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ABSTRACT
The acyl-CoA binding protein
(ACBP) is essential for the fatty acid metabolism,
membrane structure, membrane fusion, and ceramide synthesis. Here high resolution crystal
structures of human cytosolic liver ACBP, unliganded and liganded with a physiological ligand,
myristoyl-CoA are described. The binding of the
acyl-CoA molecule induces only few structural differences near the binding pocket. The crystal form
of the liganded ACBP, which has two ACBP molecules in the asymmetric unit, shows that in human
ACBP the same acyl-CoA binding pocket is present
as previously described for the bovine and Plasmodium falciparum ACBP and the mode of binding of
the 30 -phosphate-AMP moiety is conserved. Unexpectedly, in one of the acyl-CoA binding pockets
the acyl moiety is bound in a reversed mode as
compared with the bovine and P. falciparum structures. In this binding mode, the myristoyl-CoA molecule is fully ordered and bound across the two
ACBP molecules of the crystallographic asymmetric
unit: the 30 -phosphate-AMP moiety is bound in the
binding pocket of one ACBP molecule and the acyl
chain is bound in the pocket of the other ACBP molecule. The remaining binding pocket cavities of these
two ACBP molecules are filled by other ligand fragments. This novel binding mode shows that the acyl
moiety can flip out of its classical binding pocket
and bind elsewhere, suggesting a mechanism for the
acyl-CoA transfer between ACBP and the active site
of a target enzyme. This mechanism is of possible relevance for the in vivo function of ACBP. Proteins
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pools is regulated by a number of proteins, like sterol
carrier protein 2 (SCP-2), fatty acid binding protein
(FABP), and acyl-CoA binding protein (ACBP). The majority of the cellular acyl-CoA is bound by ACBP.2
ACBP is known as a cytosolic, monomeric 10 kDa protein, and homologues have been found in all eukaryotic
kingdoms and in some eubacterial species.2 In eukaryotes,
ACBP is a cytosolic protein with access to the nuclear compartment. In mammals, three isoforms have been identified: L-ACBP, T-ACBP, and B-ACBP from liver, testes, and
brain, respectively, and six isoforms have been found in
Drosophila melanogaster.3,4 ACBP has a well-conserved
amino acid sequence of 86–103 amino acids, and the high
sequence conservation of the ACBP4 as well as its ubiquitous expression suggest that ACBP has essential physiological functions. In addition to independent protein entities,
database searches using the ACBP amino acid sequence
as a probe have suggested that ACBP-like domains may
also occur as a part of larger proteins, for example, in
membrane associated proteins,5 b-oxidation enzymes having both ACBP and enoyl-D3,D2-CoA isomerase domains,6
and proteins with an ACBP domain and an ankyrin repeat.7 In the structure of FERM (band four-point-one
ezrin–radixin–moesin homology domains), a family of proteins that localize proteins into plasma membrane, the
ACBP-like domain is present in an inactive form as the F2
domain.8
ACBP has been discovered recently9 and only limited
structural information is available. Its four helical bundle
structure was first observed in the NMR structure of the
unliganded bovine ACBP (bL-ACBP) in 1991.10 The topology of this up–down–down–up bundle is unique for the
four helical bundle domains. The three-dimensional NMR
structure of the liganded bovine ACBP with palmitoyl-
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INTRODUCTION
Acyl-CoA thioesters are molecules with many fundamental roles in cellular processes. The intracellular concentration of free fatty acyl-CoA molecules is tightly controlled in
the range of about 0.1–200 nM under normal physiological
conditions.1 The balance between free fatty acids and their
CoA-derivatized counterparts in soluble and protein bound
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Fig. 1. Structural sequence alignment of human, bovine, and P. falciparum ACBP. Helices A1, A2, A3,
and A4 are illustrated as labeled cylinders above the sequences. In the monomeric binding mode, the residues of chain B interacting with the adenine ring are labeled with a vertical bar, residues interacting with the
30 -phosphate moiety are labeled with a triangle, residues interacting with the acyl moiety are marked with a
curly line, and hydrophobic residues close to the x-end of the acyl chain (shaping the tunnel near the N-termini of helices A2 and A3) are marked with a black circle. The black squares mark the three residues of chain
A which interact with the 30 -phosphate-ribose moiety in the dimeric mode of binding.

