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Abstract: Human immunodeficiency virus type 1 protease (HIV-1 PR) is an essential enzyme for the replication cycle of 
HIV-1. HIV-1 PR inhibitors have been extensively investigated as anti-AIDS drugs. For developments of HIV-1 PR  
inhibitors more promising than those utilized at the moment, the construction of reliable QSAR models that can elucidate 
the inhibitory mechanism as consistently as possible should be one of the most significant issues. Garg, Kurup, and their 
groups published comprehensive QSAR studies using past structure-activity data for HIV-1 PR inhibitors, and  
summarized some physicochemical structural factors of inhibitors that govern variations in the inhibitory activity for  
various structural types. There seem to exist much to be clarified further, especially for effects of electronic structure of 
inhibitors. It is also expected to incorporate structural and physicochemical information about the enzyme protein into the 
QSAR model. In this article, we reviewed our own QSAR study on a series of cyclic urea inhibitors with newly proposed 
QSAR descriptors. We performed molecular dynamics simulations of HIV-1 PR inhibitor complexes to provide the  
accurate geometry to the fragment molecular orbital (FMO) calculations as well as to the estimation of an accessible  
surface area descriptor for inhibitors and amino acid residues. With the FMO procedure to cover full electronic feature of  
three-dimensional structure of protease inhibitor complexes, we derived electronic descriptors for inhibitors and amino  
acid residues. The successful results are believed to provide a new insight into QSAR and understanding of binding  
mechanism of inhibitors with HIV-1 PR at atomic and electronic levels. 

Keywords: Ab initio fragment molecular orbital (FMO), accessible surface area (ASA), charge transfer, cyclic urea type  
inhibitor (CUI), HIV-1 protease (HIV-1 PR), Inter-fragment interaction energy (IFIE), molecular dynamics (MD), quantitative  
structure-activity relationship (QSAR). 

1. INTRODUCTION 

1.1. AIDS, HIV, and HIV-1 Protease 

 More than twenty million people have died of the ac-
quired immunodeficiency syndrome (AIDS) caused by Hu-
man Immunodeficiency Virus Type 1 (HIV-1) and many are 
presently suffering from this disease [1, 2]. HIV-1 protease 
(HIV-1 PR) is an essential enzyme for the replication cycle 
of this virus [3]. Inhibition of this enzyme leads to the pro-
duction of immature, noninfectious viral particles. Thus, 
HIV-1 PR inhibitors have been extensively investigated as 
anti-AIDS agents and numerous synthetic and structure-
activity studies for possible candidates have been practiced 
and published [4-6]. HIV-1 PR is expressed as a part of the 
gag and gal-pol polyproteins, and the target of inhibitors is 
certain amino acid sequences including the active site of the 
protease. There are other mechanisms to interfere with the 
replication cycle of HIV. Inhibition of HIV reverse tran-
scriptase and viral entry to target cells are such mechanisms, 
which also have been investigated with much effort. Most 
drugs approved and clinically used to date are due to either 
inhibitory mechanism of the HIV-1 PR, HIV reverse tran-
scriptase, or the viral target-cell entry [7-9]. 
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1.2. Structure of the HIV-1 Protease 

 HIV-1 PR is a C2 symmetrical homodimeric aspartic pro-
tease, each monomer containing 99 amino acid residues (1 ~ 
99 and 1’ ~ 99’ in chains A and B, respectively), as shown in 
Fig. (1a) [10]. Since the first report of the X-ray crystallo-
graphic structure of this enzyme was published in 1989 [11-
13], a number of crystal structures of its mutants and their 
complexes with various inhibitors have been accumulated 
and provided much information about the mechanism of the 
protease reaction as well as the complex formation with in-
hibitors [14, 15]. Thus, the active site of HIV PR has been 
well recognized to be constructed by a pair of catalytic tri-
ads, Asp25  Thr26  Gly27 and Asp25’  Thr26’  Gly27’, 
located at the interface of the two symmetric core domains 
(two triads together function as a single active site) as shown 
in Fig. (1b) [16]. The active site/pocket is surrounded by 
subsites S1, S2, S1’, and S2’, which consist of hydrophobic 
amino acid residues, except for Asp29 (29’) and Asp30 (30’) 
in S2/2’, as shown in Fig. (2) with the inhibitor molecule 
(DMP323 analogs) incorporated [16]. The active site is also 
covered by two symmetrical flap domains including the  
hairpin “flap tips” from Trp42 to Gln58 and Trp42’ to 
Gln58’ on the dimer interface (not shown in figures). The 
flexible flaps change their conformation between free and 
complexed (with substrates and inhibitors) states, and possi-
bly contribute to the molecular motion responsible for sub-
strate entry and release. 
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Fig. (2). Schematic representation of the binding sites in the HIV-1 
PR cyclic urea type inhibitor (CUI) complex. According to the 
standard notation, P1/P1'and P2/P2' are for CUI analogs, and 
S1/S1'and S2/S2' represent corresponding subsites in HIV-1 PR. 

1.3. Inhibitors of HIV-1 Protease 

 HIV-1 PR inhibitors can be either peptidomimetic or 
non-peptidomimetic. Representative inhibitors are shown in 
Fig. (3). Although such peptidomimetic inhibitors as  
saquinavir (1), ritonavir (2), and indinavir (3) have been ob-
served to increase the lifespans of HIV-infected patients 
[17], they exhibit limited oral bioavailability owing to their 
high molecular weight/volume, poor solubility, and substan-
tial peptide character vulnerable to hydrolysis. To overcome 
these drawbacks, a large variety of non-peptidomimetic in-
hibitors have been developed. Among them, such “cyclic 
urea-type inhibitors” (CUIs) [18, 19] as DMP450 (4), 
DMP323 (5), and their cyanoimine analogs (6) are unique in 
their structure with the C2 symmetry and four benzyl and two  
hydroxyl groups on the seven-membered ring designed to fit 
well with the active site of HIV-1 PR. They were also in-
tended to maintain the efficient hydrogen bond network 
commonly observed in the enzyme complexed with  
 

 

peptidomimetic inhibitors [18, 19]. Thus, the two hydroxyl 
groups build up hydrogen-bonds with the catalytic Asp25 
(25’), and the urea carbonyl-oxygen (and the imino-nitrogen) 
forms hydrogen-bonds with the flap-tip Ile50 (50’) NH hy-
drogen atoms, the latter simulating those achieved by struc-
tural water molecule in the complexes with peptidomimetic 
inhibitors [18, 19]. 

 The HIV-1 PR is a member of aspartic protease superfa-
mily, and the mechanism of the enzyme reaction is consid-
ered as a type of general-base catalytic hydrolysis [14, 15]. 
The inhibitors have been accepted to form transition-state 
analogs with Asp25 and 25’ to interrupt the otherwise ongo-
ing hydrolysis and to create multiple hydrogen bond net-
works to stabilize the “nonproductive” complex [24]. There 
should be electronic mechanisms for enzyme reaction as well 
as the enzyme inhibition rationalized in terms of QSAR. 

1.4. Past QSAR Studies for HIV-1 Protease Inhibitors 

 Corresponding to a number of synthetic and structure-
activity publications [10, 25-33], a number of QSAR studies 
have been pursued to understand the molecular mechanism 
of HIV-1 PR inhibition as well as to obtain clues for design-
ing more active inhibitors. These studies have been com-
piled, analyzed, and reviewed by Garg [34], Kurup [35], and 
respective coworkers. In their studies, structure-activity data 
were collected from various sources, in which original 
authors had not necessarily intended for the QSAR analyses. 
In each series of inhibitors with a fixed scaffold, structure 
modifications are performed mostly as substituent variations 
at certain defined positions. Substituent variations are not 
restricted in a narrow range at least for hydrophobic and 
steric points of view to make some lateral and comparative 
QSAR examinations. Thus, Garg et al. were able to present a  
predictable generalization for the molecular hydrophobicity 
required for the better complex formation of this type of in-
hibitors [34, 36]. However, the range of variations is not 
enough in many cases in terms of electronic properties to 
obtain information about the electronic mechanism of inter-
action including hydrogen-bond formation occurring be-
tween the enzyme and inhibitors. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Three-dimensional structure of HIV-1 PR DMP323 complex (PDB code; 1QBS). (a) Catalytic residues Asp25 (25’) of the active 
site are represented in a sphere model. (b) Magnified view of DMP323 (represented in a stick model) and the active site with a pair of  
catalytic triads, Asp25 (25’)  Thr26 (26’)  Gly27 (27’). 
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1.5. Novel Descriptors Derived from Molecular Dynamics 

and Molecular Orbital Methods and their Application to 
QSAR for Protein Ligand Complexes 

 Although classical QSAR studies mentioned above and 
others [37-45] have indicated various degrees of success, 
information provided is only based on the structure of inhibi-
tors, and not on the structure of the complexes with the target 
enzyme. Recently, structures of crystalline HIV-1 PR com-
plexes with inhibitors have been accumulated rapidly as 
mentioned above. Likewise, the computational algorithms 
and machine power have been advancing enormously. Thus, 
molecular simulation and calculation techniques such as mo-
lecular dynamics (MD) and the ab initio molecular orbital 
(MO) method for ligand protein complexes have become 
applicable to accurate evaluation of ligand protein interac-
tions. Molecular dynamics simulation could be useful to un-
derstand dynamic behaviors of the target protein molecule 
during the complex formation. Molecular orbital calculation 
provided for macromolecular compounds, such as the frag-
ment MO (FMO) method [46], has made it possible to calcu-
late the full electronic feature of proteins as well as to de-
scribe the changes in the atomic charges induced by the 
complex formation. The overlooking of possible significance 
among essential terms for electronic, steric, and hydrophobic 
effects and others in classical QSAR equations could hope-
fully be overcome with a novel procedure using physico-
chemical information about the ligand protein complex. 

