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ABSTRACT. L-Carnitine R-[—]-3-hydroxy-4-trimethylaminobutyrate) is found in both eukaryotic and
prokaryotic cells and participates in diverse processes including long-chain fatty-acid transport and
osmoprotection. The enzyme crotonobetaipydltyrobetainyl-CoA:carnitine CoA-transferase (CaiB; E.C.
2.8.3.-) catalyzes the first step in carnitine metabolism, leading to the final preeudlyrobetaine. The
crystal structures oEscherichia coliapo-CaiB, as well as its Asp169Ala mutant bound to CoA and to
carnitinyl-CoA, have been determined and refined to 1.6, 2.4, and 2.4 A resolution, respectively. CaiB is
composed of two identical circular chains that together form an intertwined dimer. Each monomer consists
of a large domain, containing a Rossmann fold, and a small domain. The monomer and dimer resemble
those of formyl-CoA transferase fro@xalobacter formigeness well asE. coli YfdW, a putative type-

IIl CoA transferase of unknown function. The CoA cofactor-binding site is formed at the interface of the
large domain of one monomer and the small domain from the second monomer. Most of the-protein
CoA interactions are formed with the Rossmann fold domain. While the location of cofactor binding is
similar in the three proteins, the specific Cofrotein interactions vary somewhat between CaiB, formyl-
CoA transferase, and YfdW. CoA binding results in a change in the relative positions of the large and
small domains compared with apo-CaiB. The observed carnitinyl-CoA product in crystals of the CaiB
Aspl69Ala mutant cocrystallized with crotonoyl-CoA and carnitine could result from (i) a catalytic
mechanism involving a ternary enzymsubstrate complex, independent of a covalent anhydride
intermediate with Asp169, (ii) a spontaneous reaction of the substrates in solution, followed by binding
to the enzyme, or (iii) an involvement of another residue substituting functionally for Asp169, such as
Glu23.

L-Carnitine R-[—]-3-hydroxy-4-trimethylaminobutyrate)  tyrobetaine via the formation of crotonobetaine (Figure 1).
plays various important functions within eukaryotic and The genes comprising the proteins of tBecoli carnitine
prokaryotic cells. In eukaryotes, carnitine is used in the pathway,caiTABCDE form a single operon that is tran-
transport of long-chain fatty acids across the inner mito- scribed under anaerobic conditions and is induced by
chondrial membranel]. In prokaryotes, carnitine, along with  carnitine ). CaiT is a putative carnitine transporter, while
other betaines, serves as an osmoprotecretr(d in some  Caij,_¢ are metabolic enzymes associated with carnitine
cases as a growth stimular)(There is also interest in the  metabolism. A sixth protein, CaiF, is not part of this operon

industrial, enzymatic-based synthesis oftarnitine @)  put functions as a carnitine-sensitive transcriptional regulator
because this compound has a variety of medical applicationsyf the cai andfix operons 9).
(5).

Carnitine metabolism in bacteria can proceed by one of Ca.“B gatalyzes the first step in carpltlne metabollsm,
three possible route$); Some organisms, such Bseudomo- Ieadmg flnally to the pr_oduqt-butyrobe_tgme. This enzyme
nasspecies, utilize camitine as a sole source of carbon and"ad 0riginally been designated as carnitine dehydratase (E.C.
nitrogen @), while a second group degrades only the carbon 4.2.1.89;10, 11) but does not possess this activity and has
backbone to yield the product trimethylamiri®.(The third bggn subsequently'recharactenzed as a'CoA transferase that
route, utilized by Escherichia coli does not result in  Utilizes crotonobetainyl-CoAy-butyrobetainyl-CoA, or car-
assimilation of carnitine; instead, it is convertedtdu- nitinyl-CoA and their respective betaines, crotonobetaine,
y-butyrobetaine, oc-carnitine (E.C. 2.8.3.-12; Figure 1).
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Ficure 1: CoA-transferase reaction catalyzed Bycoli CaiB and its associated CoA cosubstrates. (a) Chemical structures of CoA and
CoA derivatives referred to in this paper. The groups (R:) attached to CoA yields the ligdndgrobetainyl-CoA, crotonobetainyl-CoA,

and carnitinyl-CoA. (b) Schematic diagram showing the chemical reaction catalyzed byl2niBiére, the CoA moiety of crotonobetainyl-

CoA is transferred to carnitine, yielding free crotonobetaine and carnitinyl-CoA. (c) Proposed reaction leading to formation of carnitinyl-
CoA observed in crystals of CaiB cocrystallized with crotonoyl-CoA and carnitine. Figures were prepared using ISIS DRAW (www.mdl.com).

