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HIV-I encodes an aspartic protease, an enzyme crucial to viral maturation and inrect ivity. It is respoll -ible for th 
cleavage of va rious protein precursors into viral proteins. Inhibition or thi s enzyme prevents the formation of mature, infec­
tive viral particles and thererore, it is a pOlen tial target ror therapeutic intervention rollowing infection. Several drugs that 
inhibit the action of thi s enzyme have be.::n discovered . These include peptidomimetic inhibitors sU l:h as ABT-538 and 
saquinavir, and structure based inhibitors such as indinavir and nelfinavir. Several of these have been tested in human clini ­
ca l tri als and have demonst rated sign ifi cant reduction in vi ral load. However, most of them have been found to be or limited 
clin ical utility because of their poor pharmacological properties and also because the viral protease becomes rapidly resistant 
to these drugs on accou nt or mutations in the enzyme. One way to overcome these limitations is to design an inhibitor that 
interacts mainly wi th the conserved residues of HIV -I protease. By a rational drug design approach based on the hi gh reso­
lution X-ray crysta l structure of the HIV-I protease with - MVT 101 (a substrate based inh ibitor) and the s ecifi c design 
princip les of peptides containing dehydro-Alanine (LlA la) derived rrom our earlier studies, we have designed a tetrapeptide 
with the sequence: NH2 -Thr -LlA la-LlA la- Gln-COOH. Energy minimi zation and molecul ar modelling of the interacti on of 
the designed tetrapeptide with the inhibitor binding site indicate that the inhi bitor is in an ex tended conronnaiion and makes 
excessive contncts with the vira l enzyme at the interface between the protein subunits. The designed in hibi tor has 33% of its 
interaction with the conserved region of HIV -I protease which is of the same order as that of MVT 10 I with the enzyme. 

Introduction 
The late stages in the replication of HIV include 

crucial virus-specific secondary processing of certain 
proteins by an enzyme HIV-l protease. The activity 
of the protease is essential for the proper assembly 
and maturation of the fully infectious virions of 
HIV-I' as well as other retroviruses . Thus HIV-l 
protease has become an important target for the 
rational design of antiviral agents for AIDS. HIV-l 
protease functions as a symmetric homodimer 
compounds consisting of two identical 99-amino 
acids subunits which combine to form one ac ti ve site 
with the signature sequence of Asp-Thr-Gly . The 
search for HIV protease inhibitors was launched after 
it was ascertained that HIV protease is required for 
viral infectivity'. This search was facilitated by the 
vast knowledge of other aspartyl protease (renin 
inhibitors) the cloning and purification of the HIV 
protease, the elucidation of its three-dimensional(3-D) 
structure, and the development of rapi d enzy me 
assays for screening potential inhibitors . Tn the past 
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few years there has been a virtual explosion of new 
X-ray crystal structures from numerous laboratories 
aimed at characterization, at an atom ic level , of the 
structures of the HIV- I protease-inh ibitor complexes2

. 

Several inhibitors of HIV-J protease have been 
discovered to date. The identification of HIV-l 
protease cleavage sites proved useful in designing the 
appropriate inhibitors. Several peptidomimetic HIV - I 
protease inhibitors like Ro 31-89593

, U-8 17494
, KNI-

2275
, A-747046

, A-770037 and L-700,4 l48 have been 
designed. Structure-based li gand design has been 
quite successful in predicting inhib itors of HIV-l 
protease. Indinavir sulfate and nel finavir mesylate 
were designed with the help of X-ray crystallography 
and molecular mechanics calcul ation . 

The principal issue for the development of protease 
inhibitors seems to be the capacity of protease to 
tolerate single residue (point) mutations that renders 
it 's inhibitors ineffective yet do not signi ficantly 
affect the activ ity of the enzyrne'). Analysis of data 
shows that mutations that produce inhibitor resistant 
proteases are concentrated in regions of the enzyme 
that have been shown to form subsites of the substrate 
binding pocket. Key ami no acids whose change 
produces resistant phenotypes are at position 82 and 
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84 in the SI and SI' subsites, at position 32 in S2 and 
S2' subsite, at position 8,46,47 and 48 in S4 and S4' 
subsites. Most of these mutating residues have been 
shown to be critical for determining retroviral 
protease specificity 10. 

