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Theoretical Reconstruction of the Electron Density of Large Molecules from Fragments
Determined as Proper Open Quantum Systems: The Properties of the Oripavine PEO,
Enkephalins, and Morphine

Introduction

Obtaining the properties of large molecules from high levels
of theory has been elusive to this day. Even with the rapid
advances in computer architectures and the anticipated meteori
growth in computational power, a direct calculation of the
properties of a middle-sized protein from a good wave function
is hopeless, at least within the foreseeable future, unless new
methodologies are developed. The need to gain very detaile
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A new method of computing the properties of large molecules, not amenable to direct computation, is presented.
The large molecule is reconstructed from judiciously chosen fragment molecules which are small enough for
direct computation but large enough to retain good approximations to the electron density of the respective
moieties in the large molecule. The atoms in the fragment molecules are determined as proper open systems
according to the quantum theory of atoms-in-molecules (QT-AIM) developed by Bader. The properties of
the atoms in the fragment molecules representing atoms in the large molecule are summed to obtain the
properties of the large molecule. The computational effort is, thus, reduced fronththiewer of a large

number (the size of the basis set describing the large molecule) to the sumdi fh@ver of small numbers

(the sizes of the basis sets describing each fragment molecule). The method is tested on the complicated
oripavine molecule ?-[1-(R)-hydroxy-1-methyl-3-phenylpropyl]-6,1dndcetheno-tetrahydrooripavine (PEO)

and used to study some opioids. The properties of PEO computed from fragments are found to be remarkably
close to those computed for the intact molecule. The success of this approach is the result of the transferability
as well as the additivity of atomic properties. Three stable conformations of PEO are found to correspond
closely to three conformations of enkephalins (Enk), each of the three PEO/Enk conformer pairs having key
functional groups in very similar spatial disposition. These pairs can be candidate biologically active
conformations at the three opioid receptor subtypes. The relationship between the concepts of transferability
and similarity is discussed, and a new real-space “reactive similarity” index based on the Laplacian of the
density is proposed. The extension of Castsmilarity measures to pharmacophoric fragments of molecules

is discussed. The results open the door for accurate theoretical studies of a multitude of large complicated
biological molecules.

paper reduces the computational burden fromnthepower of

a large number to the sum of théh power of smaller numbers.
This is accomplished by breaking the molecule into fragments,
each of which is supplanted with hydrogen atoms as required
% satisfy the valence of the atoms participating in the severed
bonds vyielding a set of closed-shell “fragment molecules”.
Separate self-consistent-field (SCF) calculations are performed
gon each fragment molecule, and the integrated properties

physical descriptions of large complicated biological molecules averages of the atoms in the fragme_nts are computed. 'I_'he
with the goal of understanding and modulating their biological properties averages _Of those atoms In the fragments Wh'Ch
functions is more pressing than ever. This paper describes ancorresponq to atoms in the large molequle are summed to yield
attempt to extend the computational arm to such molecules. The@PProximations to the molecular properties of the large molecule.
properties of a large inaccessible molecule are obtained from The accuracy with which the properties of the large molecule

smaller accessible fragments utilizing the partitioning of the &€ recovered from such a sum is determined by the simulta-
electron density provided by the quantum theory of atoms-in- neousadditivity of these properties as well as theansferability
molecules (QT-AIM) developed by BadkrThe method is from the electronic environment in the intact molecule to the
subjected to a stringent test on a very complicated opioid which €Orresponding environment in the fragments.

is large enough to be fragmented yet small enough to be One can anticipate the transferability of the properties of the
computable intact, and hence providing a comparison control. atoms, which are sufficiently removed from the severed edges

The Quantum Theory of Atoms-in-Molecules (QT-AIM) of a fragment based on simple chemical intuition. Indeed, a
and the Conditions for the Theoretical Reconstruction of a centrgl chemical concept such as a “functional'group" is an
Molecule from Fragments: Transferability and Additivity. empirical expression of transferability: That groupings of atoms

Computational resources needed to obtain accurate electrorretain characteristic properties which are slightly perturbed by
densities and the derived properties scale tortthepower of their neighbors in different molecules. QT-AlMas been shown
the contracted basis sat £ 3). The method described in this  to recover the experimental transferability of group contributions
to the heats of formatiohmagnetic susceptibility;> electric
TFax: (905) 522-2509. E-mail: mattacf@mcmaster.ca. polarizabilities®” partial molar volumes at infinite dilutiohand
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Electron Density of Large Molecules

to the heat of transfer from the gas to the solution pla3a.
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corresponding experimentally measurable molecular properties.

the other hand, since the density uniquely determines the Atomic properties are easily computéd'® from theoretical
external potential up to an additive constant, as required by theor experimentdP~2! electrons densities.

Hohenberg and Kohn theorem (HR}? perfect transferability

is an unattainable limit since the external potential of the intact Theoretical Synthesis of Large Molecules from

molecule is different than that of any fragment molecule. The

same HK theorem, however, imposes no restrictions as to how
close this limit can be approached. The high degree of

transferability of atoms two bonds (or more) away from

functional groups undergoing such severe alteration as charge™
separation, tautomerization, and conformational changes pro-
vides an example of the dependence of transferability on the
immediate electronic environment and its relatively short-range

nature'! Another example is provided by the preservation of

Fragments

Some Other Related Approachesilt is beyond the scope
of this paper to present a comprehensive review of the fragment
ethodologies: these are briefly reviewed in the literature cited
in this section. We will, however, discuss a few that are related
to the current method.

Massa, Huang, and Kaf®?3 express the density of a large
molecule as a sum of densities of fragments. The atoms of

charge neutrality of amino acid residues determined as properinterest constitute the “kernel” of the fragment taken together

open systems upon twisting of the peptide backb@riEhis
charge neutrality is a prerequisite for the transferability of amino

with the contributions of orbitals centered on atoms of neighbor-
ing kernels. The overlaps of basis functions centered on the

acid residues from a tripeptide mold to an extended polypeptide kernel qnd it neighbor are equally divided between the two.
chain, since in building a protein from such density residues The orbitals of each fragment are used to construct a density
one should not accumulate charges (except for ionized side-Matrix, and the sum of the fragment density matrixes yield the

chains)'?

density matrix for the whole molecule which is constrained to

The other necessary condition for a successful fragmentsP€ idempotent and normalized. The fragment matrixes can be
approach is additivity, i.e., the properties of the parts (atoms) obtained from either theoretical calculations or from experi-
must sum up to yield the properties of the whole (molecule): mental X-ray structure factors. In the latter case, additional

A= Z AQ) 1)

where[Alls the molecular expectation value of the operator
A(Q) is the average value of the propesyover an atont,

constraints are imposed by requiring that the predicted density
matrix reproduce the measured structure factors.

Lecomte’s group2¢is building a data bank of transferable
multipolar electron density parameters obtained from a fitting
of the X-ray structure factors. This is brought about using the
MOLLY progran?” which expands the density in terms of a

and where the sum runs over all the atoms in the molecule. Toset of overlapping atom-centered basis functions. They have

computeA(R2), the molecular space is partitioned into separate
atomic basins bounded by surfaces of local zero-flux in the
gradient vector field of the electron densjigr):113

Vp(r) - n(r) =0, forallr on the surface (2)
wheren(r) is a vector normal to the surface. Each property
density is integrated over the atomic basins to yield the

respective atomic properties. Additivity is a direct physical

shown that similar atoms in different environments, such as the
atoms of the four different peptide groups of Leu-enkephalin,
have statistically identical experimental multipolar density
parameters. In other words, within this modeling of the density,
similar atoms are transferable between different environments.
Their strategy is essentially to transfer the multipolar charge-
density parameters obtained from ultrahigh resolution X-ray
diffraction experimentsd < 0.5 A) on amino acids and small
peptides to similar atoms in a protein, significantly improving

consequence of this exhaustive partitioning of real space into yq refinement statistics and its electron density descrigtion.
nonoverlapping atoms leaving no gaps or dead volumes Unac-rhe method was shown to dramatically enhance the resolution

counted.