 In this article, we would like to present our newly devel-
oped QSAR procedure using descriptors calculated for the 

ligand protein complex and show how these new descriptors 
are able to interpret the mechanism of the protein ligand 
complex formation [47]. We also discuss possible links be-
tween this “MD-MO” QSAR and the classical procedure in 
terms of relationships of descriptors between the two. As the 
structure-activity data for the analysis, we selected those for 
the CUI analogs of DMP450 (4) and DMP323 (5), for which 
Garg et al. formulated QSARs showing significance in the 
negative electronic effect along with the negative hydropho-
bic effect of substituents on the benzene ring of the P2/P2’ 
benzyl groups. In fact, we used only para-substituted benzyl 
compounds at the moment as will be mentioned later. Other 
reasons for this selection are because the cyclic urea struc-
ture is compact without much conformational freedom to 
make the computation easier and the X-ray crystallographic 
data for their complex with HIV-1 PR are available for set-
ting the initial conditions for calculations. 

2. MODELING OF DYNAMIC 3D-STRUCTURE OF 
HIV-1 PR CUI COMPLEX 

2.1. Significance of Dynamic Structure of the Protein  
Ligand Complex 

 With the recent progress in fine experimental techniques, 
substantial dynamic fluctuations have been shown to occur 
in conformation of proteins. Internal dynamics plays a key 
role in protein function. In fact, the biological activity of 
proteins requires flexibility because interactions with 
substrates and inbibitors usually involve at least small 
rearrangements of atoms, and these fluctuations are essential 
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Fig. (3). Structure of representative HIV-1 PR inhibitors. (a) FDA-approved peptidomimetic inhibitors. (b) Non-peptidomimetic cyclic urea 
type inhibitors. Values in parentheses show Clog P (see below). 
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to biological activity [48]. A number of MD studies have 
demonstrated the importance of the conformational transition 
in HIV-1 PR induced by ligand binding [49-54]. Other MD 
studies have also revealed that certain amino acid mutations 
dramatically perturb the conformation at the active site and 
the flap region in HIV-1 PR [55]. In the present QSAR 
study, where MD-MO derived descriptors are to be used, we 
defined first 3D atomic coordinates of protein ligand com-
plex under “equilibrated fluctuation” conditions with the MD 
procedure and provided the coordinates to calculations by 
the ab initio fragment molecular orbital (FMO) method. 

2.2. Preparation for Molecular Dynamics Calculations 

 We started with the static conformation of the initial ge-
ometry of the HIV-1 PR complex of DMP323 (5) obtained 
from the X-ray crystallographic coordinates (PDB code: 
1QBS [10]) as the reference. For complexes of CUI analogs 
with other para-substituted benzyl groups, compounds 5 and 
7-18, the coordinates were derived by replacing the CH2OH 
group of DMP323 with corresponding substituents. Each of 
the complexes was then surrounded by a shell of about 8000 
TIP3P water molecules with a thickness of 20 Å. The disso-
ciation states of the two catalytic aspartic acids, Asp25 (25’), 
have been discussed from both experimental [56-58] and 
theoretical [59-68] aspects, but their exact states are still am-
biguous. However, according to the catalytic mechanism of 
the peptide bond hydrolysis by the aspartic protease family 
[69, 70], one of the Asp25 (25') residues was taken to work 
as the ionized (deprotonated) form while the other was re-
garded to be neutral (protonated). We assumed that other 
residues with ionizable side-chains are ionized. To make the 
electrostatic charge of the entire system neutral, five chloride 
anions were introduced into the surrounding shell. 

2.3. Molecular Dynamics Calculations and Conformational 
Sampling of the Structure of Complexes 

 Using the AMBER program package [71], we carried out 
the calculations for the entire complex under TIP3P-aqueous 
conditions. First the static conformation of the complex with 
the initial geometry was energy-minimized. With this en-
ergy-minimized structure, MD calculations were carried out 
at 298 K. The total energy of the system was calculated as 
the summation of (a) potential energies for stretching, bend-
ing, and torsional freedoms, (b) Lennard-Jones and Coulomb 
potential energies for the non-bonded atom pairs with the 1-4 
atomic relation and greater in each of monomers of the total 
protein and inhibitor, and (c) the intermolecular interaction 
energies among monomers of the protein, inhibitor and 
TIP3P water molecules. The hydrogen-bonding interaction is 
taken into account effectively within the summation of these 
potential functions. The basic force field parameters are pre-
defined for peptide and water molecules empirically and 
implemented in the program. The partial atomic charges for 
CUIs were calculated via the RESP (restrained electrostatic 
potential) fitting algorithm [72] so as to be consistent with 
the AMBER force field used for the MD calculation. 

 After several preliminary MD runs for heating and 
equilibrization at 298 K taking 60 and 250 ps, respectively, 
the final productive dynamics were examined at 298 K [73]. 
Ten snapshot structures during the 500 ps productive run 
were extracted (one snapshot per every 50 ps). Each snap-
shot structure was energy-minimized using the conjugate 

gradient method. With these energy-minimized coordinates, 
we calculated inter-atomic distance values defined below as 
the average ± fluctuation for each of the HIV-1 PR CUI 
complexes. 

2.4. Fluctuation of the Structure of the Protein Inhibitor 
Complex 

 The fluctuation in terms of root-mean-square deviations 
(RMSD) of all atoms in the HIV-1 PR DMP323 complex 
during the productive MD run was within 0.80 Å. This indi-
cates that the complex was taking on essentially an identical 
conformation with small amplitudes of fluctuation. In par-
ticular, the seven- membered ring of the inhibitor was tightly 
fixed through interactions with the Ile50 (50’) and Asp25 
(25’) residues. Fig. (4) shows that the inter-atomic distance 
values for d1 and d1’ (defined in Fig. (2)) between urea oxy-
gen of DMP323 (5) and the amide hydrogen atoms of Ile50 
(50’) are nearly equivalent to each other and the fluctuation 
(± 0.17 Å) with time occurs around 2.30 Å, which is the dis-
tance for the effective hydrogen bond formation. Fig. (4) 
also shows that the two hydroxyl groups on the seven-
membered ring are located closely to the side-chain atoms of 
Asp25 (25’), with considerably varying distances, d2, d2’, 
d3, and d3’ (also defined in Fig. (2)), 2.87 ± 0.13, 3.15 ± 
0.16, 1.78 ± 0.09, and 3.44 ± 0.18 Å, respectively. The two 
hydroxyl groups interact with the negatively ionized side-
chain of Asp25 owing to a higher electrostatic attraction 
more strongly than with the neutral Asp25’ side-chain. The 
interactions of DMP323 with chain A and B are not symmet-
ric in this model. 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Fluctuations in inter-atomic distance between hydrogen-
bonding partners of DMP323 and the active site residues in HIV-1 
PR (see Fig. (2) for d1, d1', d2, d2’, d3, and d3’). 

2.5. Superimposition of Structures of Protein Inhibitor 
Complexes 

 Every energy-minimized and averaged snapshot structure 
of the HIV-1 PR DMP323 complex was superimposed so as 
to make the RMSD of distances between corresponding C  
atoms in each of residues among snapshot structures mini-
mum. The average RMSD for heavy atoms of DMP323 was 
0.167 Å among averaged snapshot structures, again indicat-
ing that DMP323 in the complex takes an almost identical 
conformation with very small amplitudes of fluctuation. The 
structure of complexes of the HIV-1 PR with CUI other than 
DMP323 (5) was composed according to similar procedures. 
Fig. (5) shows the superimposition of such structures for 
DMP323 (5) and CUI analogs used for the present correla-
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tion study. The seven-membered ring and the P1/P1’ moie-
ties (Fig. 2) are tightly incorporated into a similar conforma-
tional space inside the active site of HIV-1 PR. The P2/P2’ 
moieties (Fig. 2), in which various substituents are intro-
duced at the para position, are shown to occupy somewhat 
varying conformations depending on the substituents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Superimposition of Compounds 5 and 7-18. The back-
ground protein structure is the one bound with DMP323 (5). The 
average RMSD value for superimposition of all compounds was 
0.421 (±0.158) Å (for heavy atoms). 