CoA has also been described in detail.11 Crystal structures
have been published for bovine apo ACBP12 and for myristoyl-CoA complexed Plasmodium falciparum ACBP (PfACBP).12 The very simple structure of ACBP has also
made possible NMR studies on its folding and unfolding
properties.13
The amino acid sequences of the ACBPs of known structure, including the sequence of the human ACBP (hLACBP), are listed in Figure 1. All known structures have
the same four-helix bundle fold (helices A1, A2, A3, and
A4), with a 13-residue loop insertion between the parallel
helix-pair of A2 and A3. Helices A1 and A4 are also assembled as two parallel helices (Fig. 2).
Binding of fatty acyl-CoAs to the ACBP occurs with a
very high affinity (KD ¼ 1–5 nM). The 30 -phosphate interactions in the CoA end of the ligand account for 40% of the
total binding energy,14,15 and only CoA-derivatized fatty
acids are bound to ACBP. In the NMR structure of
liganded bovine L-ACBP, the acyl-CoA molecule is bound
to the protein in a spiral-like conformation. Conceptually,
the acyl-CoA binding pocket can be divided into three
parts as shown in Figure 2: (i) the adenine ring binding
pocket created by a tyrosine residue (Tyr32 in hL-ACBP)
and the acyl moiety of the acyl-CoA molecule; (ii) the 30 phosphate binding site composed of a set of hydrogen
bonding and positively charged residues (Tyr29, Lys33,
and Lys55 in hL-ACBP) providing hydrogen bonds with
phosphate oxygen atoms; and (iii) a hydrophobic groove
for binding the acyl moiety extending from the C-terminus
of helix A1 (near hL-ACBP Arg14) to the N-termini of helices A2 (near hL-ACBP Met25 and Leu26) and A3 (near
hL-ACBP Ala54 and Lys55) near the x-end of the acyl moiety. The pantetheine moiety of the acyl-CoA is exposed to
the solvent and disordered in the crystal structure of PfACBP complex.
Here we describe the high resolution structures of the
unliganded and liganded liver isoform of human L-ACBP.
The ligand used in these studies is myristoyl-CoA, in
which the acyl chain moiety is a saturated C14 carboxylic
acid. This is the third structural report on the binding
properties of ACBP and the first report on the structure of
a human ACBP. The liganded structure has been crystallized as a dimer in the asymmetric unit, referred to as
molecules A and B, and one of the myristoyl-CoA ligands
binds with its adenine part to molecule B, whereas the xend of its acyl chain is bound to molecule A of this dimer.
The possible relevance for the in vivo functionality of this
mode of binding is discussed.
PROTEINS: Structure, Function, and Bioinformatics

Fig. 2. Schematic drawing of the structure of bovine ACBP complexed with palmitoyl-CoA. The palmitoyl-CoA is drawn as a grey balland-stick model, except the fatty acyl moiety, which is shown in white. S
labels the sulfur of the CoA moiety and x shows the x-end of the acyl
moiety. The adenine ring is stacked between the acyl moiety and Tyr32.
The other side chains also interact with the ligand in the monomeric
binding mode, as identified in Figure 1 (numbering follows the hL-ACBP
sequence, K14 corresponds to Arg14 of the hL-ACBP). N and C label
the N-terminus and C-terminus of the polypeptide chain. The helices are
labeled as A1, A2, A3, and A4.

MATERIALS AND METHODS
Crystallization and Data Collection of the
Apo Protein
The protein was purified similarly as described previously for bovine ACBP.16 Lyophilized protein was dissolved
to a final concentration of 20 mg/mL in 50 mM MES,
pH 7.0, 50 mM NaCl. Prior to crystallization experiments,
Pb(NO3)2 was added to a final concentration of 5 mM, as it
has been established by in vivo studies that human ACBP
is one of the proteins that binds lead ions with high affinity.17 The screening for crystallization conditions was initiated using Hampton Research Crystal Screens I and II
and the hanging drop method.18 In screening, 1 lL of protein solution was mixed with 1 lL of the well solution and
suspended over 500 lL of the well solution. After 3 h at
þ48C, microcrystals were observed in conditions consisting
of 25% PEG-MME 550, 100 mM MES, pH 6.5, 10 mM
ZnSO4, and 3% 1-propanol. Larger crystals were obtained
using the following seeding protocol. Single microrystals
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TABLE I. Data Collection Statistics

Wavelength (Å)
Temperature (K)
Space group
Unit cell (Å)
a
b
c
Resolution (Å)
Highest bin (Å)
Redundancy
Completeness (%)
Rmerge (%)
I/r

Apo

Myr-CoA

Myr-CoA

Myr-CoA

0.91
100
P6522

0.93
100
I23

1.2818
100
I23

1.7453
100
I23

43.89
43.89
177.57
30–1.56
1.62–1.56
4.6
..96.1 (98.5)
....5.2 (21.1)
31.9 (6.1)

118.49
118.49
118.49
19–1.35
—
5.4
99.8
6.5
13.9

118.31
118.31
118.31
25–2.26
2.36–2.26
4.3
..98.4 (99.3)
....8.9 (35.5)
13.3 (9.6)

119.83
119.83
119.83
25–2.35
2.43–2.35
3.6
..92.9 (84.4)
....4.1 (15.9)
23.8 (5.5)

118.5 Å. Vm is 3.6 Å3/Da for two monomers per asymmetric
unit. Data collection statistics are presented in Table I.