Proper Open Quantum SystemsEquation 2 is the necessary
boundary condition for the application of Schwinger’s principle
of stationary action to an open systéOnly subsystems
bounded by zero-flux surfacésre valid “proper” self-contained
quantum entities satisfying all the theorems of quantum
mechanics$® This definition maximizes the transferability of
pa(r) of a particular subsyster® (e.g., functional group)
embedded in different closed total systems (molecules).

Every propertyA is represented by a “dressed” real space
property densitya(r) which assigns to every point in real space

(r) a value of the property describing the average interaction of

a single electron at with all the remaining particles in the
molecule. The contribution of ato® to the molecular property
A is given by the integration ofa(r) over the volume of its
basin:

AQ) = [, paln)dr ®

of two proteins: cramb#{ and scorpion toxid? The same group
used the multipolar densities so obtained to compute the
molecular electrostatic potential of an octapeptide, a potential
that was shown to be significantly different from one obtained
from a density generated by spherical atoms refinerffent.
Chang and Badét have shown that the density of a
polypeptide can be reconstructed by linking of amino acid
residues (fragments) matched at their amidic zero-flux surfaces
that bound and define each amino acid residue. In this approach,
there is no question of overlapping basis functions from
neighboring fragments. Chang and Ba&dérave demonstrated
that the properties of di- and tripeptides can be closely
approximated by linking such amino acid density fragments.
In an extension to this method, Martand Bade¥-32 obtained
a complete library of accurate densities of tripeptides of the
type GlyAa|Gly, where Aa stands for any of the 20 genetically
encoded amino acid residues and the vertical bars to the zero-
flux amidic surfaces bounding the residue within the tripeptide
mold. They showed that the shape of these amidic zero-flux

Thus, defining real space boundaries of an atom in a moleculesurfaces and the density they bound are insensitive to a change

entails the definition of all of its properties, e.g., atomic charge,

in the nature of the side chatfj.e., the main chain backbone

dipole (and higher multipoles), energy, volume, etc. The sum atoms are essentially transferable and so are the side chain
of these properties over all the atoms in the molecule yield the atoms. Exploiting this transferability and the almost perfect
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matching of the amino acid residues’ zero-flux surfaces obtained SCHEME 1
in the GlyjAa|Gly molds, a software was developed to link these

amino acids residues densities (stored in the library) sequentially . N~
in an arbitrary order and thus obtain essentially an excellent
approximation to the accurate density of a peptide of arbitrary
length in second® It has recently been shown how the
transferability of these amidic surfaces determines the transfer-
ability of the properties of the subsystem bounded by these
surface?* The visual simultaneous transferability of the zero-
flux surfaces and the accompanying density is the result of the
simultaneous stationarity of the zero-flux surface, as well as
the wave function! and energy of the total system to variations
oW .34 Thus, the distribution of charge of an open system, and
hence all of its properties, change only in response to changes
in its bounding surfaces. In the approach of Bader, Magnd B
Chang, no attempt is made to correct for the small error resulting R N/\ﬂ x \]/ -
from the slight mismatch of the amidic surfaces. This error has ) H R
been found to be insignificant in the case of amino acid residues

linked to form a polypeptidé!3?

In a related method, Breneman’s group introduced the
“transferable atom equivalents” (TAEJ36 which are atomic
density fragments bounded by zero-flux surfaces but which have Enkephalin
the added advantage of being flexible to allow for correction
of the surfaces mismatch. In Breneman’s approach, the RECON  Selection of the Test Molecule for the Fragments
program is used to build densities sequentially by joining TAES Method: 7-o-[1-(R)-Hydroxy-1-methyl-3-phenylpropyl]-6,-
stored in a library at their approximately matching surfaces, 14-endoethenotetrahydrooripavine (PEO).The success of a
translating the nuclei to the positions initially specified in an related fragment approach in polypepti#fed motivated the
input z-matrix. At each addition of a new TAE to the previous extension to molecules with complicated electron densities and
one, the two nearly matching zero-flux surfaces are rotated aboutzero-flux surfaces which do not consist of simple repetitive units.
the inter-nuclear axis to optimize the matching of their respective As an extreme test case,d?f1-(R)-hydroxy-1-methyl-3-phe-
zero-flux surfaces. Next, the bond length is adjusted by nylpropyl]-6,14endeethenotetrahydrooripavine (PEO), an ori-
balancing the surface electronic “pressure” on each side of thepavine (demethylated thebaine) opioid, was selected for a
surface, a pressure readily computed from the quantum stressrumber of theoretical and biological reasons.
tensor. In the process, the two zero-flux surfaces are fused into  The molecule has a strong theoretical appeal, since it contains
a single new surface which is constrained to satisfy the zero- gromatic rings, saturated rings, heterocyclic (furanoid) rings,
flux condition (eq 2). This procedure of “melding” the two  five- and six-membered rings, fused and nonfused rings, cages
surfaces of a new TAE to the preViOUS is repeated until the (regions of spaces Comp|ete|y surrounded by rings), intramo-
total molecular density is reconstructed. In bUIIdlng the TAE lecular hydrogen bonds’ a“pha“c regions’ pheno“c and methoxy
Iibrary, information about the derivatives of each atomic oxygen atoms, and a quaternized nitrogen' This Variety of
properties with respect to small radial variations in each unique chemical features represents a stringent benchmark test. Another
position of the zero-flux surface are also stored. This information theoretical advantage is the size of PEO: The molecule is small
is used to correct for the changes in the atomic properties enough to be amenable intact to an SCF calculation (to compare
induced by the melding procedure. The TAE approach has beenyjith the reconstructed molecule), yet it is large enough to be
shown to be of great value in quantitative-structtiaetivity broken into fragments representing different parts of the
relationships studie¥. molecule.

There is no guarantee that the densities obtained from any Biological interest in PEO stems from its unsurpassed ability
of the approaches described above (with the exception of theto bind to the three main subtypes of the opioid receptok(
approach of Massa and Karle) will yield a density which is ando). This molecule, a few thousand times more potent than
N-representable, i.e., derivable from a properly antisymmetrized morphine, is believed to be an ideal substrate to the opioids
wave function. Hernastez-Trujillo and Bader succeeded in  receptor® 48 PEO was selected rather than its methylated
subjecting nearly idempotent fragment-reconstructed densitiesderivative at the phenolic hydroxyl group,azf1-(R)-hydroxy-
to an iterative algorithm constrained to yielfrepresentable  1-methyl-3-phenylpropyl]-6,14ndoethenotetrahydrothe-
idempotent density matricé.The latter approach not only  baine (PET), since blockade of the phenolic group drastically
provides a physically sound method of melding, but results in reduces the binding of several related opioids tqtheceptor'®
densities derivable from properly antisymmetric wave functions Methylated opioids must undergo in vivo de-methylation to be
as well. converted to the biologically active forff.Calculations were

Other excellent strategies for obtaining densities of large performed on the quaternized PEO (with a protonated nitrogen
molecules have been successfully developed, these includeatom), and hence bearing a ret au charge, since this is the
Yang'’s divide-and-conquer meth@# 42 and the linear scaling  prevalent state of ionization of opioids at physiological pH {7.2
approact344 The reader is referred to the literature on these 7.6) and temperature (3TC).%°
important approaches, since in this paper we limit ourselves to  Leu- and Met-enkephalin in their zwitter ionic forms and
a method based on the disjoint partitioning of the real space morphine in both its quaternized as well as neutral forms were
into nonoverlapping atoms which subscribes to a fundamentally also studied. (See Scheme 1.) The numbering scheme for PEO
different philosophy. is shown in Scheme 2.