CoA-transferases have been grouped into three distinctits catalytic mechanism2@). Here, we report the crystal
families based on amino acid sequence, biochemical, andstructure ofE. coli CaiB in the apo form and in complex
mechanistic criteria 15). Family | consists of hetero-  with bound CoA. We have also determined the structure of
oligomeric enzymes that use acetyl-CoA or succinyl-CoA the Aspl169Ala mutant cocrystallized with both crotonoyl-
as CoA donors and that operate with a ping-pong kinetic CoA and carnitine where, surprisingly, we identified bound
mechanism. Family 1l contains only a few members, includ- carnitinyl-CoA, the product of the reaction. This is the third
ing citrate lyase (E.C. 2.8.3.10) and citramalate lyase (E.C. member of the class Ill CoA transferase family to be
2.8.3.11). Family IIl has been identified more recent)( structurally characterized, revealing a similar overall fold and
and contains formyl-CoA:oxalate CoA transferase (E.C. mode of cofactor binding. The complex with carnitinyl-CoA
2.8.3.16;16), succinyl-CoA:R)-benzylsuccinate CoA-trans-  reveals the interactions between CaiB and the betainyl moiety
ferase (E.C. 2.8.3.1%.7), (E)-cinnamoyl-CoA:R)-phenyl- of the CoA thioester.
lactate CoA-transferase (E.C. 2.8.3.18), and butyrobetainyl-

CoA:(R)-carnitine CoA-transferase (CaiB, E.C. 2.8.32). EXPERIMENTAL PROCEDURES

The family Il CoA transferases are classified within PFAM Cloning, Expression, and Purificatiofthe caiB gene 25)
PF02515 (PFAM databas&9) and include the bile-acid- was PCR-amplified fronE. coli MC1061 genomic DNA
inducible operon protein F (BaiF), a bile acid-CoA hydrolase using Taq DNA polymerase (GE Healthcare) and forward
(20). and reverse primers (ldkabel Scientific, Montreal, Quebec,

Crystal structures have been obtained for formyl-CoA Canada) and cloned into tBanH1—Ndel site of a modified
transferase fronDxalobacter formigeneis apo- and CoA- PGEX-4T1 vector yielding an in-frame N-terminal GST
bound forms 21) and a putative formyl-CoA transferase, fusion protein. The CaiB Asp169Ala mutant was prepared
YfdW, from E. coliin an apo form and as a ternary complex using mutagenic primers according to the Quik-Change
bound to CoA 22) and to oxalate and acetyl-CoR3). These  protocol (Stratagene) and confirmed by DNA sequencing
enzymes form unusual, intertwined dimers, with each (BioS&T, Inc., Montreal, Quebec, Canada).
monomer forming a ring with a large hole in the center  For protein production, a 1.0 L culture Bf coliDL41 in
through which the other monomer is threaded. This archi- | eMaster medium fop-selenomethionine (SeMéfabeling
tecture presents an unusual folding problem that neverthele35(26) or for unlabeled protein, a 0.5 L culture Bf coli BL21,
has been solved in nature with a range of diverse primary containing ampicillin (10Qug/mL), was inoculated with a
sequences that retain less than 25% identity to one another100 mL overnight culture and grown f@ h at 37°C.
Recently, site-specific mutagenesis and crystallographic
trapping of the covalent acyl._enzyme int.ermediate of formyl- 1 Abbreviations: rmsd, root-mean-square deviation; SeMet,
CoA transferase fror®. formigenesin which Asp169 forms  sejenomethionine; TLC, thin-layer chromatography; TLS, translation-
an oxalyl-aspartyl anhydride, have been used to determinelibration-screw.
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Isopropyl thiogalactopyranoside (IPTG, Sigma) was added For cryoprotection, crystals were transferred briefly to a

at a final concentration of 0.1 mM, and the culture was
continued for 6 h. Cells were harvested by centrifugation
(400@g, 4 °C, 25 min) and stored at20 °C.

The cell pellet from a 0.5 L culture was resuspended in
40 mL of lysis buffer (50 mM potassium phosphate at pH
7.8, 0.4 M NacCl, 5% glycerol, 10 mM DTT, and 1% Triton
X-100), and the cells were lysed by sonicationX815 s,
with 15 s between bursts). Cell debris was removed by
ultracentrifugation (1000@f) 20 min, 4°C), and the super-

natant containing GST-CaiB passed through a DEAE column

(2.5 mL bed) equilibrated in lysis buffer. The flow-through

from this column was applied to a glutathione-Sepharose

column (bed volume= 4 mL) equilibrated in lysis buffer.
After application of the protein, the column was washed with

10 bed volumes of 50 mM potassium phosphate at pH 7.8,

0.4 M NaCl, 5% (v/v) glycerol, and 10 mM DTT, followed
by 10 bed volumes of 50 mM potassium phosphate at pH
7.8,1 M NaCl, and 10 mM DTT, and finally 10 bed volumes
of 50 mM potassium phosphate at pH 7.5 and 10 mM DTT.

The GST beads were then resuspended in 2 mL of the final

buffer. Cleavage of the GST fusion protein was carried out
by adding bovine thrombin at a ratio of 1:1000 (v/v) and
incubating at 23°C for 2 h. The flow-through fraction,
containing cleaved GST fusion protein, was collected.
Purified protein was characterized by SBIBAGE, native
PAGE, and dynamic light scattering (DLS) using a DynaPro
MSPII molecular sizing instrument (Proterion Corp., Pis-
cataway, NJ).