were transferred to similar drops as above, but not containing any 1-propanol. Before receiving the seeds, these
drops were pre-equilibrated against the well solution for
10 h at þ48C; during this pre-equilibration, a heavy precipitate was observed. After transfer into the pre-equilibrated
drops, the microcrystals increased in size and single crystals with dimension of approximately 0.1 3 0.1 3 0.1 mm3
were harvested with a nylon CryoLoop (Hampton Research, CA) after 10 h and flash frozen in a 100 K nitrogen
stream (Oxford Cryostream Cooler). No additional cryoprotectant was required.
The data collection was carried out from a single crystal to 1.6 Å resolution at beam line X11 at the EMBL outstation at the DESY synchrotron, Hamburg, Germany.
0.58 oscillations were exposed on MAR CCD detector using
a wavelength of 0.91 Å. Indexing and scaling of the images
with the HKL suite19 suggested the space group to be
P6522 or P6122, with the unit cell parameters a ¼ b ¼
43.89 Å, c ¼ 177.57 Å. The Matthews coefficient Vm is
2.6 Å3/Da for one monomer per asymmetric unit. 3.5% of
the reflections were flagged for the Rfree set.20 Data collection statistics are shown in Table I.

The heavy metal atoms were located using the CNS
package22 resulting in one Pb2þ site and one Zn2þ site. To
improve the phases, density modification was performed
using the ‘‘solvent flipping’’ method as implemented in
CNS. The phases were combined with the initial amplitudes of the structure factors and together with the
heavy atom positions they were used as an initial model
in the ARP/WARP23 program for automated model building. The correct space group was found to be P6522.
Refinement was further continued using the CNS package. Manual model building was done with the program
O24; alternate side chain conformations and ordered water
molecules were added where appropriate. The structure
was validated with PROCHECK25 and WHATIF26 during
the refinement. Individual B-factors were refined for
every atom. The final R/Rfree are 19.3%/23.0% (Table II).

Crystallization and Data Collection
of the Myristoyl-CoA Complex

Structure Determination and Refinement
of the Myristoyl-CoA Structure

The lyophilized protein was dissolved to a 15 mg/mL
solution in 50 mM MES, pH 7.0, 50 mM NaCl. MyristoylCoA (Sigma), suspended into water, was added to a concentration of approximately 1.8 mM. The crystallization
screening was performed as above. Single crystals were
grown from conditions consisting of 24% PEG-MME 550,
100 mM MES, pH 6.5, 10 mM ZnSO4. The native 1.4 Å
dataset was collected from one crystal, which was cryoprotected by soaking for approximately 30 sec in mother liquor with increased (35%) PEG-MME 550 concentration
before flash freezing. Data collection was carried out at the
beam line ID14-4 at the European Synchrotron Radiation
Facility, Grenoble. Oscillations of 0.58 were exposed on the
ADSC Q4 CCD detector. Data processing was performed
with the program XDS,21 and it suggested the space group
to be I23 or I213, with the unit cell parameters a ¼ b ¼ c ¼

Eight Zn2þ ions were located by the SAD method using
CNS. After density modification with CNS, the initial
electron density map was used in ARP/wARP23 for automatic model building. The asymmetric unit contains two
monomers: monomer A (near the crystallographic threefold axis) and monomer B. Using this approach the correct space group was found to be I23.
The initial model was refined using CNS. O was used to
manually adjust the side chain conformations and to add
residues missing from the model. Further refinement was
done with Refmac5.27 After including all side chains, TLS
refinement28 was carried out using each monomer as an
individual TLS group. Peaks with positive electron density and a favorable hydrogen bonding network were identified as ordered water molecules and they were added in
subsequent model building and refinement cycles to the

Structure Determination and Refinement of the
Apo Structure
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TABLE II. Refinement Statistic
Apo
Resolution range (Å)
No. of reflections
No. of working set reflections
R factor (%)
Rfree (%)
No. of protein atoms
No. of water molecules
No. of sulfate molecules
No. of heavy metal ions
Geometry statistics
Rmsd for bond distances (Å)
Rmsd for bond angles (deg)
Rmsd for B factors (Å2)
Main chain (A, B)
Side chain (A, B)
Average B factors (Å2)a
Protein atoms (A, B)
Ligand atoms
Solvent atoms
Ramachandran plot
Most favored (%)
Additionally allowed (%)
Generously allowed (%)
Disallowed (%)

15–1.6
14,765
14,256
19.3
23.0
698
228
0
2
0.015
1.50

Myr-CoA
19–1.40
54,202
53,111
17.0
19.3
1478
290
1
8
0.011
1.85

0.8
2.1

0.7, 0.8
2.3, 2.7

16.4
—
33.8

15.5, 15.7
31.1
41.2

94.5
4.1
1.4
0.0

95.4
4.6
0.0
0.0

a

The contribution of the TLS parameters is not included in the B
factors.

