magenta) sub-
strates are also shown. B, the putative
binding site for the acyl group in CrAT.
The structure of octanoylcarnitine is mod-
eled into this binding site. C, alignment of
the sequences of carnitine acyltrans-
ferases in the binding site for the acyl
group. Residues that are in close proxim-
ity of octanoylcarnitine are highlighted in
green. The two residues that were se-
lected for mutagenesis studies are indi-
cated with the green oval. Panels A and B
were produced with Ribbons (18).
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transferases (Fig. 1C). This also supports the identification of
this pocket for binding acyl groups, as sequence variations are
needed to modulate the size of this pocket to accommodate the
different substrate preferences of these enzymes.

The sequence comparison shows that residues Met-564 and
Phe-565 in strand �14 may play important roles in determining
the substrate specificity. The side chain of Met-564 is located in
the center of the pocket and actually clashes with the modeled
conformation of the octanoyl group (Fig. 1B). In all of the other
carnitine acyltransferases, this residue is replaced by a glycine
(Fig. 1C), which should relieve the steric clash between the
octanoyl group and the enzyme. The side chain of Phe-565 is
sandwiched between strand �1 and helix �11 (Fig. 1B). This
residue is replaced with a glycine in the CPTs and with a valine
in carnitine octanoyltransferase (Fig. 1C). Reducing the bulk of
this side chain could affect the positioning of the �1 and �14
strands and thereby change the shape of the binding pocket. As
a first attempt to understand the molecular basis for substrate
selectivity by the carnitine acyltransferases, we chose to mu-
tate these two residues and characterize the effects of the
mutation on the catalysis by the enzyme and the structure of
the enzyme.

Mutation at Met-564 Can Change Substrate Preference—
Based on the structural and sequence information, we designed
the M564G, M564A, and F565A single-site mutants. These
mutant proteins were overexpressed in E. coli and purified in
large quantities using the same protocol as that for the wild-
type enzyme. The mutant proteins are monomeric in solution
and appear to be as stable as the wild-type enzyme.

The substrate preference of the wild-type and the mutant
enzymes were determined by kinetic studies using short-chain
(acetyl-CoA and butyryl-CoA), medium-chain (hexanoyl-CoA
and octanoyl-CoA), and long-chain (decanoyl-CoA and palmi-
toyl-CoA) substrates at saturating concentrations. The concen-
tration of the carnitine substrate is also at the saturating level.
The assays were repeated several times for each mutant and
for each substrate, and consistent results were obtained from
these experiments (Fig. 2).

The kinetic data show that the wild-type enzyme has higher
activity with the short-chain substrates than with the medium-
chain substrates (Fig. 2). In comparison, the M564G and
M564A mutants have significantly better catalytic activity
with the medium-chain substrates. Especially, the preferred
substrate for the M564G mutant appears to be hexanoyl-CoA,

rather than acetyl-CoA (Fig. 2). This supports our hypothesis
based on the structural information that the Met-564 residue is
important for substrate selectivity, and removing the bulk of
this side chain has altered the substrate preference profile of
the enzyme. Interestingly, the M564A mutant has roughly
equal activity with the short-chain and medium-chain sub-
strates, suggesting that the extra methyl group has a strong
influence on substrate selectivity.

On the other hand, the catalytic activity of the F565A mu-
tant with the medium-chain substrates is still very weak (Fig.
2). In fact, the substrate preference of this mutant closely
mimics that of the wild-type enzyme. Neither the wild-type
enzyme nor any of the mutants have significant activity with
the long-chain substrates (Fig. 2). Additional structural differ-
ences between CrAT and the CPTs may be necessary to accom-
modate these longer acyl groups.

An Enlarged Acyl Group Binding Pocket in the Structures of
the M564G Mutant—To assess the effects of the M564G muta-
tion on the conformation of the enzyme, we have determined
the crystal structures of this mutant, both alone and in complex
with carnitine, at a resolution of up to 1.9 Å (Table I). Several
attempts at determining the binding modes of the acyl groups,
especially the hexanoyl or octanoyl group, have so far not been
successful. This is consistent with our earlier experiences with
the wild-type enzyme, which showed that the acyl groups are
hydrolyzed during the crystallization process (8).

The overall structure of the M564G mutant is similar to that
of the wild-type enzyme with a r.m.s. distance of 0.52 Å for 591
equivalent C� atoms between them. The M564G mutation in-
troduced only minor changes in the conformation of this resi-
due with the C� atom shifting by �0.5 Å (Fig. 3A). Interest-
ingly, larger conformational changes are observed in several
other residues in the active site region. Most pronounced
among these is the change in the position of the side chain of
Val-556, which partly fills the void left by the absence of the
Met-564 side chain (Fig. 3A). In the wild-type enzyme, Val-556
interacts with the beginning of helix �12. In the mutant, these
residues (amino acids 345–352) show large conformational
changes that may be coupled with the change in the Val-556
side chain (Fig. 3A).