It is, therefore, desirable to design an inhibitor 
which has a large number of interactions with the 
conserved residues in the binding pocket of protease 
so as to minimize the loss of specificity of interactions 
on account of point mutations. The starting point and 
basis for the design of the inhibitor is the X-ray 
crystal structure of a complex between a substrate 
based peptide inhibitor with the sequence: N-Ac-Thr­
Ile-Nle-\!f[CHr N H]-Nle-G I n-Arg­
amide(Nle,Norleucine), also called MYT 10 1, with 
chemically synthesised HIY -1 protease determined at 
2.3A resolution 11 (POB accession number 4HYP). 
The inhibitor binds to the protease in an extended 
conformation. The geometry of the binding pocket 
suggests that the required peptide inhibitor should 
have an extended conformation. It has been shown in 
our earlier work l2

-
14 that peptides containing some 

a,~- unsaturated (dehydro) alanine residues do have 
such a conformation. 

Oehydro amino acids play an important role in the 
inverse protein folding problem, i.e, the problem of 
predicting the amino acid sequence that would fold 
into a required 3-D structure. They occur naturally in 
a variety of peptide antibiotics l5

.
18 and in some 

proteins 19. The steric effects caused by dehydro 
residue influence the backbone conformation in a 
specific manner. Therefore such residues can be used 
to generate specific peptide structures20

. X-ray 
crystallography 12.2 1-23, NMR spectroscopl4 and 
theoretical calculations2

1. 25-27 on peptides containing 
dehydro-Ala (tlAla) have shown that the dehydro 
residue adopts an extended conformation. It also 
induces steric effects on the neighbouring saturated 
residues and forces them to adopt a constrained 
conformation l2

• Thus, peptides containing dehydro 
residues are highly suitable for designing specific 
structures. In addi tion to thei r occurri ng naturally , 
there is an evidence to suggest that peptides 
containing dehydro amino acids are more resistant to 
enzymatic degradation28

.
29

. 

Using the design principles generated with tlAla 
we had, in our earlier work, designed an inhibitor for 
bovine trypsin which had a structure similar to that of 
the binding loop region of bovine pancreatic trypsin 
inhibtor (BPTI). We have also designed an inhibitor 
of HIY -1 reverse transcriptase3o

, which is much more 
resistant to mutations as compared to the existing 
drugs. 

Materials and Methods 
Although the minimal length substrate for HIY-I 

protease was observed to be a heptapeptide31
, 

subsequent studies showed that tri and tetrapeptide 

Fig. I- Theoretically ca lcu lated minimum energy conformatio n structure of NHr Dehydro-Ala-Dehydro-Ala-Gln-COOH 

Table I-Minimum energy conformation of the designed HIV-I protease inhibitor with the seque nce: NHr Thr-IlAla-IlAla-Gln-COOH 

XI 

26.7 

<1>3 

180 150 

<1>4 

156.6 

M 

53. 1 



92 INDIAN J. BIOCHEM. BIOPHYS., VOL. 38, FEBRUARY & APR IL 2001 

mimetics can also be potent inhibitors3 as the strength 
of binding is not a function of the total number of 
contacts or the total number of subsite interactions2

• A 
minimal inhibitor model consists of a core structure 
contai ning four side chains correspond ing to residues 
P2 through Pz'. The protease side chains comprising 
the pockets SI and SI' are mostly hydrophobic. Thus, 
the inhibitor should have a hydrophobic moiety at PI 
and PI'. The S2 and S2' pockets are also hydrophobic 
but both hydrophobic and hydrophili c res idues can 
occupy these sites. The positional preference is 
greatest for P2' which is occupied almost exclusively 
by glutamine or glutamic acid and for PI which is 
almost in variably occupied by hydrophobic residues. 

The X-ray crystal structure of I-IIV-I protease 
complexed wi th MVT 101 11 was used as the starting 
point. The binding site was carefully studied to find 
out prospect ive shapes that might fit in the binding 
site. 

Desigll oJthe peptide 
Theoretical calcu lations done on peptide sequences 

contai ning t.A la I 2
-
14 indicated that dehydro alanine is 

always found in an extended conformation with <P = 

1800 and \jf = 150°. Moreover, the neighbouring 
saturated residues are constrai ed to adopt a 
conformation in which <P = 140° and \jf = - 40°. 
Therefore, a peptide seq uence wi1 h suitably placed 
dehydro-alanine residues can have an extendecl 
conformation. 