Morphine PEQ

H H.
\ 7 s

GLY GLY PHE LEU or MET
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“stick” linking two atoms—were characterized by the simulta-
neous presence of a bond gathnd an associated interatomic
zero-flux surface. The O(49H(50)---O(27) hydrogen bond was
unequivocally characterized at this geometry by a bond path.
The presence of this hydrogen bond is consistent with the
interpretation of the NMR spectrum of etorphine solutiéithe
scorpion conformation also allows another hydrogen bonding
interaction between the electrophilic proton H(44) and carbon
atom C(66) of the electron rich phenyl ring. This initial geometry
was subjected to a full energy optimization to obtain a minimum
(A) at the restricted Hartreg~ock (rHF) level using a 3-21G
basis set. The fully optimized geomettyretains the essential
features of the input geometry, albeit with altered values of the
geometrical parameters. This minimu)(was then used to
probe the potential energy surface (PES) defined by the three
torsion angle®1 = C(23)—C(25)-C(55)—-C(58),02 = C(25)—
C(55)-C(58)-C(61), andd3 = C(55)—C(58)-C(61)-C(62).
See Figure 1. The torsion angle around the C{Z3(25) bond
was frozen to preserve the O(4%HI(50)—0(27) hydrogen
bonding, since it occurs in solutid®The PES was sampled at
216 points by a rigid scan in 8Gteps aroundl, 62, and63,
at the rHF level using a 3-21G basis set implemented in
Gaussian94¢ The potential energy scan under these conditions
revealed that the scorpion geomet#) {s the global minimum.
Two other low-energy valleys were also found. The respective
conformational minima of these two additional valleys, in
increasing order of energy, are labeB&ndC. ConformerA
was selected as a test case for the fragment method.

The fully optimized geometry of PEQA] was then used for
a single point SCF calculation using a polarized basis set to
obtain the electron density. The single-point step was performed
at the rHF level using a 6-31G* basis $&¢T he resulting density
was analyzed using the program EXTREME 55to obtain the
molecular graph, and the satisfaction of the Poiht¢éoef
relationship was used to ensure that no critical point has been
overlooked. Some of the atoms of the intact PEO molecule were
subjected to numerical integration using PROAN 55 to
obtain their respective atomic properties which serve as
comparison benchmark for the corresponding integrated atomic
properties obtained from the fragments. EXTREME and PROAIM

A search of the literature and of the crystrallographic 2'© parts of the A'MPA@ suite of programs implementing the
databases revealed that neither the experimental nor a highH€ory of atoms-in-molecules.
quality optimized geometry of PEO or PET are available. In ~ The fully optimized geometryA was used to specify the
view of the size of PEO (71 atoms), a fine grid high-level of geometries of the fragments. The PEO molecule was conceptu-
theory scan of the potential energy surface is computationally ally broken into four fragments representing different parts of
prohibitive, even if restricted to the flexible side chain torsion the molecule, the fragments having some atoms in common at
angles. Alternatively, an initial geometry guess for a local full the boundaries. Atoms at the boundaries of the severed edges
energy optimization was obtained as follows. are not used in the reconstruction and are present only to provide

The X-ray crystallographic geometry of a molecule from the an electronic environment similar to the one in the intact
oripavine family closely related to PEO, etorphine (in which molecule. Hydrogen atoms were added as necessary (at idealized
the phenyl ring of the side chain is replaced by a methyl positions) to the atoms participating in the bonding that was
group)’! was used as an initial guess to the geometry of the severed in the fragmentation to obtain closed-shell “fragment
rigid moiety of PEO. It has been proposed that the flexible side molecules”. (“Fragment molecule(s)” and “fragment(s)”, except
chain of potent opioid receptors agonists such as PEO mustwhen clearly distinguished otherwise by the context, are
adopt a “scorpion” conformation, since this is the only common synonymous in this paper.) See Figure 2. Separate single-point
conformation accessible to several agonm&t$.See Figure 1. SCF calculations were performed at the rHF level using a
The scorpion conformation is one in which the groups in the 6-31G* basis set on each fragment frozen at the geometry of
flexible side-chain of PEO adopt a favorable staggered confor- the corresponding moiety in the intact optimized PEQ. (The
mation. The scorpion conformation was used in the present work resulting densities were subjected to atomic integrations using
to provide the initial geometry guess for the side-chain. The AIMPACS®® to obtain the atomic properties of the atoms in the
scorpion conformation ensures geometrical conditions favoring fragment molecules. The atomic properties of the atoms in the

Figure 1. PEO in the scorpionX) conformation, the global minimum.
The flexible side chain is encircled and the three torsional degrees of
freedom labeled1, 62, and63

SCHEME 2

Numbering scheme for PEO

Computational Strategy and Methods

the hydrogen bonding of the O(49)H(50) of the side-chain
with the methoxy oxygen O(27). All bonding interactiens
symbolized in the structural diagrams in this paper by the usual

fragments corresponding to those in PEO were summed (eq 1)
to obtain the reconstructed properties of the PEO molecule.
Some atomic properties of PEO obtained from fragments in
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Fragment |

ragment Il

Figure 2. Fragment moleculé (green): Mimics the electron density around the quaternized nitrogen atom and its bonded hydrogen atom. It is a
dimer of two separate molecules, one being a toluene molecule; all the atoms of the two separate molecules are at the exact positions of the
corresponding atoms in PEO. This dimeric “fragment molecule” is designed to reproduce the electronic environment arothtigraupl since

it is hydrogen-bonded to C(60) of the phenyl ring. The fragment also mimics the density of the upper half of the phenyl ring. Fragment molecule

Il (red): Mimics the density around the hydrogen bond between the side-el@{@9)H(50) group and the methoxy oxygen O(27). Fragment
moleculelll (blue): Mimics the density of the side chain and the lower half of the phenyl ring. Fragment md¥cfldizck): Mimics the density

of the phenolic ring, the ether oxygen O(11), and the rest of the atoms in this side of the molecule. The color-code of the fragments labels in this
figure identifies the fragment utilized to obtain each of the charges displayed (and the rest of the properties which are not displayed) in Figure 4a.

