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Carnitine (Car) and Car acyltransferases are crucial in
regulating the rates at which long-chain fatty acids are oxidized
in the mitochondria of mammalian tisstieAs a specific
cofactor, Car transports fatty acyl groups across the inner
mitochondrial membrane via a GaacylCar translocase.Car
acyltransferases mediate transfer of acyl groups from cytosolic
coenzyme A (CoA) to Car in the outer mitochondrial membrane
and from Car to mitochondrial CoA on the inside of the inner
membrane. Because acyl-CoA, a thioester, has a large group-

transfer potential, acylCar, an oxyester, must have a similar :N\‘ l/
potential to avoid coupling the transfer reaction to an energy- I oac OAc
releasing reaction. To illustratAG°nyq equals—8.2 and—7.9 10.85 D 17.43D
kcal/mol for acetyl-CoA and acetylcarnitine (AcCaf)respec- Fou=0.96 Fousm037
tively. Oxyesters typically have 2.3 kcal/mol lower group- v v
transfer potentials than thioestérdcetylcholine (AcCh), which - coo-
is structurally related to AcCar, has/&G°hyq of —6.47 kcal/ - M I/
mol® Why acylCaf has a larger group-transfer potential than o OH
AcCh has remained a mystery for over three decédes. 5.26 D 9.24 D
Solvation energies can determine the reactivity of “high- Feue=091 Feuc™0.79

energy” compounds. For highly charged molecules, greater
solvation energies of products than those of reactants maythe effect of this population shift on solvation, we used AM1
overcome decreases in bond strengths. In high-energy phosand the COSM& solvent model, because AM1 allows a
phates, such as AThRhe large solvation energy of the dianionic complete conformational search with the quality of atomic
product, phosphate, drives the reaction. Strong solvation of thecharges needed for COSMO. We performed a few ab initio
products substantially increases th&°, 4 for a series of calculations to check for consistency with the AM1 restfits.
uncharged phosphoric and carboxylic anhydritléging—chain A complete study by ab initio methods was impractical. For
tautomerism in sugars behaves similarly because the solvationa calibration check, we compared the energies of selected pairs
energy of the anomeric hydroxyl group is anomalously Bgh.  of minima in gas phase, fully optimized by AM1 vs fully
With more powerful computers, computational chemists strive optimized by HF/6-31G* and single-point by MP2 on fully
to develop calculational methods to enable the correct inclusion optimized HF/6-31G*. We found (Table 1) small differences
of solvent effectdl We can now unravel the influence of in the relative energies. The AM1-optimized geometries were
solvation on the thermodynamics of biological molecules. used as input for HF/6-31G*. The results for AcCh and Ch in
We report herein semiempirical computations, including the gas phase followed the same trends in AM1 and ab initio
solvation, that reproduce qualitatively the conformational popu-
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Table 1. Comparison of AM1 vs 6-31G* in the Gas Phase

relative energies u (D)
compound AM1 6-31G* MP2 AM1 6-31G*
acetylcarnitine 0.00 0.00 0.00 12.15 10.72

0.20 —0.66 0.86 12.66 12.81
carnitine 0.00 0.00 0.00 12.74 12.22
0.94 -0.86 —-0.50 13.42 12.54
acetylcholine 0.00 0.00 0.00 5.92 6.16
0.45 0.55 1.83 6.20 6.95
choline 0.00 0.00 0.00 2.34 1.86
4.89 4.46 5.76 4.10 3.64

aThe first entry for each compound is the global minimum. The
second entry is the second most populated conformer by AM1.

Table 2. Comparison of Dipole Moments of Global Minima in
Water by AM1/COSMO vs 6-31G*/Tomasi

u

compound COSMO Tomasi
acetylcarnitine 26.67 26.67
carnitine 29.17 28.87
acetylcholine 10.85 10.37
choline 5.25 5.03

for the energies as well as the dipoles. Inclusion of correlation
(single-points MP2//HF/6-31G* on optimized structures) switched
the results for AcCar (Table 1§.
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Table 3. Comparison of Calculated vs Experimentet®hyq
(kcal/mol)

AHpyg
compound calcd no buffer pH 7.0
acetylcarnitine —7.43 —4.63 —14.6%
acetylcholine —3.06 —-3.2¢ —13.0¢
3-acetoxypropanoate = —4.02 ndé ncb

aReference 6° nd: not determined.

