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ABSTRACT: Catalysis by succinyl-CoA:3-oxoacid CoA transferase proceeds through a thioester intermediate
in which CoA is covalently linked to the enzyme. To determine the conformation of the thioester intermediate,
crystals of the pig enzyme were grown in the presence of the substrate acetoacetyl-CoA. X-ray diffraction data
show the enzyme in both the free form and covalently bound to CoA via Glu305. In the complex, the protein
adopts a conformation in which residues 267—275, 280—287, 357—373, and 398—477 have shifted toward
Glu305, closing the enzyme around the thioester. Enzymes provide catalysis by stabilizing the transition state
relative to complexes with substrates or products. In this case, the conformational change allows the enzyme
to interact with parts of CoA distant from the reactive thiol while the thiol is covalently linked to the enzyme.
The enzyme forms stabilizing interactions with both the nucleotide and pantoic acid portions of CoA, while
the interactions with the amide groups of the pantetheine portion are poor. The results shed light on how the
enzyme uses the binding energy for groups remote from the active center of CoA to destabilize atoms closer to

Department of Biological Sciences, University of Calgary, 2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada

the active center, leading to acceleration of the reaction by the enzyme.

Succinyl-CoA:3-oxoacid CoA transferase (SCOT)' catalyzes
the transfer of CoA from succinyl-CoA to acetoacetate. Aceto-
acetate is one of the compounds in ketone bodies. Ketone bodies
are produced by the liver and circulated through the bloodstream
to extrahepatic tissues, such as the heart and the brain, to be used
as a source of energy. In the mitochondria of these tissues, SCOT
produces acetoacetyl-CoA, which acetoacetyl-CoA thiolase con-
verts to acetyl-CoA. Acetyl-CoA can then enter the citric acid
cycle to provide energy.

Classical biochemical experiments by William Jencks and his
research group investigated the catalytic properties of SCOT
using enzyme purified from pig heart. They showed that during
catalysis the CoA group from succinyl-CoA is transferred to
a glutamate residue of SCOT, forming a thioester intermedi-
ate (/). This glutamate residue was later identified as Glu305 (2).2
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Falcone and Boyer had earlier demonstrated that the reaction
takes place through an anhydride intermediate (3). This means
that the transfer of CoA is actually done in two steps: first the
succinyl group is transferred to GIu305 to form the anhydride
intermediate; then the CoA that has remained associated with the
enzyme exchanges with succinate to form the thioester inter-
mediate (4). Transfer of CoA to acetoacetate occurs via reversal of
the previous steps, with acetoacetate being first linked to Glu305
and then transferred to CoA. This reaction mechanism is thought
to be common to all class I CoA transferases and to the class 111
CoA transferases, which have a different protein fold and an
aspartate residue instead of the active site glutamate residue (9).

SCOT is an excellent enzyme, accelerating the transfer of CoA
by a factor of 10'® (6), 10" of which comes from interactions with
the nonreactive portions of CoA (7). These interactions stabilize
the transition state relative to either the noncovalent complex
with the substrate or the covalently bound thioester intermediate.
This mode of stabilization is a feature of enzymes, since it
provides acceleration of the rate of the reaction while avoiding
inhibition by substrates and products. In only a few cases have
the stabilization energies of an enzyme been quantified, and
Jencks’ group measured these for SCOT using truncated versions
of the substrate. The nucleotide portion was found to stabilize the
first transition state by —8.9 kcal/mol (6), the thioester intermedi-
ate by —6.9 kcal/mol (8), the second transition state by —8.5 kcal/
mol, and the noncovalent complex by only —2.2 kcal/mol (6).
In contrast, interactions of the pantoic acid portion of CoA
with SCOT were found to destabilize the thioester intermediate
by 4.8 kcal/mol but stabilize the first transition state by —5.2 kcal/
mol, the second transition state by —4.9 kcal/mol, and the non-
covalent complex by —1.8 kcal/mol (6). The conclusion was that
although it was interactions with the nucleotide portion that
stabilized the thioester intermediate, the interactions with the
pantoic acid portion that destabilized this intermediate led to a
large part of the rate acceleration by the enzyme.
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A conformational change in SCOT that occurs on forming
the thioester intermediate was deduced from studies of the chem-
ical modification of cysteine residues and the inactivation of
SCOT (9, 10). However, when a similar class I CoA transferase,
Ydif from Escherichia coli, was crystallized in both the free form
and covalently bound to CoA, the enzyme adopted a similar
conformation in both structures (/7). This conformation was
different from that seen in crystal structures of the free form
of SCOT (/2—14). We have now crystallized and solved the
structure of the SCOT-CoA thioester intermediate. SCOT is a
dimeric protein, and the asymmetric unit of the crystals contains
four SCOT dimers, two with CoA covalently bound at each of the
active sites and two in the free form. These structures, determined
under identical conditions, show that SCOT does have a different
conformation when CoA is bound. The structure of the SCOT-
CoA thioester intermediate allows us to see the interactions with
the nucleotide portion that provide stabilization of this inter-
mediate and to understand how the pantoic acid portion provides
the destabilization that leads to acceleration of the reaction by the
enzyme.