model, provided that they were not close to the putative
ligand molecules or Zn2þ ions.
Three 30 -phosphate-AMP moieties of the ligand molecules had clear continuous density in the initial (Fo # Fc)
ac maps and these fragments were added in the model
(molecules C1, D1, and P1; C1 is bound to monomer B,
molecules D1 and P1 are complexed to monomer A). After
adding these 30 -phosphate-AMP fragments, the R-factor
was 17.3% (Rfree ¼ 20.4%) at 1.8 Å resolution.
At this stage the (Fo # Fc) ac difference maps clearly
indicated the presence of additional ligand fragments as
visualized in Figure 3(A). Continuous density was observed starting from the 50 -phosphate group of the C1
molecule and extending from molecule B toward molecule
A. Also, a stretch of positive density corresponding to the
carbon atoms of an acyl chain was observed in the acyl
chain binding groove of monomer B, as is seen in Figure
3(A). Additional electron density was observed corresponding to a sulfate ion in the centre of the Zn2þ cluster.
First, the residual density features corresponding to a
full length myristoyl-CoA molecule (C1) were modeled.
The data range was extended to 1.4 Å and anisotropic
B-factors were refined for the protein atoms. Switching to
anisotropic B-factor refinement resulted in a drop in
R/Rfree from 18.7%/21.0% to 16.8%/18.7% at 1.4 Å resolution. Subsequently, a sulfate was added inside the Zn2þ
cluster and in the acyl chain binding groove of monomer
B was modeled an acyl chain extended by the b-mercaptoethylamine fragment of the panthetheine moiety (molecule C2). This electron density for acyl chain did not connect to either of the two remaining 30 -phosphate-AMP
PROTEINS: Structure, Function, and Bioinformatics

fragments, indicating the presence of four myristoyl-CoA
molecules per asymmetric unit (molecules C1, C2, D1,
and P1) of which only molecule C1 corresponds to a complete myristoyl-CoA molecule, whereas C2 is only an acyl
chain extended by a b-mercaptoethylamine fragment,
and D1 and P1 are 30 -phosphate-AMP moieties. Finally,
alternative conformations for some side chains were added
when appropriate and more ordered water molecules with
satisfactory hydrogen bonding network were added. At
the end of the refinement the R-factor was 17.0% (Rfree ¼
19.3%) at 1.4 Å resolution. The refinement statistics are
described in more detail in Table II.
Anomalous Difference Maps of the
Myristoyl-CoA-hL-ACBP Crystal
To confirm the location of the heavy atoms in the myristoyl-CoA-hL-ACBP complex, two additional datasets were
collected (Table I) from a single crystal at wavelengths
appropriate for measuring the anomalous signal of Zn
atoms (k ¼ 1.2818 Å) and of S and P atoms (k ¼ 1.7453 Å).
The 1.4 Å structure of the myristoyl-CoA complex (using
protein atoms only) was refined against these two datasets.
When combined with calculated phases derived from the
refined model, the eight highest anomalous difference
peaks (28.7 r # 9.7 r; the next highest peak is 5.4 r) from
the 1.2818 Å dataset correspond to the positions of the
eight Zn2þ ions used for the initial SAD-phasing. Similarly
for the k ¼ 1.7453 Å data, the anomalous difference maps
showed positive peaks at positions corresponding to Zn, S,
and P atoms. One of the highest anomalous peaks (8.0 r) in
this anomalous difference map is in the centre of the Zn2þ
cluster in good agreement with the presence of a sulfate
ion. A high (4.0 r) peak in this map corresponds to the position of the thioester sulfur of the full length myristoyl-CoA
molecule (C1), thus confirming the extended mode of binding of this myristoyl-CoA, between the monomers A and B.
Mass Spectroscopy Analysis
The analysis of the electron density maps showed the
presence of fragments of myristoyl-CoA arising either
from a partly disordered mode of binding or because of the
presence of these fragments in the crystallization solution.
Consequently, myristoyl-CoA solutions similar as used in
the crystallization setup were analyzed by mass spectroscopy. Using the electrospray ionization method in negative
mode on a Q-TOFI (MicroMass) instrument, fragments
corresponding to phosphopantetheine-myristoyl and 30 phosphate-AMP were identified.
RESULTS
The Comparison of the Structures of Apo and
Liganded Human L-ACBP
Crystal structures were determined of apo hL-ACBP (at
1.6 Å resolution) and liganded hL-ACBP (at 1.4 Å resolution). Both crystal forms were obtained by cocrystallization
in the presence of metal ions; Zn2þ and Pb2þ for the apo
structure and Zn2þ for the complex structure, respectively.
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Fig. 3. The crystal structure of human ACBP. (A) Dimeric binding mode of the hL-ACBP-myristoyl-CoA
complex. The molecular surfaces of chain A and B are shown as dark blue and light blue, respectively. The
omit electron density represents the 2.5 r (Fo # Fc) ac density of the pantetheine-acyl moiety at a refinement
step in which only 30 -phosphate AMP moieties of the ligands were included in the model. The omit density
shows the ligand molecule C1 bound between the two monomers. The acyl binding groove shaped by residues of the loop between A1 and A2 is narrower in monomer A (binding the x-end of the acyl moiety of molecule C1 in the dimeric mode of binding) than in monomer B (binding the b-mercaptoethylamine-acyl moiety
of molecule C2 as in the classical monomeric mode of binding). (B) Comparison of chain B of the myristoylCoA-hL-ACBP complex (light blue) and the hL-ACBP apo structure (yellow). The adenine ring stacks on
Tyr32 and hydrogen bonds to Arg14 and Tyr74. The 30 -phosphate hydrogen bonds to Tyr29, Lys33, and
Lys55. The side chains of the ‘‘tunnel’’ residues Ala54, Lys55, Met25, and Leu26 are also shown and labeled
with residue numbers. (C) Comparison of chain B (light blue) and chain A (dark blue) of the hL-ACBP-myristoyl-CoA complex. The orientation of the acyl moieties of C1 and C2 in the respective binding grooves of
chain A and chain B are opposite but the same residues interact with the ligand. In the dimeric binding mode,
the side chain of Arg14 of helix A1 (chain A) moves closer to Met25 (on the other side of the binding groove).
Labels C1A and C1B show the binding of the ligand to chain A and chain B, respectively.

