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Introduction

Candida albicans is a polymorphic opportunistic 
fungal pathogen and it is responsible for the majority of 
candidiasis in humans. It usually resides as a commensal 
in the human mucosal surface such as the oral cavity. In 
the presence of a compromised host immune system,  
C. albicans is able to cause a wide spectrum of infections 
ranging from mucosal to life-threatening disseminated 
candidiasis. Oralpharyngeal candidiasis is recognized 
as one of the most frequent opportunistic infectious 
diseases among patients suffering from HIV infection. 
The appearance of this pathology is considered a 
prognostic indicator for the development of AIDS in 
HIV-positive patients, and it has been reported to occur 
in 54–93% of patients with AIDS1,2. Otherwise, Candida 
vaginitis occurrence seems to be equally frequent in 
HIV-positive patients, as well as in non HIV-infected 
ones3. Upon the introduction of antiretroviral therapy 
(ART), including HIV protease inhibitors, for the 
treatment of HIV infection, it was observed that this 
type of treatment favorably influenced the frequency 

of mucosal candidiasis. Patients undergoing ART 
regimens displayed a reduction of clinically apparent 
oral candidiasis occurrence than patients not receiving 
ART, and this beneficial effect might be not completely 
due to a reconstitution of the immune status, but rather 
due to a direct effect on C. albicans. This hypothesis 
was confirmed in 1998 by Hoegl et al., who reported a 
case of a patient treated with antiretroviral drugs who 
recovered from fungal infection maintaining a low CD4+ 
T-cell counts4. Effects on oral candidiasis appeared in 
HIV patients treated with antiretroviral agents soon after 
therapy and before CD4+ cell recovery. Subsequently, 
in 1999 the first demonstration of a direct inhibition of 
proteases from C. albicans with HIV protease inhibitors 
was reported5,6. Indeed, C. albicans possesses ten distinct 
genes (SAP1–10) encoding secreted aspartic protease 
(Sap) enzymes, which appear to play a central role in 
infections caused by this fungus, allowing to adhere 
and invade host tissues7. The role of secreted aspartic 
proteases has been well characterized during last 
years by several groups, and all these studies indicated 

RESEARCH ARTICLE

 Insight into the structural similarity between HIV protease 
and secreted aspartic protease-2 and binding mode analysis of 
HIV-Candida albicans inhibitors

Chiara Calugi, Antonio Guarna, and Andrea Trabocchi

Department of Chemistry “Ugo Schiff”, University of Florence, Florence, Italy

Abstract
The analysis of the structural similarity between Candida albicans Sap2 and HIV-1 aspartic proteases by molecular 
modeling gave insight into the common requirements for inhibition of both targets. Structure superimposition of 
Sap2 and HIV-1 protease confirmed the similarity between their active sites and flap regions. HIV-1 protease inhibitors 
herein investigated can fit the active site of Sap2, adopting very similar ligand-backbone conformations. In particular, 
key anchoring sites consisting of Gly85 in Sap2 and Ile50 in HIV-1 protease, both belonging to their corresponding 
flap regions, were found as elements of a similar binding-mode interaction. The knowledge of the molecular basis 
for binding to both Sap2 and HIV-1 proteases may ultimately lead to the development of single inhibitor acting on 
both targets.
Keywords:  Molecular docking, peptidomimetic, virulence factor, infectious disease, aspartic protease

Address for Correspondence: Andrea Trabocchi, Department of Chemistry “Ugo Schiff”, University of Florence, Via della Lastruccia 13, 
I-50019 Sesto Fiorentino, Florence, Italy. Tel.: +39 055 4573507; Fax: +39 055 4573531. E-mail: andrea.trabocchi@unifi.it

(Received 16 April 2012; revised 15 May 2012; accepted 18 May 2012)

Journal of Enzyme Inhibition and Medicinal Chemistry, 2013; 28(5): 936–943
© 2013 Informa UK, Ltd.
ISSN 1475-6366 print/ISSN 1475-6374 online
DOI: 10.3109/14756366.2012.696245

Journal of Enzyme Inhibition and Medicinal Chemistry

28

5

936

943

16April2012

15May2012

18May2012

1475-6366

1475-6374

© 2013 Informa UK, Ltd.

