10560 J. Phys. Chem. 004,108, 10560-10564
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The structures and the Lennard-Jones (LJ) parameters of anesthetic 1-chloro-1,2,2-trifluorocyclét3)tane (
and nonimmobilizer 1,2-dichlorohexafluorocyclobutaf®)(were optimized by using ab initio calculations

in conjunction with liquid and gas phase molecular dynamics simulations. Geometry optimization of various
isomers ofF3 and F6 was carried out with MP2/6-311G(2d,p) that reproduced the experimental pucker
angles of the precursors perfluorocyclobutane and cyclobutane more accurately than with B3LYP#&-311
(2d,p). Frequency calculations were performed to ensure that the optimized structures were at minimums of
the potential energy surfaces. The partial atomic chargds3adnd F6 from the Merz-Singh—Kollman
MP2/6-31H-G(2d,p) calculations and the LJ parameters optimized previously for other halogenated compounds
were used to start molecular dynamics simulations. The LJ parameters were then optimized through iterative
adjustments to regenerate the heat of vaporization and the densk@suwflF6 until the differences between

the calculated values and the experimental values or empirical predicted values were less than 2%. With the
optimized structures, the partial atomic charges, and the LJ parante3easd F6 are readily usable as an
anesthetie-nonimmobilizer pair in molecular dynamics simulations aimed at understanding the molecular
mechanisms of general anesthesia.

Introduction

Inhaled anesthetics are an important class of drugs in A
producing general anesthesia, but the molecular mechanisms
of their action in the central nervous system (CNS) remain
elusive! Some studies suggest that the pathways for the inhaled
anesthetics to abolish (inhibit) the voluntary movement in
response to noxious stimuli might be different from that of
producing amnesidWhereas the former is believed to result
from the depression of the spinal cord functions, the latter is
presumptively mediated through possible molecular targets C
within the brain. Although the hypothesis of separate pathways
for immobility and amnesia is not yet proven, compounds such
as 1,2-dichlorohexafluorocyclobutan&6j, which can only
impose amnesia but not immobility, have been identified and
often refereed as nonimmobilizet$hese nonimmobilizers can
be paired with structurally similar inhaled anesthetics that differ
only by two or three atoms. By studying the interaction of the
anesthetie-nonimmobilizer pairs with potential molecular tar-
gets, it is possible to elucidate the underlying mechanisms of
the action of general anesthetfcs. E

NonimmobilizerF6 and anesthetic 1-chloro-1,2,2,-trifluoro-
cyclobutane E3) are a pair of cyclic halogenated compounds
that have been well characterized experimentalfyDespite
their structural resemblance (see Figure 1), they exhibit com-
pletely different anesthetic propertiésn model systems of
biological membranes and proteins, many propertigs3ind
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into regions of the membrane that are water accessible; inliquid simulations, each system consisted of 125 molecules in
contrast,F6 solubilizes deeply into the lipid coreThe study a cubic cell whose starting density was similar to the experi-
concluded that although3 andF6 show similar hydrophobicity mental value of 1.3398 g/chfor F3 or 1.6443 g/crafor F6.
in bulk solvents such as olive oil, their distributions in various The cubic cell lengths were 28.18 and 30.86 ARG andF6,
regions in biomembranes might differ significantly. In the respectively. For gas-phase simulations, 11 molecules were
presence of transmembrane ion chanhethe ability of placed in a box with a cubic cell length of 76.4 or 75.2 A for
anesthetid=3 to interact with the amphipathic residues near the F3 or F6, respectively, so that the system was under the
membrane-water interface and the inability of nonimmobilizer condition that approximately satisfied the idea gas |BV €
F6 to do the same may underline some of the most important nRT). Different isomers were included in the simulation systems
characteristics of anesthetiprotein interactions that are of inthe same ratio as calculated by the ab initio determined Gibbs
functional significance to general anesthesia. Exactly how and free energy differences or based on experimental values.
why F3 and F6 behave differently in biological systems is The parameters for all energy terms, except for the nonbonded
difficult to obtain in time-averaged experiments. Molecular term, were adopted from CHARMMZ2.The bonded forces
dynamics (MD) simulations, in contrast, can provide very were calculated at each time step (1 fs/step), the short-range
specific information about the differences in the molecular nonbonded forces including the van der Waals and electrostatics
interactions and thus can facilitate a comprehensive understandinteraction were computed every 2 time steps, and the long-
ing of the nature of anesthetic action. range electrostatics forces were evaluated every 4 time steps.
Recent advancements in MD simulations have made it A smooth splitting function at a switch distance of 8.5 A was
possible to characterize anesthetic interactions in membrane andised to separate the short-range component of electrostatic
with ion channelg:° The nonbonded parameters of anesthetics interactions from the long-range ones. The cutoff distance for
and nonimmobilizers, especially their Lennard-Jones (LJ) the nonbonded interaction was 10 A with the pair list distance
parameters and atomic charges, are essential in MD simulationsextended to 12 A. The pair list for the nonbonded interaction
for quantifying dispersion/repulsion and electrostatic interactions was recalculated every 20 steps, and the Particle Mesh Ewald
that are responsible for many chemical and biological properties (PME)Y® was used for calculating the long-range electrostatic
of the drug molecules. Although much effort has been devoted forces. Periodic boundary conditions and molecule wrapping
to developing and refining nonbonded parameters of anestheticavere employed. The Verlet integration algoritf# was used
or nonimmobilizer$?-13 the present study is the first attempt in every simulation.
to optimize the structures and LJ parameters of the cyclic  Three different levels of simulations were performed for each
halogenated anesthetic and nonimmobilizer with a combined system. An energy minimization with the conjugate gradient
ab initio—empirical approach. The resultant structures, including and line search algorithms was conducted for 10 ps (10 000
various isomers df3 andF6, and the LJ parameters, are readily steps) to remove any bad contact points. The system was then
usable for applications of MD simulations involving these simulated at constant moles, volume, and temperature (NVT)