Crystallization. Crystals of apo-CaiB were obtained by
sparse-matrix screening using kits | and Il from Hampton
Research (Aliso Viejo, CA). A 0.5L drop of purified
protein (7.7 mg/mL) in buffer (50 mM potassium phosphate
at pH 7.8 and 5 mM DTT) was mixed with 0,8L of
reservoir solution in an Impact microbatch crystallization
plate (Hampton Research) covered with paraffin oil using a
Hydra Il crystallization robot (Matrix Technologies, Walnut
Creek, CA). Crystals appeared after 2 days at °Zl
Optimized crystals of CaiB belonging to space grédpwvere
obtained by mixing luL of protein in buffer with 1uL of
reservoir solution (22.5% [w/v] PEG 8000, 0.1 M Tris-HClI

reservoir solution supplemented with 10% (v/v) glycerol,
picked up in a nylon loop, and flash-cooled in the nitrogen
cold stream at 100 K. X-ray diffraction data were collected
at beamlines X8C and X25, NSLS, Brookhaven National
Laboratory, Upton, NY. Data were recorded using a Quantum
4 CCD detector (Area Detector Systems Corp., Poway, CA)
(beamline X8C) or Quantum 315 CCD detector (beamline
X25) and integrated and scaled using HKL20Q@)(
Structure Determination and Refinemerithe crystal
structure of apo-CaiB was determined, usiRty SeMet-
labeled crystals, by a three-wavelength MAD experiment
about the SeK edge (peak, inflection, remote; Table 1).
During the initial phasing, a total of 58 of 68 expected Se
sites were identified and phases calculated to 2.0 A resolution
using SOLVE 8), yielding a figure of merit of 0.61.
Automated density modification and model building using
RESOLVE @9), alternating with refinement using REFMAC
(30), further improved the electron density map and allowed
automated model building of 93% of the expected residues
within the asymmetric unit. Manual fitting of the model was
performed using the program Q1), followed by refinement
with REFMAC against all data to 1.85 A resolution, yielding
the final model with aRyor Of 0.176 andRyee Of 0.212. TO
obtain the structure of apo-CaiB fro@2 crystals or the
CaiB-CoA or carnitinyl-CoA complexes, molecular replace-
ment using the model from space groRp was performed
using MOLREP 82) of the CCP4 suite33). The refinement
with REFMAC at 1.6 A resolution converged Box of
0.187 andRyee Of 0.213. No NCS restraints were applied.
The structure of CaiB cocrystallized with crotonoyl-CoA
(space grouf4,2:2) was determined by molecular replace-
ment and showed electron density only for bound CoA.
Standard refinement with REFMAC resulted in relatively
high R factors. Therefore, we applied the translation-libration-
screw (TLS) option 34, 35), which led to a substantial
decrease iRRyork and Ryee, and this option was used for all
refinement of models in the tetragonal space group. The
refinement at 2.3 A resolution converged tBga of 0.198
andRyee 0f 0.237. The Asp169Ala mutant cocrystallized with
crotonoyl-CoA was isomorphous to the previous crystals and
showed electron density only for the CoA portion clearly

at pH 7.0, and 0.2 M sodium acetate). These crystals haveending at the terminal sulfur atom of CoA. This structure

unit cell dimensionsa= 70.8 A, b =832 A,c =89.9 A,

o = 100.#, § = 110.0, andy = 100.C, with Z = 4 and
diffract to 1.85 A resolution. A second crystal form of apo-
CaiB was obtained from a reservoir solution containing
12.5% [w/v] PEG 8000, 0.1 M Tris-HCl at pH 7.5, and 200
mM MgCl,. These crystals belong to space grdt® and
have unit cell dimensiona = 184.3 A,b = 106.2 A,c =
69.7 A, andg = 107.5, with Z = 12 and diffract to 1.6 A
resolution. Crystals of CaiB cocrystallized with either CoA
or crotonoyl-CoA (5 mM) were obtained from well solution
containing 1.35 M sodium citrate and 0.1 M Tris-HCI at pH
7.0 after 1 week at 21C using 1uL of 7.7 mg/mL CaiB in
buffer and 1uL of reservoir solution. These crystals belong
to space grou4,2;2 and have unit cell dimensiors= b

= 87.1 A andc = 164.0 A, withZ = 8 and diffract to 2.3

A resolution. Similar conditions were used to obtain crystals
of the Asp169Ala mutant of CaiB in the presence of 5 mM
butyryl-CoA or crotonoyl-CoA in the presence or absence
of carnitine. These crystals diffract to 2.4 A resolution.

was refined at 2.4 A resolution with By Of 0.198 and
Riree Of 0.244. When both crotonoyl-CoA and carnitine were
cocrystallized with the Aspl69Ala mutant, the observed
electron density extended beyond the CoA moiety and
corresponded very well to the expected structure of carniti-
nyl-CoA instead. The model containing bound carnitinyl-
CoA was refined at 2.4 A resolution with Ryor of 0.205
and Riree of 0.252.

TLS refinement of apo-CaiB in thel or C2 crystal forms
did not reduce th& factors and therefore was not employed
in the final refinement. A summary of the data collection
and processing statistics of the refined models obtained are
presented in Table 1.