10.3109/14756366.2012.696245

2013

Analysis of HIV-C. albicans inhibitors

C. Calugi et al.



Analysis of HIV-C. albicans inhibitors 937

© 2013 Informa UK, Ltd.  

these enzymes contributing to Candida virulence and 
pathogenesis in human infections8. Saps are expressed 
at different stages and in distinct types of the infection 
process, and on the basis of these characteristics they can 
be divided into two different subgroups. Sap1–3 seem 
to have a crucial role in adherence and tissue damage 
of localized infection, whereas Sap4–6 are involved 
in systemic diseases9–11. Sap9 and Sap10 are glycosyl-
phosphatidyl-inositol (GPI)-anchored membrane-
bound proteins, whereas the role of Sap7 and Sap8 is still 
unknown12,13. Structural studies of C. albicans proteases 
family have been concentrated mainly on Sap2, which is 
the most abundant protein expressed in vitro when grown 
in the presence of protein as the sole source of nitrogen, 
and it has been recognised as a crucial virulence factor 
for vaginal infections14. Thus, this family of enzymes 
offers a potential target for drug intervention in fungal 
infections, especially when current treatments fail due 
to phenomena of drug resistance to available antifungal 
agents15. Considering the concomitant recurrence of 
HIV- and C. albicans-derived infectious diseases and 
that their major virulence factors, namely HIV-1 protease 
and C. albicans Sap2, respectively, belong to the same 
superfamily, the development of new “dual” inhibitors 
able to interact with both targets represents an enormous 
challenge and a matter of high relevance. Although the 
evidence of a direct inhibition of proteases from C. 
albicans with HIV protease inhibitors is known since last 
decade, to our knowledge no detailed in silico studies 
of the binding mode of such drugs on the two proteases 
has been reported, yet. In a recent work, Řezáčová et 
al. reported the crystallographic structure of protease 
Sapp1p from Candida parapsilosis in complex with HIV 
protease inhibitor ritonavir, thus giving a first evidence 
of specific binding of this class of HIV drugs to Sap 
enzymes, and supporting the importance of examining 
more in detail the common structural determinants for 
inhibition of HIV protease and Sap216.

In the present work, we investigated the structural 
similarity between these two tightly correlated targets, 
and the key structural features required for inhibition 
by a three-dimensional structural superimposition of 
Sap2 and HIV-1 proteases and by molecular model-
ing. Specifically, we simulated the interaction between 
two selected FDA-approved HIV-1 protease inhibitors 
as model compounds and Sap2 in order to analyze the 
molecular basis for Sap2 susceptibility to such HIV-
protease inhibitors.

Methods

Tridimensional structural alignment
The Swiss PDB viewer (SPDBV) program (4.0.1 version, 
Swiss Institute of Bioinformatics) was used to superim-
pose three dimensional (3D) structures of HIV-1 aspartic 
protease (PDB code: 3OXC) and Secreted aspartic pro-
tease 2 from C. albicans (PDB code: 1EAG)17,18. Alpha-
carbon atoms of the highly conserved DTG motif (e.g. 

Asp25, Thr26 and Gly27 for HIV-1 protease) were initially 
superimposed using the “fit molecule from selection” 
option. Then, using the “improve fit” option, SPDBV 
was asked to minimize the root-mean square distance 
(RMSD) between the corresponding atoms using a least 
square algorithm. The calculation was extended to neigh-
bors until the maximum number of aligned atoms with 
the lowest RMSD was obtained. Structural alignment 
was generated after protein superimposition. Residues 
of the superimposed protein that were spatially close to 
residues of the static one were aligned. Appropriate gaps 
were inserted in the sequences to indicate a lack of struc-
tural correspondence.

Molecular modeling calculations
Docking analysis were performed using GOLD (Genetic 
Optimization for Ligand Docking) software package 5.1 
version (CCDC, Cambridge, UK)19. The structures of the 
ligands were constructed using Schrödinger MAESTRO 
interface, and then energy-minimized with Spartan. 
The equilibrium geometry was calculated through the 
semi-empirical method AM1. The coordinates of Sap2 
enzyme were retrieved from the Protein Data Bank (PDB 
code:1EAG). The ligand-protein complex was unmerged 
for achieving free enzyme structure, water molecules 
were removed and hydrogen atoms were added to the 
enzyme. The binding site was defined as all residues 
of the protein located within 10 Å from the β-carbon 
of Asp218. ChemPLP (Piecewise Linear Potential) was 
chosen as the fitness function, and the standard default 
settings were used in all the calculations20. Docking 
poses were then rescored using GOLDscore fitness 
function. For each of 50 independent genetic algo-
rithm runs, a maximum of 1,000,000 genetic operations 
were carried out using default operator weights and a 
population size of 200 chromosomes. Results differing 
by less than 1.5 Å in ligand-all atom RMSD were clus-
tered together. The binding mode analysis of docked 
conformations was carried out using PyMol software 
version 0.9921. Best-scoring docked conformations 
were compared with their crystal structure in complex 
with HIV-1 protease. Specifically, docked ligands were 
superimposed to the corresponding ligand structure in 
complex with HIV-1 protease using the same procedure 
as described above for 3D-structural superimposition 
(PDB code: 3OXC and 1HXW for saquinavir and ritona-
vir, respectively).