3. AB INITIO FRAGMENT MOLECULAR ORBITAL 
(FMO) CALCULATION 

3.1. Features of the FMO Method 

 Recently, Kitaura et al. developed an ab initio molecular 
orbital (FMO) method enabling us to make the full electronic 
calculation of proteins [46]. In this method, a large bio-
molecular system is formally “divided” into fragments and 
the MO calculation covering the full molecular system was 
avoided to reduce computational time dramatically without 
appreciable loss of accuracy. The total energy of the system 
can be evaluated by summation of fragment energies and 
Inter-Fragment Interaction Energies (IFIEs). IFIE is one of 
the most advantageous outcomes directly obtained from the 
FMO procedure [74-87], and detailed analyses of IFIEs be-
tween ligand and amino acid residues in the complex can 
provide significant insights into the interaction mechanism. 
FMO can also give atomic charges that are difficult to be 
estimated properly with classical approaches, so it makes 
possible to evaluate differences in the atomic charge induced 
by the complex formation. We have introduced the IFIE and 
the charge difference values as a new type of “QSAR de-
scriptors” in the present series of HIV-1 PR CUI complexes 
to identify significant electronic features responsible for 
variations in the binding potency as will be described in the 
later sections. 

3.2. Outline of the FMO Theory and Calculation 

 In the FMO method, MO calculations are performed on 
single fragments (monomers) and their pairs (dimers) among 
“N fragments” to obtain the total energy and the properties of 
the entire system. The ligand molecule is treated as a single 

“fragment” in this study. The fragmentation of a polypeptide 
is usually carried out as shown in Fig. (6). It should be noted 
that the definition of FMO fragment “slightly” differs from 
the standard notation of the amino acid residues. Both the 
peptide carbonyl of the (i  1)-th residue and NH of the i-th 
residue belong to the same fragment i. 

 

Fig. (6). Fragmentation of polypeptides in the FMO method. For 
fragments to which no electron pair is allocated from the bond 
when detached in the fragmentation, the MO is built from usual 
atomic basis functions of the constituent atoms according to the 
conventional LCAO-MO framework. For fragments in which bond-
ing electron pair is left, the atomic valence basis function of the 
partner atom, with which the fragment is connected originally, is 
used additionally in the LCAO-MO model. 

 With the Hartree-Fock (HF) approximation on the closed 
shell systems, the Fock equations for monomer I and dimer 
IJ are solved repeatedly under the environmental electro-
static potential due to surrounding fragments, until they con-
verge self-consistently. The total energy of the system E in 
the FMO theory is expressed by Eq. 1 with the energies of 
monomer I, J, and dimer IJ, denoted as EI, EJ, and EIJ, re-
spectively. The first term is the sum of monomer energies 
and the second term accumulates energy variations due to 
interaction between monomers I and J in dimer IJ. 

 

E = E
I

I

N

+ E
IJ

  E
I
  E

J( )
I > J

N

          (1) 

 We can transform Eq. 1 to Eq. 2 by introducing EIJ de-
fined by Eq. 3. 

 

E = E'
I

I > J

N

 + E
IJ

I

N

           (2) 

   
E

IJ
= E'IJ E'I E'J( ) + Tr P

IJ
V
IJ( )          (3) 

 All the quantities in the right hand side of Eqs. 2 and 3 
are now computable. E I, E J, and E IJ are, respectively, the 
energy of monomers I and J, and the dimer IJ in their inter-
action-free state under conditions ignoring the environmental 
electrostatic potential. They are defined as the counterparts 
of elements in the second term of Eq. 1. In Eq. 3, EIJ is the 
interaction energy on the basis of E'I, E'J, and E'IJ ignoring 
environmental electrostatic potential (the first term) and the 
additional term to account for interactions of monomers I 
and J, and dimer IJ with surrounding fragments (the second 
term). P

IJ is the matrix of density difference between dimer 
IJ and the sum of monomers, I and J, V

IJ is the environ-
mental electrostatic potential for the dimer IJ governed by 
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electrons in surrounding fragments and all nuclei in the 
molecule, and Tr (trace) denotes the sum of diagonal matrix 
elements. In this situation, EIJ can be defined as the inter-
fragment interaction energy (IFIE) between components of 
dimer IJ. In following sections, EIJ is denoted as IFIE(i) 
when J is the inhibitor (as a single fragment) and I is the i-th 
fragment in the protein. 

 Introduction of three approximations mentioned below 
can reduce computational time without discernible loss of 
accuracy. The Coulomb interaction approximation for well-
separated dimers makes it unnecessary to solve the HF equa-
tion (approximation 1). The other two approximations are 
related to the environmental electrostatic potentials V

IJ; 
namely, the fractional point charge approximation (approxi-
mation 2) and the Mulliken orbital charge approximation 
(approximation 3). In this study, the approximations 1, 2, 
and 3 were applied to fragments whose separations were 
greater than 2.0, 2.0, and 0.0, respectively (these distances 
are given in a unit of the sum of the van der Waals radii of 
the closest contact atoms in each fragment). All FMO calcu-
lations were performed at the HF/6-31G level using the 
ABINIT-MP program [88]. 

4. QSAR ANALYSIS OF CYCLIC UREA TYPE HIV-1 
PR INHIBITORS USING MOLECULAR DYNAMICS 

AND AB INITIO FMO CALCULATIONS 

4.1. Set of Compounds 

 The structure-activity data of cyclic urea type inhibitors 
(CUIs) for the present QSAR analysis were taken from pub-
lications of the DuPont-Merck group [10, 23]. Every analog 
(n = 13) of DMP323 (Compound 5) with para-substituted 
benzyl group at the P2/P2’ positions in the original publica-
tions was used for the analyses as briefly mentioned in Sec-
tion 1.5 unless otherwise noted. The meta and ortho substi-
tuted compounds were excluded because of their multiplicity 
of the benzene ring conformation causing the prolonged 
computational time. The structure, the inhibition constant in 
terms of pKi (Ki in M) against HIV-1 PR, and QSAR de-
scriptors for thirteen compounds are listed in Tables below. 
The number of compounds included in the analysis was lim-
ited because of constraints in computational time, cost, and 
resources. CPU time for the FMO calculation is about 30 
hours for a single HIV-1 PR CUI complex with 4 dual Intel 
Xeon 2.33 GHz mini-clusters (8 CPUs). 

4.2. Accessible Surface Area Parameter 

 The Accessible Surface Area (ASA) is a significant index 
in analyzing free energy difference for the phase transfer of 
organic molecules from polar to non-polar environment [89]. 
For (non)branched and cyclic aliphatic hydrocarbons and 
amino acids with the alkyl side-chain, the free energy differ-
ence has been shown to be linearly related with variations in 
the ASA value [89, 90]. The ASA difference, ASA value, has 
been considered to reflect the difference in the entropy and 
dispersion energy accompanied with the phase transfer of the 
molecule [90-92]. 

 In the present study, we used the water accessible surface 
area. The structure of each of protein and ligands was taken 
as being equivalent to that in the complex, and the value of 
ASA for each of the complex and its components was calcu-
lated separately with a water probe of 1.4 Å radius and 

Bondi’s van der Waals atomic radius [93] of each element. 
For the difference between before and after complex forma-
tion, ASA was defined as in Eq. 4. For ligand molecules, 

ASA values thus calculated for ten snapshot structures were 
averaged to use in the QSAR analyses. 

ASA = ASA(complex)  [ASA(protein) + ASA(ligand)]     (4) 

 According to this definition, the greater the common con-
tact area between components of the complex (the greater the 
total disappearing surface area of components), the lower is 
the ASA value of the complex and the more negative is the 

ASA value. This definition is reflecting the difference in the 
entropy and dispersion energy mentioned above, and the 
common contact area for components is half the ASA value. 
Although the ASA value is calculated on the basis of surface 
area on which water molecules are accessible, it does not 
mean the participation of water molecules in the complex 
formation. It is the parameter for the difference in the “acces-
sible surface” defined just with the “(de)hydration” model. 
The ASA value for each of ligands is listed in Table 1. 

 It should be mentioned that the ASA value can be calcu-
lated and assigned for each of the amino acid residues/side 
chains because the structural coordinates of complexes as well 
as each of the protein and ligands are available in this study. 
Which residues of the protein are brought contacted after the 
complex formation can be detected and how intense is each of 
the contacts can be estimated. The analyses using these types 
of ASA information will be described in Section 5. 

4.3. New QSAR Descriptors for Electronic Contribution 

 The ligand binding energy is defined by Eq. 5. 
E(complex) and E(protein) in Eq. 5 are calculated on the 
basis of Eq. 2. 

Eligand = E(complex)  [E(protein) + E(ligand)]        (5) 

 The inter-fragment interaction energy, IFIE defined by 
Eq. 3, was calculated among 199 fragments in total, i.e., 198 
(99  2) amino acid residues and the inhibitor molecule 
treated as a single “fragment”. In the current case, IFIE(i), is 
defined in Eq. 6. 

