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Abstract: The complexation energy and their individual contributions between the Aspartic
Protease enzyme (AP) of human immunodeficiency virus and hexapeptide inhibitors(D) with
CH)NH reduced peptide bond have been first evaluated using the method of molecular
mechanics. Then the evaluation of solvation energies for individual species AP:I, AP and I
has been done by polarizable continuum method. As to the complexation itself, the
dominant role for the clectrostatic interaction is found. Various replacements of P3.....P3'
inhibitor residues have been modelled with the goal to design inhibitors with the high
affinity towards AP enzyme. Solvation energy modifies the order of stability of complexes
depending on the solvent polarity. New, hypothetically more active structures have been
forwarded for synthesis and testing.

Aspartic protease (AP) is one of virally encoded enzymes necessary for replication of
HIV-1 and therefore it is considered as a potential target for the design of anti AIDS drugs.
Recently, X-ray structures of AP of HIV-1! and of some complexes between HIV-1
protease and reduced oligopeptide inhibitors have been elucidated2-3, showing the
importance of hydrogen bond contacts between the enzyme and the inhibitord.
Consequently, attempts have been made to design modified structures of the oligopeptide
analoguesS-8 based on the transition state mimetic concept, where various reduced forms
(isosters) were taken into consideration. Recently, X-ray structures of AP-inhibitors
complexes have been reviewed?.

Original X-ray structural analysis of AP:I complexZ, with MVT-101 inhibitor ( Thr-Tie-
Nile-¥[CH2-NH]-Nle-Gln-Arg+) revealed close contacts between inhibitor residues and
those of AP, which enabled to estimate a type of prevailing interactions (hydrophobic vs.
jonic) for some of inhibitor residues. This inhibitor (MVT 101) was also used as a pattern
for the design of new structures 67, Thaisrivongs et al.7 using the molecular modelling
(with Amber force field) came to qualitative conclusions, that each inhibitor amid group
between P3' and P3 positioned to make two H-bonds to the protein backbone, except for
the P and Py’ carbonyl oxygens ( which are indirectly H-bonded to the protein through
buried water molecule). Moreover they found low sensitivity to the choice of residues at P3
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due to apparent lack of the specific interactions between this position and the enzyme.
However, this study doesn't report any numerical value demonstrating these conclusions.
Recently we have started systematic molecular modelling studies!0 with the focus to
analyse in details most important factors which are expected to govern the strength of
complexation processes between AP and its inhibitors.

Firstly, the role of overall interactions of individual residues (P3' ...P3) with whole enzyme
( i.e. not only those through direct H-B contacts) should be evaluated. In this respect
clectrostatic long range interactions can be especially important.

Secondly, the stability of the AP:I complex depends not only on the strength of interaction
within the complex, but also on the relative stability of all species involved in the
complexation process, i.e.

AP + 1 <==> API )

This stability is also influenced by the solvent polarity especially because all species
involved in complexation can be charged. Consideration of the "crystallographic” water
molecules only (i.e. 17 solvent molecules surrounding AP enzyme) didn't represent
sufficiently the effect of solvent and gave almost same results as in vacuo102.

Therefore, in the present paper we present results related to MVT 101 inhibitor (abbreviated
as 'Orig’) as a reference structure analysing the energetical contributions to AP:inhibitor
residues interaction and we have analysed in details both effects i.e. the interaction between
AP and I as well as the solvation on complexation equilibrium. Such analysis enables also
to design the structural changes of original MVT-101 inhibitor leading to the variation of
the complexation and solvation energies and consequently to the expected increase of anti-
HIV activity.

Figure 1 The structure of hexapeptide MVT-1 inhibitor2- Its sequence is
Thr - lle - Nle - [CH2-NH] - Nle - GIn - Arg+.

