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The clinical efficacy of nonsteroidal anti-inflammatory drugs has been related to ionization energies [Mehler
and Gerhardsint. J. Quantum Chenil989 25, 205]. In this paper we employ modern quantum-chemical
calculations to re-examine the statistical correlation between clinical efficacy and ionization energies. lonization
energies are computed by density functional theory, with and without Koopman'’s theorem, for a series of
salicylic acids and phenols whose activities, or efficacy, are known. Using a regression analysis, we show
that improving the treatment of electron correlation beyond previous studies enhances the statistical correlation
between clinical activities and ionization energies.

I. Introduction by two approaches: (i) Koopman's Theorémhich observes
that the absolute value of the energy of the highest occupied
molecular orbital (HOMO) is approximately equal to the
ionization energy, and (ii) the differencA[) between the total
energy of the molecule and the total energy of its corresponding
anion, i.e., the energy difference due to removing an electron
a direct measure of the ionization energy). To facilitate
omparison with earlier work of Mehler and Gerhatdéwe
use a common set of molecules and pharmacological data.

Nonsteroidal anti-inflammatory drugs (NSAIDs), such as
aspirin (acetylsalicylic acid) and Ibuprofen (2-[4-(2-methylpro-
pyl)phenyl]propanoic acid), are some of the most common drugs
in use in the United States today. They are employed to treat
headaches, cramps, pain, and swelling from athletic injuries and
sickness, and even heart disease. The use of these “miracl
drugs,” however, will not always yield miraculous results. In
recent years, many newly developed, highly popular NSAIDS,
such as Vioxx, have been taken off the market due to the | Theory
discovery of dangerous side effects even though they also have
beneficial effects such as decreased gastrointestinal blekding. We investigated modern methods of computing ionization
Unfortunately, the process of screening potential drugs for anti- €nergy (IE) because of the strong relationship between a
inflammatory activities in the laboratory is a protracted and molecule’s IE and its ability to reduce a target molecule. The
potentially costly one. An important approach to alleviating the reduction may occur by (i) electron or (i) hydrogen trangfer.
costs in time and effort is the development of a simple In the first case, the anti-inflammatory agent loses an electron
computational diagnostic for screening activity. Therefore, in in an ionization process while in the second, the hydrogen atom
the present paper, we build upon previous investigatidns transfers from the anti-inflammatory molecule in a process that,
through the use of quantum-mechanical methods that includewhile not ionization, is also an oxidation. A detailed study of
electron correlation to analyze molecules for their effectiveness €ither of these mechanisms would require consideration of the
as anti-inflammatory drugs. cyclooxygenase enzyme, zero-point energies, and solvent effects.

A key step in the activity of an NSAID is its oxidation to  Independent of the specific mechanism, however, the ionization

reduce the cyclooxygenase (COX) enzyme by (i) electron or Potential of the molecule provides a potentially useful quantum-
(i) hydrogen transfer. Independent of the mechanism for Mechanical diagnostic for its oxidative potential. The goal of
oxidation, however, a drug's ionization energy offers a useful the present work is to characterize with modern electronic
measure of a drug’s oxidative potential, and consequently, anStructure methods the statistical correlation between molecular
NSAID's activity should be correlated to its ionization potential. ionization energies and pharmacological activities.

Previous work, employing either elementary molecular-orbital ~ The ionization energy, or IE, of a molecule is the difference
or empirical methods for the electron correlation, established a i total energy between the neutral molecule and the molecule
link between activities and ionization energies (or potentfafs). ~ after an electron has been removed. In what we callA&e

In the present paper, we build upon previous work by treating Method, we compute the IE directly as

the electron correlation with the more sophisticated density

functional theory, implemented in the Gaus$ipackage. Total IE=E —E,

energy calculations were performed on 27 molecules, 15

phenols, and 12 salicylic acids, and their anions with Hariree whereE, is the total energy of the radical arf}, is the total
Fock and density-functional (B3LYP and PBEPBE functionals) energy of the neutral molecule. In Koopman’s method, we
methods in a 6-31G basis set. lonization energies were computedapproximate the |E by Koopman'’s theorémich states that
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TABLE 1: For Each Salicylic Acid and Phenol, We Report the Absolute Energy|Enomo| of the HOMO Orbital (Koopman's
IE), the lonization Energy (IE), and the Pharmacological Activity (pIC50)2