Pairwise sequence alignment
Primary sequences of HIV-1 aspartic protease and Sap2 
from C. albicans were retrieved from the PDB in FASTA 
format. EMBOSS matcher version 6.3.1 was used to carry 
out local alignments of the two proteins, by identifying 
local similarities in the two protein sequence using an 
algorithm based on Bill Pearson’s lalign application, 
version 2.0u4 (February 1994). EBLOSUM-62 substitution 
matrix was used and penalties of −14 and −4 were applied 
for gap opening and extension, respectively.
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Results and discussion

Structural features of C. albicans Sap2 and HIV-1 
protease
Sap2 possesses typical features of eukaryotic aspartic 
proteases. Indeed, it has a monomeric structure consti-
tuted by N- and C-terminal domains, each possessing 
an active site region. It displays a bi-lobed shape charac-
terized by the presence of a central binding cleft able to 
accommodate up to nine residues of peptide substrates 
(Figure 1).

Similarly to other fungal proteases, Sap2 presents a 
Asp-Thr-Gly (DTG) motif in the N-terminal domain, and 
a Asp-Ser-Gly (DGS) motif in the C-terminal domain, 
whereas the majority of mammalian aspartic proteases 
display a DTG motif in both domains22. A highly con-
served feature is represented by a β-hairpin loop, named 
“flap region,” which shields the active site from bulk sol-
vent and interacts centrally with the substrate/inhibitor. 
In Sap2 this region encloses residues Lys81-Gln91. Sap2 
displays broad substrate specificity, being able to degrade 
many extracellular matrix components such as keratin, 
collagen, mucin and proteins related to immunological 
defenses (i.e. IgA and lactoferrin), as extensively inves-
tigated by Koelsch et al.23 At P1 site all Saps display pref-
erentially large hydrophobic residues, and among them 
Sap2 displays preferentially in the order Phe>Leu>Tyr. 
P1′ specificities are broader than those observed for P1, 
and Sap2 generally prefers Tyr in such position.

HIV-1 aspartic protease inhibitors saquinavir and 
ritonavir inhibit Sap2, as well as other components of its 
subgroup, whereas they do not show inhibition potency 
against Saps4–6. Nevertheless, Sap2 inhibition by these 
protease inhibitors occurs at higher concentration as 
compared to that required for HIV-1 protease inhibi-
tion (Table 1). We selected the first generation protease 

inhibitors saquinavir and ritonavir as model compounds 
for our structural investigation (Table 1).

HIV-1 aspartic protease, which belongs to the retro-
pepsin family, is less than half the size of mammalian 
aspartic proteases. It is active as a symmetric dimer with 
a single active site, formed by residues facing two iden-
tical monomers (Figure 2), and each monomer consists 
of 99 amino acids. This architecture is unique among 
enzymes, with no other examples of active sites formed 
in a similar manner27. HIV-1 protease displays the highly 
conserved active site sequence Asp-Thr-Gly typical of 
all aspartic proteases. This sequence is located in a loop 
whose structure is stabilized by a network of hydrogen-
bonds called “fireman’s grip”.

HIV-1 protease possesses two flexible flap regions, 
which participate on binding with the substrate/inhibi-
tor, and differs to eukaryotic aspartic protease, which 
possess only one hairpin loop in that region28. This 
enzyme cleaves peptide bonds in polyprotein precursors 
of structural proteins and viral-encoded enzymes during 
the maturation and assembly of infectious viral particles. 
As regarding to substrate specificity, HIV-1 protease 

Table 1. Inhibition potency of FDA HIV-1 aspartic protease 
inhibitors towards Sap2 and HIV-1 protease.
Inhibitor Structure HIV-1 (Ki, nM) Sap2 (Ki, µM)
Saquinavir 0.1224 6.825

Ritonavir 0.1526 0.325

Figure 1. Ribbon representation of the crystal structure of  
C. albicans Secreted aspartic protease 2, Sap2, (PDB code: 1EAG). 
Residues in contact with A70450 are shown in cyan.

