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ABSTRACT: Carnitine is an important molecule in human metabolism, mainly because of its role in the
transport of long-chain fatty acids across the inner mitochondrial membrane.Escherichia coliuses carnitine
as a terminal electron acceptor during anaerobic metabolism. Bacteria present in our large intestine break
down carnitine that is not absorbed in the small intestine. One part of this catabolic pathway is reversible
and can be utilized for bioproduction of large amounts of stereochemically pureL-carnitine, which is
used medically for the treatment of a variety of human diseases. Here, we present the crystal structure of
theE. coli protein CaiB, which is a member of the recently identified type-III coenzyme A (CoA) transferase
family and catalyzes the transfer of the CoA moiety betweenγ-butyrobetaine-CoA and carnitine forming
carnityl-CoA andγ-butyrobetaine. This is the first protein from the carnitine metabolic pathway to be
structurally characterized. The structure of CaiB reveals a spectacular fold where two monomers are
interlaced to form an interlocked dimer. A molecule of the crystallization buffer bis-(2-hydroxyethyl)-
imino-tris(hydroxymethyl)methane (bis-tris) is bound in a large pocket located primarily in the small
domain, and we propose that this pocket constitutes the binding site for both substrate moieties participating
in the CaiB transfer reaction. The binding of CoA to CaiB induces a domain movement that closes the
active site of the protein. This is the first observation of a domain movement in the type-III CoA transferase
family and can play an important role in coupling substrate binding to initiation of the catalytic reaction.

Carnitine plays several roles in human metabolism, with
the most important being the transport of long-chain fatty
acids across the inner mitochondrial membrane. Humans are
able to synthesize carnitine, but the main source of this
compound is from digesting meat and dairy products (1).
Mammals are unable to metabolize carnitine except through
microorganisms in the large intestine, which break down
carnitine not taken up in the small intestine. There are two
microbial catabolic pathways for carnitine present in the gut,
one of which leads to the production of trimethylamine,
which is mainly excreted through urine, while the other leads
to the formation of γ-butyrobetaine, which is excreted
through feces (1). We have solved the structure of CaiB from
Escherichia coli, which is a coenzyme A (CoA)1 transferase
in the pathway leading to the formation ofγ-butyrobetaine
(2, 3).

Some bacteria, including the generaPseudomonas, are able
to use carnitine as their sole carbon, nitrogen, and energy
source. Bacteria from the generaAcinetobacterdegrade the
carnitine carbon backbone and form trimethylamine as a
byproduct. CaiB, in the present study, is part of a third path