Fig. 2- Representation of j"inal docked posi ti on of the designed 
inhi bi tor in yellow in drug binding cavity of HIV-I protease 
for med by residues shown in pink 

Fig. }-Contacts between drug binding pocJ...JCt of HIV -I protease and inhibitor 
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Table 2-Hydrogen bond lengths and van der Waals distances between the inhibitor and HIV -I protease 

Hydrogen bond di stances between inhibitor and protease van der Waal s contacts between inhibitors and main chain 

Inhibitor atom Protease atom Distances atoms of protease 

(A) Gln41 (N) Gly 2"i"(O) 3.5 

Thrll(N) Gl/B('O) 2.5 Gln41(C~) GllB'(O) 3.6 

Thrll(OyI) GI/\O) 2.5 Gln41 (Cy) Glls'(O) 3.8 

t.Ala21 (N) Wat511 3.0 Gln41(Cy) ASp20'(N) 4.0 

t.Ala21 (0) ASp2;" (002) 2.9 Gln41(Co) Gll8"(O) 3.3 

Gln41 (Nc2) Glls'(O) 2.6 Gln41 (Ocl) Glls'(O) 4.2 

Gln41(0) ASp29'(002) 2.7 Gln41 (Nc2) lle4T(Ca) 4.2 

C-Ter-O ASp29'(002) 2.9 
Gln41(Nc2) lle4T(C~) 3.4 

C-Ter-O ASp29'(00 1) 2 .6 
Gln41 (Nc2) lle4T(C) 4.2 

van der Waals contacts between inhibitors and mai n chain Gln41 (NE2) Glls'(N) 3.5 
atoms of protease 

Gln41 (NE2) Glls'(C) 3.7 
Thrll (N) Glls(C) 3.3 ASp29'(C~) 3.4 
Thrl l(N) Gll9(N) 

C-Ter-O 
3.6 Asp29'(Ca) 3.8 

Thrll(N) 
C-Ter-O 

Gll9(Ca) 3.4 
C-Ter-O ASp29'(N) 3.3 

Thrll (N) ll e50'(C~) 3.8 
C-Ter-O Ala2B '(C) 4.1 

Thrll (Ca) Gly4s(0) 3.1 
C-Ter-O Gl/T(O) 3.9 

Thrll (Ca) Glls(C) 4.0 

Thrl l(Ca) Gll9(Ca) 3.7 van der Waals contacts between inhibitor and side chains of 
Thr ll(C~) Ala2B(Ca) 3.5 mutable residues 

Thrll(C~) Ala2B(C~) 3.4 

Thrll(C~) Gl/ 7(0) 3.5 
Thrll(Cy2) lleS4(Co I) 3.2 

Thrll(OyI) Ala2s(Ca) 3. 1 t.Ala21(0) lleS\ Co 1) 3.9 

Thrll(OyI) Ala2s(C~) 3.1 t.Ala31(Ca) y 82(Cyl) 4.2 

Thrll (Oy l ) Ala2S(N) 3.5 
t.Ala3 1(C~) y S2(Cyl) 3.0 

Thrll(Oyl) GI/\C) 3.2 
t.Ala31(C~) lle84(Cy2) 4. 1 

Thr11 (Cy2) Ala2s(Ca) 3.6 
Gln41(Co) lle4T (Cy2) 4. 1 

Thrll (Cy2) Ala2B(C~) 2.8 Gln41 (NE2) lle4T (Cy2) 4.2 

Thrll (C) Gl/8(0) 4.0 C-Ter-O RS(Cz) 4.2 

Thrll(C) Gll9(Ca) 3.5 
van der Waals contacts between inhibitor and side chains of 

Thrll (C) GI / 7(0) 2.6 other res idues 
Thrll(O) 

Gll8(0) 4.2 
Thrll(O) 