EXPERIMENTAL PROCEDURES

Protein Production. Pig heart SCOT was cloned and over-
produced in E. coli. To increase the yield and the speed
of purification, a carboxy-terminal Hisg tag was added to
the protein by ligation of the gene into the pET-42b(+) vector
(Novagen). The ligation used a preexisting Xbal site upstream
of the gene in the pT7-7 vector but required the introduction
of an Xhol site downstream. Two primers were designed to flank
the gene. The forward primer was CGACTCACTATAGGGA-
GACCACAACGGTTTCCC, and the reverse primer was CCA-
CATTTCAAGTCTCGAGCTGCTGCATTGGTATCAG. Base
changes indicated in bold, in addition to ligation into the vector,
changed the carboxy-terminal residues of SCOT from VTT to
LEHg. The polymerase chain reaction (PCR) with Phusion Hot
Start High-Fidelity DNA polymerase (Finnzymes) used an initial
annealing temperature of 60 °C, which was increased by 0.3 °C per
cycle for 20 cycles. The PCR product and pET-42b(+) plasmid
DNA were doubly digested with 10 units each of Xhol and Xbal
at 37 °C for 1 h. The digestion products were purified, ligated
overnight at 16 °C using T4 DNA ligase, and then transformed
into E. coli DH5a.. Restriction enzyme digests with X/ol and Xbal
checked the ligation, and the gene and flanking regions were
subsequently sequenced.

For protein production, E. coli BL21(DE3) was transformed
with the plasmid. Twenty milliliters of culture grown overnight at
37 °Cin Luria—Bertani media was used to inoculate 1 L of Terrific
broth. The cells were grown until they reached an ODgypn, 0of
3 approximately 3 h later, at which time protein production was
induced with 0.02 mM IPTG, and the cells were grown overnight
at 21 °C. The cells were harvested by centrifugation in a Sorvall
SLC-6000 rotor at 5 x 10° rpm and 4 °C for 30 min and trans-
ferred to 50 mL tubes for storage at —80 °C.

Protein Purification. SCOT was purified using column
chromatography with two resins, Ni-NTA agarose (Qiagen)
and Ultrogel AcA 44 (Pall). During the purification, the enzyme
activity was determined spectrophotometrically by measuring the
production of acetoacetyl-CoA in an assay solution containing
0.30 mM succinyl-CoA, 67 mM lithium acetoacetate, 15 mM
MgCl,, and 50 mM Tris-HCI, pH 9.1 at 21 °C. The extinction
coefficient for acetoacetyl-CoA at 310 nm under these condi-
tionsis 7.8 x 10° M~ em ™' (15). Total protein concentration was
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measured using the Bio-Rad protein assay, which is the Bradford
assay (/6). Specific activity and purity, as judged via sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, were used to
determine which samples to pool during the purification process.
The cells containing the protein were thawed and sonicated
at 4 °C. The debris was pelleted by centrifugation in a Sorvall
SS34 rotor at 1.5x 10* rpm and 4 °C, and the supernatant was
retained. The pellet was resuspended, resonicated, and recentri-
fuged, again retaining the supernatant. The solution was loaded
onto a Ni-NTA agarose column, which was washed with buffer
and with buffer containing 50 mM imidazole. SCOT was eluted
from the column with buffer containing 250 mM imidazole. After
the fractions were concentrated, the sample was loaded onto an
AcA 44 column that had been equilibrated with 10 mM Tris-HCI,
10 mM 2-mercaptoethanol, and 1.0 mM benzamidine (pH 8.0)
and eluted. The final yield was approximately 10 mg of enzyme/L
of initial culture. The specific activity of the purified enzyme was
23.5 umol min~" mg~", comparable to that of enzyme produced
without the carboxy-terminal purification tag (/4). After con-
centration to approximately 20 mg/mL, the protein was quick-
frozen in liquid nitrogen (/7) and stored at —80 °C.