Enzyme Actiity Measurementg\ctivity assays with CaiB
or CaiB Asp169Ala were performed by detection of products
by thin-layer chromatography (TLC) and by EESI-MS
(1100 Series LEMSD, Agilent Technologies, Mississauga,
Ontario, Canada). Incubation mixtures containedug0of
protein in either 50 mM potassium phosphate buffer at pH
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Table 1: X-ray Data Collection and Refinement Statistics

D169A complexes
wild type crotonoyl-CoA
crystal apo crotonoyl-CoA crotonoyl-CoA and carnitine
Data Collection

space group P1 c2 P4,2,2 P4,2,2 P4,2,2
unit cell

a 70.8 184.3 87.8 86.8 86.6

b (A) 83.2 106.2 87.8 86.8 86.6

c(A) 89.9 69.7 164.5 164.1 163.9

o (deg) 100.4 90 90 90 90

f (deg) 110 107.5 90 90 90

y (deg) 100 90 90 90 90

z 4 12 8 8 8
wavelength 0.9792 0.9802 0.964 11 11 11 11
resolution (A) 56-1.9 50-1.88 50-1.85 50-1.6 50-2.3 50-2.4 50-2.4

(1.97-1.90) (1.95-1.88) (1.92-1.85) (1.66-1.60) (2.39-2.30) (2.5-2.4) (2.5-2.4)
observed reflections 544 906 542 746 523 077 617 583 174904 177 290 296 577
unique reflections 140 677 143 813 149 486 168 176 29 328 24 947 25150
redundancy 3.9 3.9 35 3.7 5.9 7.1 11.7
completeness (%) 96.2 (79) 95.1 (70) 95 (69.7) 99.9 (100) 98.1 (99.9) 98 (99.8) 99.7 (100)
Reym 0.093 (0.395) 0.108 (0.384) 0.091 (0.409)  0.083(0.401) 0.054 (0.567) 0.061(0.412) 0.062 (0.444)
/ol 11.5 (4.2) 12.3 (4.5) 11.7 (3.4) 12.6 (4.6) 26.7 (3.8) 18.3 (5.9) 19.4 (5.87)
Wilson B factor (AR 17.9 15.6 53.7 53.9 47.0
Refinement

resolution (A) 48.8-1.85 45.6-1.6 41.1-2.3 43.4-2.4 49.09-2.4
Ruork 0.176 (134 521) 0.187 (159 525) 0.198 (27 309) 0.198 (25321) 0.205(23 801)

(number of reflections)
Riree 0.212 (14 911) 0.213(8476) 0.237 (1457) 0.244 (1265)  0.252 (1274)

(number of reflections)
B factor (A2)

(number of atoms)

protein 18.49 (12576) 18.18 (9561) 54.77 (3028) 52.67 (3024)  50.78 (2999)

solvent 28.91 (1560) 29.09 (1174) 54.41 (80) 50.13 (88) 45.50 (82)

ligands 65.55 (48) 59.27 (48) 70.17 (58)
Ramachandran

allowed 99.4 99.4 99.3 99.4 98.8

generous 0.4 0.5 0.7 0.3 0.6

disallowed 0.2 0.1 0 0.3 0.6
rmsd

bonds (A) 0.008 0.007 0.013 0.013 0.012

angles (deg) 1.045 1.005 1.325 1.371 1.371
PDB code 1XK6 1XK7 IXVT 1XVU 1IXVV

7.8 or under conditions similar to those used in crystallization 1XVU (CaiB(Aspl169Ala)-CoA, space group4:2;2), and
(0.675 M sodium citrate and 50 mM Tris-HCI at pH 7.0) 1XVV (CaiB(Aspl69Ala)-carnitinyl CoA, space group
with either 5 mM butyryl- or crotonoyl-CoA in the presence P4,2,2).

or absence of 5 mM carnitine (Fluka Chemical Co.).

Reactions were incubated at 2T for a minimum of 24 h. RESULTS AND DISCUSSION

Parallel incubations in the absence of enzyme were per- Quality of the Refined CaiB Model#Apo-CaiB was
formed and used as controls. For TLCul of reaction  crystallized in two forms, space group4 andC2, and the
products was spotted on a TLC plate (silica gel), developed |atter model was refined to 1.6 A resolution with good
in a solvent system consisting wfhutanol/water/acetic acid  stereochemistry (Table 1). Each molecule of apo-CaiB
(52:28:20%, vlv) and spots were visualized under UV light. includes residues-4405 (1 crystal form) or residues-3405
CoA and CoA-thioesters were run in parallel and used to together with the N-terminal residues Ser-His originating
determineR; values. From the same reaction mixturegll  from the pGEX-4T1 vector following cleavage of the fusion
of reaction products was diluted 25-fold with HPLC water, protein with thrombin €2 crystal form). Two residues with

