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Abstract

HIV protease inhibitors (Pls) approved by the FDA (US Food and Drug Administration) are a
major class of antiretroviral. HIV-2 protease (PR2) is naturally resistant to most of them as Pls
were designed for HIV-1 protease (PR1). In this study, we explored the impact of amino—acid
substitutions between PR1 and PR2 on the structure of protease (PR) by comparing the
structural variability of 13 PR regions using 24 PR1 and PR2 structures complexed with diverse
ligands. Our analyses confirmed structural rigidity of the catalytic region and highlighted the
important role of three regions in the conservation of the catalytic region“conformation.
Surprisingly, we showed that the flap region, corresponding to a flexible region, exhibits similar
conformations in PR1 and PR2. Furthermore, we identified regions exhibiting different
conformations in PR1 and PR2, which could be explained by the intrinsic flexibility of these
regions, by crystal packing, or by PR1 and PR2 ‘substitttions. Some substitutions induce
structural changes in the R2 and R4 regionsythat could have an impact on the properties of the
Pl-binding site and could thus modify*Pl “binding mode. Substitutions involved in structural
changes in the elbow region couldsalter. the flexibility of the PR2 flap regions relative to PR1, and
thus play a role in the transition from the semi—open form to the closed form, and have an impact
on ligand binding. Theseyresults improve the understanding of the impact of sequence variations

between PR1 and"PR2 on the natural resistance of HIV-2 to commercially available Pls.

Keywords: HIV-1 protease; HIV-2 protease; protease inhibitors; drug resistance; protein

structure comparison
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1- Introduction

The protease (PR) is an important target in the treatment of human immunodeficiency virus
(HIV) type 1 and type 2 (HIV-1 and HIV-2) infections due to its essential role in virus
maturation. PR hydrolyses the viral Gag and Gag—Pol precursor polyproteins during infectious
viral particle maturation. Currently, nine Food and Drug Administration (FDA)-approved drugs
targeting HIV-1 PR have been developed: saquinavir (SQV), ritonavir, indinavir, nelfinavir,
amprenavir (APV), lopinavir (LPV), atazanavir, tipranavir, and darunavir (DRV). HIV-2 is
naturally resistant to most of these drugs and only three drugs (LPV, SQV, and,DRV) are
currently recommended for the treatment of HIV-2 infection (Brower, Bachaj Kawasaki, &
Freire, 2008; Desbois et al., 2008; Menéndez—Arias, 2013). HIV-2 is.alsomnaturally resistant to
some other drugs available for HIV-1 therapy, i.e., all non—nucleoside inhibitors of reverse
transcriptase or fusion inhibitors. Therefore, novel and effective therapeutic agents for HIV-2

infection are urgently needed.

To understand the natural resistance of HIV=2 to protease inhibitors (Pls), several studies have
compared the structures of HIV-1 PR and HIV-2 PR, hereafter referred to as PR1 and PR2,
respectively. These two proteins are “aspartic proteases consisting of a homodimer with 99
residues in each monomer. PR1 and"PR2 share approximately 50% sequence identity and exhibit
a similar global fold«(Tongwet al., 1993; Chen et al., 1994; Tong et al., 1995; Kovalevsky, Louis,
Aniana, Ghosh, & Weber, 2008). Even though the two chains of each PR present exactly the
same amino acid sequences, these two targets exhibit a certain structural asymmetry, i.e., their
two chains exhibit different conformations (Prabu—Jeyabalan, Nalivaika, & Schiffer, 2000; Triki et

al., 2018a). By comparing conformations of the two PR1 monomers complexed with different
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substrates, Prabu—Jeyabalan, Nalivaika, & Schiffer, (2000) showed that the most asymmetric PR1
regions were regions 12-19, 36-42, 49-53, and 79-82. We recently characterized the local
structural asymmetry of PR2 by comparing residue local conformations in both chains of the 19
PR2 structures available in the Protein Data Bank (PDB, Berman et al., 2000). We showed that
PR2 exhibits asymmetry in 31% of its positions all along its structure, particularly in the elbow
(37-42) and flap (43-58) regions (Triki et al., 2018a). Twelve of these asymmetric residues are
located in the Pl-binding site, and the structural asymmetry of these residues seems to be
induced by ligand binding, suggesting that these residues are important for the adaptation of PR2
to its ligands. Comparison of the structural asymmetry observed in PR1 and PR2, showed that
regions 12-19 (centre of fulcrum), 36-42 (elbow), 49-53 (end of the flap); and*79-82 (wall) are
structurally asymmetric in both PR1 and PR2, while catalytic regions®are more asymmetric in
PR2 than in PR1 (Triki et al., 2018a). Priestle et al. (1995)“showéd that the PR2 structure
complexed with the inhibitor CGP 53820 seems to better falfil.the two—fold symmetry conditions
than PR1 complexed with the same PI. They “also,trevealed that region 36-42 is the most
asymmetric region in both PR1 and PR2 (Priestle et al. 1995). Some substitutions between PR1
and PR2 also appear to modify thesPR"asymmetry, which is important for recognition of and

adaptation to the ligand (Triki ét.al., 2018a).