for carnitine catabolism performed by members of the
bacterial family Enterobacteriaceae such asE. coli. In this
pathway, carnitine is converted via crotonobetaine toγ-
butyrobetaine. In this way, carnitine is used as a terminal
electron acceptor during anaerobic conditions, but growth
requires additional carbon and nitrogen sources because the
carbons and nitrogens from carnitine are not assimilated (4).
Activity of this metabolic pathway has also been reported
under aerobic conditions (5). Scheme 1 shows the reaction
scheme for carnitine metabolism inE. coli, where 1,
carnitine;2, γ-butyrobetaine-CoA; 3, γ-butyrobetaine;4,
carnityl-CoA; and5, crotonobetainyl-CoA. There are three
proteins directly involved in the conversion of carnitine to
γ-butyrobetaine inE. coli: CaiA, CaiB, and CaiD. CaiD is
a carnityl-CoA dehydratase, while CaiA is a crotonobetainyl-
CoA reductase. Both enzymes act on CoA-thiosesters (2,
3). CaiB is a CoA transferase that is able to move the CoA
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moiety fromγ-butyrobetaine-CoA to carnitine, which forms
carnityl-CoA and freeγ-butyrobetaine. Carnityl-CoA is
subsequently dehydrated by CaiD to form crotonobetainyl-
CoA, which in turn is reduced by CaiA to formγ-butyro-
betaine-CoA (Scheme 1) (2, 3, 6, 7). It should be noted
that the experimental evidence for this reaction scheme
originates not from a complete reaction scheme but from
two CaiB-dependent half reactions: (1) the hydratase reaction
catalyzed by CaiD together with CaiB (2, 6) and (2) the
reductase reaction catalyzed by CaiA together with CaiB (3).
In the first of the experimentally verified half reactions, CaiB
catalyses the reversible exchange of the CoA moiety between
the intermediate crotonobetainyl-CoA and carnitine (2).
Because the dehydration reaction catalyzed by CaiD is also
reversible it can, together with CaiB, be used industrially in
bioproduction of large amounts ofL-carnitine, using crotono-
betaine as the starting material (8, 9). This process produces
L-carnitine in a stereochemically pure form, which is
important whenL-carnitine is used to treat a variety of human
diseases (10). ThecaiTABCDEoperon consists of six genes;
a function has been suggested for most of these genes (11).
CaiC is similar to a family of CoA ligases and most likely
generates the initial carnityl-CoA needed for the CaiB
reaction cycle, and it belongs to a family of CoA ligases
that require ATP for the activation of the CoA molecule.
CaiB does not require ATP to function; in fact, it would be
a net loss of energy for the cell to use carnitine as a terminal
electron acceptor if CaiC would be used to generate all of
the carnityl-CoA instead of CaiB (12). The ATP-requiring
CoA ligase (CaiC) is likely to be used only to generate
enough carnityl-CoA to start the CaiB reaction cycle (12).
CaiT has been shown to be a membrane-bound transporter
responsible for the transport of the productγ-butyrobetaine
out of the cell and the transport of the substrate carnitine
into the cell (13). The function of the CaiE protein is unclear.
The caiTABCDEoperon is coregulated with thefixABCX
operon (14, 15). The fixABCXoperon encodes proteins that
are necessary for anaerobic carnitine reduction and are
suggested to supply CaiA with the electrons necessary for
the reduction of crotonobetainyl-CoA (7).

CaiB is a member of the recently discovered type-III CoA
transferase family (12). The other two CoA transferase
families have been well-characterized. The most widespread
is the type-I family, this protein family catalyses CoA transfer
using a ping-pong mechanism involving an enzyme-bound
glutamyl-CoA-thioester. Type-II CoA transferases are much
less common and have a mechanism involving a ternary
complex (12). The first enzyme of the type-III CoA trans-
ferase family to be discovered was formyl-CoA transferase
(FRC). FRC is involved in a reaction cycle where the CoA-
thioester of oxalate is formed and then decarboxylated. The
structure of FRC has recently been determined (16). The
structure of anE. coli protein (YfdW) with high sequence
similarity to FRC has also recently been solved. This protein
is likely to be anE. coli FRC although this has not yet been
demonstrated (17, 18). The structures of FRC and YfdW
reveal that the CoA sulfur moiety is positioned close to a
conserved aspartic acid residue, which is proposed to serve
as a catalytic nucleophile (16, 18). FRC has also been studied
in complex with the oxalyl-CoA product, revealing the
formation of a covalent acylenzyme intermediate (19). The
reaction kinetics of three different members of the type-III

CoA transferase family have been studied; these data
suggests that the reaction mechanism proceeds via a ternary
complex in all proteins in this family (19-21). However,
no detailed kinetic characterization of CaiB has yet been
performed.

We describe here the high-resolution structure of CaiB
solved using X-ray crystallography. The spectacular inter-
twined dimer fold previously seen in FRC and YfdW is also
present in CaiB and is likely to be present in all members of
the type-III CoA transferase family. We also show that CoA
binding induces a domain movement that closes the active
site. In contrast to FRC and YfdW, a large cavity is found
in CaiB, which can harbor the larger ternary complex likely
to be formed in CaiB and several other members of the type-
III CoA transferases.