Crystallization. Crystals were grown by vapor diffusion in
hanging drops. The protein solution contained 10 mM acetoa-
cetyl-CoA and 5 mg/mL SCOT in 10 mM Tris-HCI (pH 9). A
0.5 uL drop of this solution was mixed with an equal volume of
the precipitant solution and then hung over a 1 mL well of the
precipitant solution. The crystals grew as thin plates. Even when
viewed under the microscope, their quality appeared variable
because they grew in layers that had different thicknesses.
The piece of crystal used for the data collection was broken from
a crystal that had grown with a well solution of 1 mL of 20%
PEG-3350 and 100 mM Tris-HCI (pH 8.5) to which 20 uL of 2 M
potassium citrate had been added. Its approximate dimensions
were 0.12 x 0.06 x 0.01 mm®. Prior to storage in liquid nitrogen,
the crystal was cryoprotected in a solution containing 22.5% PEG-
3350, 200 mM potassium citrate, 100 mM Tris-HCI (pH 8.2), and
10% glycerol and vitrified in the cold stream of gaseous nitrogen at
100 K (Oxford Cryostream).

Data Collection and Structure Determination. Crystals
were screened, and the diffraction data were collected at beamline
8.3.1 of the Advanced Light Source (ALS) with X-rays of
wavelength 1.11588 A using an ADSC CCD detector. Diffraction
data were processed using the Elves scripts (/8) and programs
from the CCP4 package (19).

The structure was solved by molecular replacement using
the model of a dimer of pig heart SCOT identified in the Protein
Data Bank (20) as 2NRB, chains A and B (/4). The program
PHASER (27) was used in addition to AMoRe (22) because
PHASER can correct for anisotropic diffraction exhibited by
the crystals. Initially, the Crystallography and NMR System
(CNS) (23) was used for the refinement, but the refinement was
completed using REFMACS (24). The program COOT (25) was
used to visualize the maps and models and to validate and adjust
the models. The quality of the model was also judged using the
program MOLPROBITY (26).

Several strategies were pursued to obtain the final model. Tight
noncrystallographic symmetry restraints greatly improved the
model. These restraints were applied to all eight monomers for the
majority of residues in the amino-terminal part of the monomer.
They were applied separately to each set of four monomers for
the carboxy-terminal parts, since it is in the carboxy-terminal
part that SCOT binds CoA. The noncrystallographic symmetry
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Table 1: Statistics for the Data Set

Table 2: Statistics for the Refined Model

resolution range (high resolution shell) (A) 21-2.3(2.42-2.30)

space group Pl
cell dimensions
a,b, ¢ (A) 69.1,107.1, 134.6
a, 3, v (deg) 89.6, 80.2, 75.1
Rinerge” (%) (high resolution shell) 8.6 (23.7)
{D/o({I)))® (high resolution shell) 5.9 (2.3)
no. of observations F = 0 (high resolution shell) 283868 (36175)
average redundancy (high resolution shell) 1.9 (1.8)
% completeness (high resolution shell) 91.4 (82.5)

B-factor from Wilson plot (/D\z) 39

“Runeree = D1 — (DI)/>-> (D), where [ is the intensity of an individ-
ual measurement of a reflection and (/) is the mean value for all equivalent
measurements of this reflection. “(/yis the mean intensity for all reflections;
{a(I)) is the mean sigma for these reflections.

restraints led to the model being of excellent quality when judged
by the validation server, MOLPROBITY (26). With the hope of
improving the R-factors, a correction for the anisotropic diffrac-
tion was applied to the diffraction data using the anisotropic
diffraction server (27). The server recommended a resolution of
2.4 A in the b* direction and modified the data accordingly.
However, refinement against the corrected data led to worse
results than refinement against uncorrected data, likely because
the anisotropic diffraction was not severe and could be accom-
modated better by refinement of the atomic parameters than by
the assumptions made by the server in modifying the data. After
refinement of the model with individual temperature factors,
the TLS Motion Determination server (28) was used to break the
monomers into groups for rigid body refinement of the TLS
parameters. With five identical TLS groups for each monomer
that did not bind CoA and five TLS groups for each monomer
that bound CoA, the Ry, and R-factors dropped to 26.3% and
24.3%. However, the electron density was worse than when the
model was refined with simple isotropic temperature factors.
This was likely because tight noncrystallographic symmetry
restraints had to be applied to the temperature factors when using
TLS groups in the refinement to keep the temperature factors
realistic, and the TLS groups chosen were not able to accom-
modate adequately the differences among the monomers. The
final model has tight restraints on the geometry and positions
related by noncrystallographic symmetry, with weaker restraints
on the temperature factors. Programs from the CCP4 package (19)
aswell as SWISS-PDBVIEWER (29), O (30),and DYNDOM (317)
were used to analyze the models.