Table 4. Dipole Moments in Solution andH°’s,y, Calculated by
AM1/COSMO (Exptl Values Measured in Water)

compound @d AH°so (kcal/mol)
acetylcarnitine 27.90 —64.76
carnitine 27.12 —62.35
acetylcholine 9.89 —59.30
choline 4.79 (2.65 exptt) —54.87
3-acetoxypropanoate  16.07 —94.54
3-hydroxypropanoate  8.93 —90.06
acetic acid 6.40 —17.02 (12.7 exptl}
water 2.22 —9.22 (—9.98 exptly

aMaurel, P.; Galzigna, LBiophys. J1971, 11, 550-557.° Wilson,
B.; Georgiadis, R.; Bartmess, J.EAmM. Chem. So4991, 113 1762~
1766.¢ BenNaim, A.Sobation Thermodynami¢®lenum Press: New
York 1987; p 81.

charges); for the ions, the origin was the center of mass of the
molecule). ThelgOof (Ac)Car closely depends on the gH

Another concern was could COSMO reproduce the change CH—CH,COO™ torsion angle, which influences the distance
in the dipole moment when adding a solvent model? We used between the charges in the molecule. The NEEH(O)

the global minima from AM1/COSMO as input for single-point
calculations using the Tomasi solvent model at the HF/6-31G*
level (Table 2). Full optimization at the HF/6-31G*(Tomasi)
level proved impractical. The Tomasi method calculates
values similar to those obtained by COSMO.

From these comparisons, we deduced that the final conclu-

sions of a full conformational search by ab initio methods would
not differ qualitatively with those produced by AM1.

Computations using AM1 and AM1/COSMO as implemented
in MOPAC 6.07 and MOPAC93, respectively, reproduced
qualitatively the Boltzmann factor§ )2 for conformations
of AcCar and Car. For reference, we also calculated the
conformational populations of AcCar, Ch, 3-acetoxypropanoate,
and 3-hydroxypropanoate. We performed a full grid search to
locate the global minima. All conformers up to 3.5 kcal/mol
above the global minimum were usétb calculate Boltzmann
factorsFcqcq for the compounds in gas phase and in solution.
We used these values Bf,cqto predict expectation values for
AH¢ andu. We usedAH, and notAG, because the measufed
difference inAS between the hydrolyses of AcCar and AcCh
is <1 eu?®

The computations magnify the trendAHnyq (Table 3) when
comparing AcCar and AcCh, i.eAAHyg (computed)= 4.37
kcal/mol compared thAHpyqg (experimentaly= 1.67 kcal/mol.
The difference among the thre®Hyyy values resides in the
AAHgq, between the ester and the alcohol: 2.36 (Ac&aar),
4.43 (AcCh-Ch), and 4.48 kcal/mol (3-acetoxypropancase
hydroxypropanoate).

The AH®,, decreases witfkOwithin a pair of molecules,
ester and alcohol (Table 4 for solution-phase dipoles (point-

(16) We are currently working to determine the origin of the discrepancy
between cations and zwitterions by ab initio calculations.

(17) Stewart, J. J. P.; MOPAC: a General Molecular Orbital Package.
Quant. Chem. Prog. Exci.99Q 10, 86.

(18) Al calculations were made on a Silicon Graphics Indigatreme
workstation equipped with a R4400 CPU, 96 MB of RAM and IRIX 5.3.
PCMODEL v.4.0 (Serena Software, Bloomington, IN) was used to generate
Z-matrices for MOPAC 6.0 and MOPAC 93. The optimizations were carried
on until GNORM < 0.01 using BFGS (in gas phase) or until GNORM
0.3 using EF (in solution, EPS 78.3).

(19) Our values in solution are not strictly enthalpies, given that the
inclusion of a continuum solvent potential implies an entropic contribution
in the solvation term (see ref 11d). We thank one of the reviewers for calling
our attention to this point.

torsion angle can affect this distance, but in solution this torsion
angle is “fixed"(>90% in g~ conformation for the (Ac)Car),
due to the “gauche effec?2! From calculations, more than
98% of the conformers have the NgGHCH(O) torsion angle

in g conformation ¢ for the (Ac)Ch andy~ for the (Ac)Car).
Scheme 1 shows the marked changeuimn solution when
changing the most populated conformation (circumscribed) from
“folded” to “extended”.

The zwitterion in both AcCar and Car creates a high polarity
in each. The calculations overestimate fh&for both AcCar
and Car; because, for both, calculations underestimate the
population of “folded” (Scheme 1).

If the distance between charges control solvation, then
neutralization of charge will eliminate “excess” chemical energy.
The methyl ester of AcCar hydrolyzes witkHpyq = —13.02
kcal/mol (pH= 7.0), close to that of AcCh. ComputeXHnyq
values of AcCh and 3-acetoxypropanoate (Table 3) suggest that
neither has a large group-transfer potential.

Our results reproduce qualitatively the experimentally deter-
mined conformational populations of Car and Ac&sas well
as the trends fonH%,4 values of AcCar and AcCh. The
similar polarity of AcCar and Car, which arises from the
conformational change, results in a smalekH0, than that
calculated for AcCh and Ch. The small&AH%,, of the
carnitines compared to that of the cholines serves as a mech-
anism for the release of the chemical energy that gives acylCar
a large group-transfer potential. This finding that conforma-
tionally-dependent solvation energies can increase group-transfer
potentials not only resolves a 34-year old mystery, but suggests
that other biological processes involving zwitterions may use a
similar mechanism to drive chemical reactions.
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