Other studies have focused.on the impact of substitutions observed between the PR1 and PR2
pockets on interactions/with Pls by comparing the structures of PR1 and PR2 complexed with
Pls. Each of these studies used a single FDA-approved drug, and three concluded that amino
acid changes at positions 32, 47, 76, and 82 play a partial role in drug resistance (Gustchina &
Weber, 1991; Sardana et al., 1994; Hoog et al. 1995). In addition, Tie et al. (2012) compared

the structures of PR1 mutants containing three mutations (V32I, 147V and V82I) to wild-type
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PR1 and PR2 structures and examined their global biochemical properties and interactions with
APV (Tie et al. 2012). These authors showed that, despite the similarity between the PR1 wild-
type and mutant structures, the biochemical properties of the PR1 mutant and its interactions
with APV were similar to those of PR2. The importance of these three amino acid changes was
also confirmed by Raugi et al. (2016), who incorporated four HIV-1-like mutations (I32V, V471,
L76M, and I82V) into wild-type PR2. This PR2 mutant exhibited susceptibility to all Pls, highly
similar to PR1 (Raugi, Smith, Gottlieb, & The University of Washington-Dakar HIV-2 Study
Group 2016; 2016). It has also been shown that these substitutions indficed small
rearrangements, modifying the internal interactions between PR2 and DRV c¢ompared to the
PR1-DRV complex (Kovalevsky, Louis, Aniana, Ghosh, & Weber, 2008; Tie et al., 2012; Raugi,
Smith, Gottlieb, & The University of Washington-Dakar HIV=2"Study Group 2016). By
comparing the physicochemical and geometrical properties of‘ligand—binding pockets from 15
PR1 and 13 PR2 structures, we have previously: shown that these small structural
rearrangements induced by the PR1-PR2 substitutions increase the hydrophobicity of the PR2
pocket relative to that of the PR1 pocket,falong with a few other property modifications. These
modifications could affect PI binding ‘and PR flexibility (Triki et al., 2018b). Thus, all these
studies have highlighted the ‘effects of some amino acid changes located with PR pocket,
particularly at residues™establishing interactions with drugs. However, these studies have
provided little information regarding structural changes induced in PRs and the potential

consequences of these changes on sensitivity to Pls.

In this study, we explored the structural impacts of PR1 and PR2 substitutions by comparing
wild—type PR1 and PR2 structures. We used a set of 12 PR1 and 12 PR2 crystallographic

structures complexed with diverse ligands previously characterized regarding local asymmetries
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and biochemical properties (Triki et al., 2018b). This PR set allows consideration of ligand
diversity, different crystallographic experimental conditions, and PR flexibility. Several studies
showed that a structural analysis and comparison of multiple target conformations sets
associated with a target allow to investigate structural variability and to capture information
about its flexibility (Zoete et al., 2002; van Westen et al., 2010; Monzon et al., 2013; Gaillard et
al., 2013; Scott et al., 2015; Monzon et al., 2016; Gaillard et al.,; 2016; Regad et al., 2017). We
quantified the intra— and inter—structural variability of thirteen PR functional and structural
regions described by Sadiq & de Fabritiis (2010) using the root mean square deviatioh (RMSD)
parameter, which is a classic and useful parameter that is used to compare .global and local
protein structures (Kufareva & Abagyan, 2012). To highlight the putative #easons underlying the
inter—structural variability of the PR1 and PR2 regions, we studied. the”differences in structural
variability in terms of different factors, such as crystal packing,»PR intrinsic flexibility, and
sequence variations between the two PRs. Our results suggested that the structural variability of
some PR regions could be induced by variations between the PR1 and PR2 sequences and could
impact PI binding and PR flexibility. These results provide an improved understanding of the
effects of sequence variations betweendPRI1 and PR2 on the structural variability of some PR

regions, which could play a role‘in the resistance of PR2 to Pls.