RESULTS

Crystals of pig heart SCOT grown with acetoacetyl-CoA were
of variable quality. Even the best diffracting crystal showed
anisotropic diffraction. Statistics from this data set are presented
in Table 1. The crystal belongs to the space group P1, and from
calculations of the Matthews coefficient (32, 33) the crystal was
predicted to contain four dimers in the asymmetric unit.

The presence of the four dimers was clear in the molecular
replacement solution. Two of the SCOT dimers are in the same
conformation as the search model (/4), while the other two have
CoA bound to GIu305 and show the conformational change on
binding CoA. The dimers without CoA and the dimers with CoA
form alternating layers in the crystal. The solution from which the
crystals grew must have contained molecules both with and
without CoA. The K;,, of SCOT for acetoacetyl-CoA is 0.20 +
0.04 mM (7), while the concentration of acetoacetyl-CoA in the

no. of data for refinement (F = 0) 149072
Ryork” (%) (no. of data) 24.5 (141555)

Riwee? (%) (no. of data) 27.3(7517)

no. of protein atoms 28269

residues in four monomers without CoA
A 1247, 259480
B 1247, 262—480
C 1246, 261—-480
D 1—246, 260—480

residues in four CoA-binding monomers

E 1—-246, 265—480
F 1-246, 264—430
G 1-245, 267480
H 1246, 269—480

no. of atoms in four CoA molecules 192

no. of chloride ions 3

no. of water molecules 440

average B-factors for four monomers 31, 36, 35, 38
without CoA, A—D (A?)

average B-factors for four CoA-binding 43, 45, 45, 55
monomers, E—H (/D\z)

average B-factors for four CoA molecules (Az) 52, 55, 47, 68

average B-factors for three chloride ions (Az) 38

average B-factors for water molecules (A%) 25

rmsd‘ of bond lengths compared 0.006
to expected values (A)

rmsd of bond angles compared 0.9

to expected values (deg)
Ramachandran favored
Ramachandran outliers

3608 (98.0%)
8 (0.2%)

“Ryork 18 the R-factor based on data used in the refinement. R-factor =
S Fol = |FI/>IF. b Riee is the R-factor based on data excluded from the
refinement (~5%). ‘rmsd is the root mean squared deviation.

protein solution was 10 mM and the concentration of SCOT,
measured as the concentration of monomers or active sites, was
approximately 0.1 mM. Even though an excess of acetoacetyl-
CoA was used and acetoacetyl-CoA could react with every active
site as indicated by the high specific activity of the enzyme,
once covalently bound, the CoA-enzyme thioester would be
susceptible to hydrolysis. The rate constant for the hydrolysis
of the CoA-enzyme thioester is significant, found to be 0.014 (8)
or 0.10 min~" (9) at pH 8.1, depending on the other conditions.
Some of the SCOT dimers in solution would be expected to have
one monomer without CoA and one with CoA since there is no
evidence of alternating site catalytic cooperativity for the forma-
tion of the CoA-enzyme thioester (9, 34). The crystallization
process is purifying dimers in which the two monomers are
identical, layering alternately the dimers without CoA and the
dimers with CoA. Although this was significant for the crystal-
lization, it should not be interpreted as demonstrating that the
two protomers need to be at the same step in catalysis.

The statistics for the refined model are presented in Table 2.
The average temperature factors for each of the monomers and
for the molecules of CoA are included in this table. It is clear that
some of the monomers are better determined than others. Since
tight noncrystallographic symmetry restraints were applied in the
refinement, the monomers identified as chain A and chain E will
be the focus of the discussion.

Electron density for the glutamyl-CoA is shown in Figure 1A.
The CoA molecule binds in the funnel formed by the SCOT
monomer, extending from Glu305 at the base of the funnel to the
surface where the adenosine group is exposed. Figure 1B shows
how two CoA molecules bind on opposite faces of a SCOT dimer.
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FiGure 1: (A) Stereoview of the electron density for glutamyl-CoA. The F, — F, a, electron density map, calculated without any of the CoA
molecules nor the Glu305 residues to which they are bound, is contoured at 2o in the region of the CoA molecule bound to chain E. CoA and nearby
residues and water molecules, which were included to show hydrogen-bonding interactions (black dashed lines), are drawn as stick models and
spheres, colored according to atom type: C, yellow; N, blue; O, red; P and S, green. This figure and Figure 3 were drawn using the program
PyMOL (38). (B) Ribbon diagram of the SCOT dimer showing the binding sites of CoA. The SCOT monomers are shaded in gray and light blue, the
side chains of the Glu305 residues as well as the CoA are drawn as stick models using colors to represent the atom types as in (A). This figure and
Figures 2, 4, and 6 were drawn using the programs MOLSCRIPT (39) and RASTER3D (40).