IFIE(i) = IFIE(i)A + IFIE(i)B          (6) 

 IFIE(i)A and IFIE(i)B express the interaction energies 
between CUI and the i-th FMO fragment in A and B chains 
of HIV-1 PR, respectively. As observed in X-ray crystallo-
graphic structures of some complexes including 1QBS (for 
DMP323), no water molecule participates in the interaction 
of CUI with the active site residues of HIV-1 PR in the com-
plex [10, 18]. Therefore, we ignored the water molecules in 
the IFIE calculation. Eligand and IFIE values for important 
ligands are indicated in Table 1. 

 The charge differences for the i-th amino acid residues, 
q [residue(i)], and the ligand, [ q (ligand)], between before 

and after the complex formation are defined in Eqs. 7 and 8, 
respectively. 

q [residue(i)] = q [residue(i)]complex  q [residue(i)]free          (7) 

q [ligand] = q [residue(i)]          (8) 

 In these equations, q [residue(i)]free and q [residue(i)]complex 
are the total Mulliken net atomic charges [94] inside the i-th 
amino acid residue in the free protein and the CUI-
complexed state, respectively. Similar to IFIE (i) in Eq. 6, q 
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[residue(i)] expresses the sum of the values of the i-th amino 
acid residues in the A and B chains. 

 The electronic descriptors for the individual Asp25 and 
Asp25’ residues should be different from each other because 
of the use of the “unsymmetrical” model for their dissocia-
tion state as mentioned in Section 2.4. However, no con-
straint is required, because such descriptors as IFIE(i) and  

q [residue(i)] are in fact defined as the sum of values for 
residues i and i’. The same token should apply also to ASA 
values for residues (see below). 

4.4. QSAR Analyses with ASA and New Electronic  

Descriptors 

 We performed regression analyses using new parameters. 
First, Eq. 9 was formulated using Eligand and ASA values 
listed in Table 1. 

pKi = 0.0445 (±0.0307) Eligand + 8.75·10 3(±4.30·10 3) 
ASA + 16.1(± 5.79) 

n = 13, r = 0.881, s = 0.555, Scv = 0.655, F = 17.3        (9) 

 In this and the following correlation equations, s is the 
standard deviation of the correlation, Scv is the standard de-
viation of the leave-one-out (cross-validated) prediction, F is 
the ratio of regression and residual variances, and the figures 
in parentheses are the 95% confidence intervals. The coeffi-

cient of Eligand in Eq. 9 is negative as expected. It indicates 
that stabilization of the binding energy increases the inhibi-
tory potency. The positive coefficient of ASA suggests that 
the inhibitory potency increases with decreasing the intermo-
lecular contact area. This observation is not necessarily as 
we originally anticipated, and will be discussed in detail in 
Section 5. 

 Fig. (7) [95] patterns the IFIE value for each of 99 frag-
ments of 13 CUI analogs. Some fragments are observed to 
show appreciable electronic interaction but others are not. 
Among them, fragments 25, 30, 31, and 50 are most signifi-
cant in governing variations of the interaction with the 
ligand. In Table 1, IFIE values only for these fragments are 
indicated. As shown in Fig. (8), variance of IFIE(25), 
IFIE(30), IFIE(31), and IFIE(50) over 13 analogs are the 
broadest four among IFIE values of 99 fragment pairs. 

 Because inter-fragment interaction energy (IFIE) corre-
sponds with the contribution of each fragment to the total 
protein ligand interaction energy, it is reasonable to expect 
the good quality of correlation for Eq. 10 in which the slope 
of IFIE term is close to unity ( : summation over 99 frag-
ments). 

Eligand = 0.838(±0.106) IFIE + 17.7(±9.16) 

n = 13, r = 0.982, s = 2.30, Scv = 2.40, F = 303      (10) 
 

Table 1. Structure and Descriptors of CUIs Used in Eqs. 9-13 

 

NN

O

HO OH

X X

 

pKi IFIE 
c
 

Compound 

 Calcd. Calcd. 

No. X Obsd. (Eq. 9) (Eq. 13) 

ASA 
b

Eligand 
c

 (25) (30) (31) (50) 

5 
a
 CH2OH 9.47  9.22  9.40  -1202 -80.5 -118.1  -65.6  -34.0  -17.5 -6.72 

7 H 8.52  8.62  8.90  -1102 -47.3 -77.7  -65.2  -3.07  -6.24 -11.1 

8 F 8.85  8.42  8.46  -1123 -47.1 -76.5  -68.0  -2.42  0.346 -9.73 

9 Cl 8.28  7.65  7.75  -1173 -39.6 -70.7  -71.6  0.03  0.606 -9.09 

10 Br 7.57  7.69  7.57  -1201 -45.9 -76.0  -72.4  1.33  2.09 -8.05 

11 CF3 7.29  7.67  7.30  -1242 -53.5 -81.4  -76.8  3.44  -2.85 -4.79 

12 CN 7.28  7.81  7.50  -1203 -49.2 -76.3  -74.3  9.59  -4.77 -3.66 

13 CH3 8.24  7.72  7.79  -1195 -45.5 -75.9  -65.6  -0.25  -1.36 -11.6 

14 OCH3 6.80  7.72  7.87  -1229 -52.1 -83.0  -64.7  -14.7  1.75 -9.93 

15 OCH2Ph 6.27  5.80  6.01  -1430 -48.3 -85.5  -73.0  -10.4  -1.24 -8.07 

16 OH 9.92  9.60  9.62  -1122 -73.3 -106.6  -67.1  -5.29  -31.3 -10.4 

17 NO2 7.50  8.21  7.85  -1189 -55.4 -86.2  -79.3  4.99  -6.52 -4.02 

18 NH2 8.96  8.84  8.94  -1159 -63.3 -96.6  -63.6  -11.2  -14.9 -11.4 

Variance (kcal2/mol2)         128  176  23.9  120  85.8  7.12  

a. DMP323. 
b. in Å2. 
c. in kcal/mol (FMO/HF/6-31G). 
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Fig. (8). Variance, (IFIE(i)  <IFIE(i)>)2, of IFIE values among 
thirteen CUI analogs for some important FMO fragments. 

 The “slight” deviation of the slope from unity arises from 
a “slight” difference of environmental electrostatic potential 
(Eq. 3) of the protein between complexed and free states. 
The conformation of the complexed protein is defined by 
crystallography and further energy-minimized, but that of the 
free protein is not. Conditions for electrostatic interaction of 
the free protein could differ from those for the energy-
minimized state. 

 The contribution of four most widely varied fragments 
(in terms of variance) together to IFIE is expressed as Eq. 
11 with its correlation quality almost equivalent to that of 
Eq. 10. 

IFIE = 0.872(±0.123) [IFIE(25) + IFIE(30) + IFIE(31)  
+ IFIE(50)]  8.01(±11.1) 

n = 13, r = 0.978, s = 2.99, Scv = 3.25, F = 244      (11) 

 The value of IFIE(30) and IFIE(31) is more positive in 
average than that of IFIE(25), while their variance is much 
greater than that of IFIE(25) as well as IFIE(50) as shown in 
Fig. (8). Accordingly, the sum of four IFIE values in Eq. 11 
is further replaceable by the sum of IFIE(30) and IFIE(31) to 
give Eq. 12 without losing much in the correlation quality. 

IFIE = 0.760(±0.145) [IFIE(30) + IFIE(31)]  77.3(±2.89) 

n = 13, r = 0.961, s = 4.00, Scv = 4.17, F = 132      (12) 

 Eqs. 10 and 12 together indicate that variations in the 
binding energy are governed mostly by variations in the IFIE 
value of two (four) fragments, 30 (30’), and 31 (31’). Re-
placement of Eligand in Eq. 9 with IFIE using Eqs.10 and 
12 gives Eq. 13. 

pKi = 0.0334(±0.0176) [IFIE(30) + IFIE(31)] 

+ 9.06·10 3(±3.77·10 3) ASA + 18.6(±4.54) 

n = 13, r = 0.914, s = 0.475, Scv = 0.564, F = 25.4      (13) 

 The quality of correlation for pKi expressed in Eq. 9 is 
somewhat improved in Eq. 13 in spite of the “reduction” for 
the electronic interaction term. Eq. 13 clearly indicates that 
variations in the electronic interaction between ligand and 
protein is primarily governed by those between ligand and 
fragments 30 and 31. By the definition of the fragmentation 
shown in Fig. (6), IFIE(30) consists of the hydrogen-bonding 
and electrostatic interaction energies working with the side-
chain and amide NH of Asp30 (30’) and the amide C=O of 
Asp29 (29’) with the P2/P2’ moieties of CUIs. IFIE(31) con-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Interaction pattern of Compounds 5 and 7-18 with HIV-1 PR. IFIEs colored in red and blue represent stabilized and destabilized 
interactions, respectively, and the deepness of the hue indicates the strength of the interaction [IFIE(i; i = 1~99) is plotted as abscissa]. The 
color coding of the compound name column shows the hue for IFIE. The illustration was created with BioStation Viewer [96]. For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this paper. 
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tains energies of corresponding interactions with respective 
amino acid residues Thr31(31’) and Asp30(30’). 