2— Material & -Methods

2.1- Dataset preparation

2.1.1- Selection of the PR1 and PR2 structures
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For this study, we used the PR1 and PR2 structure sets previously developed and characterized
to compare PR1 and PR2 binding pocket structure and properties (Triki et al., 2018b). These
sets contain 12 PR1 and 10 PR2 crystallographic structures extracted from the PDB (Berman et
al., 2000). All these structures have good resolution (< 3 A). Two PR2 PDB files (PDB codes:
2MIP and 1HSH) contain two dimers (2MIP_AB and 2MIP.CD; 1HSH AB and 1HSH_CD).
Because the structural variability between the two dimers of the same structure was equivalent
to the structural variability between two dimers extracted from two different PR2 structures
(Figure S1), we decided to conserve these four dimers and study them separately, resdlting in a
set of 12 PR2 structures.

The 24 selected structures were complexed with 12 ligands: eight of the ligands were small
molecules in complex with both PR1 and PR2 structures, and the remaining ligands corresponded
to different peptides (Table S1). The 24 PR structures were placedvinto the same 3D referential
by superimposing them onto a same reference structure. We tested the 24 complexed PR
structures plus the PR2 structure in free form (tsed as reference in Triki et al., 2018b) as
reference structure. For each reference, we superimposed all complexed PR structures onto it
defining a set of superimposed structures and we computed the average backbone global RMSD
between all superimposed PR1 and PR2 structures (Figure S3). From these results, we chose to
superimpose the 24 complexedPR structures onto the PR2 in free form (PDB code 1HSI; Chen

et al., 1994). This step resulted in a set of 24 superimposed PR structures.

2.1.2— PR decomposition using 13 regions

Fach PR monomer was split into thirteen structural regions (Figure 1). Nine regions (the Nter

(1-4), fulcrum (10-23), catalytic (24-30), elbow (37-42), flap (43-58), cantilever (59-75), wall



(80-83), « —helix (87-95), and Cter (96-99) regions) were extracted using the definition
presented in Sadig & de Fabritiis (2010). The four remaining regions, named R1 (5-9), R2 (31—
36), R3 (75-79), and R4 (84-86), correspond to four inter-regions between these nine

established regions.

2.2— Comparison of the PR1 and PR2 global folds

To compare the global folds of the PR1 and PR2 structures, RMSD values between 24x24 PR
structure pairs were computed based on the main—chain atoms of the 198 residuesi(99x2 chains).

These RMSDs were determined using the superimposed PR structures.

2.3— Quantification of the intra— and inter—structural variability of the

13 regions

For each of the 13 regions, the corrésponding fragments were extracted from the 24
superimposed PR structures. Mainsehain RMSD values between all the PR1 and PR2 fragments
(24x24 pairs) were computed for each region. These RMSD values were stored in an RMSD

matrix with 24 columns and rows.
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2.3.1- Quantification and comparison of intra—structural variability of the 13

regions

The intra—structural variability of each region in the PR1 set and the PR2 set was determined by
quantifying the corresponding conformational diversity of the region in the PR1 and PR2 sets.
The intra—structural variability of a region in the PR1 set (resp. the PR2 set) was quantified by
extracting all RMSD values computed between each pair of fragment structures of this region in
the PR1 set (resp. the PR2 set) from the RMSD matrix. The average main—chain RMSD values in
the PR1 and PR2 sets were then computed and denoted KMSD,,, and KMSD,.,, respéctively. An
average RMSD,,, (resp. RMSD,,,) value less than 0.5 A indicated a structurally conserved region
in the PR1 set (resp. the PR2 set), while an average RMSD,,, (resp. RMSDy,) value higher than
0.5 A was characteristic of a structurally variable region in the«PR1'set (resp. the PR2 set). A
value of 0.5 A was chosen to consider crystallographic .errors in the set of structures with a
resolution of less than 3 A (Weber, Kovalevsky, & Harrisor, 2007). We assessed whether each
region exhibits similar structural variability“in the PR1 and PR2 sets by comparing the average

RMSD,,, and RMSD,,, values using t—tests.

2.3.2— Quantification of the/inter—structural variability of the 13 regions

The inter—structuralyvariability of a region corresponds to its conformational diversity between
the PRI and PR2 structures and reflects the different conformations of a region sampled in the
PR1 and PR2 sets. The inter—structural variability of each region between the two PR sets was
quantified using all RMSD values computed between the corresponding PR1 and PR2 fragments
extracted from the RMSD matrix. The corresponding average main—chain RMSD between the two
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PR sets, denoted RMSD,, rr, Was then computed for each region. The comparison between the
average KMSDpy, rr, value of a region with its average RMSD,, and KMSD,,, values was

performed using t—tests.