Carnitine is bound in the active site of the M564G mutant at
the same position as that observed in the wild-type enzyme
(Fig. 3A). The carboxylate group of carnitine is involved in the
same intricate network of hydrogen-bonding interactions with

FIG. 2. Substrate preference of
wild-type and mutant CrAT enzymes.
The reaction velocity of the wild-type en-
zyme with the acetyl-CoA substrate is
scaled to 100. Error bars represent the
mean � S.D. in the measurements.

The Substrate Selectivity of Carnitine Acetyltransferase31586



the enzyme. Although the main chain of Glu-347 has under-
gone a conformational change due to the mutation, its side-
chain carboxylate is located at the same position as in the
wild-type enzyme (Fig. 3A), maintaining its role in the binding
of carnitine. There are only small structural changes in the
enzyme upon carnitine binding. The r.m.s. distance between
C� atoms of the free enzyme and the carnitine complex is only
0.24 Å. The side chain of Ser-454 assumes a different rotamer
to hydrogen bond to the carboxylate of carnitine. This change
was also observed in the wild-type enzyme (8).

The removal of the Met-564 side chain in the M564G mutant
produces a dramatic change in the surface of the protein, such
that there is now a clearly defined deep pocket in the mutant
enzyme that can readily accommodate the hexanoyl group (Fig.
3B). In contrast, this pocket is much shallower in the wild-type
enzyme, which may only have enough space for a butyryl group
(Fig. 3C). This finding is consistent with kinetic observations
on most CrATs (Fig. 2), which showed that the enzymes have
good activity for acetyl, propionyl, and butyryl groups but
poorer activity for longer acyl substrates (1).

Minor Structural Changes in the F565A Mutant—We have
determined the crystal structure of the F565A mutant at a
1.8-Å resolution (Table I). A comparison to the structure of the
wild-type CrAT showed that the F565A mutation introduced
only minor differences in the structure of the enzyme, including
the positions of the �1 and �14 strands (Fig. 4). The side chain
of Ile-123 adopts a different rotamer in the F565A mutant,
occupying a small portion of the void created by the mutation
(Fig. 4). The Met-564 side chain in the acyl group binding
pocket has essentially the same conformation as in the wild-
type enzyme. Therefore, the structural information explains
our kinetic observation that the F565A mutant still prefers
short-chain acyl groups as substrates (Fig. 2).

It remains to be seen whether the F565A or F565G muta-
tion can have a larger impact on substrate selectivity when it
is coupled with the M564G mutation. In fact, the Val-563
residue of CrAT is replaced by a glycine in the CPTs as well
(Fig. 1C). We have created the triple mutant that replaced
the 563VMF565 residues in CrAT with three Gly residues.
Unfortunately, this mutant is unstable in solution and we

TABLE I
Summary of crystallographic information

Enzyme M564G M564G in complex
with carnitine

F565A in complex with
carnitine and CoA

X-ray source X4A Rigaku X4A
Resolution range (Å) 30–1.9 30–2.3 30–1.8
Number of observations 222,754 61,432 500,787
Rmerge (%)a 5.9 (20.1) 7.8 (21.4) 6.9 (38.5)
Number of reflections 50,988 24,609 119,268
Completeness (%) 98 (95) 87 (63) 93 (78)
R-factor (%)b 18.5 (20.6) 20.3 (27.9) 19.1 (27.7)
Free R-factor (%) 21.8 (25.0) 26.2 (34.9) 22.1 (28.4)
r.m.s. deviation in bond lengths (Å) 0.006 0.007 0.006
r.m.s. deviation in bond angles (°) 1.3 1.3 1.2
Number of waters 753 224 1148

a Rmerge � �h�i�Ihi � �Ih	�/�h�iIhi. The numbers in parentheses are for the highest resolution shell.
b R � �h�F h

o � F h
c ��

h
F h

o.

FIG. 3. Structure of the M564G mu-
tant of CrAT. A, structural comparison
of the wild-type free enzyme (in gray) and
M564G mutant (in cyan) of CrAT. The
position of carnitine in the M564G mu-
tant is shown in green. The modeled posi-
tion of octanoylcarnitine is shown in ma-
genta. This structure was produced with
Ribbons (18). B, molecular surface of the
M564G mutant near the acylcarnitine
binding site. The modeled position of oc-
tanoylcarnitine is shown in green. C, mo-
lecular surface of the wild-type CrAT near
the acylcarnitine binding site in the same
view as panel B. Residue Met-564 is col-
ored in magenta. Panels B and C were
produced with Grasp (19).
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were not able to characterize it kinetically or structurally.
Structure of CrAT in a Ternary Complex with Carnitine and

CoA—The F565A mutant crystal was grown in the presence of
carnitine and soaked for 2 h in a solution containing 5 mM

acetyl-CoA. The crystal then was transferred to a cryopro-

tectant solution containing an additional 25% ethylene glycol
for 1 min before being flash-frozen. The shorter soaking time
was chosen in an attempt to minimize the hydrolysis of the
acetyl group by the enzyme. However, the crystallographic
analysis revealed the electron density for a CoA molecule in the