4 uL was injected onto a Zorbax 300SB C18 column, and ell-defined electron density, Glu23 and Asp76, in both the

products were eluted with water/acetonitrile containing 10 p1 andC2 models of apo-CaiB are found in the disallowed
mM ammonium formate. CoA and CoA-thioesters were region of the Ramachandran p|ot, as determined using

detected using a diode-array detector to record on-line spectrgpROCHECK 87).
of the elution peaks. Mass spectra were acquired in negative The cosubstrates of CaiB, crotonobetainyl-CoA arioli-
mode and analyzed using Agilent ChemStation software tyrobetainyl-CoA (3), are not available commercially,
(version A.09.01). although similar ligands lacking the betaine moiety, NgGH
PDB Accession CodesCoordinates of apo-CaiB, its namely, butyryl-CoA and crotonoyl-CoA, are available
complex with CoA, and bound to carnitinyl-CoA have been (Figure 1). Cocrystallization of apo-CaiB with either CoA
deposited in the RCSB Protein Data Bar36)(with PDB or crotonoyl-CoA yielded crystals that contained only bound
codes 1XK6 (apo-CaiB, space groBf), 1XK7 (apo-CaiB, CoA. Crystals of CaiB were also obtained in the presence
space groupC?2), 1XVT (CaiB-CoA, space group4,2;2), of butyryl-CoA, but they did not diffract to sufficiently high
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resolution and were not characterized further. Because CoA(a)
but not intact crotonoyl-CoA was observed in electron-
density maps for apo-CaiB cocrystallized with crotonoyl-
CoA, an active-site mutant CaiB enzyme, Aspl169Ala, was
prepared, purified, and crystallized with CoA derivatives.
As expected from the DNA sequence of the mutant, electron
density was visible only up to/£at residue 169, confirming
the presence of Ala at this position. Crystals of the
Aspl69Ala mutant cocrystallized with crotonoyl-CoA showed
electron density only for the CoA portion. When both
crotonoyl-CoA and carnitine were cocrystallized with the
Aspl69Ala mutant of CaiB, the observed electron density
extended beyond the CoA moiety and was interpreted as the
structure of carnitinyl-CoA instead. Attempts to obtain a Lnk1
complex with bound carnitine alone, either by soaking or
cocrystallization with either apo-CaiB or the Aspl69Ala
mutant, with or without CoA or its derivatives, were
unsuccessful. As in previous studies Bf coli YfdWw,
attempts to form a ternary complex with the cofactor and
substrate have been either unsucces2®) ¢r have yielded (b)
a nonproductive complex with the substra®S)(

In tetragonal crystals containing either bound CoA or
carnitinyl-CoA, some surface regions of the large domain
not involved in crystal contacts, including residues1,
46—-49, 69-90, 106-120, 185-193, 345-350, and 36#

405, showed less well-defined electron density with most
side chains modeled as poly-Ala and therefore have some-
what higherR factors than obtained with the apo structures.
A substantial decrease in thRfactors upon applying the
TLS correction demonstrated an overall anisotropic motion
of molecules in this crystal form. These regions are well-
ordered in the better diffracting1l andC2 crystal forms, g
with some of them involved in crystal contacts, and no f‘“{'g%

large domain
Lnk2

;jé)
L
small domain

2

corrections for anisotropic motion of the molecules were
necessary. We also find that corresponding regions of the

YfdW and formyl-CoA transferase structures are well- Ficure 2: Structure of the CaiB monomer and dimer. (a) Ribbon

. representation of the monomer, showing the larger, N-terminal
ordered through crysj[al lattice contacts._ . domain containing the Rossmann fold (top) and the smaller,
Structure of the CaiB Monomer and Dimépo-CaiB in C-terminal domain (bottom). The carnitinyl-CoA is shown in a stick

the P1 unit cell contains four monomers, arranged in two representation. (b) Structure of the CaiB dimer. One monomer is
dimers. The dimer formed from two interlocked monomers colored aCCO(ding to the $ec0ndary structure, with helices in red
adopts an unusual architecture, which is a hallmark of the gndﬁ strands in ye"o""aWh'.'e thg S,'\ﬁgl’_”d monomer IIS colored cyan.
class lll CoA transferase family (Figure 221—23). Each 1gures were preparec using vy (www.pymol.org).
monomer consists of a large (residues Metyr201 and filtration (11) and in the crystal. In the dimer, the two large
Asn363-Asp405) and a small (residues Gly22Bys321) domains from each chain interact closely, with the concave
domain, at either end of an oval-shaped ring £@5 x 30 sides of the twg sheets facing each other. The long helices
A) with a hole in the middle, connected by two linkers, lining this face of the sheet form an angle fl5° and
Glu202-Lys227 (Lnk1) and Val322Asn362 (Lnk2) (Fig- provide the main contacts. The small domains face the large
ure 2a). The first 201 residues of the large domain adopt andomains from the opposite monomer but make very few
o/ploe structure with a Rossmann fold containing a six- direct interactions with them or with each other (Figure 2b).
stranded3 sheet and two helices on each side of the sheet. A cleft, which represents the location of the active site, is
The small domain consists of a 4-stranded, antipardllel located between the large and small domains of the two
sheet, flanked on the solvent side by three helices. A long monomers that form the dimer.
loop connects helices 2 and 3. The structures of the individual Comparison with Other Family |1l CoA Transferas@e
apo-CaiB monomers and dimers are very similar in the two structures of two other enzymes belonging to the class Il
crystal forms. A comparison of the seven individual apo- CoA transferase family are presently known, namely, formyl-
CaiB monomers in the two crystal forms showed that the CoA transferase fronOxalobacter formigeneéPDB code
root-mean-square deviation (rmsd) for main-chain atoms is 1P5H,21) and a putative formyl-CoA transferase YfdW from
within 0.19-0.36 A, indicating that the structure of apo- E. coli (PDB code 1Q6Y23). These two proteins display
CaiB monomers or dimers does not differ significantly 57% amino acid sequence identity, and their structures
between the two packing environments. superimpose very well. The only significant difference
CaiB forms dimers, both in solution as we observe by between them is that the loop in the Lnk1 linker in e
dynamic light scattering and as shown previously by gel formigenesnzyme is 10 residues longer (Asn232u241)
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FIGURE 3: Superposition of monomers of apo-CaiB (PDB 1XK§), formyl-CoA transferase (PDB 1Q6Y;-), andE. coli YfdW (PDB
1P5H, - - -). Structures were superposed using Deep Vi (