compounds. for 100 ps (100 000 steps) to ensure equilibrium. Langevin
damping dynamicé8 was used to keep the temperature at a
Methods constant value. Finally, the system was simulated with constant

Quantum Mechanics Calculations All ab initio calculations moles, pressure, and temperature (NPT) for 1000 ps (1 000 000
were performed on Dell workstations with Gaussian0B8W. steps). The NOS‘?HOOVer !-angeVIn piston pressure contpolt
Because of the availability of their experimental data, perfluo- 2nd the Langevin damping dynamics were used to keep the
rocyclobutane and cyclobutane were used as the structuralPréSsure at 1 atm and the temperature at a desired constant,
precursors of3 andF6 to evaluate the computational method. '€SPectively. The chosen temperatures were 298 and 354 K for
Geometry optimizations of perfluorocyclobutane and cyclobu- F3 @nd 290 and 333 K fdF6, because of available information
tane were performed with two levels of theory: a hybrid density of the densities and the heats of vaporization at these temper-
functional theory B3LYP calculatidfi®and a restricted Har- ~ atures. , ,
tree—Fock calculation with a MollerPlesséf second-order The initial LJ parameters were estimated on the basis of the
correlation energy correction (MP%),22 both with the 6-31+G- LJ parameters of halothatfeand 1,1-difluoroethar#® and
(2d,p) basis sé824The MP2/6-31%G(2d,p) methodology was refined with iterative simulations, in which adjustmentsyajr
used for the ab initio calculations BB andF6 since it produced € values were repeated on the basis of comparisons between
more accurate results for perfluorocyclobutane than B3LYP/6- the simulation outputs with experimental data until the simulated
3114+G(2d,p). All charge computations were performed with density or the hgat of vaporization was W|th_|n 2% of experi-
the Merz-Singh-Kollman schem@526Frequency calculations, mental or empirically extrapqlatgd “experimental” v_alues,
including the Gibbs free energy calculations, were performed '€SPectively. The heat of vaporization was evaluated with eq 2
on the structures optimized with the MP2/6-31G(2d,p). The ~ Pased on the simulation-generatégs andE;q values.
differences in the Gibbs free energy of the isomers were used
to determine the isomeric ratios of axial to equatorial chlorines AH o= Egas— Ejg T RT 2)
in F3 or trans-F6, respectively:

AG= —RTInK 1)