addition to a few benchmark atomic properties obtained from  The theoretical method used in the fragment approach should
atomic integration of intact PEO are given in Table 2. More be size-consistefif. Even though it is known that closed-shell
properties can be obtained from the Supporting Information. Hartree-Fock calculations are size-consisténthe numerical
Different fragments have certain atoms (on the severed edges)rror arising from the SCF convergence criteria was tested. The
representing the same atoms in the intact PEO molecule. Thesdotal SCF energy (at the rHF/6-31G* level) of fragment
minimize the need for correction of zero-flux surfaces mis- moleculesl andll separated by 1000 A was found to be 0.2
matches by providing a “buffer” region on the edges of each kcal/mol less stable than the sum of the total SCF energies of
fragment. The reconstruction of the density/properties of the the isolated monomers. Size-consistency has to be ensured in
large molecule (PEO) is achieved using atoms carved-out from fragment calculations, especially if truncated configuration
deep inside the fragmentaway from the severed edge® interaction (Cl) methods are used in the futbifés
avoid edge effects. This paper demonstrates that this approxima- . )
tion is very good when the fragments are sufficiently large to €Sults and Discussion
represent the electronic environment of the atoms used in the The Biologically Active Conformations of PEO and
reconstruction. Enkephalin. Three biologically active conformations are pro-
Similar reconstructions of the charge distributions of Leu- posed. As stated in the computational section, three valkeys (
and Met-enkephalins are also achieved in the present work. TheB, andC) were found on a rough approximation to the potential
atomic charges for the amino acid residues Gly and Phe wereenergy surface (216 single points at the rHF/3-21G level). As
obtained from the calculations of Martand Bade¥-32 at the suggested in the literatuP®an important criterion for candidacy
rHF/6-311G**//6-31+G* level. The charges for the terminal as a biologically active conformation of enkephalin is the
amino acids side chains (Tyr, Leu, and Met) were obtained from coincidence of the geometrical relationships of certain functional
calculations on the free, neutral, nonzwitter-ionic molec8iles, groups with the those between corresponding groups in the PEO
and those for the ionized carboxylic and amino groups from or in the PET molecules. Following these lines, the X-ray
calculations on IN—CH2—-COO™ and kN*—CH2—COOH, crystallographic geometry of Leu-enkephalin was obtained from
respectively (all at the same level of theory used by Meahd the Cambridge Crystallographic Data Cerft@he geometry
Bader). was modified using a molecular modéfeto maximize the
Atomic properties of morphine in both ionization states superimposition on PEOA( B, and C geometries) while
(quaternized-cationic, and free base) were calculated directly preserving reasonable peptide bond geometries. The result is a
(not from fragments) at the rHF level using a 6-31G* basis set striking geometrical resemblance of the three respective con-
at a geometry fully optimized using a 3-21G basis set. formations of PEO and enkephalin, a resemblance that can be
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TABLE 1: Key Geometrical Parameters Defining Three Oneryn—-Heryn-cehey= 137.9 (A), the two other parameters also
Nearly Coincident Conformations of PEO and Enkephaling show a remarkable similarity to the corresponding values in
A B C PEO, these ardpa,a_c(phe)_H(Tyr) =3.15A anddH(44)_N(43) =
PEO 1.02 A.
01 -84 -84 —144 The close proximity of the Tyr and Phe aromatic ring of Leu-
62 93 121 93 enkephalin in a tightly folded structure has been observed
f3 # _%53 ‘é‘; experimentally where the centroids of the two rings are separated
d 8.01 10.19 9.66 by only 5.0 A in a nearly orthogonal orientati&éhFurthermore,
Enkephalins the significance of hydrogen bonding between aromatic rings
Tyr [1] ¢ 73 73 73 of Phe, Tyr, and Trp residues and peptide backbeNél groups
Y —97 —97 —97 in stabilizing the peptide secondary structures has been recently
“’1 _gg _1177% _117758 emphasize® In their paper, Tth et al. analyzed 560 different
;2 46 46 46 proteins crystall_ographlc structures _statlsthally, and they re-
%3 177 177 177 ported a clustering of the aromatic side-chain andlerround
Gly [2] ) —151 —151 —151 the range—50° to —100° for the hydrogen-bonds of the type
Y 27 27 27 Ar(i)-HN(i-3), an angle which in enkephalih has the value
w —164 —164 —164 of —40°. They also showed a significantly high propensity for
Gly [3] é —140 —140 —140 S 2 = ;
" o1 o1 84 the residud-2 to bg Gly, which is .of course the case in both
® ~170 ~170 ~170 types of enkephalin. These considerations add weight to the
Phe [4] ¢ —82 —82 -82 proposed tightly folded biological conformati@nof enkepha-
Y 5 5 5 lins, a conformation which could be used as a reasonable initial
° _118 _11(?(? 153? guess for a full geometry optimization in the future.
§2 -1 -1 11 Reconstructed Properties of PEO and Enkephalins, and
3 179 179 179 the Properties of Intact Morphine. The atomic charges of PEO
MetorLeu[5] ¢ —73 —73 —73 and Leu- and Met-enkephalin from fragments and those of intact
: _gg _13698 _13094 morphine in both ionization states are shown in Figure 4. Table
d 766 10.02 10.24 2 compares some of the molecular properties of PEO obtained

) o from fragment using eq 1 with those obtained directly from the
* ConformationsA, B, andC are defined in the text, they correspond — goE calculation on the intact molecule. It is remarkable that

to those in Figure 3. Side-chain angles for Met or Leu are omitted . . .
since their conformation was not studied in details. The angfle®3 when the atomic properties obtained from fragments are

are defined in the text and in Figure 1; peptide torsion angles are namedSUmmed, they yield the molecular properties of this complicated
in accordance to IUPAEIUPAB conventionsr is the dihedral angle molecule to such small errors.
between the best regression planes cutting through the two aromatic  Table 3 reveals how similar the atomic electron populations
rings andd the distance between their centroids. Regression planes (34 atomic charges) of PEO reconstructed from fragments are
were determined using a least-squares appf8aciplemented in a h di | in the intact | le. Th
spreadsheet. Values in degrees and angstroms. to the corresponding values In the Intact molecule. 1he same
transferability trends are also exhibited by the rest of the
refined and pursued in the future. A search for similarity of properties that were studied (Supporting Information). Moreover,
each of these geometrical pairs with known specific opioid equivalent atoms in reconstructed PEO, intact morphine, and
receptor subtypes agonists may help in assigning one geo-reconstructed enkephalin possess very similar properties. The
metrical pair as a specific biologically active conformation to comparison of atomic properties of these molecules can be as
each of the three receptors subtypes«, andd). The three detailed as one wishes. These properties include, for example,
candidate biologically active PEO/enkephalin conformation pairs atomic (or group) contributions to static or field-induced
of A, B, andC are summarized in Table 1 and Figure 3. electrostatic mutipole%. Expansion of the molecular electro-
The scorpion conformatioA of PEO allows the hydrogen  static potential using QT-AIM atomic multipoles has been
bonding between the proton bonded to the quaternary nitrogenshown by Popeliéf to closely reproduce the exact ab initio
[H(44)] and thepara-carbon atom of the phenyl on the side- electrostatic potential for a number of molecules. As important
chain. Since the atomic properties of the quaternized nitrogenas is the ability of QT-AIM multipoles to reproduce an
atom and its attached hydrogen atom in enkephalin are veryelectrostatic potential field is their basis set insensitivity, a
similar to those of the N(43)H(44) group in PEO, a similar ~ property not shared by moments expanded in terms of a set of
hydrogen bonding is anticipated in enkephalin when the Tyr- basis functions such as the distributed multipole analysis (DMA)
NHs" group adopts a similar geometrical arrangement with of Stone®6.67 Since QT-AIM multipoles work so well, and since
respect to the Phe aromatic ring. In PElQgs)-H4) = 2.93 A, the individual components of the QT-AIM multipoles are so
Ohaay-n@z = 1.02 A, and On@ay-naa-cesy = 137.9. In transferable from fragments to the intact molecule (Supporting
enkephalin, when the Tyr-Ng&f group is rotated so that Information) one can expand molecular properties such as

TABLE 2: Comparison of Some Molecular Properties of Intact PEO versus Those Obtained from Fragmengs

obtained from calculations obtained from calculations difference
PEO molecular property on the intact molecule (1) on fragments (2) 2)—-(1) % error
total number
of electrons 254 254.0199 +0.0199 +0.01
total charge +1 +0.9801 —0.0199 —-1.99
total energy —1510.703254 —1510.680842 +14.1kcal/mol +0.001
total volume 565.57 A 566.29 & +0.73 & +0.13

aValues in au unless indicated otherwise.
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Figure 3. Three coincident conformation&\( B, andC) of PEO (top) and Leu-enkephalin (bottom). Some striking similarities in interatomic
distances and angles are indicated for each PEO/enkephalin conformation pair. These are candidates for three biologically-active cortformations a
the opioid receptors sites. Distances in angstroms and angles in degrees.