Molecular mechanics with cvff force field!! of Biosym - Insight IT packagel2 have
been used for the evaluation of total energies E and their components i.e. bond, nonbonding
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(dispersion + repulsion) and electrostatic ones of individual systems (AP:I complex, AP
enzyme and I inhibitor). The complexation energy Ecompl related to Eq.1 has been then
evaluated as

Ecompl =EAp:1- EAp- Ef #))

Individual energetic components of Ecompl (bonding, nonbonding and electrostatic) have
been evaluated in the same way. Relative changes of these quantities have been calculated
for various inhibitors (abbreviated as Mod) and related AP:I complexes, where the inhibitor
structures were varied by replacing amino acid residues P3.....P3' in the reference MVT-1
hexapeptide structure (Fig.1). Thus, the relative changes in the complexation energy for
individual modified inhibitors is

AE compi(Mod) = Ecompi(Mod) - Ecompl(Orig) 3)

The geometries of all inhibitors have been optimized both in the free form as well as in
AP:I complex. The X-ray structure of AP:Orig complex2 was used as a starting geometry.
The geometry of enzyme part in the AP:I complex was kept fixed following the docking
study of AP:I complexes of Caflisch et al.13. Such geometry corresponds to the enzyme
structure already adopted to bind an inhibitor. The geometries of inhibitor structures were
optimized using the conjugate gradient method 14 starting from different geometries and
scarching for absolute minima. The solvent cffect has been modelled using the Polarizable
Continuum Model (PCM), where the solvent is represented by a homogeneous dielectric
medium with permitivity € (see refs. 15,16 for details). The solvation energies have been
evaluated for all species considered i.c. AP:I complex as well as separated AP and I and
solvation contributions to the complexation process (eq. 1) have been evaluated by analogy
to Egs. 2 and 3.
First, the interaction and complexation energies between known inhibitor Orig and
AP enzyme in vacuo has been evaluated using eq. 2. The complex AP:Orig is stabilized
by 124.0 kcal/mol vs. separated specics. The electrostatic term contributes mainly to the
stabilization (by 89.1 kcal/mol). The Orig inhibitor in spite of its positive charge QOrig =
+1, due to Arg+ in the Orig structure in position P3' (Fig. 1) is stabilized by AP (with total
charge Qap = +4) due to the fact that the negatively charged residues are placed closer 1o
the active site than positively charged ones, thus creating a negative electrostatic potential
within the large part of the enzyme pocket hole and stabilizing positively charged residues
of the inhibitors.
As 10 the detailed structure of AP:I complex, our calculations with cvff force field give
the same qualitative picture about hydrogen bonding between amide groups of Orig and
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AP obtained by Thaisrivongs et al.7 using Amber force field. It supports the opinion 11
that both Amber and cvff force fields lead to very similar results especially for proteins.
However, to evaluate the role of individual residues ( as those above discussed P3, P3’) it
is worthwhile to calculate clectrostatic contributions of interaction energy Ee)g(AP:Py)
between AP and cach residue Py of the inhibitor in the complex AP:I, namely:

Eels(AP:Py) = I Vi(AP) . gj(Py) @

where V;j(AP) is the electrostatic potential coming from the charge distribution of all
residues of AP at cach atom j of the inhibitor and qj(Pk) is the net charge of atom j of the
Py-th residue. The calculated interaction energies (in kcal/mol) for the Orig inhibitor are
following: Thr(P3) -3.8 Ile(P2) -10.4 Nile(P1) -5.9 CHyNH +3.3 Nle(P1") -27.7
GIn(P2') -1.8 Arg*(P3) -484.

It can be seen from the given values, that all the amino acid residues of inhibitor
(P3.....P3") - except the reduced bond itself - contribute to the stability of AP:I complex,
however the contributions differ considerably for individual residues. The largest
stabilization comes from Arg+(P3’) -48.4 kcal/mol and quite stabilizing are also Ile(P2)
-10.4 kcal/mol and Nle (P1") -27.7 kcal/mol, the last one partially due to formal positive
fractional charge(+0.22, while on CH2NH is -0.22). On the other hand, the stabilization
coming from Thr(P3) and Gln (P2') is very small (-3.8 and -1.8 kcal/mol resp.). The
contribution of CH2NH group is slightly destabilizing (+3.3 kcal/mol) due to the
negative fractional charge (-0.22) on this group. The role of various structures on the
place of central reduced bond is analysed in details elsewhere 10D,