MATERIAL AND METHODS

Protein Production.TheE. coli caiBgene was subcloned
into the E. coli expression vector PT73.3 (22) using the
Gateway system (Invitrogen, Carlsbad, CA). The resulting
vector encoded a polypeptide with thecaiBgene that has an
N-terminal add on (N-MHHHHHHGSTSLYKKAGSET-
LYIQG-), which encompasses an attB site for the Gateway
recombination event and a hexahistidine sequence to simplify
purification. An additional C-terminal hexahistidine tail
(-STHHHHHH-C) was used to monitor full-length protein
production. ThecaiBgene was overexpressed in BL21(DE3)
cells in M9 minimal salts (MM) to facilitate the incorporation
of selenomethionine (Se-Met) into the protein using the
methionine pathway inhibition method (23). The media
contained 239 mM disodium phosphate, 110 mM mono-
potassium phosphate, 43 mM sodium chloride, 93 mM
ammonium chloride, 22 mM glucose, 2 mM MgSO4, 0.1
mM CaCl2, 0.01 mM MnCl2, 0.01 mM FeSO4, and tetra-
cycline (30 µg/mL). An overnight culture of 50 mL was
prepared from which 10 mL per liter were used to inoculate
a final volume of 5 L. The flasks were incubated in a shaker
at 37°C (200 rpm) until an OD600 of ∼0.6 was obtained. At
that time, the temperature was dropped to 18°C and an
amino acid mixture (100 mg lysine, 100 mg threonine, and
100 mg phenylalanine together with 50 mg of leucine, 50
mg isoleucine, 50 mg valine, and 50 mg ofL-Se-Met per
liter) was added prior to induction with isopropyl-â-D-
thiogalactopyransoside (IPTG) to a final concentration of
0.25 mM. The cells grew at 18°C overnight and were
harvested by centrifugation at 9000g for 15 min.

Protein Purification. The cells were disrupted using
sonication in lysis buffer [20 mM sodium phosphate at pH
7.4, 0.5 M NaCl, 20 mM imidazole, 10 mMâ-mercapto-
ethanol, 10% (v/v) glycerol, 0.08 mg/mL lysozyme, 0.4 mg/
mL DNAse I, and Complete ethylenediaminetetraacetic acid
(EDTA)-free Protease Inhibitor tablets (Roche Diagnostics
GmbH, Mannheim, Germany)]. After sonication, the cells
were centrifuged at 50000g for 20 min, and the supernatant
was passed through a 0.22-µm filter, for the removal of cell
debris, before being loaded on a Ni2+-loaded Hi-Trap Che-
lating column (Amersham Biosciences, Uppsala, Sweden)
pre-equilibrated in wash buffer (lysis buffer without lysozyme
and DNAse I). The His-tagged CaiB protein was eluted with
elution buffer (same as the wash buffer but with 200 mM
imidazole). To obtain CaiB of crystallization-grade quality,
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a second purification step was used. The fractions containing
the protein of interest from the Ni-affinity chromatography
were pooled and subjected to a HiLoad 26/60 Superdex 200
gel-filtration column (Amersham Biosciences), pre-equili-
brated in gel-filtration buffer [20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) at pH 7.4, 150 mM
NaCl, 10 mMâ-mercaptoethanol, 10% (v/v) glycerol, and
2 mM EDTA]. The eluted fractions from the gel-filtration
column, which contained the CaiB protein, were pooled and
concentrated to a final volume of 40 mg/mL using an Amicon
Ultra centrifugal filter device (Millipore, Bedford, MA). The
protein concentration was estimated by UV absorption based
on a calculated absorption molar coefficient of 61 950 M-1

cm-1 at 280 nm.
Protein Crystallization and Structure Determination.Initial

crystallization trials were performed at a protein concentra-
tion of 11 mg/mL, using the sitting-drop vapor-diffusion
method and sparse-matrix screens Crystal Screen, Crystal
Screen 2, and Index (Hampton Research, CA) in 96-well
plates from Intelli-plate (Art Robbins Enterprises, Mountain
View, CA) at two different temperatures, 20 and 7°C. Drops
containing 0.9µL of protein solution were mixed with 0.9
µL of crystallization solution and equilibrated against a
reservoir solution containing a larger volume (100µL) of
well solution. Initial crystals were obtained in multiple
conditions. Solution number 66 from Index produced one
of the initial hits. Further optimizations around this condition
were carried out using the hanging-drop vapor-diffusion
method. Good-quality crystals of the Se-Met-labeled protein
were obtained in 0.2 M ammonium sulfate, 0.1 M bis-(2-
hydroxyethyl)imino-tris(hydroxymethyl)methane (bis-tris) at
pH 5.2-6.1, and 20-23% (w/v) poly(ethylene glycol) 3350
at 20 °C. The crystals were cryo-protected in 20% (v/v)
glycerol and mother liquor before being flash-frozen in liquid
nitrogen. CaiB crystallized in the space groupP21 and