the molecular electrostatic potential (MEP), or the electrostatic volume calculated from intersecting spherical (CPK) atoms
field, using atomic multipoles computed from the fragment having standard van der Waal's radii at the geomatiy 475.6
molecules. On these bases, an excellent representation of thd\, i.e., is in error by—16%. It is time to replace models of
MEP of a large molecule is anticipated from QT-AIM atomic molecular surfaces and volumes based on intersecting spheres
multipoles obtained from fragments, but a computer code is by molecular isodensity envelopes such as the 0.001 au which
needed. generally encloses more than 99% of the molecular electronic
The total volume of the intact PEO molecule was calculated population and which corresponds to the van der Waal's surface
in GAUSSIAN94* by calling the self-consistent reaction field in the gas phase. (In the condensed phase, the 0.002 au
SCREF routine, which starts by calculating the solute cavity represents the molecular size more faithfully.)
defined by the 0.001 au isodensity envelope. The agreement The total energy is recovered to within 14kcal/mol, a
between the integrated volume up to the 0.001 au enveloperemarkable accuracy in view of the size of the molecule (error
assembled from the different fragments and that calculated for of the order of 1:16). This very small error in the total energy
the intact molecule is a direct manifestation of the transferability can be due to a combined effect of a cumulative atomic
of the atomic volumes from the fragments to the intact molecule integration error, imperfect transferability, and a type of basis
environment and reflect the exhaustive nature of the zero-flux set superposition error.
partitioning leaving no voids unaccounted for nor regions where  Atomic integration errors are minimized by imposing an upper
the densities of different open systems overlap. The molecularlimit on acceptable values of the integrated Laplacian density
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Figure 4. Atomic charges of, PEO, enkephalins, and neutral and quaternized morphine. (a) Atomic charges of an N-quaternized PEO molecule
obtained from the four fragments defined in Figure 2. Colors code for the identity of the fragment used to generate the respective atomic charges
(and the other atomic properties). Fragments color code: green (fragjnesd (fragmentl), blue (fragmentll ), and black (fragmenitv). (b)

Atomic charges of zwitterionic enkephalin molecules (total chageero) obtained from fragments (discussed in the text). The sum of the atomic
charges are-0.051 and+0.043 for Leu- and Met-enkephalin, respectively. The deviations of the atomic sum from zero are measures of the total
integration and imperfect transferability errors. (c) Atomic charges of morphine free base (total sh@ygdtained from an self-consistent-field

(SCF) calculation on the intact molecule. The sum of charges is 0.008. (d) Atomic charges of an N-quaternized morphine molecule (total charge
= +1) obtained from a self-consistent-field (SCF) calculation on the intact molecule. The sum of charges is 0.995. Note the striking similarity of
the charges of equivalent atoms in these four molecules. All charges in atomic units (au).

over each atom. The Laplacian of the dendify) vanishes IL(Q)] =

0.00361 au for any one atom. (See Table 3.) Ob-

identically when integrated over the volume of a proper open viously, a trade off has to be reached between the desired accur-

system bounded by zero-flux surfaces, iLl€Q) = 0, and any

acy of the integration and computational costs. With the rapid

(positive or negative) deviations are due to numerical integration advances in computers and the development of faster integration

errors. The average value ff(Q2)| over the 71 atoms used in

algorithms!8:65.68.6%he accuracy and speed with which atomic

the reconstruction of PEO from fragments is 0.00052 au with integrations are performed will dramatically improve.
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TABLE 3: Some Atomic Properties of PEO from Fragments

electron population<) E(Q) vol 1(Q) L(Q)

atom no. intact PEO fragmeht fragmentll fragmentlll fragmentV frag.used rec PEO rec PEO rec PEO rec PEO

H(1) 0.3466 0.3451 v 0.3451 —0.31762 17.17 0.00001
0(2) 9.2823 9.2825 v 9.2825 —75.37406 117.47 —0.00021

C(3) 5.3396 v 5.3396 —37.44918 57.39 0.00013
C(4) 5.8983 v 5.8983 —37.79589 78.58 —0.00082

H(5) 0.9854 v 0.9854 —0.62911 45.97 0.00007
C(6) 5.9312 v 5.9312 —37.79806 78.59 0.00024
H(7) 1.0268 v 1.0268 —0.64656 48.49 0.00008
C(8) 6.0245 6.0258 v 6.0258 —37.88816 66.64 0.00013
C(9) 6.0062 6.0230 v 6.0230 —38.04155 58.32 0.00015
C(10) 5.3911 5.4739 v 5.4739 —37.60968 58.13 0.00044
0(11) 9.2642 9.2528 9.2618 v 9.2618 —75.36266 97.71 0.00013
C(12) 5.4221 5.8120 5.4291 \Y 5.4291 —37.50417 39.74 —0.00181

C(13) 5.9526 5.8250 5.9284 5.8299 5.9545 v 5.9545 —37.88836 39.99 0.00028
C(14) 5.7789 5.8185 \Y 5.8185 —37.71727 52.62 0.00192
H(15) 1.0083 1.0170 v 1.0170 —0.64547 46.41 0.00012
H(16) 1.0564 1.0587 v 1.0587 —0.66785 45.16 0.00012
C(17) 5.6552 5.5849 5.7775 5.6558 v 5.6558 —37.60724 43.52 0.00219
H(18) 1.0251 1.0111 1.0848 1.0205 v 1.0205 —0.65661 45.66 0.00015
C(19) 5.8601 5.9433 5.8963 5.9470 \ 5.9470 —37.84567 40.41 0.00007
C(20) 5.7698 5.8324 5.8143 5.8300 1} 5.8143 —37.74292 48.42 0.00228
H(21) 1.0889 1.1293 1.0598 1.1317 1} 1.0598 —0.67193 44,51 0.00006
H(22) 1.0526 1.0563 1.0865 1.0521 1} 1.0865 —0.68778 43.08 0.00000
C(23) 5.8829 5.8824 5.8203 1} 5.8824 —37.77245 43.59 0.00361
H(24) 1.0619 1.0756 1.0774 11l 1.0756 —0.68487 4491 0.00024
C(25) 5.3719 5.2469 5.3855 1} 5.3855 —37.37188 35.85 0.00032
C(26) 5.3652 5.4220 5.3328 I 5.3652 —37.42885 35.12 —0.00031

0(27) 9.2738 9.2700 9.3012 9.2473 I 9.2700 —75.39442 89.63 —0.00144

C(28) 5.2700 5.2520 v 5.2520 —37.35735 53.86 0.00084
H(29) 1.0453 1.0566 v 1.0566 —0.66662 48.72 0.00011
H(30) 1.0095 1.0303 v 1.0303 —0.66181 45.34 —0.00023