 It should be mentioned here that we also ran the conven-
tional regression procedure in which significance of individ-
ual IFIE terms is analyzed stepwise. Except for IFIE(30) and 
IFIE(31), however, the variance is not enough as to partici-
pate in explaining the residuals as indicated above for 
IFIE(25) and IFIE(50), and some degrees of (multiple) 
colinearity was revealed to exist among variables. Whereas 
IFIE(30) and IFIE(31) variables are almost independent (in 
terms of r = 0.373 ) from each other as well as from others, 
the addition of the terms of other IFIE variables was statisti-
cally insignificant. The “combined” variable is used in Eq. 
13, because it is originated from Eqs. 10, 11, and 12, where 
the component IFIE terms are not weighted. In the counter-
part of Eq. 13 with two individual terms, the two terms is 
nearly equivalently weighted (not shown). Moreover, the 
“combined” variable does not reduce the number of freedom, 
so as not to increase the statistically insignificant terms in the 
regression analyses, when the number of compound is lim-
ited like in the present study. 

4.5. Correlation of Inhibitory Potency with Charge 
Transfer and Redistribution 

 Table 2 shows that a considerable amount of charge re-
distribution occurs among amino acid residues of the prote-
ase active site on the complex formation with CUI analogs. 

The negative value of q(ligand) for every CUI analog indi-
cates a charge transfer from the protease molecule to ligands 
so that the ligands in the complex are charged more nega-
tively than those in the free state. The q(residue) value var-
ies depending upon the structure (substituent) of the CUI 
ligand. As shown in Table 2 and Fig. (9), the variance of the 
q(residue) value for Ala28 (28’), Asp29 (29’), Asp30 (30’), 

and Thr31 (31’) are higher than others or among the highest. 
The charge redistribution occurring among these residues 
could be decisive in governing the variation in the interac-
tion energy between protein and each of the CUI ligands. 

 Among above residues, Asp30 (30’) exhibits the highest 
variance in the q(residue) value. The interaction energy of 
CUIs with Asp30 (30’) is divided and included in IFIE(30) 
and IFIE(31) by definition in Fig. (6), which are the highest 
two in terms of the variance of IFIE(fragment) as shown in 
Table 1 and Fig. (8). As expected, the sum of interaction 
energy [IFIE(30) + IFIE(31)] is fairly nicely represented by 
the charge transfer and redistribution occurring at the Asp30 
(30') and its neighboring residues, Asp29 (29') and Thr31 
(31'), as shown in Eq. 14. 

IFIE(30) + IFIE(31) = 370(±139) [ q(Asp29) + q(Asp30)  
+ q(Thr31)]  + 6.33(±8.40) 

n = 13, r = 0.871, s = 8.96, Scv = 9.29, F = 34.5      (14) 

 The q(Asp30) value alone as the independent variable 
does not work well, because Fragment(30) and Fragment(31) 

Table 2. Charge Redistribution Due to the Binding for the Amino Acid Residues and Ligand 

 

NN

O

HO OH

X X

 
 

Compound q 
b

 

No. X (Ligand) (Asp25) (Ala28) (Asp29) (Asp30) (Thr31) (Gly48) (Gly49) (Ile50) 

5 
a
 CH2OH -0.1437  0.0881  -0.0322  0.0328  0.0908  0.0285  -0.0131  -0.0351  0.0291  

7 H -0.0464  0.0941  0.0038  -0.0051  0.0086  0.0086  -0.0202  -0.0284  0.0247  

8 F -0.0171  0.1025  -0.0175  -0.0158  0.0246  -0.0015  -0.0248  -0.0379  0.0164  

9 Cl -0.0662  0.1043  -0.0151  -0.0023  0.0240  0.0004  -0.0182  -0.0379  0.0174  

10 Br -0.0769  0.0989  -0.0038  0.0044  0.0351  0.0002  -0.0186  -0.0427  0.0243  

11 CF3 -0.0103  0.1032  -0.0255  -0.0041  0.0090  0.0008  -0.0182  -0.0402  0.0181  

12 CN -0.0356  0.1046  -0.0260  -0.0221  0.0393  -0.0005  -0.0271  -0.0307  0.0163  

13 CH3 -0.0561  0.0851  0.0038  0.0046  0.0117  0.0082  -0.0157  -0.0393  0.0261  

14 OCH3 -0.0546  0.0837  -0.0168  0.0246  0.0449  0.0016  -0.0144  -0.0408  0.0235  

15 OCH2Ph -0.0430  0.0853  -0.0165  0.0061  0.0418  0.0044  -0.0082  -0.0419  0.0210  

16 OH -0.0891  0.1029  -0.0496  0.0109  0.0479  0.0321  -0.0200  -0.0335  0.0135  

17 NO2 -0.0261  0.0842  -0.0418  0.0114  0.0411  0.0016  -0.0238  -0.0318  0.0089  

18 NH2 -0.0396  0.0811  -0.0162  -0.0011  0.0286  0.0214  -0.0209  -0.0336  0.0193  

Variance (10-5 esu2)  113  7.96  23.3  20.3  43.6  12.4  2.40  1.94  2.90  

a. DMP323. 
b. in esu (FMO/HF/6-31G).  
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together cover not only Asp30 (30') but also a part of Asp29 
(29') and Thr31 (31'). The use of q(C=O of Asp29) and 

q(NH of Thr31) instead of q(Asp29) and q(Thr31) in 
Eq. 14, however, lowered the correlation quality (r = 0.825, s 
= 10.3). By introducing Eq. 14 into Eq. 13, Eq. 15 can be 
derived. 

pKi = 11.4(±9.59) [ q(Asp29) + q(Asp30) + q(Thr31)]  
+ 10.2·10 3(±4.84·10 3) ASA + 19.80(±5.78) 

n = 13, r = 0.854, s = 0.609, Scv = 0.834, F = 13.5      (15) 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (9). Variance of charge redistribution values, ( qi  < qi>)2.  

 The correlation quality of Eq. 15 is slightly lower than that 
of Eq. 9. Eqs. 14 and 15 indicate that the more positive the 

q(residue) values, i.e. the higher the electron flow from resi-
dues toward ligands, the more negative is the IFIE sum as well 
as the interaction energy leading to the more potent inhibitory 
activity, under conditions where the ASA value is not 
changed much in the series of 13 compounds. 

4.6. CORRELATION OF INHIBITORY POTENCY 
WITH CHARGE REDISTRIBUTION PATTERNS 

 The charge redistribution and the interaction energy for 
certain residue(s)/fragment(s) seem to be, however, not al-
ways “simply” related as observed for Asp30 (30’) and its 
neighbors. Depending upon local situations, electron flow 
does not necessarily occur from individual residues toward 
the ligand. As understood from q values in Table 2, elec-
tron flow occurs toward Gly48 (48’) and Gly49 (49’) with 
every CUI analog and toward Ala28 (28’) with most CUIs 
after complex formation. Even toward Asp29, the next 
neighbor residue of Asp30, electron flow is observed after 
the complex formation with six CUI analogs. 

 To understand what types of pattern of charge redistribu-
tion are accompanied with the complex formation, we per-
formed the principal component analysis (PCA) [97] of the 

q variables of each CUI ligand and 19 active site residues 
for 13 members of CUIs. PCA involves a mathematical pro-
cedure that transforms a number of (possibly) correlated 
variable sets into a smaller number of uncorrelated variable 
sets called principal components. In the present case, the 
PCA procedure corresponds to treat 20 data points defined 
by q variables of 20 constituents, the ligand and 19 resi-
dues, which are scattered within a 13-dimensional hyper-
space with various degrees of possible correlations mutually. 
The mathematical procedure starts with the formulation of 

variance-covariance matrix of the original 13 sets of q vari-
ables. 

 The principal components (PCs) can be estimated from 
the eigenvalue and eigenvector of this matrix. The first PC 
axis is to explain the largest variance in the original set of 
multi-dimensional data points, being oriented in the direction 
along which data points show the largest variance. In this 
study, the direction showing the largest variance is supposed 
to pass through the q(ligand) data point because individual 

q(ligand) values for 13 CUIs are generally more negative 
than and somewhat isolated from q(residue) values so that 
the q(ligand) data point is located at the edge of “approxi-
mately ellipsoid shaped” batch of data points in the multi-
dimensional hyperspace. The first PC axis toward the ligand 
data point is probably directed (as the major axis of the ellip-
soid) from that for Asp25 (25’) of which q values are most 
positive among other residues throughout 13 sets without 
broad variances. The second PC, which can explain vari-
ances of data points not explained by the first principal com-
ponent, can be perpendicular to the first PC axis (ensuring 
independence), crossing the first axis at the point of the 
greatest concentration of data. The second PC is directed 
along the line that runs through the minor axis of the ellip-
soidal batch of data points. 