than the corresponding loop in YfdW. Like CaiB, they region of formyl-CoA transferase corresponding to a rotation
associate into intertwined dimers. The precise function of of ~10° along the pseudo 2-fold axis of the dimer.
YfdW remains unknown, although its fold and sequence Structures of CaiB and the Asp169Ala Mutant Bound to
suggest it is a member of the class Ill CoA transferases. CoA. Efforts to soak CoA intdP1 crystals of CaiB did not
Although E. coli CaiB and O. formigenesformyl-CoA  yield an enzymecofactor complex. Cocrystallization of
transferase share only 22% overall sequence identity, theyCaiB with CoA or crotonoyl-CoA did yield a different crystal
have very similar structures, as was originally predicted for form under different conditions compared to apo-CaiB.
family 1ll CoA transferases23). The rmsd between these  Unlike apo-CaiB crystals, however, which grew to their final
two apo structures is 1.50 A for 280uCatoms (Figure 3).  size within a week, cocrystals of CaiB with CoA alone,
Similarly, the superposition of CaiB and YfdW gives an rmsd crotonyl-CoA, or butyryl-CoA took several weeks to grow
of 1.40 A for 250 @ atoms with a sequence identity of to their final size. Crystals of wild-type CaiB cocrystallized
25%. A comparison of CaiB and formyl-CoA transferase with CoA alone showed the expected electron density
shows that the above-mentioned loop in the Lnk1 linker is consistent with this ligand (result not shown). Surprisingly,
shorter by 29 residues than in formyl-CoA transferase. In crystals grown in the presence of crotonoyl-CoA also showed
addition, there is a small insertion of8 residues in CaiB  electron density for only the CoA moiety (Figure 4a),
near residue GIn55. The Rossmann fold domains are veryindicating that CaiB is capable of hydrolysis of crotonoyl-
well structurally conserved between formyl-CoA transferase CoA.
and CaiB, and indeed, the sequence identity in the first 200 coA binds within a deep pocket formed between the large
residues is~28%. Interestingly, the residues conserved in domain of one monomer and the small domain of the second
~90 related sequences (Pfam family PF02515) are locatedmonomer making contacts almost exclusively with the large
within the g strands and on the sides of helices contacting Rossmann fold domain. Much of the adenine ring portion
the strands of th@ sheet with very few conserved residues of the cofactor appears solvent-exposed, unlike in formyl-
involved in dimer-forming contacts. Superposition of the cgA transferase where the ring is wedged in a thin cBH. (
small domains of formyl-CoA transferase (PDB 1P5H) and |n caiB, water-mediated hydrogen bonds3(6 A) are
CaiB, while similar in structure, show more variations than formed between Ser®6 and N7 and N6 atoms of the
for the larger, Rossmann fold domain. The main difference adenine base. The base is also anchored through a hydrogen
is in the region (275285) of CaiB, where the local structures  pond between Leu71 O and N6. The phosphoribose forms
in CaiB and the other two proteins are different. In addition, hydrogen bonds with Arg10% and Argl04+2 as well as
the segment 250296 has a slightly different orientation Lys97NE, The second phosphoryl group also forms a hydro-
relative to the smajf sheet in CaiB and in the other proteins. gen bond with Lys9¥E. The N4 atom of the pantothenic
The linker Lnk2 and the C terminus that forms part of the mojety makes a hydrogen bond with Ala139 O. Finally, the
large domain are quite similar in all three proteins. terminal S atom is hydrogen-bonded to Asp169, as well as
The comparison of dimers of CaiB and formyl-CoA to lle24 N. A number of van der Waals contacts are also
transferase shows that the disposition of the small domainformed between the protein and CoA, including the side
relative to the large domain is somewhat different, largely chains of Ala25, Tyr140, and Met200 that form the binding
because of the presence of a large insertion in the Lnklsite for the cysteamine portion of CoA. The only close
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ALAIIS

Ficure 4: Binding of CoA and carnitinyl-CoA to CaiB. (&f, — F. omit map (CoA omitted prior to refinement) for wild-type CaiB
cocrystallized with crotonoyl-CoA, with the final model of CoA superposed. This map and the one in b are contoured at a lewel of 2.5
(b) Fo — F. omit map (carnitinyl-CoA omitted prior to refinement) for the Asp169Ala mutant of CaiB cocrystallized with crotonoyl-CoA
and carnitine, showing electron density for carnitinyl-CoA. (c) Interactions between CaiB and carnitinyl-CoA. Hydrogen-bonding interactions
are indicated by dashed lines.
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Trise Amies e Aspies
Ficure 5: Comparison of CoA-binding sites in CaiB and formyl-CoA transferase. Superposition of the CoA-binding regions of CaiB
(orange, PDB 1XVT) and formyl-CoA transferase (cyan, PDB 1T4C).