H(31) 1.0117 1.0143 v 1.0143 —0.64756 47.42 0.00006
H(32) 1.0129 1.0789 1.0181 v 1.0181 —0.66064 44.03 0.00014
C(33) 5.9526 5.8061 5.9515 v 5.9515 —37.88178 73.02 0.00031
H(34) 0.9941 1.0484 0.9915 v 0.9915 —0.63191 45.66 0.00012
C(35) 5.9966 5.9976 5.9936 6.0042 v 6.0042 —37.89329 71.43 0.00057
H(36) 1.0212 1.0456 1.0228 v 1.0228 —0.64453 47.38 0.00011
C(37) 5.8043 5.8118 5.8089 v 5.8089 —37.75720 50.87 0.00247
H(38) 1.0566 1.0618 1.0622 v 1.0622 —0.66632 46.64 0.00023
H(39) 1.0239 1.0094 1.0123 v 1.0123 —0.64011 46.85 0.00010
C(40) 5.5435 5.5404 5.5446 5.5479 v 5.5479 —37.57651 49.82 0.00152
H(41) 1.0109 1.0041 0.9889 \ 0.9889 —0.64156 40.94 0.00002
H(42) 1.0077 1.0018 1.0054 v 1.0054 —0.64366 46.00 0.00009
N(43) 8.3120 8.3099 8.2986 8.3026 | 8.3099 —55.01652 63.29 0.00018
H(44) 0.5090 0.5112 0.5253 0.5300 | 0.5112 —0.41237 22.67 0.00000
C(45) 5.4495 5.4486 5.4536 5.4527 \ 5.4527 —37.51104 58.19 0.00175
H(46) 0.9941 0.9954 0.9829 0.9837 \ 0.9837 —0.63340 43.07 0.00013
H(47) 0.9880 0.9891 0.9840 0.9864 \ 0.9864 —0.63068 45.83 0.00007
H(48) 0.9851 0.9872 0.9827 0.9858 \ 0.9858 —0.63045 45.56 0.00008
0(49) 9.2655 9.3017 I 9.2655 —75.33416 114.30 0.00010
H(50) 0.3253 0.3289 0.3293 I 0.3289 —0.31196 11.37 —0.00099

C(51) 5.7736 1l 5.7736 —37.71143 57.76 0.00137
H(52) 1.0625 11} 1.0625 —0.66319 46.02 0.00003
H(53) 1.0875 1} 1.0875 —0.66971 48.99 —0.00085

H(54) 1.0721 1} 1.0721 —0.66157 50.82 0.00011
C(55) 5.8098 1} 5.8098 —37.72067 50.80 0.00183
H(56) 1.0509 1} 1.0509 —0.66734 46.24 0.00014
H(57) 1.0784 1} 1.0784 —0.67468 46.63 0.00002
C(58) 5.7717 5.8090 1} 5.8090 —37.69094 53.41 0.00230
H(59) 1.0451 1.0798 1} 1.0798 —0.67528 47.02 0.00002
H(60) 1.0317 1.0675 1} 1.0675 —0.66689 49.83 0.00010
C(61) 6.0231 6.0139 6.0177 1} 6.0177 —37.86771 61.43 0.00015
C(62) 5.9632 5.9591 1} 5.9591 —37.82078 77.01 0.00065
H(63) 1.0316 1.0592 1} 1.0592 —0.66183 49.47 0.00011
C(64) 5.9786 5.9589 | 5.9786 —37.81338 80.36 0.00028
H(65) 1.0287 1.0493 | 1.0287 —0.64767 48.21 0.00007
C(66) 5.9897 5.9885 5.9546 | 5.9885 —37.81426 79.48 0.00068
H(67) 1.0399 1.0495 | 1.0399 —0.65170 49.50 0.00008
C(68) 5.9805 5.9583 | 5.9805 —37.81344 80.82 —0.00030

H(69) 1.0351 1.0491 | 1.0351 —0.64991 49.08 0.00008
C(70) 5.9640 5.9644 1} 5.9644 —37.82527 75.78 0.00029
H(71) 1.0368 1.0523 1} 1.0523 —0.66146 47.55 0.00000
sums 254.0199 —1510.68084 3821.54 0.02308

aFragments are labeled as in Figure 2. Vol 1 is the integrated volume of the atom bounded by the zero-flux surfaces intersecting the outer 0.001
au isodensity envelope. The “frag. used” column indicate which fragment was used to provide the atomic properties for the corresponding atom in
PEO, i.e., which fragment the particular atom used in the reconstruction (abbreviated “rec” in the legend) com&§ois.the integrated
atomic energy, antl(Q2) is the integrated atomic Laplacian. All values in au.
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Intramolecular Basis Set Nonsuperposition Error (BSNSE). its component$® As a result, the properties of an atom in a
The use of truncated basis sets in SCF calculations leads to ai€molecule are dependent only on its immediate neighborhood,
(intermolecular) basis set superposition error (BSSEY When and are almost completely independent of remote parts of the

the energies of monomers andB are calculated separately, molecule. In other words, the near sightedness of the density
the effective basis set used is smaller than the one used tomatrix provides the physical basis for the functional group
estimate the energy of the complé&B. This results in an transferability underlying much of experimental and theoretical
artificial lowering of the energy of the complex. To correct for chemistry. This near sightedness is exploited in this paper since
this error, the counterpoise (CP) method works best and is the density of an atom or a group of atoms can be modeled to
theoretically justified’? a very high degree of accuracy in fragments from which they

Only recently has attention been drawn toiimamolecular are carved out and assembled to yield an excellent approxima-
BSSE which can result in significant errors in the estimation tion to the density of the intact molecule.
of conformational barrier& In the fragment approach a type
of intramolecular BSSE arises, which is opposite to the BSSE Future Developments: Similarity Measures of a
in the complexAB. The fragments within the intact molecule Pharmacophoric Fragment in Two Different Molecules
are in close spatial vicinity (they constitute one system) and
therefore basis functions centered on atoms belonging to
neighboring fragments overlap. This overlap is particularly
important for atoms closely located in space, and is important
for atoms that lie on the edges interfacing two fragments, e.g.,
atoms participating in bonding severed in the fragmentation.
?/SV;::? e;eﬁgg‘:’;:'rﬁtlrl%lglceulif?g eoifstreixg?rlﬁc?%e&ﬂeegggyparalIels the trans:erability of its density and of its bounding
of the total system from the integrated energies of subsystems,zero'ﬂu% surfage%. . ) .
each of which is described by a smaller basis set than the same 1N€ visual similarity of the density of a common moiety
subsystem within the intact molecule. Since the energy of a €mbedded in two different molecules is manifested in the
fragment molecule is expected to be higher than the energy 0ftr_ansferablllty of the propertles_of this moiety. For instance,
the same fragment molecule computed with the basis set of thefigure 4 reveals the tran;fe(ablllty of j[he charges .of equwalent
whole intact molecule, the reconstructed energy will be higher &oms (€.g., the phenolic ring and its surrounding) in three
than that computed in an SCF calculation of the intact molecule, €ntirely different molecules: PEO, enkephalins, and quaternized
In other words, the reconstructed molecule is effectively ©F Neutral morphine. The transferability of any one property
described by a smaller basis set than the set used in a direcBUCh @s the atomic charges a partial quantitative expression
SCFE calculation of the intact molecule. This leads to a ©Of the visual similarity that one can easily see from the envelope
destabilizatiorof the reconstructed molecule (as opposed to the Pl0ts of the density 4(r)] or of its Laplacian ¥p(r)] in the
usual artificial stabilization of a comple¥XB). For these reasons, phenolic region (_Flgqre 5) or f_rom th_e contour plots in the plane
it is proposed hereby to give this error the designation “basis ©f the same region in morphine (Figure 6a) and PEO (Figure
set nonsuperposition error (BSNSE)” to distinguish it from 6b). The pronounced similarity exhibited in the phenolic region

BSSE which arises from theuperpositionof basis functions ~ fades as one moves toward the bottom-right sides of the plots
and result into an overasitabilization in Figure 6a,b as clearly seen from the superimposition of the

contour plots in Figure 6c.