Figure 2. Ribbon representation of the crystal structure of HIV-1 
protease (PDB code: 3OXC). Residues in contact with saquinavir 
are shown in cyan.
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shows a wide variety of cleavage preferences, similarly to 
Sap2. Specifically, at P1 site it shows preference toward 
hydrophobic residues, as well as at P1′ position, where 
the enzyme can accommodate also a Pro residue.

Structural comparison between Sap2 and HIV-1 
protease
Sequence comparison between Saps, mammalian 
aspartic proteases and HIV-1 protease in the active site 
and flap region demonstrated that, though belonging to 
the pepsin family, Saps are the eukaryotic proteases that 
most resemble the HIV-1 protease structure29–31. Despite 
differences in both size and overall amino acid sequence 
between Sap2 from C. albicans and HIV-1 protease, 
significant homologies exist between their active sites. 
Similarities in the overall shape and secondary structure 
are also present. In order to compare the primary 
structures of Sap2 and HIV-1 protease, we performed a 
local sequence alignment using the EMBOSS matcher 
algorithm32, and high similarity was found in the active 
site regions of Sap2 and HIV-1 protease (Figure 3). Indeed, 
sequence alignment of active sites discloses a similarity 
of 57.1% and identity of 21.4% between Sap2 N-terminal 
domain (18–45 residues) and HIV-1 protease active site 
region (11–38 residues), and higher similarity with Sap2 
C-terminal domain (66.7% of similarity and 33.3% of 
identity). Similarities between Sap2 and HIV-1 protease 
also emerge from 3D-structural superimposition 
performed with Swiss PDB viewer (SPDBV) software 
(4.0.1 version, Swiss Institute of Bioinformatics), and 
from the structure-based sequence alignment. The 
3D-structural superimposition (RMS on alpha-carbon of 
1.44 Å) highlighted the two proteins displaying structural 
similarities in the binding pocket and in the flap region, 
which interact centrally with bound inhibitor/substrate 
(Figure 4). The two enzymes show similarities in the 
conserved residues flanking catalytic aspartic acid 
residues common in all aspartic proteases. Upstream 
residues DTG (Asp32-Thr33-Gly34) motif in the 

N-terminal domain of Sap2 possess an aliphatic nature 
(Val31, Ile30, Val29), and this feature is shared also by 
HIV-1 protease, showing two leucine residues (Leu23, 
Leu24) and an alanine (Ala22) in same positions.

In both cases, such aliphatic sequence terminates 
with a polar residue (Asn28 and Glu21 in Sap2 and 
HIV-1 protease, respectively), and superimposition of 
this amino acid pattern is characterized by a RMS value 
of 0.789 Å. Similarly, in other domains the two proteins 
display the same Leu–Leu pattern (Leu216–217 in Sap2 
and Leu23′–24′ in HIV-1 protease), followed by an 
aliphatic (Val215 in Sap2 and Ala22′ in HIV-1 protease) 
and an acidic residue (Asp214 and Glu21′). Even in this 
case, the amino acid orientation is very similar, and the 
superimposition displays an RMS value of 0.654 Å. An 
interesting structural feature shown by both enzymes 
is a hairpin loop called flap region projecting over the 
active site, which plays an important role in binding to 
substrate/inhibitor. The existence of two flaps in HIV-1 
protease versus a single flap for Sap2 determines a more 
intimate embracing of the substrate by the retropepsin 
enzyme. Superimposition analysis showed these 
loops overlapping at residues directly involved in the 

Figure 3. Sequence comparison between Sap2 (1EAG) and HIV-1 
aspartic protease (3OXC) in the active site region performed using 
EMBOSS matcher pairwise sequence alignment: Sap2 N-terminal 
domain, top; C-terminal domain, bottom.