2.4— Multidimensional scaling analysis

We used multidimensional scaling (MDS) analysis, a method for visual exploration of object
similarity, to compare the PR1 and PR2 conformations of the thirteen regions (Cox & Cox,
1994). The MDS algorithm starts with the RMSD matrix computed for a» given region for
placement of its different PR1 and PR2 conformations in a low—dimensional ‘space, where the
distances between fragment conformations were preserved as much as™possible (Cox & Cox,
1994). We performed MDS for each region and generated itse MBS map corresponding to the
region fragment projection onto the first two MDS components: The MDS was computed using
the cmdscale() function of the MASS package inR(Venables & Ripley, 2002). The obtained MDS
map presents the conformational space of awregion sampled by its PR1 and PR2 fragments. In the
MDS map of a given region, clear separation between the PR1 and PR2 fragments indicates that

the studied region has different«conformations in the PR1 and PR2 structures.

2.5— Study of structural variability between PR1 and PR2 and crystal
packing

For each PR structure, residues putatively involved in crystal packing were detected using the

protocol presented in Carugo & Djinovic—Carugo, 2012 and Ollitrault et al., 2018. Hereafter, the
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molecule contained in the asymmetric unit of this structure was referred to as the “reference
molecule”. For a given structure, the “symmetry mate molecules” of the reference molecule
were generated by performing symmetry operations with a 4.5 A distance cut—off using PyMol
software. This step is based on the CRYST1 record of the PDB file that presents the unit cell
parameters, space group, and Z value. Atoms of the given structure involved in crystal packing
were defined as reference atoms establishing intermolecular contacts with at least one
symmetric—mate atom, i.e., situated at less than 4.5 A from at least one symmetric mate. This
cut—off of 4.5 A was set to be longer than typical interactions: hydrogen bonds and electrostatic
interactions. The extraction of atoms involved in crystal packing was performed using PyMoL
software. A residue was considered to be involved in crystal packinggand termed a crystal
packing residue if at least one of its atoms was involved in crystal packing. This protocol was

applied to the 24 PR structures to obtain a list of crystal packing.residues for each PR structure.

3— Results & Discussion

3.1- PR1 and PR2 set presentation

Figure 1A presents the multiple alignment of amino acid sequences extracted from the 12 PR1
and 12 PR2 structures! . Thete are nine mutated positions within the PR1 sequence set. Five of
those PR1 mutations (Q7K, 1.331, L.63I, C67A, and C95A) correspond to experimental mutations
introduced to minimize autoproteolysis and to prevent cysteine—thiol oxidation of PR1 (Rosé,
Salto, & Craikl, 1993). The three remaining PR1 mutations (K14R, S37N, and R41K) correspond
to natural polymorphism mutations that were observed in HIV—1 strains isolated from treatment—

naive and Pl-experienced patients (Shaw et al., 2016; Descamps et al., 2009; Azam, Malik,
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Rizvi, & Rai, 2014; Amiel et al., 2011). Finally, another mutation (K57L.) was detected within
the PR2 sequence set. This position has been reported as polymorphic with the mutation K57R
(Damond et al., 2005). In addition, we counted 50 substitutions between the PR1 and PR2
sequence sets. Variations between the PR1 and PR2 sequences are located along the sequence
with a relatively high representation in the elbow, cantilever, R2, and R3 regions (Figure 1A and
1B). The superimposition of the 24 PR structures shows that all the PR structures have a similar
fold (Figure 1C), resulting in a weak average main—chain RMSD (0.6 = 0.2 A, Figure S1),
consistent with (Gustchina & Weber, 1991; Tong et al., 1993; Kovalevsky, Louis; Aniana,
Ghosh, & Weber, 2008; Tie et al., 2012). The largest structural differences between the PRs
occur at residues in the outer loops regardless of the co-crystallized ligand types (small
molecules or peptides, Figure S2), particularly in the elbow region (Figure 1C). This result is

consistent with Tong et al., 1993 and Kovalevsky, Louis, Anianaj Ghoesh, & Weber, 2008.