 The score of the first PC for the k-th complex formation, 
Z1(k) (k: from 1 to 13), is defined as a weighted linear com-
bination of the original qi (ligand and residues, i: from 1 to 
20) variables for 13 CUIs as ai [ qi(k)  <( qi(k)>)], the 
second term in parentheses meaning the average of 13 qi(k) 
values. The set of weighting factor (ai: for ligand and resi-
dues) corresponds to the eigenvector for the largest eigen-
value of the variance-covariance matrix. The score of the 
second PC, Z2(k), is defined similar to Z1(k) using the eigen-
vector belonging to the second largest eigenvalue. The Z1 
and Z2 values, which are calculated as a linear combination 
of q, are listed with other parameters in Table 3 and shown 
in Fig. (10). 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). The coefficient values of the first eigenvector obtained 
from principal component analysis based on a variance-covariance 
matrix of charge redistribution values. 

 The Z1 value is a descriptor supposed to represent a com-
ponent of the total electron flow directing toward the ligand 
during the complex formation. It explains about 67 % of the 
total variance in q values. There is a very high correlation 



48    Current Computer-Aided Drug Design, 2009, Vol. 5, No. 1 Yoshida et al. 

between “original” q(ligand) and “synthesized” Z1 vari-
ables, as shown in Eq. 16. 

Z1 = 1.26(±0.214) q(ligand) + 0.0681(±0.0137) 

n = 13, r = 0.969, s = 0.012, Scv = 0.012, F = 167      (16) 

 Eq. 16 is reasonable in terms of the definition of the first 
PC in this study. Note that a differently weighted q(ligand) 
term is included as a component in the left-hand-side Z1 
value. 

 The Z2 value represents perhaps a pattern including elec-
tron efflux from the ligand and redistribution among resi-
dues upon the complex formation. The first and second PCs 
together are able to explain about 83% of the total variance 
in q values. Up to a level corresponding to this, two types 
of charge redistribution patterns are expected to explain 
variations in the energy difference during the complex for-
mation. In fact, there is a considerably good correlation be-
tween PC scores and the ligand binding energy, Eligand, as 
indicated in Eq. 17. 

Eligand = 159(±96.9) Z1 + 307(±198) Z2  53.9(±4.23) 

n = 13, r = 0.847, s = 6.84, Scv = 7.48, F = 12.7      (17) 

 Replacing Eligand in the right hand side of Eq. 9 with Z1 
and Z2 variables together, however, does not give significant 

correlation. The use of Z1 parameter singularly as in Eq. 18 
shows an almost equivalent quality of the correlation with 
Eqs. 9 and 15. 

pKi = 10.8(±8.27) Z1 + 9.65·10-3(±4.62·10 3) ASA  
+ 19.6(±5.55) 

n = 13, r = 0.867, s = 0.584, Scv = 0.781, F = 15.1      (18) 

 Eqs. 15, 17 and 18 seem to show that the variations in the 
inhibitory potency are also governed by the electron redistri-
bution patterns in the complex formation. Among charge 
transfer patterns, the one directing toward the CUI ligand is 
most important. It should be noted that the variations in the 
Z1 variable are controlled to a large extent by the weighted 
sum of q values for Asp29, Asp30, and Thr31 for 13 CUI 
analogs. The reason, why the addition of Z2 (the second PC 
score) term to the right hand side of Eq. 18 was insignificant 
( t  > 5 %), is not certain at the moment. 

5. PROPERTY OF ACCESSIBLE SURFACE AREA 

PARAMETER 

 We have thus far presented our new QSAR results without 
describing the detail of characteristics of the ASA variable. 
This is because this variable is highly thought-provoking in 
nature and worthy of being discussed in a separate section. 

Table 3. Structure and Descriptors of CUIs Used in Eqs. 15, 17, and 18 

 

NN

O

HO OH

X X

 

Compound pKi  q(Asp29) 

 Calcd. Calcd.  + q(Asp30) 

No. X
Obsd. (Eq. 15) (Eq. 18) 

ASA 
b

Eligand 
c

 + q(Thr31)] 
d

 

Z1
 e

Z2 
e

5 
a
 CH2OH 9.47  9.24  9.27  -1202 -80.5 0.152053  -0.114612  -0.019614  

7 H 8.52  8.67  8.84  -1102 -47.3 0.012029  0.014432  0.031339  

8 F 8.85  8.40  8.36  -1123 -47.1 0.007346  0.039885  0.001971  

9 Cl 8.28  8.05  8.39  -1173 -39.6 0.022057  -0.007421  0.017274  

10 Br 7.57  7.96  8.28  -1201 -45.9 0.039755  -0.022059  0.021029  

11 CF3 7.29  7.16  7.13  -1242 -53.5 0.005683  0.047424  0.001090  

12 CN 7.28  7.68  7.80  -1203 -49.2 0.016619  0.019896  -0.005712  

13 CH3 8.24  7.85  8.07  -1195 -45.5 0.024503  0.002229  0.030908  

14 OCH3 6.80  8.04  7.90  -1229 -52.1 0.071083  -0.011546  -0.006564  

15 OCH2Ph 6.27  5.77  5.81  -1430 -48.3 0.052270  0.002235  -0.003327  

16 OH 9.92  9.36  9.29  -1122 -73.3 0.090878  -0.045699  -0.020937  

17 NO2 7.50  8.26  7.45  -1189 -55.4 0.054156  0.065734  -0.048261  

18 NH2 8.96  8.51  8.35  -1159 -63.3 0.048808  0.009503  0.000805  

a. DMP323.  
b. in Å2.  
c. in kcal/mol (FMO/HF/6-31G). 
d. in esu (FMO/HF/6-31G). 
e. PCA score obtained from a variance-covariance matrix of charge differences.  
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5.1. Composition of the Accessible Surface Area Parameter 

 In Table 1, the ASA values are listed for the complex 
formation of 13 CUI inhibitors. The conformation of each of 
ligand and protein was taken to be unchanged before and 
after the complex formation. Although the area defined by 

ASA is shared by ligand and protein as two times the con-
tacting surface area as mentioned with the definition of Eq. 
4, the ASA value calculated for the complex with a certain 
ligand can be “fragmented” and assigned to each of amino 
acid residues accessible to the inhibitor molecule (residue 

ASA). 

 Fig. (11) shows the situation of ASA for the complex 
formation with Compound 5 (DMP323, X = p-HOCH2-). 
The fragments of ASA value are allocated to each of resi-
dues located in the active site. The unsubstituted benzyl 
group (of the P1/P1’ moieties) is in contact with the side 
chain of such hydrophobic residues as Leu23 (23'), Ile50 
(50'), Pro81 (81'), Val82 (82'), and Ile84 (84') of the S1/S1’ 
subsites of the protein (see also Fig. (2)). The p-HOCH2-
benzyl group (of the P2/P2’ moieties) is in a close contact 
with such hydrophobic residues as Ile47 (47’) and Ile50 
(50’) in addition to polar residues as Asp29 (29’) and Asp30 
(30’) of S2/S2’ subsites. The urea carbonyl oxygen and two 
hydroxyl groups on the seven membered ring are close to 
amide hydrogen atom of Ile50 (50’) and the carboxyl group 
of Asp25 (25’), respectively, with hydrogen-bond formation. 
In Fig. (11), a part of certain “residue ASA” values attribut-
able to contacts brought about by hydrogen-bond formation 
is indicated as the “polar ASA”. The contribution of ener-
gies with these hydrogen-bonds to the complex formation is, 
however, included within energies evaluated with the MO 
calculation and not necessary to consider additionally be-
yond the residue ASA values in the present study. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). ASA value of amino acid residues in the active site for 
DMP323. 

 Table 4 shows that variations of the ASA value for 
S2/S2’ residues are generally greater (in terms of variance) 
than those for the S1/S1' residues throughout the 13 inhibi-
tors. This feature is more apparent in Fig. (12). Variations of 
the ASA values of S2/S2’ residues to the negative side are 
most conspicuous for Compound 15 with the OCH2Ph sub-
stituent, the bulkiest among others. The higher variability of 
S2/S2’ residues is expected because they are the residues to 
primarily fit the P2/P2’ moieties of the ligand molecule 
where structure (substituent) variations occur. The variability 

of some S2/S2’ residues is lower than that of certain S1/S1' 
residues, reflecting the fact that ligand substituents locating 
at the para-position are able to touch subsites other than 
S2/S2’ subsites depending upon their structure and geome-
try. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (12). Variations in ASA value of some amino acid residues 
(shown in the right side) among thirteen CUI analogs. ASA values 
are for the sum of correspondent residues in chains A and B. 

5.2. Dual Feature of the Accessible Surface Area Parameter 

 As presented above, the ASA value is an additive-
constitutive parameter but the composition is not necessarily 
“uniform”, since individual residue ASA values can be 
composed from components of different locational (subsite) 
origins. Despite the fact that the ASA is composite in na-
ture, this parameter was revealed to be well correlated with 
some conventional steric/volume parameter of the para-
substituents of the P2/P2’ benzyl moiety as indicated in Eq. 
19. 