DISCUSSION

Conformational Change in SCOT. SCOT does change
conformation on binding CoA, and the conformational change
can be analyzed by comparing the two conformations seen in
this crystal structure. Chain A, which does not bind the CoA
thioester, and chain E, which does, are superposed in Figure 2.
In each of the chains, there is a break in the polypeptide between
residue 245 and residue 269, separating each chain into an
amino-terminal portion and a carboxy-terminal portion (please

see Table 2 for the residue ranges). The conformational change
that the enzyme undergoes on binding CoA closes the enzyme,
bringing residues from the carboxy terminus, specifically resi-
dues 267—275, 280—287, 357—373, and 398—477, toward the
rest of the protein as deduced by DYNDOM (3/). The motion is
a rotation of 14° coupled with a translation of 0.5 A. Although
the active site residue, Glu305, with which acetoacetyl-CoA
reacts to form the thioester is a residue of the carboxy-terminal
portion of the enzyme, it is not part of the domain that moves to
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FIGURE 2: Stereoview of the superposition of the Ca traces of free SCOT and the thioester intermediate. The superposition is based
on the residues of the amino terminus of SCOT that were restrained by noncrystallographic symmetry to be similar in both chains. The Co
trace of the carboxy-terminal portion of chain A, free SCOT, is drawn in cyan, while the Cat trace of chain E, the thioester intermediate, is drawn in
magenta. The side chain of Glu305 and the CoA molecule covalently bound to it are drawn as sticks colored according to the atom types as in

Figure 1. The numbers refer to specific residues of the protein.

FiGuRre 3: Closure of SCOT. Surface diagrams of the binding region of SCOT showing the open conformation of the free enzyme (A) and the
closed conformation of the thioester intermediate (B). The surfaces of residues of the amino-terminal portion of the enzyme, residues 302—356 and
residues 374—397, are in light blue, while the other residues are in gray. [1e284 and Asn292 on one side of the crevice and Tyr314 and Glu330 on the
other side are labeled, as is CoA. CoA is represented as a stick model, colored according to atom type: C, yellow; N, blue; O, red; P and S, green.

close the protein. In general, the motion moves the residues
closer to Glu305.

The active site of class I CoA transferases has been described
as a funnel with the reactive glutamate residue at the base (35). For
the structure of SCOT with CoA bound, acetoacetyl-CoA has
inserted into the funnel to react with Glu305. The CoA molecule
that was transferred to Glu305 fills the funnel, in part because it
causes the funnel to seal along one side (Figure 3). This side is where
residues 282—287 move toward residues 311—328. Two new
hydrogen bonds are found in this region of the closed enzyme,
between the hydroxyl of Ser291 and the carbonyl of Gly312 and
between the side-chain amide oxygen of Asn292 and the backbone
amide nitrogen of Tyr314. The hydrophobic side chains of 1le284
and Leu288 pack near Gly328 and aid in shielding the thioester.
On the opposite side of the funnel, the conformational changes
in the protein are smaller, but there is also one new hydrogen
bond within the protein, where the side chain of Glug4
interacts with the main-chain nitrogen of Val381.

Interactions with CoA in the SCOT-CoA Thioester
Intermediate. The conformational change of SCOT allows it

to interact with CoA while CoA is covalently bound to the active
site glutamate residue. Specific interactions between CoA and
other residues of SCOT, including those linked by water molecules,
are listed in Table 3. The residues that are from the carboxy
terminus and move toward the rest of the protein to enclose
CoA in the funnel are underlined in the table. The majority of
the interacting residues are in this category. The hydrogen
bond between the amino group of the adenine base, N6A, and
the carbonyl oxygen of Met363 is notable because it correlates
with previous biochemical studies: removal of this amino group
reduced k., /Ky for the reactivation of the enzyme thioester
with succinate by a factor of ~40 (6). No strong interactions
with the 3'-phosphate of CoA are seen in the crystal structure,
as expected because similar values of k¢, /Ky for the reactiva-
tion of the enzyme thioester with succinate were determined for
SCOT-3'-dephospho-CoA as for SCOT-CoA (6).