contact with the small domain is between Asn'$%6rom this charge in an otherwise hydrophobic environment. The
the second monomer and the O4 and O5 atoms of thecarbonyl O atom of carnitine is anchored through a hydrogen
phosphoryl group. These hydrogen-bonding interactions arebond with the amide NH of Asn141 The three methyl
summarized in Figure 4c. Superposition of the CoA-binding groups of the betaine moiety are adjacent to a cluster of
sites of CaiB and formyl-CoA transferase (Figure 5) reveals hydrophobic residues, including Tyr¥40ryr166*, Cys236,
that the location of CoA binding is very similar in each case, Val2518, and Leu28B. All of the residues that make
although the pantethenoyl moiety of CoA adopts a somewhatinteractions with the carnitinyl moiety, with the exception
more extended conformation in the CaiB-CoA complex than of Tyr14(*, are found only in sequences closely related to
in formyl-CoA transferase. However, some of the specific CaiB.
protein-CoA contacts are different comparing CaiB and the Comparison of CoA-Bound and -Free Structurd@se
other structures, in part reflecting the low overall sequence active-site cleft of CaiB is observed to close partially upon
identity between these two proteins. binding of CoA or its derivatives. A comparison of CaiB in
The sequence conservation of Aspl69 and its closeapo- and CoA-bound forms reveals that the small domain
position relative to the terminal S atom of CoA in the rotates approximately 2&s a result of CoA binding (Figure
available crystal structures of class Il CoA-transferases 6). Superposition of the two models gives an overall rmsd
suggested it to be a key catalytic resid2d-23). Super- of 1.1 A for all Co. atoms. The domain movements observed
position of CaiB with the formyl-CoA transferase reveals a upon binding of CoA seems to be unique to CaiB, because
very similar position of the Asp169 side chain in the two this is not observed in other class Ill CoA transferase
structures (Figure 5). In an effort to obtain crystals with the structures. Rather, in these structures, only movement of the
intact cosubstrate, we constructed the Asp169Ala mutant of glycine-rich loop (Gly258-261 of formyl-CoA transferase
CaiB, in which the predicted key catalytic residue Asp169 or Gly246-249 of YfdW), a part of the C-terminal domain,
(21, 22, 24) was mutated to alanine. This protein was occurs upon CoA binding2(l—24). In CaiB, there is no
produced, purified, and cocrystallized with CoA derivatives. glycine-rich loop, but instead, a loop consisting of residues
With crotonoyl-CoA, electron density is observed only for Asp230-Cys236 is found at an equivalent position and is
the CoA region of the cofactor, ending at the sulfur atom more closely packed against the C-terminal domain, resulting
(result not shown) as for the wild-type enzyme, suggesting in a more open active-site cleft in CaiB than in the other
that this mutant possesses residual hydrolytic activity. This two CoA-transferases. Unlike in YfdW and formyl-CoA
corroborates a recent report that the same Aspl69Alatransferase, this loop retains essentially the same conforma-
mutation of formyl-CoA transferase fro@. formigenesloes tion in apo- and CoA-bound forms of CaiB.
not completely inactivate the enzyme but reduces the catalytic Mechanism of Catalysi§.he observation of only CoA in
rate by~1300-fold @4). the structure of CaiB cocrystallized with crotonoyl-CoA
Structure of CaiB Aspl169Ala with Carnitinyl-Co¥/hen suggested that the enzyme has the ability to hydrolyze this
both carnitine and crotonoyl-CoA were cocrystallized with CoA derivative. Indeed, both TLC and L&ESI-MS
the CaiB Aspl69Ala mutant enzyme, the electron density analysis of either crotonoyl-CoA (peak at M# 835 Da)
observed in the binding site was consistent with formation or butyryl-CoA (peak at MW= 837 Da) after 3 days of
of the product, carnitinyl-CoA (Figure 4b). Formation of incubation showed the formation of free CoA (peak at MW
carnitinyl-CoA could also be observed when the Asp169Ala = 767 Da) in the presence of wild-type CaiB. Additional
mutant enzyme was cocrystallized with butyryl-CoA and LC—MS experiments showed that butyryl-CoA is a relatively
carnitine, although the electron density for the carnitinyl stable compound, not releasing detectable CoA up to
moiety was weaker in this case. In addition to the interactions incubation times of as much as 10 days. A similar observa-
previously described for bound CoA, the positive charge of tion of only bound CoA in the structure of the CaiB
the quaternary amine moiety of carnitinyl-CoA is proximal Aspl69Ala mutant cocrystallized with crotonoyl-CoA is
to the side chains of Glu23superscript refers to the chain)  consistent with the ability of this mutant enzyme to release
and Glu248 (small domain), thereby serving to neutralize free CoA from crotonoyl-CoA as also confirmed by TLC
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FiGure 6: Structural superposition of dimers of apo-CaiB (blue) and CaiB-carnitinyl-CoA (red) showing the domain movement observed
upon CoA binding. Carnitinyl-CoA is shown in a stick representation.