3.2— Determination of the intra—structural variability of each region in

the PR1 and PR2 sets

The intra—structural variability of the thirteen PR regions in the PR1 and PR2 sets separately
was determined by computing the average RMSD,,, and KMSD,,, values. The intra—variability of
regions extracted from the PR1 and PR2 sets was quantified after the superimposition of
complexed structures onto the same reference structure. To analyze the impact of the reference

structure in the structure superimposition, we tested several structures (the 24 complexed PR
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structures plus the PR2 structure in free form used in Triki et al. (2018b)) as reference
structure. Figure S3 presents the quantification of the structural variability of the PR1 and PR2
sets composed of complexed PR structures superimposed on each tested reference structure.
Similarly, figure S4 presents the quantification of the structural variability relatively to the 13
regions extracted from the 24 superimposed complexed structures). We observed that the choice
of the reference structure has only a weak impact on the variability of the PR set as each
reference structure leads to similar variability. Thus, we chose to work with the 24 complexed
PR structures superimposed onto the PR2 structure in free form (PDB code 1HSI) ashih Triki et
al., (2018b). Figures 2A and S5 present the resulting intra—structural variability of the thirteen
regions extracted from chains A and B for the PR1 and PR2 sets. We notéd that,chains A and B
exhibited the same behaviour in terms of intra—variability for the thirteen regions. We first based
our analyses on chain A and compared the structural variability ‘of chains A and B in section 3.6.
Figure 2A shows that there was no link between the sizesandsthe intra—structural variability of
chain A regions: the longest regions (fulcrum andweantilever) were not the most variable. In
addition, the intra—structural variability of fegions is not linked to structural motifs. Indeed, two
regions can exhibit the same structuraldmotifs but have different intra—variability. For example,
the catalytic or wall regions éxhibit low intra—variability, while the elbow region is the most
variable region in the #Wo PR/ sets (Figure 2A), despite these three regions having a loop
conformation (Figure 1B). We noted the same result for regions exhibiting a J —sheet

conformation, such as the flap and fulcrum regions (Figure 2A).

The catalytic region was structurally conserved in both the PR1 and PR2 sets (RMSD,,, and

RMSD,,, < 0.5 A), consistent with Zoete, Michielin, & Karplus, 2002; Tong et al., 1995; Kar &
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Knecht, 2012; Chen et al., 2014. The observed rigidity of the catalytic region was expected
because its function requires a well-defined stable 3D structure. Our results also revealed
structural conservation of the R1, R4, and « —helix regions, suggesting that these four regions
play a role in the PR function or are important for the PR structure. Figure 3 shows that the
regions R1, R4, and « —helix are located near the catalytic region, forming H-bonds between the
catalytic region residue 29 and residues 8 (R1 region) and 85 (« —helix region), indicating that
these three conserved regions (R1, R4, and « —helix regions) are important for the structure of
the catalytic region and its conservation in both PRs. These results are consistent” with our
previous results, which showed that some R4 (84 and 85) and « —helix (87, 89,.94,.95) residues
exhibit the same conformations in the 19 available PR2 structures (Trikifet aly 2018c). These
results support the interest in mining several structures associated with"a target to gain valuable
insight into target structural and functional regions (Zoetes Michielin, & Karplus, 2002; van
Westen, Wegner, Bender, ljzerman, & van Vlijmen, H.W., 2010; Regad et al., 2017). In contrast,
nine regions (the Nter, fulcrum, R2, elbow, flap,“eantilever, R3, wall, and Cter regions) are
structurally variable in the PR1 and PR2 sets(/MSD,,,, or RMSD,,, > 0.5 A, Figure 2A). The
structural variability of the wall region/(lobp 76-82) was previously reported in PR1 and was
shown to be important for thé'recognition of different ligands (Prabu—Jeyabalan, Nalivaika, &
Schiffer, 2000). The elboWw regioh is the most variable in both the PR1 and PR2 sets, consistent
with the high variability of this region observed after comparison of several PR1 and PR2
complexes (Zoete, Michielin, & Karplus, 2002; Tong et al., 1995; Kar & Knecht, 2012; Chen et
al., 2014; Triki et al., 2018c). Based on the compositions of the PR1 and PR2 sets, the intra—
structural variability in the two sets was explained by the intrinsic flexibility of PRs, binding of

diverse ligands, and differences in experimental parameters.
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All the regions exhibit greater variability in the PR2 set than in the PRI set, i.e., the average
RMSD,,,, value was higher than the average RMSD,,, value (Figure 2B). This finding could be
explained by substitutions between the two PRs and by the higher diversity of the PR2 set.
Indeed, the PR1 set contains three structures complexed with APV, three complexed with DRV,
and one complexed with a peptide, while the PR2 set contains only one structure complexed with
each ligand and three structures complexed with three different peptides. In addition, the
observed high variability of the flap region (residues 43-58) in the PR2 set relative to the PR1
set is not consistent with the larger flexibility observed in the region around residue/0 in the
PR1-DRV complex compared to the PR2-DRV complex during molecular dynamics simulation
(Chen et al., 2014). These differences could be explained by the use, infour werk, of PR1 and
PR2 structures complexed with 12 different ligands, whereas Chen et al. (2014) focused only on

the PRI and PR2 structures complexed with a single FDA—-approvedudrug.