ASA = 396.4(±63.1) MgVol  1117.5(±17.6) 

n = 13, r = 0.972, s = 19.8, Scv = 47.6, F = 191      (19) 

 MgVol is a “molecular” volume parameter of substitu-
ents, shown in Table 5, calculated by Abraham and 
McGowan’s procedure [98] similar to Bondi’s van der Waals 
volume [93]. Eq. 19 indicates that the greater the substituent 
volume, the more negative the ASA value so that the wider 
the contacting area. Deleting the most isolated compound 15, 
the quality of correlation was slightly changed (r = 0.956, s = 
13.5) with a steeper slope of the MgVol term ( 600.4). The 
use of other volume parameters does not change the situation 
much. We examined the relationship of pKi with Eligand and 
MgVol similar to that represented by Eq. 9. The correlation 
was poorer (not shown; r = 0.828, s = 0.656). The signifi-
cance of Eq. 19 means, however, that the ASA value has a 
dual facet. It represents the difference in the accessible sur-
face by definition, but, in addition, it is linearly related to the 
“molecular” volume of substituents. 
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Table 5. ASA and MgVol Values for Eq. 19 

 

Compound ASA 
b

 

Calcd. 

No. X 
(Eq. 4) (Eq. 19) 

 MgVol 

5 
a
 CH2OH -1202 -1205 0.2210  

7 H -1102 -1127 0.0222  

8 F -1123 -1134 0.0400  

9 Cl -1173 -1175 0.1440  

10 Br -1201 -1195 0.1970  

11 CF3 -1242 -1203 0.2160  

12 CN -1203 -1188 0.1770  

13 CH3 -1195 -1182 0.1630  

14 OCH3 -1229 -1205 0.2210  

15 OCH2Ph -1430 -1445 0.8290  

16 OH -1122 -1149 0.0810  

17 NO2 -1189 -1195 0.1960  

18 NH2 -1159 -1166 0.1220  

a. DMP323. 
b. in Å2. 

 

 We assume that this observation is originated in the neglect 
of relaxation process of the protein and inhibitor in the complex 
formation in defining Eq. 4. Whereas the ASA(complex) value is 
calculated at the geometry of the complex optimized (energy-
minimized) by MD, each of the ASA(protein) and ASA(ligand) 
is not at their own individually optimized structure, but on the 
basis of optimized structure under conditions exsting as the  
 

complex. The relaxation energy of the protein and inhibitor is 
probably nearly proportional to the common contact area be-
tween the two in the complex. It is interesting to observe such 
a liner relationship as Eq. 19 between complicatedly puckered 
contact surface and a bulk volume. 

 In general, two factors could be included in the ASA 
parameter term. The one represents the destabilization due to 
the geometry distortion of the protein and inhibitor induced 
by the “virtual” complex formation without considering the 
relaxation process. The other is the stabilization due to a 
change of hydrophobic energy. Because the participation of 
water molecules in the complex formation can be neglected 
in this study, the above mentioned stabilization effect need 
not be considered. The positive ASA term appearing in Eqs. 
9, 13, 15 and 18 indicates that the destabilization effect due 
to the steric distortion is at work to reduce the pKi value for 
the complex formation. 

6. QSARs OBTAINED WITH NEW PARAMETERS 
AND THE COMPARISON WITH CLASSICAL  

CORRELATION 

6.1. Comparison Among QSARs with MO and ASA  

Parameters 

 From above sections, QSAR correlation equations for pKi 
were picked up and lined up below. 

pKi = 0.0445(± 0.0307) Eligand + 8.75·10 3(± 4.30·10 3)  
ASA + 16.1(± 5.79) 

n = 13, r = 0.881, s = 0.555, Scv = 0.655, F = 17.3        (9) 

 

pKi = 0.0334(±0.0176) [IFIE(30) + IFIE(31)] 
 + 9.06·10 3(±3.77·10 3) ASA + 18.6(±4.54) 
n = 13, r = 0.914, s = 0.475, Scv = 0.564, F = 25.4      (13) 

Table 4. Variations in ASA Value for Amino Acid Residues Among Complexes with 13 CUI Analogs 

 

Contact Residue Max. Value 
a
 Min. Value 

a
 Max.  Min.

 a
 Average

 a
 Variance

 b
 Subsite 

Arg8 (8') -11.85  -24.31  12.46  -17.61  11.40  S3/S3' 

Leu23 (23') -6.83  -12.88  6.05  -10.16  3.52  S1/S1' 

Asp25 (25') -23.03  -26.95  3.92  -25.08  1.39  Catalytic triads 

Gly27 (27') -18.82  -27.40  8.58  -23.55  8.21  Catalytic triads 

Ala28 (28') -42.68  -56.58  13.89  -49.54  10.75  S2/S2' 

Asp29 (29') -18.81  -56.53  37.72  -33.68  86.89  S2/S2' 

Asp30 (30') -14.27  -45.69  31.42  -21.21  56.39  S2/S2' 

Val32 (32') -4.98  -7.64  2.65  -6.63  0.68  S2/S2' 

Leu47 (47') -27.15  -74.75  47.60  -37.96  144.53  S2/S2' 

Gly48 (48') -38.47  -58.17  19.71  -42.57  23.57  - 

Gly49 (49') -33.68  -42.47  8.79  -37.72  7.79  - 

Ile50 (50') -45.31  -58.26  12.95  -51.22  14.22  S1/S1' 

Leu76 (76') -0.03  -2.43  2.40  -1.09  0.47  S2/S2' 

Pro81 (81') -15.21  -21.03  5.82  -17.72  2.92  S1/S1' 

Val82 (82') -35.13  -42.77  7.64  -39.66  6.10  S1/S1' 

a. in Å2. 
b. in Å4. 



Novel Quantitative Structure-Activity Studies of HIV-1 Protease Inhibitors Current Computer-Aided Drug Design, 2009, Vol. 5, No. 1      51 

pKi = 11.4(±9.59) [ q(Asp29) + q(Asp30) + q(Thr31)] 
+ 10.2·10-3(±4.84·10-3) ASA + 19.80(±5.78) 
n = 13, r = 0.854, s = 0.609, Scv = 0.834, F = 13.5      (15) 

 

pKi = 10.8(±8.27) Z1 + 9.65·10 3(±4.62·10 3) ASA +  
19.6(±5.55) 
n = 13, r = 0.867, s = 0.584, Scv = 0.781, F = 15.1      (18) 

 Although the quality of the correlation is not excellent, it 
does not change much among equations obtained with dif-
ferent MO electronic parameters. The enzyme inhibition in 
terms of pKi is correlated with use of the total binding en-
ergy, Eligand, and the residue ligand interaction energy, 
[IFIE(30) + IFIE(31)]. The lower the energy of the complex, 
the higher is the enzyme inhibition. It is also related to the 
electron transfer occurring at residue sites, [ q(Asp29) + 

q(Asp30) + q(Thr31)], and the electron transfer pattern 
corresponding to that toward the ligand, Z1. The higher the 
electron efflux from the residues (the more positive the 
charge at the residue sites) and the higher the electron influx 
into the ligand (the more negative the charge at the ligand), 
the more severely is inhibited the enzyme. The first term of 
these equations is mutually correlated by Eqs. 10, 11, 14, 16, 
and 17. The size of the ASA term is almost unchanged 
among Eqs .9, 13, 15, and 18. This could be reasonable, be-
cause the contribution of the “steric distortion” effect of the 
ligand (inhibitor) to the enzyme inhibition should not vary 
significantly depending on the change of “definition” of 
electronically interacting factors between enzyme and inhibi-
tor. The higher the ASA value, i.e., the lower the common 
contact area and the steric distortion effect, the more easily 
occurs the enzyme inhibition. The size of the intercept is also 
nearly stable among four equations. 

 The terms in the right hand side of these equations could 
represent mostly the effective enthalpy change for the com-
plex formation. Because ligands used in this study consist of 
a series of compounds in which a single substituent at a fixed 
(para) position is varied, they are distributed only within a 
limited region in the multidimensional physicochemical pa-
rameter space. Under such conditions, other effects probably 
effective on the complex formation such as the solvation and 
conformational entropic energies could be nearly linearly 
related to the enthalpy term(s) according to the entropy-
enthalpy compensation [99]. The dependent variable, pKi, is 
kinetically measured value for the enzyme inhibition. The 
enzyme inhibition is not totally equivalent with the binding 
but probably includes various physicochemical processes 
occurring with and without participation of substrate protein. 
The effect of these processes could also be subject to the 
entropy-enthalpy compensation. Thus, the pKi value should 
require adjusting factors for being connected to the theoreti-
cally calculated enthalpy term, and the factors are probably 
included as in(de)crements in the regression coefficient and 
intercept of the correlation equations. 