Figure 4. Top: superimposition of HIV-1 protease (PDB: 1OXC in 
light pink) and C.albicans Sap2 (PDB: 1EAG in green) obtained 
with SPDBV. Down: binding pockets superimposition.
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interaction with substrate/inhibitor, namely Gly85 and 
Asp86 in Sap2, and Gly49 and Ile50 in HIV-1 protease. 
Flap regions of the two enzymes enclose ten residues, and 
in both cases the presence of glycine residues stands out. 
The amount of glycines in the flap region seems to reflect 
the need of conformational flexibility of this element. 
Residues 197–215 of Sap2, which belong to a subdomain 
of about 100 residues within the C-terminal domain, 
display structural similarities with residues 12′–22′ of 
HIV-1 aspartic protease (RMS 1.030 Å). Residues 298–300 
and 303–310 from Sap2 are structurally related to 75′–77′ 
and 82′–89′ residues of HIV-1 protease with an RMS of 
1.768 Å and 0.767 Å, respectively. In this position, Sap2 
displays a shorter loop connecting Phe298 to Ile305, as 
compared to other mammalian aspartic proteases, which 
allows for some residues interacting with the substrate/
inhibitor in the active site. In particular Asn301, Ala303 
and Ile305 constitute a short “specificity ridge” unique 
to this fungal enzyme. Indeed, variations of these three 
residues could affect substrate specificity33, and the 
superimposition showed that such feature is shared 
also by HIV-1 aspartic protease, as Val82′ and Ile84′ 
superimpose nicely with Ala303 and Ile305, respectively, 
which belong to this specificity ridge.

Molecular modeling studies
Two HIV protease inhibitors were selected as model 
compounds, ritonavir and saquinavir, for which inhibi-
tion data against Sap2 are reported in the literature, and 
were docked into Sap2 structure, using the genetic algo-
rithm GOLD (Genetic Optimization for Ligand Docking, 
CCDC, Cambrige, UK)5,6,19. Best-scoring docked con-
formations resulting from docking of each ligand were 
clustered and visually inspected for enzyme-ligand inter-
actions. Furthermore, docked ligands were compared 
and superimposed to their corresponding crystal struc-
ture in complex with HIV-1 protease using the Swiss PDB 
viewer (SPDBV) software (PDB code: 3OXC for saqui-
navir and 1HXW for ritonavir). The two inhibitors taken 
into account in the present study are peptide-like inhibi-
tors, consisting of main-chain amide bond isosteres and 
hydrophobic groups corresponding to side-chains. The 
interaction between these inhibitors and HIV-1 protease 
follows a common pattern characterized by the presence 
of hydrogen-bonds mainly formed between main-chain 
atoms of both protease and inhibitors. In the inhibitor, 
the scissile bond isostere is located near the carboxylic 
groups of Asp25/Asp25′ interacting through hydrogen-
bonds. Also, a double hydrogen-bond system is dis-
played between inhibitors and a water molecule, which 
bridges the inhibitor carbonyl groups and Ile50/Ile50′ 
amide protons. Specifically, in saquinavir/HIV-1 prote-
ase complex, the hydroxyl function of hydroxyethylene 
isostere establishes hydrogen-bonds with side chain car-
boxylate oxygen atoms of both catalytic Asp25/Asp25′, 
and two water molecules establish three more hydrogen-
bonds with saquinavir and the enzyme34. The interaction 
between the inhibitor and flap residues is mediated by 

a water molecule interacting with the carbonyl oxygen 
of Gly27. Finally, saquinavir also interacts with Asp29 
through hydrogen-bonds.

Our docking results highlighted that same polar con-
tacts are preserved in the interaction with Sap2. In par-
ticular, saquinavir interacts with both catalytic Asp218 
and Asp32, as in HIV-1 protease complex, and another 
hydrogen-bond is established between the main chain 
carbonyl moiety and Gly85 amide proton (Figure 5). 
The latter is similar to hydrogen-bonds as established 
between backbone carbonyl groups and Ile50/Ile50′ 
located in the flap region of HIV-1 protease, although 
in that case the interaction is mediated by a water mol-
ecule. An amide proton of the main chain establishes a 
hydrogen-bond with the carbonyl oxygen of Gly34, and 
similarly Gly27 carbonyl moiety of HIV-1 protease is 
involved in an interaction with an amide proton belong-
ing to saquinavir backbone.

In HIV-1 protease, large hydrophobic groups at posi-
tions P3, P1 and P1′ of saquinavir occupy hydrophobic 
pockets S3, S1 and S1′, respectively, whereas the smaller 
t-butyl group and the polar asparagine side chain lie in 
S2′ and S2 subsites, respectively.

Figure 5. Top: Best-scoring docked conformations resulting from 
the docking of saquinavir into Sap2 binding site. Down: saquinavir 
in complex with HIV-1 protease (PDB code: 3OXC).
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Docking results showed saquinavir to address S2/S2′ 
and S1/S1′ Sap2 binding pockets. In particular, the t-butyl 
function is located in S2 subsite, whereas the hydroiso-
quinoline in S1 subsite. The benzyl group adjacent to the 
transition state isostere is located in S1′ subsite, and the 
asparagine side chain in S2′. The isoquinoline residue, 
which in HIV-1 protease is located in S3 subsite, does not 
address a specific Sap2 subsite, and it is partially exposed 
to the solvent.