The apo crystals were obtained through a seeding protocol
from transferred microcrystals. The apo structure contains
one ACBP polypeptide chain (from residues Ser2 to Ile87)
in the asymmetric unit. The apo structure was refined to
the final R ¼ 19.3% and Rfree ¼ 23.0%. In the liganded
form, two ACBP polypeptide chains are found per asymmetric unit complexed to four ligand molecules. Molecule

A comprises residues Ser2 to Ile87 whereas molecule B
comprises residues Gln3 to Ile87. Neither the apo nor the
liganded structures have high B-factor loops. In both structures there are no residues in the disallowed regions of the
Ramachandran plot. However, in the apo structure Met47
is in the generously allowed region (/ ¼ 518, w ¼ #1348).
This residue, which is in the long loop just before helix A3,
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has a relatively high B-factor but the electron density map
agrees with this somewhat strained conformation. The methionine side chain points into the acyl binding pocket of a
crystallographically related molecule. In the liganded molecules this loop adopts a slightly different conformation.
The structures of unliganded and liganded hL-ACBP
after superposing are compared in Figure 3(B) using the
Ca-atoms of the four helices for the superpositioning (the
rmsd value for 51 corresponding Ca atoms is 0.3 Å). The
side chains of the residues Arg14 and Tyr32 have adopted
slightly different conformations when comparing the apo
and liganded structures. These small movements are apparently required for optimal interactions with the adenine moiety of the ligand. Tyr32 is involved in a stacking
interaction with the adenine base and the side chain of
Arg14 moves inwards into the acyl binding groove and a
weak hydrogen bond is formed with the adenine ring of
the ligand. Also small adjustments are seen near the Nterminus of helix A3. In the apo structure solvent water
molecules are bound in the acyl-CoA binding pocket.
The apo ACBP structure includes one Pb2þ ion and one
Zn2þ ion. The Pb2þ ion is bound at a crystal contact and it
is complexed to Glu69 and Glu61 of a neighboring molecule, respectively. These side chains are not near the acylCoA binding pocket. However, in the hACBP-myristoylCoA complex form, Glu61 of molecule A is at the interface
of the dimer of the asymmetric unit, where it is hydrogen
bonded to Tyr32 of molecule B, which is a key residue in
defining the adenine binding pocket. The Zn2þ ion of the
apo ACBP structure is also bound at a crystal contact,
complexed to the side chains of Glu11/His15 and Glu11/
His15 of a neighboring molecule, respectively.
The Hexameric Myristoyl-CoA-Human L-ACBP
Complex is Stabilized by a Zn21 Cluster
The crystals of the complexed hL-ACBP were obtained by
cocrystallization with ZnCl2 and myristoyl-CoA at pH 6.5,
resulting in two molecules per asymmetric unit. These
two molecules (molecules A and B) are related by translational symmetry, not by a local twofold axis. Both molecules are liganded. The folds of the two molecules are very
similar as shown in Figure 3(C). Molecule A is near a crystallographic three-fold symmetry axis, which generates a
trimer of three A molecules, and together with the three B
molecules, a hexameric assembly is formed (Figs. 4 and 5).
The three A molecules at the centre of this hexamer interact with each other directly but additional stabilizing interactions occur indirectly via a cluster of seven Zn2þ ions.
The Zn2þ cluster resides on a threefold symmetry axis
and consists of three crystallographically unique Zn2þ
ions. This Zn2þ cluster is stabilized by a sulfate ion in the
centre and nine surrounding phosphate groups of the six
interacting 30 -phosphate-AMP moieties (molecules D1 and
P1 and their three crystallographically related copies)
(Fig. 5). Each of the Zn2þ ions is tetrahedrally coordinated
by oxygen atoms, as seen in other Zn2þ complexes, and the
Zn-O distances agree with published data.29 The Zn2þ ions
are not coordinated to water. Some disorder is observed in
PROTEINS: Structure, Function, and Bioinformatics

Fig. 4. Schematic representation of the hexameric assembly around
the Zn2þ cluster. Protein chains A and B are labeled together with the
ligand molecules. The x-ends of the fatty acyl moieties of the ligands are
indicated. The 30 -phosphate-AMP molecules in their classical binding
pockets are shown as grey rectangles and the additional 30 -phosphateAMP fragment (P1 having only weak interactions with the protein) as white
rectangles. The central triangle represents the Zn2þ cluster assembled at
the threefold symmetry axis.

