JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Development of a Quantum Mechanics-Based Free-Energy Perturbation

Method: Use in the Calculation of Relative Solvation Free Energies
M. Rami Reddy, U. C. Singh, and Mark D. Erion
J. Am. Chem. Soc., 2004, 126 (20), 6224-6225« DOI: 10.1021/ja049281r « Publication Date (Web): 22 April 2004
Downloaded from http://pubs.acs.org on March 31, 2009

AG
A (gas) ————— = A (aq)

M L
— i
E, = E(_)M +E,, + Z z E(_)M//\/I/\/I

=l j=1
AGgas AGqq

AAGggl = AGyq - AGgas

AGy
B (gas) —— > B (aq)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 4 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja049281r

JIAIC[S

COMMUNICATIONS

Published on Web 04/22/2004

Development of a Quantum Mechanics-Based Free-Energy Perturbation
Method: Use in the Calculation of Relative Solvation Free Energies

M. Rami Reddy,*" U. C. Singh,* and Mark D. Erion'

Metabasis Therapeutics, Inc., 9390 Towne Centre®rBuilding 300, San Diego, California 92121, and
Azaya Therapeutics, Inc., 130 West Rhapsodyd)rSan Antonio, Texas 78216

Received February 9, 2004; E-mail: reddy@mbasis.com

Free-energy perturbation (FEP) is considered the most accurate
computational methddfor calculating relative solvatiénand

A
binding® free-energy differences. Despite impressive results gener- -~ T
ated over the past two decades and some successes applying FEP HoN OH
methods to both drug desijrand lead optimizatioR® FEP o)
calculations are rarely used in the pharmaceutical industry. The
(A—> B) (B—> A)

primary reason is frequently attributed to the inability of current
methods to feasibly evaluate large numbers of compounds over aFigure 1. Dual topology definition for phenylalanine (A) to isoleucine
relatively short period of time. While the high CPU demand of éi)c-kggrfgﬁogogtomg 3:2 :]%rr’]rfosrim?] g%'ogqssifr;glzoﬁzgglgggr e@%mrfdd
.these calculations is one major facFor l_",mtmg thr,OUthUt' another atoms” as r.epresente‘d by the dashed structure. Hydrogen atoms are remyoved
important factor relates to the availability of validated molecular for clarity.

mechanics force field parameters. Since most drug candidates

contain substructures not fully described by existing parameters, MM methods to calculate the energies of the solvent (environment).
the user must develop and input parameters prior to initiating the To calculate the QM energy, we implemented a procedure that
calculation. The process is time-consuming and often limited by separated the threaded molecule into two molecules (A and B) at
the absence of relevant experimental data. Moreover, the processach dynamic step. QM forces and energies were then computed
is difficult to automate since it is highly dependent on the structure and scaled based dnusing egs 1 and 2, respectively.

and requires considerable user expertise and judgment.

A strategy with the potential to generate accurate force field fll = /1fiA +(1- /'L)fiB Q)
parameters, possibly in an automated manner, entails use of
quantum mechanics (QM) to describe the ligand structure and EM=1EM+ @1 - 2)E 2)

molecular mechanics (MM) to describe the surrounding environ-
ment (solvent, protein). Coupling of the QM and MM subsystems,  The total energy for the system was determined using eq 3
QM/MM, has been used successfully to characterize transition-statewherein the ternEqwmm represents the interaction energy for an
structured. In this communication, we describe the integration of atomi in the MM part of the system and an atgrim the QM part
QM/MM with FEP (QM/MM-based FEP) within the program  of the system. The free-energy change (eq 4) is decomposed into
Galaxy (AM Technologies, Iné)and the relative solvation free  the free-energy contribution from the subsystem treated by QM
energies calculated using this method for a series of structurally and the free-energy contribution from the surroundings, i.e., the
diverse molecules. subsystem not treated by QM (non-QM or NQM).

As in conventional FEP methods, relative solvation free energies

were calculated by transforming solute A into solute B usingithe ML i
coupling method. The thread technique®® which is used Eot=Eom + Ewm + Z ZEQM/MM (3)
frequently in conventional FEP calculations for mapping structurally ==
dissimilar molecules, was used in all transformations in this work —
AG, = AGgy + AGyqu 4)

and proved to be essential for our success. As illustrated in Figure

1, “threading”. toge.ther phenylalanine and isoleuc?ne results in a  gjculations using the conventional and QM/MM-based FEP
dual topology in which the portions of the solutes being transformed i qthods were performed using procedures previously deséfBed.
are described by topologies that for one solute start and the otherrhg gojutes were immersed in a 13 A box of equilibrated SPC/E
solute end the simulation entirely as dummy até#i3ummy atoms watet and energy minimized. A molecular dynamics (MD) time
are identical to real atoms except that their Lennard-Jones paraM-ien of 1 fs was used to minimize the incidence of premature

eters and charges are set to zero. At intermediate points during th&amination of the simulation due to poor convergence of the QM
transformation, all atoms in both topologies have fractional Lennard- energies. The energy-minimized system was equilibrated with 20
Jones parameters and charges. _ ps of MD at constant temperature (38K) and pressure (1 atm),
Using the thread technique with the conventional FEP method peringic boundary conditions in all directions, SHAKE to constrain
entails scaling the MM parameters accordingltand calculating 5y hond lengths and a nonbonded interaction cutoff of 12 A. Fifty-