Ritonavir is the HIV-1 protease inhibitor which displays 
the strongest inhibitory effect towards Sap2 (Table 1). 
Docking studies revealed this drug to interact with Sap2 
following the same structural arrangement, as above 
described for saquinavir. Unlike the first binding modes 
herein analyzed, ritonavir address the S3 subsite as a 
further binding pocket of Sap2 active site. In particular, 
the isopropylthiazol moiety is located in S3 subsite, and 
the other thiazol group in S2′. The two benzyl groups 
are found in S1 and S1′ subsites, whereas the isopropyl 
moiety occupies the S2 cavity (Figure 6).

It was reported in the literature that exploiting the S3 
subsite is critical for high inhibition potency, as showed 
for Sap2 inhibitor A-7045035. Thus, optimal subsite filling 

can explain the higher inhibition potency of ritonavir 
as compared to that of saquinavir. This finding must be 
taken into account for the design of potential inhibitors 
with increasing binding strength and specificity. The 
main cluster of ritonavir conformations, as obtained 
from the docking study, is characterized by a hydrogen-
bond established with Asp218 catalytic residue. Unlike 
the results obtained for saquinavir, ritonavir does not 
seem to interact with flap residues. Nevertheless, the 
polar contact established with the carbonyl moiety of 
Gly27 in the interaction with HIV-1 protease, is preserved 
also in the complex with Sap2, where it interacts with the 
corresponding carbonyl oxygen of Gly220.

Finally, our docking results are in agreement with the 
published crystal structure of C. albicans Sap2 in com-
plex with ritonavir, which is a recent important entry to 
this topic36. In fact, as showed in the crystal structure, 
the arrangement of ritonavir hydrophobic residues into 
Sap2 subsites appears similar to that obtained through 
molecular docking in the present study, thus these data 
corroborate our docking calculations.

Conclusions

In conclusion, we reported the analysis of similarity 
between Sap2 from C. albicans and HIV-1 aspartic prote-
ase, and we studied in detail, through molecular modeling, 
the binding requirements for inhibition of both targets, 
in order to address the clinical evidence of HIV protease 
inhibitors providing beneficial effects to mucosal candi-
diasis, as a consequence of a specific inhibition of Sap2. 
The tridimensional structure superimposition of Sap2 and 
HIV-1 protease confirmed the similarity between their 
active sites and flap regions. In silico experiments sug-
gested that HIV-1 protease inhibitors herein investigated 
can fit the active site of Sap2, adopting very similar ligand-
backbone conformations. The polar network as shown in 
the interaction between inhibitors and viral enzyme are 
also displayed in the interaction with Sap2. Nevertheless, 
the orientation of hydrophobic residues in Sap2 subsites 
does not perfectly match with the arrangements as for 
HIV-1 protease, in agreement with different Ki values of 
model inhibitors herein taken into account. The differ-
ence in the orientation of hydrophobic residues into bind-
ing pockets may be due to enlarged and more extended 
Sap2 subsites as compared to HIV-1 protease. Molecular 
modeling studies performed to investigate the molecular 
basis of interaction between Sap2 and two model HIV-1 
protease inhibitors disclosed main common structural 
requirements for inhibition, which ultimately may address 
the generation of a “dual” inhibitor. In particular, designed 
molecules should display suitable groups to interact with 
key anchoring site consisting of Gly85 in Sap2 and Ile50 
in HIV-1 protease, both belonging to the flap region, and 
another functional group on the opposite site, capable 
to form hydrogen-bonded interactions with carboxylic 
acid moieties of the two catalytic aspartic acid residues. 
Moreover, the establishment of hydrophobic contacts 

Figure 6. Top: Best-scoring docked conformations resulting from 
the docking of ritonavir into Sap2 binding site. Down: ritonavir in 
complex with HIV-1 protease (PDB code: 1HXW).
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between potential inhibitors and S3 subsite of Sap2, which 
has been recognized as crucial for inhibition potency, 
should be considered for the design of new inhibitors. 
Specifically, the design of cyclic scaffolds possessing such 
polar functional groups, and bearing suitable hydrophobic 
residues in an optimal orientation to address both Sap2 
and HIV-1 protease subsites, may lead to a single inhibitor 
acting on both targets.
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