the cluster; for example, some Zn2þ ions do not have full occupancy and also the sulfate in its centre is disordered, as
it is not precisely positioned on the threefold axis.
One of the two unique 30 -phosphate-AMP moieties (D1)
of the Zn2þ cluster binds to the A molecule in the classical
mode (Fig. 2), whereas the second unique 30 -phosphateAMP moiety (P1) binds in a nonconventional mode (Fig. 5).
This unique Zn2þ/30 -phosphate-AMP complex stabilizes
the trimeric assembly of the three A molecules; as each A
molecule is additionally interacting with a B molecule, a
hexameric arrangement of six ACBP molecules is generated (Figs. 4 and 5).
In this hexameric complex, altogether four myristoylCoA molecules (or at least their 30 -phosphate-AMP or acyl
moieties) are bound per dimer of the asymmetric unit.
Only one complete myristoyl-CoA molecule is seen (C1),
which is bound between molecules A and B. This completely ordered molecule is bound with its 30 -phosphateAMP moiety to molecule B and with its acyl part to molecule A. To molecule B is also bound an acyl-CoA fragment,
being the b-mercaptoethylamine part plus the acyl tail,
referred to as molecule C2, whereas to molecule A two 30 phosphate-AMP moieties are bound: molecule D1 (bound
in the classical way) and molecule P1. The latter 30 -phosphate-AMP moiety is only loosely interacting with the protein part of molecule A, as it is mainly stacked on the fatty
acid tail of the C1 myristoyl-CoA molecule (Fig. 5). There
is no electron density for the acyl-phosphopantetheine
parts of molecules D1 and P1, suggesting that these fragments are disordered. Alternatively, the 30 -phosphate-
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Fig. 5. The hL-ACBP-myristoyl-CoA hexamer. The organization of the three myristoyl-CoA-linked protein
dimers around the Zn2þ cluster is shown. The three A chains (nearest to the Zn2þ cluster) are shown as dark
red, dark green, and dark blue Ca-traces whereas the corresponding B chains of the dimers are colored light
red, light green, and light blue. The Zn2þ ions of each asymmetric unit are colored as red, green, and blue
spheres, respectively. The ligand molecules C1, C2, D1, and P1 are shown as yellow sticks. For clarity, the
sulfate ion in the centre of the Zn2þ cluster is not shown.

Fig. 6. Superimposition of the liganded human (chain B, blue), bovine (orange), and P. falciparum (green)
ACBP structures. The ligand molecules and their contacting residues (Fig. 1) are shown as a stick model and
are colored according to the corresponding backbone color. The ligands of the hL-ACBP are labeled. The
acyl chain terminus of the ligand C1 is omitted for clarity.

AMP fragments present in the crystallization solution, as
shown by the mass spectroscopy, have been incorporated
in the crystallized complex.
The hexameric arrangement is not only stabilized by the
Zn2þ ions of the Zn2þ cluster but also by two other Zn2þligand interactions (with molecule P1 and molecule C1,
respectively), as well as by two different Zn2þ-mediated
interactions between molecule A and molecule B (Fig. 5).
The eighth unique Zn2þ ion is bound at a crystal contact,
stabilizing the interactions between two hexamers. The
latter Zn2þ ion is complexed to Glu69, like the Pb2þ ion in
the apo structure, although the crystal contacts are different, as the Zn2þ ion is bridged to Glu68 (of molecule A of a
crystallographically related complex), whereas in the apo
structure the Pb2þ ion is complexed to another glutamate
(Glu61) of a neighboring molecule. The two Zn2þ ions
bridging between molecule A and molecule B of the dimer
of the complex (Zn1 and Zn5) are well defined in the map.
Zn1 bridges from His31 (molecule A) to Glu7 (molecule B)

and Zn5 bridges from Glu23 (molecule A) to Glu11/His15
(molecule B). Zn5 is at the same site as the Zn2þ ion seen
in the apo structure; however, the latter Zn2þ ion is
bridged to another side chain stabilizing, therefore, a different crystal contact as compared with the complexed
crystal form. The Zn1 and Zn5 ions stabilize the dimer of
the asymmetric unit of the complexed crystal form.
Comparison of the hL-ACBP, bL-ACBP,
and Pf-ACBP Complexes
The 30 -phosphate-AMP moiety binds to molecule B
essentially as in the classical mode as described for bLACBP and Pf-ACBP (Fig. 6). In bL-ACBP and Pf-ACBP,
only one molecule of acyl-CoA is bound per ACBP molecule in the characteristically spiral conformation, whereas
in hL-ACBP the ligands bound to an individual ACBP
molecule originate from two different ligand molecules. It
can be seen that the 30 -phosphate-AMP moiety in all three
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Fig. 7. The dimeric binding mode of the hL-ACBP-myristoyl-CoA complex. Chain A is shown in dark blue
and chain B in light blue with helices labeled as in Figures 1 and 2. The 30 -phosphate-ribose moiety of the
ligand molecule C1 is also hydrogen bonded to the side chains of chain A: to Arg44 and Lys53 (30 -phosphate
moiety) and to Asp57 (ribose moiety). The two hydrogen bonding interactions between chain A and chain B
are highlighted by dotted lines (between Asn60 (A) and Thr36 (B), and between Glu61 (A) and Tyr32 (B)).
Also shown are the side chains of the residues contacting the ligand (also highlighted in Fig. 1).