the corresponding MM energies. In contrast, the QM/MM-based e windows were used for each electrostatic and van der Waals
FEP method uses either ab initio or semiempirical QM methods to free-energy difference. Each window consisted of 1.5 ps of

calculate the energies and forces for the solute in the system a”dequilibration and 3 ps of data collection. Accordingly, each
 Metabasis Therapeutics. calculatlc_)n required 479 ps to comple_te_ t_he transf_ormaﬂon. I_En_rors
* Azaya Therapeutics. were estimated for each window by dividing the window statistics
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Table 1. Relative Solvation Free Energies (kJ/mol)

transformation? AAG(AM)® AAG(QM)® AAG(FP)! AAG(E)®
CHsOH — EtH 189+19 29.7£1.8 315+19 29.0
AcCH; —AcNH, —19.6+2.2 —-279+23 —-28.8+22 -248
CeHg— CHsOH  —18.6+ 1.6 —22.2+1.7 —-21.6+1.7 —235
CeHe — CeHsNH, —15.0+15 —-178+14 -182+14 -—16.7
CHsCCls — EtH 9.5+22 9.1+ 21 9.3+ 2.2 8.4
CgHg — CsHsN -99+16 -132+15 -126+15 -14.7
Ser— Cys 13.8+1.8 18.8+1.8 18.5+ 1.8 16.0
Phe— lle 8.8+3.0 10.7£3.2 10.5£ 3.1 121
Cyt— Thy 20.2+20 25.6+23 24.1+22
Ade— Gua —245+18 —38.1+26 -—36.3+2.6

a Abbreviations: Cyt= cytidine, Thy = thymidine, Ade= adenine,
Gua= guanine. Calculated using AM1 for both the gradients and ESP
partial atomic charges. Calculated using AM1 for gradients and ab initio
(HF/6-31G*)/ESP for partial atomic charges.Calculated using a con-
ventional FEP method and HF/6-31G*/ESP for partial atomic chafges.
Values obtained from experimental data reported in the literdture.

into four groups and computing the standard deviatfoithe
reported standard deviation is the root-mean-square of the window
errors.

Solvation free-energy differences for 10 molecular pairs were
calculated and compared to results from experimental data
(AAG(E))** and/or results using conventional FEP methods
(AAG(FP)) (Table 1). Two methods were used in the QM/MM-

Moreover, additional CPU power will be gained following paral-
lelization of the code to enable simultaneous use of multiple
processors.

In summary, we developed a FEP method that uses QM for
treating the solute, MM for treating the solute surroundings, and
the FEP method for computing free-energy differences. Relative
solvation free energies for 10 molecular pairs were calculated, and
the results were in close agreement with both the calculated results
generated by conventional FEP methods and the experimentally
derived values. While considerably more CPU demanding than
conventional FEP methods, QM/MM-based FEP alleviates the need
for development of molecule-specific MM force field parameters
and therefore may enable future automation of FEP-based calcula-
tions. Moreover, calculation accuracy should be improved over
conventional methods especially for calculations reliant on MM
parameters derived in the absence of experimental'@&tahese
advances could further the use of FEP methodology in drug
discovery programs and thereby aid in more accurate drug candidate
prioritization.

Supporting Information Available: Dipole moments and electro-
static and van der Waals free energies (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

based FEP calculations. Both relied on AM1 semiempirical quantum

mechanics for calculating energies and gradients at each MD step.

One method used AM1/ESP derived partial atomic charges
(AAG(AM)), whereas the other method used HF/6-31G*/ESP
derived partial atomic chargeAAG(QM)).12

A comparison of relative solvation free energies computed using
the QM/MM-based FEP methodh AG(QM)) with the experimental

values suggested or values obtained from conventional methods

showed that the QM/MM-based FEP method was at least as
accurate, if not more accurate. In addition, a comparison of the

standard deviations for the calculated results revealed no differences

in calculation variability. In contrast, results obtained using the QM/
MM-based FEP methodVAG(AM)) generally underestimated the
experimental value presumably due to an underestimation of the
electrostatic contribution to the solvation free energy. The under-
estimation occurs particularly with polar solutes and is attributed
to an underestimation of the solute dipole moment.

Accurate results were obtained usinnG(QM) for molecular
pairs with large differences in structure and aromaticity (Phe
lle), polarity (methanot— ethane), hydrogen bonding (acetore
acetamide; adenine- guanine), and the total number of electrons
(1,1,1-trichloroethane— ethane). Moreover, the results were

accurate across a relative solvation free-energy difference range of

9.1 to 38.1 kJ/mol.

Not surprising, the QM/MM-based FEP method required 3- to
5-fold more CPU than the conventional FEP method to complete
the calculations on the molecular pairs chosen for this study. Further
increases in the CPU demand are expected for calculations involving
molecules with a greater number of atoms and/or electron-rich atoms
and for calculations using ab initio QM for determining both the
gradients and energies. Accordingly, CPU remains a potential
concern associated with the QM/MM-based FEP method but one
that may be minimized in the future if the exponential increases in
CPU power observed over the past two decades continues.
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