diffracted to beyond 1.85 Å resolution. A single-wavelength
anomalous dispersion data set at the Se peak was collected
at beam-line PSF-BL1 (BESSY, Berlin, Germany). The data
were processed and scaled using DENZO and SCALEPACK
(24), and SOLVE (25) was able to identify 30 of the 34
selenium sites present in the asymmetric unit. After density
modification using RESOLVE (26), which produced very
nice maps, ARP/wARP (27) was used to build∼95% of the
structure. The data were reprocessed using MOSFLM (28)
(Table 1), and the final models were obtained after multiple
rounds of rebuilding and refinement using O (29) and
REFMAC5 (30). Automated water building was carried out
using the ARP/wARP program package. The freeR value
was calculated from 5% of the data and monitored throughout
the refinement. CaiB was also crystallized in the presence
of ∼7 mM CoA, using the same crystallization conditions
as for the apo structure. Streak-seeding was necessary to
obtain crystals, which also belonged to the spacegroupP21

and diffracted to 1.9 Å. The data for the CoA complex was
collected at the Max-Lab I711 beam line in Lund, Sweden.
These data were processed using MOSFLM (28) (Table 1),
and phases were obtained by molecular replacement with
MOLREP (31) using the apo structure as the template.
Otherwise, the CoA complex was refined in the same way
as the apo structure. It was possible to trace the proteins
from amino acid 4 to 403 of 405, and both of the final models
have goodR values and stereochemistry (Table 1). Asp 76
from chain A in the dimer and Glu 23 from both chains fall
in the generously allowed region of the Ramachandran plot.
Both of these residues are located in loop regions and are
clearly defined in the electron density. Asp 76 from the chain
B of the dimer falls in the disallowed region of the
Ramachandran plot; this residue is also located in a loop
region, and it makes a crystal contact that distorts it
somewhat. Asp 76 from chain B is clearly defined in the

Table 1: Crystallographic Data for CaiB fromE. coli

data statistics CaiB CoA complex

wavelength (Å) 0.980 (Se peak) 1.09
space group P21 P21

cell dimensions (Å): a, b, c 55.6, 129.8, 69.8 55.6, 125.7, 70.0
cell angles (deg):R, â, γ 90.0, 109.5, 90.0 90.0, 109.0, 90.0
resolution (Å) (outer shell) 30-1.85 (1.95-1.85) 30-1.90 (2.00-1.90)
number of observations (unique) 288 389 (76 742) 278 901 (70 549)
Rsym (outer shell)a 0.092 (0.18) 0.067 (0.23)
I/σ(I) (outer shell) 5.82 (3.46) 7.71 (3.01)
completeness (%) (outer shell) 96.8 (89.4) 98.9 (95.5)
redundancy (outer shell) 3.76 (3.42) 3.95 (3.70)

Refinement and Ramachandran Plot Statistics
Rcryst (%)b 14.3 14.4
Rfree (%)c 17.8 17.6
non-H atoms 6933 6911
solvent molecules 644 588
rms deviation bonds (Å) 0.018 0.018
rms deviation angles (deg) 1.485 1.459
averageB factors (Å2)

protein 19.4 20.8
bis-tris 24.4 35.3
CoA 44.0

Ramachandran plot
core 92 91.9
allowed 7.4 7.5
generously allowed 0.4 0.4
disallowed 0.1 0.1

a Rsym ) ∑j∑h|〈Ihj - Ih〉|/∑j∑hIjh, whereIhj is the jth observation of reflectionh. b Rcryst ) ∑||Fobs - Fcalc||/|∑obs|, whereFobs and Fcalc are the
observed and calculated structure factor amplitudes, respectively.c Rfree is equivalent toRcryst for a 5% subset of reflections not used in the refinement.
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electron density. Two cis prolines are present in the
structures, Pro 165 and Pro 358. The protein-protein
interaction server (http://www.biochem.ucl.ac.uk/bsm/PP/
server/) was used to analyze the dimer interface. Pictures
were produced using Swiss-PdbViewer (32), POV-ray (Per-
sistence of Vision Development Team), and LIGPLOT (33).
Coordinates and structure factors have been deposited in the
Protein Data Bank (PDB). The ID code for the CaiB structure
is 1XA3 and 1XA4 for the CoA complex.