3.3— Comparison between PR1 and PR2 conformations

To assess whether the 13 regions exhibit"agsimilar conformation in the PR1 and PR2 sets, their
inter—structural variability between the PR1 and PR2 regions was quantified by computing the
RMSD ;1o value of each, region (Figure 2A). Globally, the most variable regions between the
PR1 and PR2 sets, i.es, those exhibiting high RAMSD,y, s, values, have the highest intra—
variability (Pearsén correlation coefficient between RMSD,,, and RMSD,y, »»~0.90 and Pearson
correlation coefficient between RMSD,,, and RMSD,, »»~0.87). For example, the conserved
catalytic region has a very weak RMSD,,, .. (close to 0.5 A), implying that the PR1 and PR2

fragments corresponding to this region exhibit similar conformations. In contrast, the variable
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elbow region has a high RMSD,., ., value (> 2.5 A), indicating that this region sampled different

conformations in both sets.

The MDS maps of regions illustrate the diversity of conformations sampled by each region in the
two sets (Figure 4). The four conserved regions (the R1, catalytic, R4, and « —helix regions)
sampled a small space in the corresponding MDS maps, while the nine variable regions sampled a
relatively large space. Regarding the separation between the PR1 and PR2 conformations, the
MDS maps highlight two types of regions. Three regions (the catalytic, R3, wall,.and. flap regions)
did not present clear separation between the PR1 and PR2 conformations,/indicating that certain
PR1 and PR2 fragments for these regions exhibit the same conformation in the PR1 and PR2
sets. These similar conformations of both PRs are expected forithescatalytic region and confirm
the importance of a conserved structure for PR activity. /This result is surprising for the large
variable flap and R3 regions, as these regions areshighly substituted between PR1 and PR2
(Figure 1A). These two regions exhibit similar ‘conformations in PR1 and PR2, except fragments
extracted from PR2 complexed with APV and its derivatives, including DRV. Thus, our results
suggest that the substitutions“occurring in these regions do not induce structural changes in
these regions and that the inter—structural variability is explained by the different experimental
parameters used to'solvé the structures, the ligand diversity in the PR sets, and by the intrinsic
flexibility of these regions. By comparing the dynamic behaviour of PR1 and PR2 structures in
complex with DRV using molecular dynamics simulations, Chen et al. (2014) have suggested that
the high flexibility of the flap region in the PR1-DRV complex relative to that in the PR2-DRV

complex is induced by the 147V substitution (Chen et al., 2014). In PR1, 147 residue, located in
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the binding pocket, is important for the ligand binding as it established interactions with clinical
[Ps (Ghosh et al., 2009; Koh et al., 2009). It is also involved in flap stability by forming
hydrophobic interactions with its neighbouring residues (V32, K45, 150, 154, V56, and L.76,
Ghosh et al., 2009; Shen, Wang, Kovalevsky, Harrison, &Weber, 2010). In HIV-1, the single
mutation 147V is responsible of resistance to several clinical IPs (APV, DRV, LPV, and TPV,
Johnson et al., 2010; Rhee et al., 2010; Chang et al., 2012). The analysis of the structure and
dynamics of the wild—type PR1 and the [47V-mutant PR1 showed that mutation 147V induces a
loss of contacts with neighboring residues, which would decrease the stability of the‘flap region
(Bandyopadhyay & Meher, 2006; Chang et al., 2012). Thus, we hypothesize that. either the PR1-
and PR2-DRV complexes have particular behaviours relative to other ¢omplexes or that the
substitutions observed between the PR1 and PR2 sequences do not diréctly modify the PR1 and
PR2 flap conformations but impact the intrinsic flexibility of thesesregions and, thus, the flap
movement during the transition from the semi—opensto the' clesed forms of the PR, as observed
by Chen et al., 2014.