Results and Discussion

Geometry optimizedr3 andF6, including their isomers, are

whereAG is the differences in the Gibbs free energy between shown in Figure 1. The isomer &3 with axial chlorine has a
the isomersR = 8.314 J/(molK), T is the temperature, ard lower Gibbs free energy and consequently higher population,
is the ratio of the isomers, [isomer A]/[isomer B]. which agrees well with previous experimental find#®grhe

Molecular Dynamic Simulations. All MD simulations were resultant population percentagesks isomers from eq 1 are
performed to optimize LJ parameters with NAMD version 65% axial chlorine isomers and 35% equatorial chlorine isomers.
2.5b%7 on local SGI Octane workstations or on the Cray T3E There percentages were later implemented in both the liquid
at the Pittsburgh Supercomputer Center (PSC). For the pureand gas-phase MD simulations. The percentages of three isomers
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TABLE 1: Pucker Angles of Cyclobutane and Halogenated TABLE 2: Optimized Bond Lengths (A) and Angles (deg) of
Cyclobutanes F3 and F6
molecule B3LYP MP2 exptl F3 F6 exptl
cyclobutane 26 31 27280 31¢ 357 C—HP 1.087 1.09
perfluorocyclobutane 11 22 FR0f23924 C—Ha 1.090 1.09
F3, axial 28 C-P 1.347 1.335 1.338
F3, equatorial 29 C-F? 1.362 1.346 1.338
F6, cis 25 c—Ch 1.758 1.738 (1.70,1.72)
F6, trans C-CI2 1.775 1.749 (1.77,1.76, 1.75)
axial 22 c-C 1.542 1.561 1.5501.566
equatorial 27 C—C—HP 116.7 118
—(C—Ha
aReference 47 Reference 38 Reference 37¢ Reference 48. g_g_';b ﬂéi 116.3 11114705
e Reference 49.Reference 50¢ Reference 39" Reference 40. C—C—Fa 110.2 110.5 110%
of F6, including cis and trans with axial and equatorial chlorine g:g:g:z ﬁg-g ﬂg-g
positions, were obtained in a similar fashion. The isomer C_C_G_cl 931 976 117
distribution ofF6 used in MD simulations was 54% cis-isomer, C—C—C—Clb 1434 140.7 132
27% trans-isomers with equatorial chlorines, and 19% trans- c-c-C 88.2 88.6 8938
isomers with axial chlorines. H—-C—H 111.2 114110
Because of the nature of cyclic four-membered compounds, F-C-F 108.0 1101 1099
Cl-C—F 109.7 111.2

the ability to accurately predict the nonplanarity of the carbon
ring became one of the central criteria in determining the  2Axial. P Equatorial.c Reference 50¢ Reference 4% Reference 51.
computation method for the geometry optimizations of these ' Reference 44 Reference 52.

compounds. As shown in Table 1, the MP2/6-3G(2d,p) and
the BSLYP/G-_31_3+Q(2d,p) performed equa_lly_well on the  \/arious Conformations of F3 and F6
geometry optimization of cyclobutane, as indicated by well

matched pucker angles from the calculations and the experi- F3 F6

ments. Severe deviation from the experimental values, however, qe”) q(e’)
became apparent when the B3LYP/6-313(2d,p) was used trans
for the calculations of perfluorocyclobutane. In contrast, the
MP2/6-31H-G(2d,p) calculations on perfluorocyclobutane pro-

TABLE 3: Assignment of Partial Atomic Charges (ESP) for

atomic atomic
center equatorial Cl axial Clcenter cis axial Cl equatorial Cl

duced a dihedral angle of the ring of 22well within the c1 0.03 011  C1 046  0.38 0.43
. . C2 —0.07 —-0.09 C2 0.03 0.04 -0.01
experimentally measured rangfe43 The different performance c3 —027 —026 C3 009 003 -005
of B3LYP and MP2 on fluorinated cyclic compounds can ¢4 0.56 049 C4 0.34 0.48 0.46
probably be attributed to their different efficiency in treating F1 —0.15 -0.16 F1 -0.18 -0.18 —0.16
the long-range dispersion interactions. Nevertheless, the choice F2 -023 -021 F2 -018 -018  -0.19
of the MP2/6-31%G(2d,p) seems more favorable f68 and (F:|31 :8-gg :8-33 F :8-82 :g-ﬂ :8-%
F6, in which halogen atoms are involved. On average the pucker 0.08 010 F5 —-014 —020 ~0.16
angles of F3 are greater than those @6 (see Table 1), H2 0.12 008 F6 -0.19 —0.20 —0.20
indicating that the ring has a propensity to be less puckering H3 0.12 0.11 Cl1 —0.01 0.02 0.05
when more heavy atoms are present. For the same reason, theH4 0.11 013 CI2  0.00 0.02 0.05

frequency of the puckering mode for perfluorocyclobutane was

found to be much lower than that of cyclobutdfe. TABLE 4: Condensed Phase Properties of F3 and F6