RESULTS AND DISCUSSION

We have solved the crystal structure of CaiB fromE. coli
and its complex with CoA. The structure of CaiB reveals a
dimer in the asymmetric unit. The dimer has an unusual fold
where the two monomers are folded around each other, like
interlaced rings (Figure 1). Each 405 amino acid monomer
could be traced from amino acid 4 to 403 and encompass
one small domain and one large domain. The active site of
CaiB is located in a crevice between the large domain of
one monomer and the small domain of the other monomer
(Figure 1). The large domain of CaiB consists of both the
N-terminal part of the protein (residues 4-208) and the
C-terminal part of the protein (residues 338-403), and the
small domain is located between (residues 227-323). The
structure of the large domain of CaiB is very similar to the
structure of the large domain of FRC (Figure 2A) (16), which
was expected, based on the approximately 30% sequence
identity in the region of the large domain. The small domain
of CaiB displays no significant sequence identity to FRC,
and it was therefore unclear whether this part of CaiB would
have the same fold as the small domain of FRC. The structure
of the small domain of CaiB is quite different from the FRC
counterpart, but it is clear that they have evolved from the
same origin based on their similar topology. Figure 2 shows
the CaiB structure superimposed on the FRC structure. The
largest difference between the CaiB and the FRC structures
is in a 36 amino acid loop following helix 11 in FRC and
preceding the start of the small domain, which in CaiB is
20 amino acids shorter than in FRC. The absence of this
loop in CaiB leads to the removal of a glycine-rich loop that
points directly into the active site of FRC (Figure 2b), which
creates a large pocket in the active-site region of CaiB. The
loop was observed to adopt different conformations in FRC
depending on CoA binding and has been suggested to have
a role in catalysis (16). The larger active-site pocket in CaiB
seems logical because carnitine is twice the size of oxalate.
This loop is also missing a number of other enzymes in this

family, specifically those that bind larger substrates than
FRC. The shorter loop also leads to a more pronounced hinge
region between the large and small domains of CaiB, which
is located at the start (amino acid 227) and end (amino acid
323) of the small domain.

Bis-tris Binding in the ActiVe Site.During refinement of
both the apo and the CoA complex structures, a large body

FIGURE 1: (A) Ribbon representation of the CaiB dimer in stereo. One chain is colored red, and the other is colored blue. CoA, bis-tris,
and the catalytically important Asp 169 are shown in a stick representation. (B) CaiB dimer. One protein chain of the dimer is shown as
a spacefill in red, and the other chain is shown as a blue thread. This illustrates the fold with the monomers interlaced to form an interlocked
dimer.