|Eromol? IEP
R group HF B3LYP PBEPBE HF B3LYP PBEPBE pIC30
Salicylic Acids
H 0.33041 0.23597 0.20376 0.27393 0.30628 0.30122 3.33
3-OH 0.50754 0.22411 0.19025 0.26743 0.29223 0.28523 4.43
4-OH 0.49986 0.23668 0.20336 0.27555 0.30318 0.29573 3.02
5-OH 0.50098 0.21776 0.18422 0.26308 0.28464 0.27744 461
3-F 0.51274 0.24267 0.20820 0.28658 0.31225 0.30455 3.82
5-F 0.51129 0.24026 0.20575 0.28511 0.30960 0.30161 3.82
3-Cl 0.47320 0.24444 0.21123 0.28494 0.31012 0.30228 3.89
4-Cl 0.47211 0.25098 0.19883 0.28761 0.31759 0.31048 3.31
5-Cl 0.46449 0.24330 0.21010 0.28500 0.30845 0.30023 4.06
3-IPR 0.44962 0.23053 0.19870 0.26382 0.29394 0.28785 3.92
4-IPR 0.45623 0.23231 0.19920 0.26776 0.29777 0.29106 3.29
5-IPR 0.45839 0.22708 0.19570 0.26508 0.29613 0.28960 4.12
Phenols

H 0.31712 0.22319 0.19052 0.26477 0.29944 0.29573 3.54
2-OH 0.31091 0.21275 0.17857 0.25818 0.28581 0.27976 5.34
3-OH 0.31979 0.22121 0.18704 0.26362 0.29391 0.28692 5.15
2-CH3 0.31034 0.21794 0.18555 0.25745 0.29029 0.28581 5.16
3-CH3 0.31300 0.21943 0.18664 0.25845 0.29267 0.28783 474
4-CH3 0.30628 0.21469 0.18259 0.25588 0.28622 0.28142 5.26
2-ETH 0.30911 0.21695 0.18461 0.25537 0.28775 0.28282 5.88
3-ETH 0.31326 0.21942 0.18652 0.25809 0.29150 0.28689 5.26
4-ETH 0.30621 0.21519 0.18329 0.25640 0.28541 0.27979 5.61
2-F 0.33197 0.23214 0.19711 0.27979 0.30721 0.30064 3.57
3-F 0.33552 0.23650 0.20195 0.28171 0.31197 0.30559 4.05
4-F 0.32871 0.22832 0.19310 0.27720 0.30321 0.29618 3.98
2-Cl 0.33158 0.23508 0.20149 0.27801 0.30569 0.29896 4.62
3-Cl 0.33567 0.23941 0.20579 0.27956 0.31060 0.30394 4.61
4-Cl 0.32956 0.23258 0.19883 0.27729 0.30235 0.27729 4.86

aEnergies are reported in atomic unit€nergies are computed by the Hartrdeock (HF) method and two density-functional theories, B3LYP
and PBEPBE, in the 6-31G basis SeETH, ethyl; IPR, isopropyl! Ref 2.

where|Enomol is the absolute value of the energy of the highest the directly computed ionization energy (IE), and the pharma-
occupied molecular orbital (or HOMO) of the molecule. cological activity (pIC50) where the activity pIC50 is defined
Koopman'’s theorem only requires calculation of the molecule’s as the negative logarithm of 50% of the concentration that
molecular orbitals. Molecular and radical energies and orbitals inhibits the release of 1@-teradecanol-phorbol-13-acetate-
are computed by both the HartreEock method and density  induced prostaglandin ;Efrom mouse macrophagé$.in
functional theory. In contrast to previous wari® we (i) comparison to the IEs from density functional theory with
compute the IEs, not only by Koopman'’s theorem but also by B3LYP and PBEPBE, the Hartred-ock method underestimates
the energy differences between the neutral molecules and theirthe IE due to the lack of electron correlation. In contrast, when
radicals, and (ii) include electron correlation in the calculation the IE is approximated d&1omo| by Koopman's theorem, the
of the IEs through density functional theory. It should be noted Hartree-Fock method overestimates the IE beca{Eewol
that, while the AE method is the more direct method of does not account for the lowering of the ion’s energy that occurs
determining ionization energy, there are still some approxima- when the molecule’s orbitals are re-optimized for the ‘on.
tions inherent in the calculations, because each level of theory Interestingly, théExomo| from B3LYP or PBEPBE is generally
(HF, B3LYP, PBEPBE) in a finite basis set is an approximation below the IE from B3LYP or PBEPBE. The statistical correla-
to the many-electron Schidinger equation. Furthermore, while  tions of IE and|Enomo| With activity are studied by regression
we are building on past results by employing more sophisticated analysis in Figures 1 and 2, respectively.

theory, we must recognize, however, that though we expect our - Figyre 1 displays the linear regression of the IE and the
calculations to be more accurate, improved accuracy does Not,ctivity pIC50 where the IE is computed from (a) HF, (b)
necessarily imply that our results will demonstrate a greater g3| yp, and (c) PBEPBE. Values of the correlation coefficient

correlation with activity (potency). R indicate significant statistical correlation between IE and
Il Result activity for all three of the electronic structure methods. The
- Results correlation coefficientsR from HF, B3LYP, and PBEPBE,