CoA could be envisaged binding noncovalently to several
of the residues of SCOT in advance of any conformational
change. Figure 4 shows the superposition of free SCOT on the
SCOT-CoA thioester based on the residues from the carboxy
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Table 3: Interactions (Distances <3.6 /GX) with CoA, Excluding Glu305¢

portion of CoA atom residue atom distance (A) protein residue interacting with water
nucleotide adenine N3A 11e376 CDlI 3.4
C2A CDI 34
N7A Met363 CA 34
CB 3.5
water (6] 3.4 Lys412
N6A Met363 (¢} 2.9
C8A water (0] 32 Lys412
water (6] 3.5 Lys412, Ala362
ribose 0O2B Lys407 Nz 2.9
CE 3.2
O3B Lys407 NZ 34
O5B water (6] 3.6 Lys412, Ala362
5'-phosphates Ol1A water (¢} 24
02A Glu403 OEl 3.2
water (6] 2.6 Lys412
water O 2.8 Lys412, Ala362
03A water (0] 35
water (6] 2.9 Lys412, Ala362
PIA water (¢} 3.2 Lys412, Ala362
water (6] 3.4
O4A Gly285 CA 3.5
water (6] 3.0
O5A Gly285 CA 3.5
11e286 N 3.0
11e286 CGl1 3.5
pantetheine pantoic acid CDP Asn373 (6] 3.2
Met363 CG 34
OAP 11e284 (0) 3.1
Gly361 CA 34
C 34
(0) 3.5
CAP 11e284 (0) 3.6
O9P Tyr76 OH 3.6
CEl 3.5
N8P Asn373 (¢} 3.2
ND2 34
Cc7pP Gly383 (0) 3.5
Asn373 (0) 32
O5P Asn373 ND2 3.1
Ala387 CB 3.6
Csp Met384 (0) 3.6
N4P Met384 (0) 3.5

“Residues from the carboxy terminus of SCOT that move toward the rest of the protein to enclose CoA in the funnel are underlined.

terminus that move toward Glu305 in the formation of the
thioester intermediate. With the exception of Gly285 and I1e286,
the residues that interact with the nucleotide portion of CoA
superpose well. This demonstrates that the interactions of these
residues with the adenosine 3'-phosphate-5'-diphosphate portion
of noncovalently bound CoA could exist simultaneously without
any conformational change of the enzyme. These are the interac-
tions with the nucleotide moiety of CoA that “pull the pantetheine
moiety into the active site” (8).

A conformational change of the enzyme is required for
the simultaneous formation of all interactions with the pantoic
acid portion of CoA. Figure 4 shows how residues 284—286
shift relative to residues 361—363, which are in similar posi-
tions in the two models superposed. The 2 A shift of residues
284-286 allows the carbonyl oxygen of Ile284 to form a
hydrogen bond with the hydroxyl OAP from the pantoic acid
portion of CoA. The other interacting residues that shift
relative to residues 361—363 are Asn373, which moves ~1 A,
and Tyr76, which moves almost 4 A.

Catalysis proceeds through a mixed anhydride, since the
acetoacetyl group of acetoacetyl-CoA is transferred to Glu305
prior to the reaction of the free thiol of CoA with the anhydride to
form the SCOT-CoA thioester intermediate (3). In the open
conformation of the enzyme, the nucleotide portion of acetoa-
cetyl-CoA could bind to the enzyme, positioning the substrate so
that the sulfur atom is ~3 A from the carboxyl carbon of Glu305
(Figure 4). The acetoacetyl group could extend to Glu305,
making possible the reaction between the glutamate residue
and acetoacetyl-CoA to form the anhydride intermediate.
Once the enzyme closed, the free thiol of noncovalently bound
CoA would be in position to attack the anhydride, forming
the SCOT-CoA thioester intermediate and releasing the aceto-
acetate.

How Binding to Parts of CoA Remote from the Active
Center Aids Catalysis. Experiments measuring the equilibrium
constants for the formation of thioesters of SCOT with truncated
versions of CoA, starting from the SCOT-CoA thioester, quan-
tified the stability of these thioesters relative to SCOT-CoA
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FIGURE 4: Stereoview of the CoA-binding site in the thioester intermediate and in free SCOT. This superposition is based on the residues that
move toward Glu305 on binding CoA: 267—275,280—287,357—373,and 398—477. The residues are drawn as stick models with the atoms colored
according to type: C, yellow for the thioester intermediate and cyan for free SCOT; N, blue; O, red; P and S, green. Select hydrogen-bonding
interactions are shown by black dashed lines. The superposition shows that, with the exception of Gly285 and I1e286, all of the interactions with the
adenosine 3'-phosphate 5'-diphosphate portion of CoA could be formed prior to any conformational change. In the open conformation of free
SCOT, the sulfur atom of the thioester would lie ~3 A from the carboxyl carbon of Glu305.