A direct measure of the similarity of the densityapart of
a molecule is desirable, since this will allow one to zoom-in on
the similarity of a crucial (e.g. pharmacophoric) moiety between
two or more molecules, leaving out parts that are not necessary
for the biological activity. In Figure 5, even though the envelope
plots display a strong similarity at the phenolic end, they show

The success of the fragment approach is a manifestation of
the transferability of functional groups. The concepts of
transferability and similarity are related: If two pieces of matter
are similar they are transferable, and vice versa. Transferability
is a quantitative expression of similarity. The transferability of
a functional group’s properties from one molecule to another

To minimize the BSNSE one has to include in the density
reconstruction atoms which are far from the edges of the
fragment, edges that were formed in the fragmentation. This
will diminish the effect of the missing overlap of basis functions
centered on atoms in the fragment with the tails of basis
functions centered on atoms of its surrounding, a surrounding

present in the intact molecule but absent in the case of the LU o .
much dissimilarity at the opposite side of the molecules since

fragment. The same strategy will also minimize the error the chemical nat f1h it th Th
resulting from zero-flux surfaces mismatches, i.e., imperfect . € chemical nature ot the groups are ditferent Inere. the same

transferability errors. The use larger basis sets is another!S true in the corresponding contour plots (Figure-63

means of reducing BSNSE which is rooted in the basis set Suppose that only the phenolic moiety was known to be

truncation. important for the biological activity of the series, and we

. wish to obtain an overall similarity measure for the density
In summary to improve the accuracy of the fragment approach of this moiety in morphine and in PEO. Cartand co-
one can use Ia_rger basis Sets, larger fragments_, and t'g_hte(/\/orkers?6 proposed the now well-known similarity index (eq
integration criteria. The computational resources will determine

h bal 4), largely used in quantitative-structure-to-activity-relation-
the cost-versus-accuracy balance. ships(QSAR) studie&

Theoretical Basis of the Transferability in the Fragment
Methodology. The “locality” of the atomic and functional group
properties is a consequence of the “near-sightedness” of the one- . f paps dv
electron reduced density matrIXb.”* “Near-sightedness” of Rag =
'™ means that the matrix elements between two points in space y fpi dv fpé dv
decay relatively quickly with the distance between them. At
the Hartree-Fock (single determinant) level;® determines wherepa and pg stand for the density of moleculds and B,
the higher-order density matrixes as well as the state function. respectively, and the integral is over theatire spaceThe index
Therefore '™ determines all the measurable properties and their is a normalized cross-correlation coefficient that can take values
respective real space densities, including the total energy and0 < Rag < 1, where 1 indicates a complete similarity and 0 a

(4)
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Similarity indices (eqs 4 and 5) have been used so far to
_ compare theentire densities of two molecules. Because this
Morphine g usage does not allow one to select particular regwittsin the
two molecules to be compared, the indices have been most
useful when the molecules are roughly of the same size and
have most of the atoms in common with relatively minor
substitutions. If one is interested in comparing a particular
grouping of atoms of pharmacological importance (a fragment)
embedded in very different molecules where the remainder of
each molecule is biologically irrelevant, the mode of integration
over all space in egs 4 and 5 is not likely to yield meaningful
or useful results. In other words, the use of similarity indices
to compare densities of full molecules “dilutes” the similarity
(or dissimilarity) of a pharmacologically important moiety. We
now return to our hypothetical case of comparing the density
of the phenolic moiety in morphine to the one in PEO. If we
use eq 4 or eq 5 to compare the densities of the entire molecules,

i . . the similarity of the phenolic part will be offset by the
Figure 5. Electron density 0.002 au envelopes of morphine and PEO . . . . : . . .
(left), and their zero-Laplacian (reactive surface) envelope (right). The dissimilarity of the density of the flexible side chain and of the

Laplacian of the densitySZo(r)] measures the local curvature of the ~ density in the Diels-Alder adduct region in PEO, regions that

electron density in all of its three dimensions. Where the Laplacian is are absent (or very different) in morphine. The comparison of
positive, the density is locally depleted and the electron density is the full molecule density cannot possibly recover the similarity
expanded relative to its average distribution; where it is negative the of the phenolic region in both molecules that one can see in
density is locally C(_)ncentrated {anq thfe density is tightly bound an_d Figure 5 or Figure 6 or by comparing the atomic properties of
compressed above its average distribution. A local charge concentratloncOrresponding atoms in the two molecules. Alternatively, one

is a Lewis base (nucleophile), while a local charge depletion is a Lewis v the d ity f b d hei
acid (electrophile). The Laplacian reproduces the spherical shell €& €xtract only the density fragments to be compared at their

structure of isolated atoms. The zeroes in the Laplacian are sphericall€Spective zero-flux surfaces. Thus instead of comparing the

node envelopes bounding regions of density depletion or concentration.density of morphine and PEO over all space, one can compare
The last shell of charge concentration followed by charge depletion the density over the space occupied by the fragment of interest
(VSCC). When an atom is involved in bonding the spherical symmetry qin o6 these surfaces determine the maximally transferable proper

of the VSCC is broken and it may become punctured. A chemical t ithi total t d will. h S
reaction corresponds to the combination of a “lump” in the VSCC of open systems within a total system and will, hence, maximize

the base with a “hole” in the VSCC of the acid. Some regions of charge the similarity of the fragment in different total systems. In two

depletion (holes) are indicated by the yellow arrows in the figure dimensions, this is represented by Figure 6d, which shows the
representing the reactive surfaces. Similar regions of the morphine andsuperposition of only the phenolic region of morphine and PEO,
of the PEO molecules have similar regions of local charge depletion each extracted from its respective molecule at the zero-flux
and concentration. The reactive surface of PEO serves as a “comple~g,iface. As another illustration of proper open systems, three-

mentary template” for the receptor: where there is a region of charge . ; . . . .
depletion (holes) in the reactive surface of PEO there should bearegiond'rnenSIonal density fragments representing two amino acid

of charge concentration (lumps) in the receptor pocket, and vice versa,'eSidues extracted from a polypeptide at their bounding zero-

flux amidic surfaces are shown in Figure 7. A data bank of
complete dissimilarity of the two density functions. Catype predetermined side chains densities at their common conforma-
similarity indexes are particularly useful when the relative tions and separated from peptides moulds at th@aReero-
disposition of the atoms is important as is the case for example flUX sggflace can be used in real-space crystallographic refine-
in optical isomers. This type of index is also useful to compare Ment®®t and in locating errof$ during model building of
observed and calculated densities using real-space-correlatiorProtein densities from X-ray experiments.

coefficient in X-ray protein crystallographic refineméft. Thus, instead of integration over all space, the integration in
Another definition of the similarity index was proposed €4S 4 and 5 can be restricted to the volume enclosed between

later 79 a certain outer isodensity envelope, say the 0.001 au, and its
intersection with the zero-flux surfaces separating the fragment
of interestQ from the rest of the molecule. The fragment may

ZfPAPB dv consist of a single atom or a grouping of atoms. The similarity
AB T L, 5 5) index equation is therefore rewritten to reflect the bounded
fPA dv + IPB dv integration domain:

It has been argued that eq 5 is sensitive to the magnitudes of f dv
the two densities (as opposed to comparing only their shapes Roe = aug PaPe

in eq 4) since that, ipg = k%oa, Wwherek is a constant, eq 4 ueY 5 5
will indicate a perfect similarity®8°This is true of course, but \/fg po dv fg' P dv
it is shown in the Appendix thats = k%pa is only allowed for

the trivial case otk = £1. In other words, there can be no whereU is necessary to emphasize that the integration is carried
density which is a “scaled” version of another density. Further- out only over the volume necessary to enclose both fragments,
more, eq 4 has a direct statistical meaning lost if one uses eq 5.and no longer over the entire space. Of course, as in the case
Thus, eq 4 will be used in the following discussion, but the of entire molecular densities, there exist an alignment problem.
same ideas could be extended to eq 5 should a specific useSeveral excellent methods have been devised to optimize the
arises. alignment of densities, the optimum alignment being the one