Energy calculations were performed for 27 molecules and 0.6633, 0.6896, and 0.6954, can be interpreted to mean that
their radical ions by the Hartredock (HF) method and two  roughly 50% R? x 100%) of the variation in activity (pIC50)
density-functional theories, using the B3LYP and PBEPBE can be attributed to the ionization energy. Figure 2 displays
functionals, in Pople% 6-31G basis set. In all cases the information similar to Figure 1 with the ionization energy
molecular geometries iothmolecules and ions were optimized measured byEnomo|. Here coefficientR of 0.5642, 0.7253,
with the B3LYP functional. The results were not observed to and 0.6932 from HF, B3LYP, and PBEPBE are obtained. For
be sensitive to the type of density functional employed in the the B3LYP density functional method, we observe, there is
geometry optimization. Radicals are treated by unrestricted slightly greater correlation of activity withEnomo| than the
Hartree-Fock and density functional methods. Table 1 shows directly computed IE. Importantly, for both Koopman'’s ioniza-
absolute energjEromol| of the HOMO orbital (Koopman'’s IE), tion energy (Enomol) and the direct IE, th&® values from the
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Figure 1. Figure displays the linear regression of the IE and the activity
pIC50 where the IE is computed from (a) HF, (b) B3LYP, and (c)
PBEPBE. Values of the correlation coefficieRtindicate significant
statistical correlation between IE and activity for all three of the
electronic structure methods.

density functional methods in b and c are larger tharRkelue
from the Hartree-Fock method, which indicates that electron
correlation has a significant role in anti-inflammatory predictive
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Figure 2. Figure displays the linear regression of the IE, measured
by |Exomol, and the activity pIC50 where the IE is computed from (a)

HF, (b) B3LYP, and (c) PBEPBE. Values of the correlation coefficient
Rindicate significant statistical correlation betweéBnovo| and activity

for all three of the electronic structure methods.

NSAIDS by an empirical theory. The present work shows that
(i) a significant statistical correlation between IE and activity
persists when more accurate electronic structure methods,

capability. The statistical significance of the observed correlation namely density functional theories, are employed, and (ii) the
between IE and activity is supported by the computed p-values inclusion of electron correlation by the density functionals

of the linear regressions, which are all less than 0.00001.

IV. Discussion and Conclusions

lonization energies (IEs), calculated by density functional
theory as well as Hartreg~ock, show a significant correlation

(B3LYP or PBEPBE) improves upon the statistical correlation
obtained by the HartreeFock method. The correlation coef-
ficients reveal that IEs account for roughly 50% of the observe
activity, and hence, the IEs, which provide a general measure
of the molecule’s oxidative potential, are a strong chemical
indicator for assessing pharmacological activity of NSAIDS.

with the activities of a series of nonsteroidal anti-inflammatory Although the present approach does not consider details of the
drugs (NSAIDS). Inclusion of electron correlation through oxidation or the structure of the cyclooxygenase enzyme, the
density functional theory substantially enhanced the statistical ability of the ionization energy to predict anti-inflammatory
correlation between the IEs and the activities, especially when activity without substantial complexity or computational cost
the IEs were estimated by Koopman’s theorem. Previous is an important, practical advantage. In future work, it would
studies?* performed before the development of modern density be interesting to employ IEs from adding electron correlation
functional theory, examined the relation between IEs and to the Hartree-Fock method by ab initio or reduced-density-
activities by a simpler molecular orbital theory in a minimal matrix methodg:!! Calculation of IEs by Koopman’s theorem
basis set while a more recent stGdyomputes IEs of larger  has also been used to assess the efficacy of antioxidants for
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treating cancet? in fact, there is evidence that NSAIDS may Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

; ; i ; ; D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
be especially effective anticarcinogedsScreening molecules M. Cammi R. Mennucei, B.. Pomeli C.. Adame, G.. Cliford. S.:

for OXidaFive pOtentia_l is also important in the deSi.g.n of  Ochterski, J.; Petersson, G. A.; Ayala, P. Y.: Cui, Q.; Morokuma, K.: Malick,
therapeutic drugs for sickle-cell anemfal he predictive ability D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
of the present quantum-mechanical approach for analyzing theﬁfﬂéé*%;tgte&”&vér‘zh%L'IiJv. G-, Liashenko, A Piskorz, B, Komaromi,
emcac)/ of NSA”?S can potentlally be _'”_‘prove.d by Comk_)lnllng Peng, C. Y.; Nanayakkara, A.: Gonzalez, C.; Challacombe, M.; Gill, P. M.
IEs with other indicators in a multidimensional statistical w.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

model|15:16 M.; Replogle, E. S.; Pople, J. ASaussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.
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