The small value Egpg for Thr (P3) and Gin (P2') could indicate that hydrophobic
inhibitor residues would be preferred at these sites as it was suggested by Thaisrivongs et
al.7. However, when we have replaced the P3 residue by Arg* its stabilization
(calculated according to Eq.4) increased to -22.6 kcal.mol-l. Surprisingly, the Asp
replacement on P3 brings even higher stabilization ( -44.4 kcal.mol-1). This peculiar
behaviour is explained when looking at the spatial distribution of the electrostatic
potential V inside P3 site and the mobility of P3 residue. While P3 residue (being Asp-
or Arg+) is sitting on the end of active site (but not outside of the cleft as it appears for
bulky substituents like chinoline”) there is enough space so that the side chain of P3,
when charged, can be reoriented to positive or negative regions of V created by enzyme.
Negatively charged P3 residue (Asp~ or Glu™) when sitting in the active site pocket of
enzyme is reoriented towards Arg*108, thus giving considerable stabilization. On the
other hand, if Arg* is on P3 site, it is oriented towards stabilizing Asp 29 of AP.
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This conclusion can be generalized, that certain sites of AP enzyme pocket can accept
very different inhibitor residues- even with the opposite charge - if there is enough space
for reorientation and opportunities of different stabilization by enzyme residues.

However, the inhibition potency is more tightly related to the total complexation energy
(Eq. 2) as well as to that including solvent effect. Therefore we have modelled several
replacements of residues (P3,P2,P2',P3") in the hexapeptide inhibitor structure with the
particular aim to design replacements modifying the total charge of the inhibitor and thus
mainly affecting the electrostatic part of AP:I interactions. In Table 1 we present the
relative changes of complexation energy contributions in vacuo, evaluated according to
Eqgs. 3 and 2 for representative series of modified inhibitor structures.

Table 1. Complexation energy E 1 in vacuo and their components of individual
modified inhibitor structures with AP reiawd to those of known inhibitor Orig (according to
Eq. 3).

Inhibitor* QY AEpond AE, AEg  ABgomp)
Mod-TII +3 +16.3 -10.8 -22.6 -17.1
Mod-TI +2 +8.5 20 -21.1 -14.6
Mod-Ia +2 +16.4 -6.8 -19.1 9.5
Orig +1 0.0 0.0 0.0 0.0
Mod-TV 0 0.6 +0.4 +10.2 +11.2
Mod-Tb 0 -14 +1.3 +34.9 +35.8
Mod-V -1 -33 0.0 +35.0 +31.7
Mod-VI -2 -10.6 32 +46.2 +32.4

$Q is the total charge of the inhibitor.

*Abbreviations of inhibitor structures are following; (X is CHoNH reduced bond)
Orig = Thr-Tle-Nle-X-Nle-Gin-Arg+(Fig.1); Mod-Ia = Arg+-Ile-Nle-X-Nle-Gln-Arg+
Mod-Ib = Asp~-Tle-Nle-X-Nle-Gln-Arg+ Mod-1II = Lys+-Ile-Nle-X-Nle-Gin-Arg+;
Mod-III = Arg+-Arg+-Nle-X-Nle-Gln-Arg+ Mod-IV = Thr-Ile-Nle-X-Nle-Gin-Thr;
Mod-V = Thr-lle-Nle-X-Nle-Glu™-Thr Mod-VI = Thr-Glu~-Nle-X-Nle-Glu™-Thr

The trend of stability based on total complexation energy in vacuo follows the changes of
the total charge Q and thus the changes of electrostatic component of interaction. The Mod-
III structure with Q=+3 forms the most stable complex. The complexation of Mod-1a and
Mod-II inhibitors by enzyme is still stronger than that of Orig inhibitor. The structural
modifications leading to the zero or negative charges (Mod-IV, Mod-Ib, Mod-V, Mod-VT)
destabilize the AP:I complex in comparison to Orig structure. It is interesting to note that
the destabilization gradually increases with the decrease of positive charge of L