FIG. 5. Structure of the F565A mu-
tant of CrAT in a ternary complex
with carnitine and CoA. A, final 2Fo �
Fc electron density at a 1.8 Å resolution
for CoA contoured at 1�. B, electron den-
sity for ethylene glycol. C, electron den-
sity for carnitine. D, schematic drawing of
the structure of the F565A mutant of
CrAT in complex with carnitine, CoA, and
ethylene glycol. The catalytic His-343 res-
idue is shown in red. The carnitine and
CoA substrates are shown in green and
brown, respectively. Ethylene glycol is
shown in black. E, the active site region of
the F565A mutant of CrAT in complex
with carnitine (green) and CoA (brown).
The bound positions of carnitine and CoA
in the binary complexes with the wild-
type enzyme are shown in magenta (8).
The water molecule that mediates the in-
teractions between carnitine and the en-
zyme is labeled W. Panels A–C were pro-
duced with Setor (20), and panels D and E
were produced with Ribbons (18).

FIG. 4. Structural comparison of
the wild-type free enzyme (in gray)
and F565A mutant (in cyan) of CrAT.
The modeled position of octanoylcarnitine
is shown in magenta. This structure was
produced with Ribbons (18).
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active site (Fig. 5A) without the acetyl group. Even more amaz-
ingly, we observed the binding of an ethylene glycol molecule in
the active site (Fig. 5B and see below). This finding suggests
that the hydrolysis must have happened for 1 min in the
cryoprotectant solution because ethylene glycol cannot bind in
the active site unless (acetyl-)CoA leaves the pocket.

Clear electron density for the carnitine substrate was also
observed (Fig. 5C). Therefore, this is the structure of CrAT in a
ternary complex with carnitine and CoA, which for the first
time allows us to examine the simultaneous binding of both
substrates to this enzyme.

The two molecules of the F565A mutant in the asymmetric
unit of the crystal have the same conformation with a r.m.s.
distance of 0.26 Å for their equivalent C� atoms. The bound
conformations of the CoA and carnitine substrates are also the
same in the two active sites. The overall structure of the ter-
nary complex of the F565A mutant (Fig. 5D) is highly similar to
that of the wild-type enzyme with a r.m.s. distance of 0.35 Å to
the structure of the wild-type free enzyme.

In the ternary complex, carnitine has the same interactions
with the enzyme as those in the binary complex that we ob-
served earlier (Fig. 5E) (8). The hydroxyl group of carnitine is
hydrogen-bonded to the side chain of the catalytic His-343
residue with a distance of 2.7 Å. In comparison, the thiol group
of CoA in the ternary complex is 1.2 Å away from its position in
the binary complex (Fig. 5E), such that this group is not hy-
drogen-bonded to the His-343 side chain (distance of 3.8 Å) in
the ternary complex. Interestingly, the distance between the
hydroxyl group of carnitine and the thiol group of CoA is only
2.8 Å in the ternary complex, suggesting a strong hydrogen-
bonding interaction between the two substrates. The thiol
group in the ternary complex may also have a weak interaction
with the main chain amide group of Gly-348 with a distance of
3.5 Å.

Two side chains in the active site, Glu-347 and Ser-454,
assume different rotamers in the ternary complex as compared
with the free enzyme structure (Fig. 4). The change in the side
chain of Ser-454 enables it to be hydrogen-bonded to the car-
boxylate of carnitine, and this change was also observed in the
binary complex with carnitine (8). The side chain of Glu-347 in
the free enzyme conformation is in steric clash with the thiol
group of CoA in the ternary complex. Interestingly, the confor-
mation of this side chain in the ternary complex is the same as
that in the binary complex with CoA (8), and it can also main-
tain the hydrogen bond to the water molecule that mediates the
binding of the carboxylate group of carnitine (Fig. 5E).

The ethylene glycol molecule is placed in the acyl group
binding site (Fig. 5E). One of its hydroxyl groups is hydrogen-
bonded to the side chain of Ser-554, mimicking the interaction
from the carbonyl oxygen of the acyl group of the substrate,
whereas the other hydroxyl group is hydrogen-bonded to the
side chain of Tyr-341. The ethylene group has van der Waals
interactions with the side chains of Met-564 and Phe-566.

Our structural and biochemical studies show that the Met-
564 residue has an important role in determining the substrate
preference of CrAT. Met-564 is part of a cluster of three resi-
dues, 563VMF565, that are replaced by glycine in the CPTs.
These residues are located in strand �14, which helps enclose
the acyl group binding site. Besides these three amino acids,
several other clusters of residues show significant sequence
differences among the carnitine acyltransferases (Fig. 1C). It is
probable that these other sites also play a role, and further
studies will be needed to fully characterize the molecular basis
for substrate selectivity of these enzymes.
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