Other geometry parameters are summarized in Table 2. The AHyap(kJ/mol) density (g/crf)
closest experimental geometric parameters that could be com- temp (K) calcd exptl calcd exptl
pared with those oF3 andF6 were from chlorocyclobutarié F3 298 132 13m
and perfluorocyclobutan®.For clarity, only weighted averaged 354 30.9 30.8
values of different isomers are presented. The calculated axial F6 290 1.62 1.64
C—X bonds of F3 and F6 are in general longer than the 333 28.4 28.9

corresponding equatorial bonds. The same characteristics were aprom ACD Software V4.67 via SciFindet Reference 53.

also found from the IR and Raman specfdhe overall good

agreement between calculated and referenced experimental The condensed phase propertie$8fandF6, including the

results suggests that the optimized geometries are accurate. Thexperimentally determined liquid densities and the experimen-

coordinates of the optimized structures will be provided in the tally derived empirical predictions of the heats of vaporization

Supporting Information. from the Advance Chemistry Development (ACD) software,
Table 3 summarizes the partial atomic chargeE®&ndF6 were used as references for measuring the quality of LJ

derived from the electrostatic potential (ESP) with use of the parameters foF3 andF6. As shown in Table 4, the calculated

Merz—Singh—Kollman scheme. The variations of charge values heats of vaporization from eq 2 on the basis of simuldigd

in different isomers are in general small but often significant. andEgas well reproduced experimental values after more than

Therefore, the distinct charge assignments for different isomers10 iterations of MD simulations for each compound. The

were later used in the condensed phase MD simulations. Onedifferences between the calculated and experimental heats of

may notice that large negative partial charges are assigned tovaporization and liquid densities are less than 2% for Ik&h

C3 of F3, resulting from the polarization by the adjacent highly andF6 when the finalized LJ parameters in Table 5 were used.

positively charged C4. Averaged dipole moments calculated One may notice that the values of the carbons attached to

from the ESP charges are 3.17 and 0.78 k& and F6, FinF3(i.e., C2 and C3) are smaller than thosé-B) but their

respectively. corresponding values are in an opposite trend. The differences
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TABLE 5: Lennard-Jones Parameters of F3 and F6

F3 F6

atomic atomic

center o(A)@ ¢ (kcal/molp center o(A)2 e (kcal/molp
C1l 3.52 0.075 C1l 3.78 0.046
Cc2 3.89 0.055 Cc2 3.78 0.046
C3 3.89 0.055 C3 3.78 0.046
C4 3.52 0.075 C4 3.78 0.046
F1 2.83 0.095 F1 2.98 0.078
F2 2.83 0.095 F2 2.98 0.078
F3 2.83 0.095 F3 2.98 0.078
Cli 3.49 0.267 F4 2.98 0.078
H1l 2.35 0.022 F5 2.98 0.078
H2 2.35 0.022 F6 2.98 0.078
H3 2.35 0.022 Cl1 3.50 0.254
H4 2.35 0.022 Cl2 3.50 0.254

aCombination rule:oi, = (01 + 02)/2; €12 = (/€ %€,

between the equivalemt or ¢ values of F and Cl atoms iR3
and F6 are also discernible but on a smaller scale. Similar

changes in LJ parameters were also noticed in our previous

studyt® on a pair of linear molecules: anesthetic halothane{CF
CHCIBr) and its nonanesthetic analogugrg; where atoms in
halothane have smalles and greatere values than the
corresponding atoms inxEs. Nevertheless, the transferability

J. Phys. Chem. A, Vol. 108, No. 47, 20040563

(F6). This material is available free of charge via the Internet
at http://pubs.acs.org.
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