The Mod-Ib stnucture is the particular case. There, the interaction between AP and I
calculated according to Eq. 4 is the strongest one from all inhibitors considered due to a
favourable stabilization of Asp- (P3) mentioned above. On the other hand, the value of
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Ecompl is smallest one (i.e. weakest complexation from all inhibitors considered) due to
very high stability of I alone, which comes from strong reorientation of hexapeptide chain
(in I free) approaching Asp-(P3) to Arg+(P3’) and thus giving a considerable electrostatic
stabilization.
The changes of total energy correlate roughly with those of the electrostatic component.
Nonbonding components contribute in less extent to the relative stability in case of more
positively charged inhibitors (Mod-lIa - Mod-IlI), while for Mod-IV - Mod-V their
contribution is very small. The contributions of bonding energy components are
destabilizing for positively charged inhibitors and stabilizing for negatively charged ones.
In case of Mod-Ia and Mod-II, where the total charges are the same (Q= +2) and
consequently electrostatic contributions are very similar, there are bonding energy changes
responsible for the preference of the Mod-II inhibitor (with Lys+ at P3 and P3'sites) over
Mod-Ia (with Arg+ at the same sites). Anyway the electrostatic component clearly
dominates at the complexation equilibrium in vacuo and provides the following order of
hypothetical inhibition activity:

Mod-TII > Mod-1I > Mod-Ia > Orig > Mod-IV > Mod-V > Mod-VI > Mod-Ib.
In the following part we have evaluated solvation energies as described above for all
considered species, i.e. AP:I, AP and I respectively. We considered a polar surrounding
solvent (water) with € = 80 which represents approximately real conditions. For the Orig
inhibitor the solvation stabilizes free species by 21.3 kcal/mol vs complex AP:I. However,
considering the complexation energy ECOMP! (including solvation) the complexation is still
in favour of the tight complex AP:I ( E.go®™P! = 102.7 kcal/mol ). Based on solvation
energics calculated for all modified inhibitor structures considered above, we have
evaluated relative changes in solvation energies AEewl" by analogy with Eq. 3. Then,
relative changes of solvation energies were considered together with complexation energies
in vacuo (Table 1) thus obtaining relative changes of complexation energies in solution
AEECO‘“PI. All values are reported in Table 2.
It can be seen, that the increase of the charge of inhibitor to +2 and +3 (Mod-Ia, Mod-II,
Mod-III) leads to positive values of AE5=8()5°1" i.e. the solvation in very polar
environment reduces the stability of AP:I complex for these inhibitors because of better
solvation of charged species (AP and I) when arc separated. On the other hand, due to
weaker solvation of Mod-IV, Mod-Ib (neutral) inhibitors and Mod-V (Q = -1) in free
forms, the solvation contributes to the stability of complexes of these inhibitors with AP.
Generally, when changing the charge of inhibitors, the relative effects of solvation on
complexation equilibrium are opposite than those of complexation in vacuo.
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Table 2 Solvation contributions to the complexation energy DBes°1" and complexation
energies including solvation AES"°“‘I’l for various I structures in AP:I=AP + I reactions

Inhibitor™ Q AE, =8OSOIV AF‘6=80mPl
Mod-IIT +3 +11.1 -6.0
Mod-I1 +2 +18.1 +3.5
Mod-Ia +2 +18.0 +8.5
Orig +1 0 0
Mod-IV 0O -29.7 -18.5
Mod-Ib O -28.6 +6.3
Mod-V -1 -12.7 +19.0
Mod-VI -2 +6.5 +38.9

* See also comments in the footnote of Table 1

By considering the solvation and complexation together (last column of Table 2) we can
evaluate the order of overall stability of individual complexes, which has to correlate with
anti HIV activity of these inhibitors.

The trend is the following:
Mod-IV > Mod-III > Orig > Mod-II > Mod-Ib > Mod-Ia > Mod-V > Mod-VI

It follows that at least two structures namely Mod-III and Mod-IV are expected to be more
active in a biological-like environment. The designed structures have been forwarded to the
synthesis and testing to verify this conclusion.

It can be also concluded from gained results that at least three factors are important for AP:I
complexation and consequently for HIV inhibition, namely: i) interactions between AP and
I residues within the complex, which are often dependent not only on the nature of
interacting residues, but also on the possibility of conformation reorientation within the
complex; ii) relative stability of individual species (AP:I, AP, I), which can vary
significantly, mostly due to conformational differences for I in the complex vs I free; iii)
the effect of solvation shifting considerably the complexation equilibrium especially when
inhibitors are charged.
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