Gll 9(Ca) 3.1 Thrll(N) lle5O(Cy l) 3.4 

Thrll(O) 
Gl / 9(C) 3.8 Thrll(Oyl) ASp25(002) 4.0 

Thrl l(O) 
lIe5\ N) 3.9 t.Ala21(C~) ASp25"(00 I) 3.5 

t.Ala21(C) GI /T(O) 4.0 t.Ala21 (C) ASp25(002) 4.0 

t.Ala21 (0) Gl/T(O) 4.2 t.Ala21 (0) ASp2\Cy) 4.0 

t.Ala31(N) Gl/T(O) 3.5 Gln41 (NE2) lle50(Co 1) 3.9 

t.AlaJ1(Ca) GI/T(O) 3.1 Gln41(C) ASp29'(002) 3.0 

t.Ala31(C~) Gl/T(O) 4.0 Gln41(C) ASp29'(Cy) 3.3 

t.Ala31(C) GI/T(O) 3.6 Gln41(C) ASp29'(00 1) 3.4 

t.AlaJ1 (0) GI/9'(Ca) 3.5 Gln41(0) ASp29'(Cy) 3.3 

t.AlaJ1 (0) Gll8'(C) 4. 1 Gln41(0) ASp29' (00 1) 3.4 

t.Ala31 (0) GI/s'(O) 3.2 C-Ter-O ASp29' (Cy) 2.7 
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Table 3--lnhibitor IH IV PR contacts in subs ites S1 IS1' and 
SII SI' 

Inhibi to r Subsi tc Enzyme residue No.of 
residue contacts 

Thr 51 D25,G27,A28 ,G48, 150.184.150' 27 

Gin 51' R8 ,150,G2T ,A28' 30 
D29',14T ,G48 ' 

""Ala 51 D25,184. D25' ,G27' 8 

""Ala SI V82 .1 84,G2T,G48', G49' 10 

Based on the above consideration, a peptide was 
designed with the following sequence: 

NH2-Thr-!lAla-!lAla-Gln-COOH 
A "model" structure was assigned to (he peptide on 

the basis of the folding rules for peptides containing 
!lAla. This structure was used as a starting point for 
further energy minimization using the Global 
optimizat ion method of Subba Rao ef al. 32

, with 
modified torsional potentials for !lAla, the deta ils of 
which are described in our earli er papers I3.14

, 

Molecular modeling 
The modeling of the interaction of the designed 

inhibitor with the drug-binding region of HIV-l 
protease was carried out on a Silicon Graphics 
INDIGO workstation, using Biopolymer and Docking 
modules of the BIOSYM software package. A manual 
docking of the inhibitor was done with the binding 
pocket of protease as determined by the X-ray crystal 
structure I I , after extraction of MVT 10 I molecule. All 
steric clashes were removed by turning on the ' bump 
monitor' . 

Results and Discussion 
The minimum energy conformation of the inhibitor 

(Fig. I and Table I) indicates that the inhibitor is in 
an extended conformation, as has been shown for 
other known inhibitors. 

The inhibitor molecule makes extensive contacts 
with the enzyme at the interface between the protein 
subunits as can be seen in space filling model in 
Fig. 2. The inhibitor binds to the enzyme in an 
asymmetric fashion, with only the carboxy terminal 
amino acid partially exposed to the surrounding 
solvent. 

Extensive van der Waals contacts of the inhibi tor 
with the enzyme residues define the binding pockets 
of the complex (Fig. 3 and Table 2). Side chains P2 

and P2 ' are located in well defined hydrophobic 
pockets (Table 3). There are a total of 83 interactions 
of 4.2A or less. Out of these, 33% are with residues 

which are si tes of res istance rnutations, which is of 
the same order as those of MVT 101 with the enzyme. 

Analysis of the subs ite composition reveals that 
some residues contact the inhibitor ar more than one 
subsite position (Table 3). Residues G27, A28 , G48 , 
G49, ISO, [S O' are unique to subsite 52, while residues 
A28' D29' and [47' are unique to S2'. The preferences 
G27', A28' and 029 ' for S2'; G27', G48' and G49' 
for S I'; 025, G27, G48, G49 and ISO for S2 which 
have been observed for many existing inhibitors are 
also seen here, while they are absent ill MVT 101. 

Most of the current substrate analog inhibitors are 
those in which the scissi le PI-PI' amide bond has been 
replaced by a non-hydrolyzable isostere with 
tetrahedral geometry. Tn contrast wi th the inhibitor 
designed by us , we have used another variant of 
normal saturated res idues - dchydro residues, which 
apart from bestowing a unique conformation on the 
peptide, are also resistant to enzymatic degradation. 
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