(o] o
E—l-coa + x == e—ll-x + coa AG
pantoic acid . .
portion nucleotide portion
f T N
X =CoA 0 kcal/mol
o) 0 0 J/\‘ 1S
S~y A~ MO—P—O—P—O N~
N N 1 1
o5 6 w
[¢]
Q0
pantoic acid O_E Y
portion ¢
X = pantetheine 1 6.9 kcal/mol
S\/\NiﬁNMO
(o]
X = N-acetylaletheine 3.7 kcal/mol
o [e]
S\/\NJ\/\NJ\
X = N-acetylcysteamine 2.4 kcal/mol
(o]
S\/\NJ\

FIGURE 5: Drawing of the chemical reaction used to measure the
relative stabilities of the thioesters of SCOT with truncated versions
of CoA. Chemical drawings of CoA and of the truncated versions are
presented below the reaction, along with the values of AG. This figure
is adapted from Figure 1 and Table 1 of Whitty et al. (6).

(Figure 5). The thioester with CoA was more stable than those
with pantetheine, N-acetylaletheine, and N-acetylcysteamine, by
6.9 (8), 3.7, and 2.4 kcal/mol (6), respectively. Since pantetheine
can be thought of as CoA with the nucleotide portion replaced by
hydrogen, or as N-acetylcysteamine with both a methylene group
and the pantoic acid portion added (Figure 5), the addition of the
nucleotide portion stabilizes the SCOT-CoA thioester by 6.9 kcal/
mol while the addition of the methylene group and the pantoic acid
portion destabilizes the SCOT-pantetheine thioester by 4.5 kcal/mol.
This would suggest that the pantoic acid portion destabilizes
SCOT-CoA (6). However, the destabilization is in comparison with
N-acetylcysteamine. The atoms of N-acetylcysteamine in the

SCOT-N-acetylcysteamine thioester need not adopt the same
conformation that they adopt in SCOT-pantetheine. Without
the methylene group and the pantoic acid portion, they could be
positioned to form more stable interactions with the protein. The
addition of the methylene group and the pantoic acid portion in
either the SCOT-pantetheine or the SCOT-CoA thioester may
prevent the atoms from the N-acetylcysteamine portion from
binding in the positions that they adopt in the SCOT-N-acetylcys-
teamine thioester, leading to the higher free energy for the SCOT-
pantetheine thioester than for the SCOT-N-acetylcysteamine thioe-
ster. Hence, the values of the equilibrium constants for the
formation of thioesters of SCOT with truncated versions of
CoA, starting from the SCOT-CoA thioester, lead to two possible
interpretations: either the interactions between the pantoic acid
portion of CoA and the active site directly destabilize the SCOT-
CoA thioester or they lead to less stable interactions between the N-
acetylcysteamine

or the N-acetylaletheine portion of CoA and the active site.
The crystal structure of the SCOT-CoA thioester shows whether
the pantoic acid portion provides destabilizing or stabilizing
interactions with CoA.

The pantoic acid portion of CoA in the SCOT-CoA thioester
appears to have some stabilizing interactions with the enzyme,
but its amide group as well as the second amide group of CoA
forms poor interactions with residues of the protein. The interac-
tions for the pantoic acid portion that appear to be stabilizing are
the van der Waals interactions with its methyl group, CDP, and
the hydrogen bond with its hydroxyl, OAP (Table 3). N8P and
O9P are part of the amide group of the pantoic acid portion.
Although N8P is 3.2 A from the carbonyl oxygen of Asn373, the
orientation of the amide is not correct for hydrogen bonding
(Figure 1A). The orientation would be better for a hydrogen
bond with Asn373, but ND2 of Asn373, not the oxygen atom, is
3.4 A from N8P. The orientation of the side chain of Asn373 is
defined by the hydrogen bonds donated by ND?2 to the carbonyl
oxygen of Gly361 and to O5P of CoA. O9P may form a hydrogen
bond with the hydroxyl of Tyr76, but this hydrogen bond is only
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Table4: Comparisons between Free and CoA-Bound Structures of SCOT and Structures of E. coli Class I CoA Transferase, Ydif, and SCOT Purified from Pig

Heart Using a Cutoff of 2 A To Define Matched Atoms

comparison with free SCOT (chain A)

comparison with CoA-bound SCOT (chain E)

CoA transferase (PDB and chain identifier) rmsd (A) no. of Cat atoms rmsd (A) no. of Cat atoms
free SCOT (chain A) 0 469 0.48 357
CoA-bound SCOT (chain E) 0.48 357 0 462
E. coli Ydif 2AHU, chain A) 1.2 160 1.2 189
E. coli Ydif (2AHV, chain A) 1.1 156 1.2 202
SCOT purified from pig heart (3K6M, chain C) 0.41 325 0.38 443
SCOT purified from pig heart (3K6M, chain D) 0.37 441 0.55 341