FIGURE 2: (A) Apo structure of CaiB superimposed on the FRC
apo structure [PDB ID 1P5H (16)]. CaiB is shown in red, and FRC
is shown in green. The hinge region is more pronounced in the
CaiB structure. (B) Close up of the superimposed structures,
showing only the small domain from one chain and the neighboring
loop regions. The bis-tris molecule and Asp 169 from CaiB are
shown in a stick representation. A portion of the helices containing
Asp 169 is also displayed. The glycine-rich loop from FRC is
situated on top of the bis-tris molecule from CaiB. The hinge is
located at the start (amino acid 227) and end (amino acid 323) of
the small domain.
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of electron density was found in the active site. Bis-tris, the
buffer used for crystallization, fit this electron density very
well (Figure 3B). The bis-tris molecule is bound in a large
cavity in the active site that most likely constitutes the
substrate-binding pocket. The bis-tris molecule is highly
polar, as are the substrates, but do not have the zwitterionic
features of the carnitine-like substrate moieties (although the
nitrogen of bis-tris might become positively charged in acidic
environments). Bis-tris is also a significantly bulkier molecule
than a single carnitine-like moiety of the substrate, and our
hypothesis is that the pocket where the bis-tris molecule binds
might in fact constitute the binding site for both of the
carnitine-like moieties that are involved in the transfer
reaction. Glu 249 and Glu 23 are located on two different
walls of the pocket in suitable positions to compensate for
the positive charge on the nitrogen of the crotonobetaine,
γ-butyrobetaine, or carnitine molecule (Figure 4A). Glu 23
also falls in the generously allowed region of the Ramachan-
dran plot but is clearly defined by the electron density. Such
strained geometry is often indicative of an important function
of the residue. Other residues are also well-positioned to
contribute with hydrophobic interactions and hydrogen bonds
to the substrate (Figure 4A). The bis-tris molecule also makes
a hydrogen bond to the catalytically important and com-
pletely conserved Asp 169 (Figure 4A). This aspartic acid
also makes a hydrogen bond to the SH group of CoA in the
CoA complex structure (Figure 4B). Soaking, cocrystalliza-
tion, and rescreening trials with carnitine have failed to
displace the bis-tris molecule. When superimposing the FRC
structure with the CaiB structure, the bis-tris molecule is
located in the same position as the flexible glycine-rich loop
from FRC. This loop is absent in CaiB and the bis-tris
molecule fills the void. When the glycine-rich loop from FRC
is in its open position, the overlap with the bis-tris molecule
is smaller but the active-site pocket is still considerably larger

in the CaiB structure. The small domain makes up the
majority of the substrate-binding pocket, and this domain
also makes most of the contacts with the bis-tris molecule
(Figure 4A). Multiple sequence alignments between proteins
from the type-III CoA transferase family show that the large
domain is reasonably well-conserved, while the small domain
shows a very low degree of conservation (12, 16). On the
basis of the structure of the substrate-binding pocket of CaiB,

FIGURE 3: Active site of CaiB. (A) Asp 169 is shown in a stick
representation, and the backbone helix is shown as a ribbon. The
bis-tris molecule and the CoA molecule are shown in a stick
representation, and a water present in the active site is also shown.
The rest of the protein has been omitted. (B) Simulated annealing
omit map of the CoA molecule, the bis-tris molecule, and water.
The molecules are orientated in the same way as in A.

FIGURE 4: Schematic representation of the ligand interactions with
CaiB. Hydrogen bonds are indicated with dotted lines, and the
hydrogen-bond distances are shown. Residues involved in hydro-
phobic interactions with the ligand are shown with red rays. (A)
Interactions between bis-tris (BTB) and the protein. Both the A
and B chains are interacting with bis-tris. (B) Interactions between
CoA and CaiB. All residues interacting with the CoA molecule
are originating from the B chain.
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a high degree of variability in the small domain would be
necessary to adapt to the variety of substrates used by the
type-III CoA transferases.

Type-III CoA Transferase Fold.Despite the very low
sequence identity between the small domains of CaiB and
FRC (12, 16), both of these CoA transferases are folded as
interlocked dimers. It is very likely that most other members
of the type-III CoA transferase family have this intriguing
fold. It is unlikely that monomeric proteins of this fold exist.
We therefore propose that all members of the type-III CoA
transferase family are dimeric or consist of several dimeric
units. The folding of CaiB and other proteins of this fold
must be quite complex because the dimer cannot be formed
by the individually folded monomers. Multiple ribosomes
are often present on the same mRNA, which opens for the
possibility that partially synthesized peptide chains coming
from two different ribosomes located on the same mRNA
might cofold before translation is finished. Another pos-
sibility is that the monomers are able to exist as unfolded
structures in solution before dimerization induces the final
folding of the individual monomers (16). There is an area
in the large domain that contains a number of residues that
are highly conserved in the type-III CoA transferase family
(CaiB numbering: Arg 16, Gly 37, Ala 38, Val 40, Asp 90,
Leu 184, His 185, Gly 193, and Thr 190). These residues
may be important for folding. The unusual fold of CaiB
creates a very large dimer interface (∼6100 Å2), with 150
of the 405 amino acids making interactions across the dimer
interface. The partial unfolding that would have to take place
to break apart the CaiB dimer and the extensive interactions
across the dimer interface could be expected to lead to a
very stable dimer. The thermally induced melting point of
CaiB is 42 °C, which is surprisingly low (Stenmark
unpublished). The melting point was obtained using a
fluorescence-based thermal shift assay (34).