6.2. Comparison with the Classical QSAR 

 We also examined to analyze the complex formation with 
classical procedure using such empirical parameters as the 
Hammett  and its modifications, the substituent hydropho-
bicity parameter , and various types of steric parameters 
[100]. After trials with various combinations of parameters, 

our best correlation equation capable of explaining variations 
in the binding is shown as Eq. 20. 

pKi = 1.11(±0.52) o  3.28(±0.88) MgVol + 1.35(±0.49)  
HB + 8.80(±0.30) 
n = 12, r = 0.977, s = 0.259, Scv = 0.341, F = 56.6,  
outlier = p-OCH3          (20) 

 The o parameter, shown in Table 6, is one of the  
Hammett-type constant from which the through resonance 
effect was supposed to be eliminated [101]. The use of this 
parameter is justified because the substituent location is on 
the benzyl group and a resonance effect of substituents does 
not work through the phenylene-methylene linker up to the 
cyclic urea nitrogen. In particular, the o value should be 
used for the p-hydroxy and p-amino groups in compounds 16 
and 18, because  and o values of these substituents ( 0.37 
vs 0.13 for p-OH and 0.66 vs 0.38 for p-NH2) are more 
conspicuously different than those of other substituents. 

 HB is an indicator variable that takes the value of unity 
for such hydrogen bond donor groups as p-CH2OH and -OH 
but otherwise zero [102]. The p-NH2 group was not assigned 
as the hydrogen bond donor. This is reasonable because (1) 
the “hydrogen bonding acidity” of aromatic NH2 group is 
much lower than that of phenolic OH [103] and (2) the elec-
tron efflux from Asp30, q(Asp30), which varies most sus-
ceptibly depending upon the substituent variations, is lowest 
toward the p-NH2 and highest toward the p-CH2OH among 
hydrogen donors (Table 2). Perhaps the side chain COO- of 
Asp 30 coordinates the hydrogen donor groups of ligands to 
make the hydrogen bond resulting in the electron efflux from 
the residue toward the P2 benzyl. In correlation equations in 
the preceding section, the HB indicator as an independent 
variable was not necessary because the hydrogen bonding 
effect was included in descriptors calculated by MO. In Eq. 
20, the electronic effect of substituents is expressed by the 
through resonance-free o and the additional hydrogen bond-
ing effect, HB, for OH and CH2OH substituents. MgVol is 
the McGowan molar volume used in Eq. 19 and the negative 
term represents that the lower the steric distortion, the higher 
is the enzyme inhibition. Overall, the correspondence of 
classical parameters with new QSAR descriptors is regarded 
to be very good. It is also to be mentioned that neither use 
nor addition of the hydrophobicity  term was significant in 
Eq. 20 as expected by the fact that the participation of water 
molecules can be neglected in the process of complex forma-
tion. 

 Unfortunately, the methoxy compound 14 was not in-
cluded in Eq. 20. The reason is not clear but this compound 
always takes the most deviant behavior although it is in-
cluded in Eqs. 9, 13, 15, and 18. Although the number of 
compounds relative to the number of descriptors is low and 
no definite mechanistic interpretation is plausible, Eq. 20 is 
helpful to understand the electron flow inside the 
ligand/inhibitor molecule that is subject to the substituent 
effect. As Eq. 15 shows, the higher the electron efflux from 
the residue sites and the higher the electron incorporation in 
the ligand molecule, the higher is the enzyme inhibition. The 
size and sign of the o term in Eq. 20 indicates that the effect 
of substituent is to push the incorporated charge toward the 
cyclic urea region. The electron flow is highest at the site of 
catalytic triad as shown by the value of q(Asp25), but it 
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does not undergo so well the substituent effect of P2/P2' 
benzyl groups (Table 2). 

Table 6. Structure and Parameters of CUI Analogs Used in 

the Classical QSAR Eq. 20 

 

NN

O

HO OH

X X

 

Compound pKi 

 Calcd. 

No. X
Obsd. (Eq. 20) 

0 MgVol HB

5 
a
 CH2OH 9.47  9.37  0.05 0.2210  1

7 H 8.52  8.73  0.00 0.0222  0

8 F 8.85  8.48  0.17 0.0400  0 

9 Cl 8.28  8.03  0.27 0.1440  0 

10 Br 7.57  7.87  0.26 0.1970  0 

11 CF3 7.29  7.51  0.53 0.2160  0 

12 CN 7.28  7.46  0.69 0.1770  0 

13 CH3 8.24  8.40  -0.12 0.1630  0 

14 OCH3
 b 6.80  (8.25) -0.16 0.2210  0 

15 OCH2Ph 6.27  6.23  -0.13 0.8290  0 

16 OH 9.92  10.02  -0.13 0.0810  1 

17 NO2 7.50  7.25  0.82  0.1960  0

18 NH2 8.96  8.82  -0.38 0.1220  0

a. DMP323. 
b. Outlier in Eq. 20. 

 

6.3. Comparison with Classical QSARs Previously  

Published 

 As mentioned earlier in this article, Garg and her co-
workers have been examining the QSAR of CUI series of 
compounds comprehensively [34-36, 104-107]. Their study 
covers structure-activity data not only for variously substi-
tuted P2/P2’ benzyl but also for P2/P2’ substituted alkyl and 
aryl compounds. For the DMP323 analogs including m- and 
p-substituted benzyl compounds [23], they formulated Eq. 
21. 

pKi = 1.29(±0.99)   0.61(±0.20) Clog P + 12.79(±1.44) 

n = 12, r = 0.922, s = 0.571, Scv = 0.743, outlier = p-NH2      (21) 

 Clog P is the molecular hydrophobicity parameter, log P, 
calculated by the BioByte system [108]. In this series of 
compounds, structure variations occur only in the benzyl 
group so that variations in the log P (and also Clog P) are 
equivalent to those in substituent  value. In Eq. 21, H, m-
NH2, and m- and p-substituted NO2, CN, OH, OCH2Ph, and 
CH2OH compounds are included, but p-NH2 compound is 
deleted as outlier. 

 The same group from DuPont-Merck also studied the 
cyanoimine analogs of CUI (6). From 12 compounds, the 
substituents in which are identical to those included in Eq. 
21, Garg et al. deleted the unsubstituted compound further as 
outlier and derived Eq. 22 for 11 compounds. 

pKi = 1.26(±0.67)   1.77(±0.65) MgVol + 16.21(±3.14) 

n = 11, r = 0.919, s = 0.473, Scv = 0.514,  
outliers = H, p-NH2            (22) 

 In Eqs. 21 and 22, the negative electronic  term is simi-
lar to each other, but the higher hydrophobicity (log P) is 
detrimental for CUI compounds, whereas the greater steric 
bulk of substituents is unfavorable to their cyanoimine ana-
logs. In fact, Eq. 22 shows similar features to those of Eq. 
20. Although an additional parameter term for hydrogen 
bond donor groups was required and the p-OMe compound 
was not included, the p-NH2 compound behaves well in Eq. 
20. It could be certain if the o value is used in Eqs. 21 and 
22, the p-NH2 compound would behave regularly. 

 The second term of Eqs. 21 and 22 could correspond with 
that of the ASA parameter in our new correlation equations, 
which has the dual character as being steric and/or hydro-
phobic. Although no participation of water molecules was 
assumed for the complex formation process in our QSAR 
model, either steric or hydrophobic parameter term could be 
significant depending upon how to select compounds with 
varying substituents under conditions without using MO 
derived electronic descriptors. 

7. CONCLUDING REMARKS 

 To conclude, the present QSAR study is reasonably con-
sidered to show that the novel descriptors defined by MD-
MO procedures are able to represent physicochemical fea-
tures of molecules and substituents clearly. In particular, the 
fragmental MO parameters are very useful for QSAR of pro-
tein ligand interactions. It is indeed noteworthy that phys-
icochemical parameters attributable to amino acid residues, 
instead of those of ligands, are able to work as QSAR de-
scriptors in analyzing the complex formation. The IFIE (In-
ter Fragmental Interaction Energy) and ASA values can be 
used as residue/fragment parameters similar to substituent 
parameters in the classical QSAR. 

 Although we performed detailed geometry calculation 
with MM-MD procedures, structure fluctuations of the com-
plex among ten snapshots can be negligible as indicated 
above in Section 2.4. It is true that, for the FMO calculation, 
we need the structure of the complex geometrically as accu-
rate as possible. It should be admitted, however, that the ef-
fect of fluctuation on the physicochemical descriptors such 
as ASA, Eligand, IFIE, and q is not very significant. 

 The outcome of the present MD-MO QSAR can be re-
garded to conform to that of classical QSAR formulations 
good enough and, in fact, reinforce the mechanistic interpre-
tation of the enzyme ligand interaction in terms of the clas-
sical QSAR. In the present study, the number of compounds 
utilized for the QSAR analyses is not large and the correla-
tion quality is not sufficiently good. Therefore, definite con-
clusion about the mechanism of inhibition of CUI analogs 
against HIV-1 PR should be carried over in future with 
analyses using additional compounds suitably selected and 
MO parameters further improved. Along with our recent 
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successful QSAR results for carbonic anhydrase inhibitors 
(work in progress), however, the new procedure that was 
used in this article is believed as being a very powerful tool 
for the advanced QSAR, especially for the protein ligand 
interactions that are the very fundamentals for the biological 
activity. The QSAR results and discussion about inhibition 
of CUI analogs against HIV-1 PR in the present article su-
persede those about similar topics from this laboratory. 
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