The second region type highlighted by MDS%maps corresponds to regions exhibiting clearly
different conformations in the PR1sand\PR2 sets, as illustrated by a strong separation between
the PR1 and PR2 conformations.in the MDS maps. Such regions correspond to the R1, R4 and
a —helix regions, despitetheirlow structural variability, as well as the Nter, Cter, wall, fulcrum,
R2, cantilever, and' elbow regions. Thus, all these regions adopt several conformations that are
clearly different between the two PR sets, which could result from substitutions between the PR1
and PR2 sequences but also from difference in experimental parameters, ligand diversity, and the

intrinsic flexibility of these regions.
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3.4 Link between structural deformation between PR1 and PR2 and
crystal packing

One possible reason for the structural changes between the PR1 and PR2 regions is crystal
packing in structures. Residues involved in crystal packing in the 24 PR structures were
determined using the protocol presented in Carugo & Djinovic—Carugo, 2012 and Ollitrault et
al., 2018 (see Material and Methods section). Figure 5 presents the chain A residues involved in
crystal packing. We noted that crystal packing involved residues across the entire PR.structure
but particularly those in the fulcrum, flap, cantilever and « —helix regions. Some residues are
involved in crystal packing in most PR structures, such as 4A, 6A, 7TA,.and B3A. Some other
residues appeared to be involved in crystal packing in only PR1 or(PR2% For example, crystal
packing at residues 18A (fulcrum) and 92A (« —helix) was obsenvediin all the PR1 structures but
in less than 20% of the PR2 structures. In contrast, crystal packing was detected at residues 42A
(elbow) and 99A (Cter) in a few PRI structure§(25% .and none, respectively) but in most PR2
structures (92% and 75%, respectively). Thus;, the structural changes observed between PR1 and
PR2 could be explained by differences!infcrystal packing between the two PRs. As illustrated in
Figure 1A, three (42, 92, and 99) of these residues are substituted between PR1 and PR2. Thus,
these amino acid changes,seem/to be responsible for the difference in crystal packing between

PR1 and PR2 and thus for the structural differences between these residues.
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3.5— Link between structural changes and sequence variations between

PR1 and PR2

To highlight structural changes putatively induced by sequence variations between PR1 and PR2,
we compared the intra—variability (RMSD,,) and inter—variability (RMSD,y, ., for regions
exhibiting structural differences between the PR1 and PR2 structures (the Nter, Cter, wall,
fulcrum, R2, cantilever, and elbow regions, see Figure 2B). According to these comparisons, we
distinguished two types of regions: (i) regions with an average RMSD,, ., value lower.or similar
to the corresponding average RMSD,,, value and (ii) regions with an average®RMSD yp 1, value
higher than the corresponding average KRMSD,,, value. Figure 2B shows that the R1, Cter, and
wall regions have similar RMSD,p; pp, and RMSD,,., values, indicating(the"same variability in the
PR2 set and between the PR1 and PR2 conformations. Thus,yeven though these regions
exhibited different conformations in the PR1 and PRZ2(sets, the inter—structural variability of
these regions was not higher than the intra—stractural variability. The different conformations of
these regions observed in the PR1 and”PR2 structures were not induced by PR1-PR2
substitutions but seem to be explained by the high intrinsic flexibility of these regions in the PR2
structures, which can be explained by differences in experimental parameters, ligand diversity
and the intrinsic flexibility, of these regions.

In contrast, the R4, . —helix, Nter, fulcrum, R2, cantilever, and elbow regions have higher
average RMSDpg rp, values than the average KMSD,,, value, indicating that these regions are
more variable between the PR1 and PR2 structure sets than within the PR2 structures (Figure
2B). These results indicate that the reasons for the variability of these regions within the PR2

set do not entirely explain the conformational differences between the PR1 and PR2 structure
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sets, suggesting a role of PR1-PR2 substitutions in these seven regions. Structural differences
between the PR1 and PR2 fulcrum, elbow and cantilever conformations were previously reported
(Tong et al., 1993). These authors suggested that the structural differences at residues 15-20
(part of fulcrum) between the PR1 and PR2 structures complexed with peptides may be an
artefact of crystal packing and the differences observed in region 60-73 (in the cantilever region)
could result from the C67L and A71V substitutions (Tong et al., 1993). The induced structural
changes in the elbow region between PR1 and PR2 could have an impact on flap movement,
which could result in different flap transitions from semi—open to closed forms in PRI and PR2
complexes with APV and DRV, as reported by Chen et al., 2014. These different flap movements
could have an impact on PI binding and could thus be involved in the resistance of PR2 to Pls.
Moreover, it has been shown that the R2 and R4 regions are important for the conformation of
the Pl-binding pockets (Triki et al., 2018¢). Indeed, two R2 gesidues’ are located within the PI-
binding pocket, and two R4 residues (84 and 85) arednvolyédiin the hydrogen bond network with
binding pocket residues (Triki et al., 2018c). Thus;*structural changes involved by substitutions
at the R2 and R4 regions could modify the econformation and properties of the PR2 binding
pocket and could alter PI binding inPR2 relative to PR1. This finding is consistent with the fact
that the PR2 binding pocket was, characterized as being smaller and more hydrophobic than the
PR1 pocket as observed after comparing the pocket flexibility using molecular dynamics
simulations (Chen et al.£2014) or the properties of 28 PR1 and PR2 Pl-binding pockets (Triki et

al., 2018b).
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3.6— Structural variability of these 13 regions of chain B