Binding of CoA Induces a Domain MoVement.One dimer
of CaiB is present in the asymmetric unit, and each monomer
has one potential CoA-binding site. Because of the crystal
packing, only one of the two CoA-binding sites are occupied.
A large crevice is present between the small and large
domains, but these two domains originate from different
monomers in the structure. The CoA molecule binds to the
side of the crevice but makes interactions only to the large
domain. Because the CoA binding is common to all of the
members of the transferase family, it is logical that the large
domain, which is responsible for the interactions with CoA,
is much more conserved through the protein family than the
small, substrate-binding domain. The positively charged
amino acids Lys 97 and Arg 104 coordinate the phosphate
groups of the CoA molecule (Figure 4B). A lysine and two
arginines coordinate the CoA molecule in the FRC structure
(16). The lysines are located in similar positions in space in
the CaiB and FRC structures, but they originate from
different parts of the polypeptides. Ala 139 of CaiB makes
two hydrogen bonds to the pantetheine chain of the CoA
molecule; these two hydrogen bonds induce a rotation of
the residue that is not present in the apo structure. Many
hydrophobic interactions also contribute to the binding of
the CoA molecule (Figure 4B). The SH group makes one
hydrogen bond to the main-chain amino group of Ile 24 and
one to the carboxyl group of Asp 169, which has been
proposed to carry a covalent intermediate in the reaction

mechanisms of this protein family (16, 18, 19). The CoA-
binding crevice and part of the bis-tris-binding pocket of
CaiB are displayed in Figure 5. The main difference between
the CoA binding of FRC and CaiB is a rearrangement of
the pyrophosphate. Both the adenine and pantetheine part
of the CoA molecule bind in a very similar position in the
two structures, but interestingly, the interactions that position
the CoA molecules are quite different. When no CoA is
bound to the protein, Arg 104 coordinates a sulfate. When
CoA is bound, this residue instead coordinates the phosphate
group on the ribose of the CoA molecule. When CaiB binds
CoA, the small domain moves closer to the large domain,
which leads to a more closed active site. The hinge is located
at the start (amino acid 227) and end (amino acid 323) of
the small domain, and the movement is approximately 3 Å
in the area furthest away from the hinge. It is possible that
the domain movement will be even larger in the presence of
the actual substrate instead of just the CoA moiety (and the
bis-tris molecule). It has been reported that CaiB, in the
presence of the substrate, associates with CaiA (the crotono-
betainyl-CoA reductase) (3). Because this interaction is only
seen in the presence of the substrate, it is possible that the
domain movement that we have observed in CaiB could be
responsible for the formation of this interaction. In the
structural study of YfdW, the potentialE. coli homologue
of FRC, structural differences were also observed between
the apo and CoA complex structures, but these changes are
mainly located at the surface of the large domain (18). In
two other studies of FRC and YfdW, no large structural
differences were observed upon CoA binding (16, 17). A
more closed active site might be necessary to protect the
activated CoAS- anion and/or the enzyme-anhydride in-
termediate during the reaction. Maybe the flexible glycine-
rich loop present in the active site of FRC and the domain
movement in CaiB are two different modes of obtaining this
shielding effect. FRC is an outlier from the type-III CoA
transferase family in respect to their small substrate size.
FRC also has an insertion in the area of the CaiB hinge that
probably makes this region more rigid (Figure 2). This
insertion is absent from all other characterized members of
the enzyme family, indicating that the domain movement
identified in the CoA complex of CaiB might be a general
feature of most type-III CoA transferase proteins.