structures is bound in the same way and the important
side chain interactions are conserved (Fig. 6). In all three
structures the x-end of the acyl chain is near the N-termini of helices A2 (near residues 25 and 26) and A3 (near
residues 54 and 55), but in the hL-ACBP molecule B this
fatty acyl moiety belongs to a second myristoyl-CoA molecule. It has been noted12 that in bL-ACBP a possible binding tunnel is present between the N-termini of helices A2
and A3, whereas in PfACBP this tunnel is absent. In hLACBP, the binding tunnel is also present, and in the A
molecule it is actually used for binding the b-mercaptoethylamine part of the full length C1 myristoyl-CoA molecule (Figs. 3 and 7), as is discussed in the next section.
Concerning differences in the protein structure, it can be
noted that in bL-ACBP, the N-terminus of helix A3 moves
toward the binding pocket, as compared with hL-ACBP
and Pf-ACBP, making the bL-ACBP structure more compact. Other structural differences are seen near the C-terminus of helix A1. This region forms the binding groove for
the acyl chain (as well as for the b-mercaptoethanol part of
the pantetheine moiety). Pf-ACBP has a unique two-residue insertion in this loop (Figs. 1 and 6) and the structural
differences of this loop region, as well as sequence variations near the adjacent tunnel between the N-termini of
helices A2 and A3, correlate with differences in acyl length
specificity between bL-ACBP, hL-ACBP, and Pf-ACBP.12
Myristoyl-CoA Binding Between the
Two Molecules A and B
In the myristoyl-CoA-hL-ACBP complex, only one complete myristoyl-CoA molecule is seen (C1), which is bound
between molecules A and B (Fig. 7). This completely orPROTEINS: Structure, Function, and Bioinformatics