and LC-ESI-MS. Together, our biochemical and structural proximately 8.0 A removed from Tyr59 of formyl-CoA
data show that wild-type and mutant CaiB are able to catalyze transferase, while with GIn17, the residue lle24 is found at
release of CoA from crotonoyl-CoA. This hydrolysis reaction this position in CaiB. These observations, in addition to the
could occur via activation of a water molecule using Asp169 absence of a flexible loop in CaiB equivalent to the glycine-
(wild-type CaiB) or Glu23 (Asp169Ala mutant) as a general rich loop of formyl-CoA transferase, which has been
base, as shown previously wiftidaminococcus fermentans implicated in playing a role in catalysi®24), highlight
glutaconate CoA-transferasgg). additional differences between these two enzymes.
Surprisingly, in crystals of this mutant cocrystallized with The CaiB-CoA structure is in agreement with the previ-
crotonoyl-CoA and carnitine, we observed electron density ously proposed reaction mechanism employing a series of
that extended beyond the CoA and that was interpreted asaspartyl anhydride intermediateg4]. This would be ex-
carnitinyl-CoA. In the study of formyl-CoA transferas/j, pected to be the preferred route to product formation in CaiB,
the suggestion was put forth that the enzyraabstrate- as with other members of the class Il CoA transferases,
cofactor ternary complex could, even in the absence of accelerating catalysis considerably compared with direct
Aspl69, undergo catalysis leading to formation of the attack of one substrate on the other. Whether the chemical
product, although at a much lower rate (ca. 1300-fold) mechanism employs aspartyl anhydride formation or direct
compared with the wild-type enzyme. Our observations attack of one substrate on the other, formation of an
suggest that, in the absence of the nucleophile provided byenzyme-substrate ternary complex is expected. The kinetic
the protein, catalysis could proceed through the formation mechanism of formyl-CoA transferase has been shown to
of a ternary complex, which would allow for a direct attack be ordered BitBi, involving an enzyme-cofactor-substrate
of carnitine on the CoA substrate, as previously proposed ternary complex in which formyl-CoA binds prior to oxalate
for other family Il CoA transferaseslb, 24). We cannot, at the active site 24). With both succinyl-CoAR)-ben-
however, rule out the possibility that carnitine attacks zysuccinate CoA-transferasisj and cinnamoyl-CoA:phen-
crotonoyl-CoA in solution, yielding carnitinyl-CoA, which  yllactate CoA transferasé&®), kinetic analysis also suggests
in turn binds to the enzyme, or that another residue in the a ternary enzymesubstrate complex, although with the
active-site region, such as Glu23, substitutes catalytically for absence of a covalent enzyme-bound intermediate. This
Aspl69 in the mutant enzyme. In the CaiB-carnitinyl-CoA kinetic mechanism is distinct from that of class | CoA
complex, the side-chain O atom of Glu23 is 4.5 A from the transferases, which utilize a ping-pong mechanig8).(
carbonyl carbon of the anhydride. A small rotation of this While no data on the kinetic mechanism of CaiB are
side chain by about 25would place it within a suitable  available, one similar to that of other class Il CoA-
distance for nucleophilic attack. transferases, in which a ternary complex is formed, is likely
Two other residues, Tyr59 and GInl7 of formyl-CoA (17, 18, 24).
transferase, have been suggested to participate in stabilizing Oxalate is a small substrate and could presumably be
the tetrahedral intermediates through hydrogen-bondingaccommodated within the active site of formyl-CoA trans-
interactions 24). We find that neither of these residues is ferase in the ternary complex with only small, local structural
structurally conserved in CaiB. Tyr58 of CaiB is ap- changes. We do not observe an obvious betaine-binding site
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in the CaiB-carnitinyl-CoA complex that could accommodate
the second substrate of the reaction without causing steric
clashes with the enzyme. The betainyl derivatives used by
CaiB, being larger than oxalate, would likely require greater
structural changes to form the enzymmibstrate ternary
complex. Inspection of the CaiB-carnitinyl-CoA complex
suggests that a repositioning of the small and large domains
of opposing monomers, where the active-site cleft is formed,
would be the most obvious way to accommodate the ternary
complex. It is noteworthy in this regard that CaiB but not
formyl-CoA transferase or YfdW exhibits closure of the
small and large domains upon CoA or carnitinyl-CoA
binding.
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NOTE ADDED IN PROOF

Simultaneous with the submission of this manuscript, the
crystal structure oE. coli CaiB and its complex with CoA
were reported40). There is good agreement between the
two sets of structures, with a rmsd of 0.72 A between apo-
CaiB dimers for all main-chain atoms (PDB 1XK6 and
1XA3), and 0.73 A between the CaiB-CoA complexes (PDB
1XVT and 1XA4). The CoA-induced domain movement has
been identified independently in the two studies. The
locations of the N atoms of the tertiary-amine group of the
bis-tris molecule 40) and carnitine (this paper) agree very
well, confirming the location of the carnitine-binding site.
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