FIGURE 5: Molecular structure of the CaiB active site. The CoA
and the bis-tris molecules are shown in a stick representation. Bis-
tris is only partly visible deep inside the active-site pocket.
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Reaction Mechanism of CaiB.A plausible reaction mech-
anism, based on kinetic and structural studies of FRC, has
been suggested for the type-III CoA transferase family (16,
19), involving covalent enzyme substrate intermediates.
Strong evidence for the formation of such intermediates was
recently provided by the structural characterization of an
oxalyl-aspartyl anhydride in FRC (19). Several mutants of
FRC have also been constructed, where the nucleophilic Asp
169 was mutated to alanine, serine, or glutamic acid (19).
Both the D169S and D169E mutants were, as expected,
completely inactive, but surprisingly, the D169A mutant
retained a very low but detectable activity. A different but
still unidentified reaction mechanism was suggested to
account for this residual activity (19). These mutational
studies show the importance of Asp 169 in FRC, and
structural comparisons of CaiB with FRC suggest that Asp
169 play a similar role in both enzymes. If the suggested
reaction mechanism is applied for CaiB,γ-butyrobetaine-
CoA will react with Asp 169 to form an intermediate, where
γ-butyrobetaine is bound covalently to Asp 169 and CoAS-

is formed. Carnitine then reacts with the covalent intermedi-
ate to form a new intermediate, where carnitine is covalently
bound to Asp 169. This part of the reaction will produce
γ-butyrobetaine. The CoAS- anion now attacks the enzyme-
anhydride intermediate, generating the product carnityl-CoA
and regenerating the nonmodified Asp 169. Scheme 2 shows
the proposed reaction mechanism for CaiB. The scheme is
adapted from Jonsson et al. (19). The reaction has several
negatively charged tetrahedral transition states. These have
been suggested to be stabilized by Tyr 59 in the FRC
structure (16); the corresponding residue, Tyr 58, in CaiB is
located 8.5 Å from Asp 169. A quite large structural
rearrangement would have to take place to put Tyr 58 in a
suitable position for this stabilization. Gln 17 in FRC has
also been suggested to stabilize the tetrahedral transition
states (19). This residue is not conserved in the CaiB protein,
and an isoleucine (Ile 24) is present in its place. This
isoleucine is unable to provide such stabilization but is
suitable for interactions with carnitine, which is a more
hydrophobic substrate than oxalate. It is unlikely that either
of the two suggested residues are uniformly involved in the
stabilization of tetrahedral transition states in the reaction
mechanism of type-III CoA transferase proteins. A common
feature between these enzymes is the two main-chain NH

(residues Ile 24 and Ala 25) interactions with the CoA sulfur
anion, which can function to stabilize an anionic CoAS-

intermediate. Kinetic studies for members of the type-III CoA
transferase family suggest the existence of a ternary complex
during substrate turnover. When we extrapolate to CaiB, this
implies that the aspartic anhydride ofγ-butyrobetaine would
be present in the active site at the same time as carnitine,
requiring significant space. Carnitine is a thinner molecule
than the bis-tris that occupies our active site. Modeling
indicates that the aspartic anhydride ofγ-butyrobetaine can
reside in the substrate-binding site at the same time as
carnitine and CoA. A key feature for catalysis is then very
likely the prepositioning of all of the groups involved in the
transfer reactions in close proximity; therefore, group
exchange can be performed with only small conformational
realignment of the groups. There are however no additional
obvious conserved features present in the active site, which
can directly assist in bond formation or breakage steps or in
the stabilization of intermediates in the reaction path.

In Summary.We have determined the structure of CaiB,
a member of the recently discovered type-III CoA transferase
family. This constitutes the first enzyme in carnitine me-
tabolism that has been structurally characterized. The struc-
ture shows an intriguing fold with two interlaced monomers
forming the protein dimer. This fold is very likely repre-
sentative of the entire type-III CoA transferase family. We
have described the relatively large substrate-binding pocket,
which is probably common for most members of this enzyme
family. In addition, we propose that the high degree of
sequence variability in the small domain is necessary to adapt
to the various substrates used by the different members of
the type-III CoA transferase family. We have also shown
that CoA binding induces a domain movement that closes
the active site, possibly to protect reactive intermediates
during catalysis. This is the first observation of a domain
movement in the type-III CoA transferase family, and we
believe that this may be a general feature for many members
of this enzyme family.
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