dered molecule is bound with its CoA end to molecule B
and with its acyl part to molecule A. The 30 -phosphate
moiety of C1 hydrogen bonds to the conserved Tyr29,
Lys33, and Lys55 residues of molecule B. Lys55 is additionally salt bridged to the pyrophosphate moiety. In addition to these interactions present in the other known
structures of ACBP complexes, there are additional hydrogen bonds from monomer A to molecule C1: from Arg44
and Lys53 to the 30 -phosphate, and from Asp57 to the
ribose hydroxyl group. There exist also two strong direct
hydrogen bonds between the protein molecules A and B:
between Asn60 (side chain, molecule A) and Thr36 (main
chain, molecule B); and between Glu61 (side chain, molecule A) and Tyr32 (side chain, molecule B), as depicted in
Fig. 7. The pantothenic acid moiety of the C1 myristoylCoA does not have direct contacts with side chains of either molecule A or B, whereas the b-mercaptoethylamine
part is bound in the tunnel between the N-termini of helices A2 and A3 (molecule B) and the x-end of C1 is bound
in the classical fatty acid moiety binding groove (molecule
A) as observed in bL-ACBP and Pf-ACBP (Figs. 2 and 6).
Interestingly, the x-end of the acyl chain binds in this
groove in a reversed orientation, as compared with classical monomeric binding (Fig. 2), and as is also seen in the
complex of molecule B and ligand C2 (Fig. 3).
Correlated with this reverse mode of binding are structural differences between molecules A and B in the loop
region between helices A1 and A2 (Fig. 3). In particular,
this concerns side chains Arg14, Lys19, and Met25. These
structural differences make the binding groove somewhat
narrower in the presence of the x-end of the acyl chain
(reversed mode; C1 bound to monomer A), while in the
classical mode (C2 bound to monomer B) the groove is
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wider, as is also clearly visible in Figure 3(A). As is also
shown in Figure 3, in the classical mode of binding the
conformation of this loop is identical with the one seen in
the apo hL-ACBP structure. It is of interest to point out
that a reversed mode of binding of the lipid molecule has
also been seen in at least one other lipid–protein complex,
being a lipid-SCP2 complex. In this case it was also found
that the hydrophobic moieties of two different lipids are
bound at opposite ends of the same binding groove.30
DISCUSSION
How is the dimeric complex as seen in this structure of
the myristoyl-CoA-hL-ACBP complex formed? It is possible to propose at least one mechanism. First, myristoylCoA binds with its adenine part as seen in molecule B. If
the fatty acyl chain binds in the binding groove of the
same polypeptide, the classical monomeric complex is
formed. Alternatively, the fatty acyl part is pointing into
solution and subsequently binds in the fatty acyl binding
groove of the second molecule (represented by molecule A
in this structure). This dimeric mode of binding is facilitated by the interaction of the ribose-30 -phosphate part
with the extra binding surface of molecule A (formed by
residues Arg44, Lys53, and Asp57) (Fig. 7). Subsequently,
the remaining empty regions of the binding pockets are
filled up by other myristoyl-CoA molecules (or their fragments) and after that the hexamer, as seen in the crystallized form, is stabilized by the Zn2þ cluster. In particular,
ligand molecule P1 of the Zn2þ cluster interacts with the
extended fatty acid tail of C1 and stabilizes its dimeric
binding mode (Fig. 5). The two alternative modes of binding of the acyl moiety suggest high mobility for the pantetheine moiety. This correlates well with the structure of
liganded Pf-ACBP in which the pantetheine moiety is invisible in the electron density map because of disorder.
Arg44, Lys53, and Asp57 of the extra binding surface on
molecule A are fully conserved in L-ACBP (there is only
one exception of Lys53 changed into an arginine).4 These
residues are surface residues and consequently their full
conservation cannot be understood from the classical
mode of ligand binding. This suggests that the alternative,
dimeric mode of binding of the fatty acyl-CoA molecule, as
seen in the myristoyl-CoA-hL-ACBP complex, might be
functionally relevant. Also important for this dimeric
mode of binding is the tunnel between the N-termini of
helices A2 and A3, which is present in the structures of
both bovine12 and human ACBP.
The dimeric mode of binding of the myristoyl-CoA on
the ACBP has not been seen before. However, ACBP is
known to be able to transfer its acyl-CoA directly to enzymes catalyzing acyl-CoA modifications.31,32 The acylCoA ACBP complex is the substrate of these enzymes and
after formation of the ACBP-enzyme complex, the acylCoA molecule is transferred via an unknown mechanism
from the ACBP molecule to the enzyme.
This dimeric mode of binding is also an interesting
model for the exchange of membrane-bound acyl-CoA and
ACBP. Studies of the interaction of ACBP with mem-
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branes showed that ACBP can bind to membranes and
desorb membrane-bound acyl-CoA.33 In the proposed mechanism, acyl-CoA has its fatty acyl chain buried in the
outer membrane leaf and the CoA end is exposed to the
solvent phase. Desorption from the membrane is initiated
by binding of the CoA end to ACBP leaving the acyl chain
binding groove initially empty. The binding interactions
between ACBP and 30 -phosphate group are apparently
strong enough to keep ACBP associated on the membrane
by being anchored to CoA. Alternatively, the binding is
stabilized by an acyl chain flipped out from the membrane and binding in the hydrophobic groove in a similar
way as ligand C2 stabilizes the binding of the CoA head
group of C1 in molecule B (Fig. 7).
CONCLUSIONS
This structural analysis of unliganded and liganded
human ACBP shows that human ACBP has the same
binding pocket as previously characterized for bovine
ACBP and P. falciparum ACBP. The liganded form of
human ACBP has been crystallized in the presence of
20 mM Zn2þ and 1.8 mM myristoyl-CoA. The asymmetric
unit of these liganded crystals contains two molecules of
ACBP. The binding pocket of each of these two ACBP molecules has a bound 30 -phosphate-AMP moiety and a bound
fatty acyl-CoA moiety, originating from two different myristoyl-CoA molecules. It is also shown that one myristoylCoA molecule (molecule C1) can bind such that it is shared
between two ACBP molecules; its 30 -phosphate-AMP head
group binds to ACBP molecule B, and its fatty acid moiety
binds in the acyl binding groove of an adjacent molecule
A. In this dimeric mode of binding, the acyl moiety is
bound in the opposite direction when compared with the
classical, monomeric mode of binding, whereas its 30 -phosphate-AMP moiety is bound in the classical way. This dimeric mode of binding is stabilized by the Zn2þ cluster
and the P1 30 -phosphate AMP fragment. Further solution
studies are required to verify if this dimeric mode of binding is physiologically relevant. ACBP binds acyl-CoA with
very high affinity (KD ¼ 1–5 nM), which suggests that a
ligand transfer mechanism from ACBP to acyl-CoA consuming enzymes must exist. The observed dimeric mode
of binding might help to understand the mechanism by
which long chain fatty acyl-CoAs are exchanged between
fatty acyl-CoA ACBP complexes and target molecules like
acyl-CoA processing enzymes or membranes. Electrospray
mass spectroscopy has shown that the acyl chain of palmitoyl-CoA bound to ACBP flips out upon removal of water
in the spray process.34 A similar event could occur by creation of hydrophobic environment at the contact site between the acyl-CoA ACBP complex and the acyl-CoA consuming enzyme. The interaction of ACBP with membranes
and the removal of acyl-CoA from the membrane by ACBP33
could be facilitated by formation of an ACBP-membrane
complex with an acyl chain flipped out of the membrane,
similarly as the binding of the fatty acid tail moiety of
ligand C2 stabilizes the binding of the 30 -phosphate AMP
moiety of the myristoyl-CoA molecule C1. In summary, the
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crystal structure of this hL-ACBP myristoyl-CoA complex
suggests that the acyl-CoA molecule can be bound with its
30 -phosphate-AMP part to ACBP whereas the fatty acid
moiety is available for interactions with binding pockets
present in other proteins.
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