(6)
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(c) Superposition of (a) and (b) (d) Superposed proper open systems

Figure 6. Contour maps of the electron density in the plane of the phenolic region of (a) quaternized morphine and (b) quaternized PEO. The
density increases from the outermost 0.001au isodensity contour in steps @02 4 x 10, 8 x 10" au with n starting at—3 and increasing in

steps of unity. The lines connecting the nuclei are the bond paths, and the lines delimiting each atom are the intersection of the respectige interatom
surface with the plane of the drawing. Crosses not linked by bond paths are the projections of the nuclear positions of atoms out of the plane of
the drawing. Since the region is not perfectly planar, bond paths and zero-flux interatomic surfaces are allowed to leave the plane and tesr projecti

to be plotted. This accounts for artifacts like the line crossing through the density of O(11). (c) Is a superposition of the two density maps of (a)
morphine and (b) PEO. It shows the remarkable degree of similarity, contour by contour, between the densities of the phenolic region of morphine
and PEO. The similarity is most striking as one goes to the top left of and decreases as we move to the bottom right. (d) Is the superposition of
the two densities of the phenolic region extracted from their respective surroundings and compared as proper open systems in isolation. The
superposition of the two molecular densities is terminated at their bounding zero-flux surface (lower surface in the plot). The fragment in (d)
consists of the atoms: H(1), O(2), C(3), C(4), H(5), C(6), H(7), C(8), C(9), and C(10). The rest of the molecular space has been deleted from the
zero-flux surface on.

maximizing the similarity indexRag. (See, for example, refs  (nucleophilic regions)V2pe(r) < 0, and regions where it is
82—-85 and the literature cited therein.) The extension of locally depleted (electrophilic regionsy?p(r) > 0. In plots of
similarity maximization algorithms to deal with regions of space the zero-Laplacian envelop¢he outer zero-Laplacian envelope
bounded by an isodensity envelope intersecting with a zero- being the molecule’s “reactive surfaceholes are the sites of
flux surface should be straightforward. prone to nucleophilic attacks (Lewis acids) and lumps are the
The indices based on the density, while having the virtue of sites prone to act as nucleophiles (Lewis baséSee Figure
being based on an experimental observable, can give exagger5.) Thus, the Laplacian is an excellent candidate to provide the
ated weight to small mismatches in regions where the density basis for a similarity measure that reflect the reactivity of the
is extremely high, a situation that may arise in proximity of the molecule without being biased by small mismatches at the
nuclei when the geometries of the molecules to be compared isnuclear cusps. The integral of the Laplacian over a proper open
slightly different. Cooper’s group proposed momentum-space quantum system vanishes, and it does so for the total system,
similarity indices which give more weight to the outer chemi- however the product of two Laplacian distributions does not
cally interesting regions in the molece?” A more natural necessary vanish when integrated over all space or over the
measure of the reactivity of a moleculergel spaces provided space of a proper open system. Therefore, one can use the
by the Laplacian of the charge densi#p(r).! The Laplacian Laplacian product to obtain a “reactive similarity index” over
is an excellent descriptor of chemical reactivity since it indicates the region of interest in two molecules. One can compare regions
regions in the molecule where the charge is locally concentratedbounded by the reactive surface between fragments bounded
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selected molecular regions bounded by zero-flux surfaces is
proposed to extend the use of Caiype similarity indices to
parts of interest within a molecule as opposed to the entire
molecule. This mode of integration will eliminates the unneces-
sary noise introduced by the remainder of the molecules that
may have little biological relevance. The Laplacian of the
density can provide a “reactive similarity index” free from the
dominance of nuclear cusps in the density.

Three different conformations for PEO have been found to
bear a striking geometrical similarity to three corresponding
enkephalin conformations. These three geometrical pairs are
candidates for the biologically-active conformations at the opioid
receptors.

The present paper can be of value in extending the compu-
tational arm to large complex molecule with potential implica-
tions in nanotechnology and in drug design.
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Figure 7. The density of two amino acid residues determined as proper provided by the Chemistry Department, McMaster University
open systems carved-out of their polypeptide. The two residues are This work was presented at the American Chemical Society,

represented by the intersection of the van der Waals surface with thep2ond National Meeting, August 26-30, 2001, Chicago, IL;
two amidic surfaces. The residue at the top is a serinyl resjbitGH- paper COMP 94 ' ' ' T

(CH20H)CEO)| with the —HN| surface facing the viewer and leading

to the previous amino acid residue in tidelix. The—(O=)C| amidic .
surface of the serinyl group face downward to tHgN| amidic surface Appendix
of the next amino acid residue in the helix, the residue at the bottom P “ " :
(glycyl). The two residues face each other with complementary surfaces, Th_e l_mpOS_SIblhty of a “Scaled E_Iectron DeanIt.y' T.he
being the two sides of one and the same surface separated here onlifl€nSity is derived from the state function aig= k“oa implies

for clarity: We have severed an amide bond. These are two examples¥’s = £kWa; in other words, the two densitigg and pa are

of proper open systems represented by their density in real three-derivable from two state functions differing only by a constant
dimensional space. factor and hence describing the same state. The scaled density
k2o’ a integrates tk®N electrons rather thaN, a situation with

no physical consequences since it entails division by a proper
normalization facto?! For example, the expectation value of a

by a zero-flux surfaces. This can be expressed as

f Voo Vipg dv multiplicative operatol is
e v [ Bpg(r) d
2 2 2 2 . og(r) dr
\/ J (5 pe)’ av [ (Vo) o . : _
Q Q [dr [ dr Werw,
Equations 6 and 7 lead one to an operational definition of a f Okzp (r) dr f @p (r) dr
A A

pharmacophore ame (or more) properly oriented proper open —
quantum system(s) in a molecule responsible for eliciting a fdr f dr (KW )* (KW ,) f dr fdr LRV
pharmacological action, each bounded by a zero-flux surface,
a surface within which the similarity (Ro') and the transfer-
ability of the density is maximized in a series of related
molecules

This definition underlines the possibility of studying a
pharmacophore in a model system much smaller than the
original drug molecule.

(A1)

Equation A.1 states that the same expectation value for the
ground-state property O can equally be obtained from either
densitiespg or pa. The HohenbergKohn theorerfil®—that the
ground-state electron density uniquely define any ground-state
property—completes the proof thas = k%oa is only allowed
for the trivial casek = +1. In other words, there can be no

: density which is equal to another density multiplied by a
Conclusions constant other than one. (See ref. 34.)

The feasibility of the theoretical reconstruction of large

complicated molecules is established and shown to provide an Supporting Information Available: A table of some
excellent approximation to the density and to the properties of integrated atomic properties for a few representative atoms of
the intact molecule. The success of the method depends thePEO, and for each of the four fragment molecules defined in
simultaneous transferability as well as the additivity of the the text. Properties included: atomic electron population, atomic
atomic properties, conditions that are closely met when the charge, atomic energy, atomic volume integrated up to the 0.001
fragments are determined as proper open systems according t@au envelope, integrated atomic Laplacian, the components and
the quantum theory of atoms-in-molecules (QT-AIM). Transfer- magnitude of the atomic dipolar polarization with the origin at
ability is a manifestation of the short-range nature of the first- the nucleus, the eigenvalues of the diagonalized quadrupole
order reduced density matrix. The concepts of transferability tensor and its magnitude. Wave functions in Gaussian 94 format
and similarity are intimately interrelated. The integration over of PEO, the four fragment molecules, as well as neutral and
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quaterized morphine also available. This material is available
free of charge via the Internet at http://pubs.acs.org.
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