A
Glu305 Glu305
Phe25
Asn51
- A32
ASNSZ™ Giycerol
Tyr76

Glu305
Phe25

Asn51

FIGURE 6: Proposed binding site for succinate or acetoacetate. (A) Stereoview of the superposition of glycerol-bound SCOT and free SCOT in the
vicinity of the glycerol (37). The residues are drawn as stick models with the atoms colored according to type: C, yellow for free SCOT and cyan for
glycerol-bound SCOT; N, blue; O, red; P and S, green. Both conformations for Tyr76 in free SCOT are shown. Two water molecules hydrogen-
bonded to glycerol are drawn as red spheres. Select hydrogen-bonding interactions are shown by black dashed lines. (B) Stereoview of the
superposition of glycerol-bound SCOT (37) and the SCOT-CoA thioester in the vicinity of the glycerol. The residues are drawn as stick models
with the atoms colored according to type: C, yellow for the SCOT-CoA thioester and cyan for glycerol-bound SCOT; N, blue; O, red; P and S,

green.

very weak because the distance between the two atoms is 3.6 A.In
support of this, the mutation of Tyr76 to Phe in mouse SCOT
caused a drop in catalytic activity of only 5.6%, demonstrating
that this hydrogen bond is not critical for catalysis (36). For the
second amide group of CoA, OSP accepts a hydrogen bond with
a distance of 3.1 A from ND2 of Asn373, but N4P is 3.5 A from
the carbonyl oxygen of Met 384 and is not oriented for the two
to hydrogen bond. If this part of CoA were not restrained by the
covalent bond to Glu305 and the noncovalent binding of the
pantoic acid portion and the nucleotide portion to the protein, it

would undoubtedly reposition to form better interactions with
the enzyme. This would be why the SCOT-N-acetylcysteamine
and N-acetylaletheine thioesters are only 2.4 and 3.7 kcal/mol less
stable than the SCOT-CoA thioester. The conclusion is that both
the nucleotide portion and the pantoic acid portion provide
the stabilizing interactions with CoA, and these interactions force
the atoms of CoA that lie closer to the reactive thiol to
adopt positions in the active site that have higher energy. SCOT
uses the binding energy for groups remote from the active center
of CoA to destabilize, relative to the configuration that exists in
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the transition state for the reaction, atoms closer to the active
center, leading to acceleration of the reaction by the enzyme.

Role of the Conformational Change in Binding the
Substrate Succinate or Acetoacetate. SCOT has been the
prototype for class I CoA transferases, but is it possible that
SCOT is the only class I CoA transferase to use a conformational
change in the protein on binding CoA to promote catalysis? The
structure of SCOT covalently bound to CoA is more similar to
the structure of Ydif with or without CoA covalently bound (/1)
than is the structure of free SCOT (Table 4). This suggests that
Ydif has only one conformation, the conformation that binds
CoA. However, if the energies of the two conformations of a
protein are similar, crystal-packing interactions can stabilize
one form over the other, selecting which conformation is seen
in the crystals. Although the energy difference between the two
conformations is not known for Ydif, Jencks’ group did measure
equilibrium constants for the formation of the SCOT-CoA
thioester starting from SCOT and acetoacetyl-CoA or succinyl-
CoA (9). The equilibrium constant is 9 for the formation of the
SCOT-CoA thioester from SCOT and acetoacetyl-CoA, leading
to the value of —1.3 kcal/mol for the AG of the reaction. The
equilibrium constant is 0.24 for the formation from SCOT and
succinyl-CoA, leading to the value of +-0.84 kcal/mol for AG. The
small values and their different signs point out that the energy
difference between the two conformations of SCOT is small. It is
possible that a second conformation also exists for Ydif but that
Ydif has not been crystallized in that conformation.

The conformational change seen in SCOT on binding CoA in
the SCOT-CoA thioester appears to be important in forming the
binding site for the second substrate, succinate or acetoacetate.
Recently, the structure of SCOT purified from pig heart was
determined in a crystal form where one of the four molecules in
the asymmetric unit binds glycerol in the site proposed to bind the
substrate succinate or acetoacetate (37). Glycerol was included in
the purification at the significant concentration of 10% (v/v) or
approximately 1.4 M. The SCOT molecule that binds glycerol
at the active site has a conformation very similar to that of the
SCOT-CoA thioester, while the other three molecules have the
conformation of the free form of SCOT (Table 4). The major
difference between the two conformations at the proposed binding
site for succinate or acetoacetate is in the position of 11e284, which
forms van der Waals interactions with glycerol in the complex
(Figure 6A). In the structure of the SCOT-CoA thioester
(Figure 6B), Ile284 would already have moved into position,
preforming the binding site for the substrate succinate or acetoacetate.
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