We quantified the structural intra—variability of the 13 chain B regions in the PR1 and PR2 sets
by computing their RMSD,,, and RMSD,,, values in the two sets (Figure S5). In chain B, the R4
and R1 regions are structurally conserved within both the PR1 and PR2 sets. The « —helix
region is conserved within only the PR1 set, while the catalytic region is conserved within only
the PR2 set. Eight chain B regions presented a significantly higher variability within PR2 than
within PR1, as in chain A. The fulcrum and R4 regions of the chain B exhibited the same intra—
variability in both PR sets. The catalytic region presented a lower variability within, PR2 than
within PR1 (Table S2). Comparison of the intra— and inter—variability of these chainyB regions
showed similar behaviour to chain A regions. The catalytic, flap, and R3.regions of chain B
sampled similar conformations in both PR1 and PR2 (Figure §6). Substitutions occurring at
positions 4B (Nter), 71B (cantilever), and 92B (« —helix).between PR1 and PR2 seemed to be
responsible for differences in crystal packing and could ‘explain the structural differences in these
regions (Figure S7). Similar to the chain A Tegions, sequence variations in PR1 and PR2 seemed
not to be directly responsible for the different.¢onformations observed in the R1, wall, and Cter
regions. In contrast, the differentseonformations in the Nter, fulcrum, R2, elbow, cantilever, R4,
and « —helix regions of chain/B. inyPR1 and PR2 resulted at least partially from substitutions

occurring between PRl and PR2.

3.7— Structural asymmetry of the 13 regions in the two PRs

We compared the intra—structural variability of each region in chains A and B in the two PR sets

(Table S2). In both PRs, the elbow region exhibited the same high intra—variability between the



two chains. In contrast, other regions appeared more variable in chain B than in chain A, i.e.,
these regions exhibited asymmetric behaviour in terms of differences in variability, in both the
PR1 and PR2 sets (the catalytic, R2, cantilever, R3, and « —helix regions) or in only the PR1 set
(the Nter, R1, fulcrum, flap, wall, R4, and Cter regions; see Table S2). Some of these regions
have been previously detected as being structurally asymmetric in terms of conformational
changes within the two chains for both PR1 and PR2, such as the catalytic, fulcrum and flap
regions (Prabu—Jeyabalan, Nalivaika, & Schiffer, 2000; Triki et al., 2018a). For example, Triki et
al. (2018) showed that structural asymmetry of the catalytic region in PR2 is ligand §pecific and
could be important for ligand interaction and binding, whereas the structural asymmetry of the
R2 and cantilever regions could be linked to the intrinsic flexibility of PR2. Our results reveal
that the Nter, R1, fulcrum, flap, wall, R4, and Cter regions exhibit different asymmetric
behaviours in terms of structural intra—variability in PR1 and PR2wThus, we hypothesize that
substitutions between PR1 and PR2 sequences could modify»the flexibility of these proteins.
Notably, the difference in the asymmetric behaviourtef the wall region between PR1 and PR2 was
previously observed in terms of conformatiénalichanges (Triki et al. 2018a). In PR2, residues 81
and 82 exhibit the same local conformatiéns'in both PR2 chains (Triki et al. 2018a), while Prabu—
Jeyabalan, Nalivaika, & Schiffer, 2000 revealed that the 79-82 loop region exhibits different
conformations in the two“chains; which is important for ligand recognition and adaptation of the
pocket to the substrate shape (Prabu—Jeyabalan, Nalivaika, & Schiffer, 2000). Triki et al. (2018a)
suggested that'this difference in the structural asymmetry of residues 81 and 82 could be
induced by substitutions occurring at position 82 (V82I) between the PR1 and PR2 sequences, a
substitution associated with the multi-PI resistance of HIV-1 (Kovalevsky, Louis, Aniana,

Ghosh, & Weber, 2008). Thus, these results suggest that this substitution could modify the
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flexibility of residue 82, which has an impact on the capacity of this residue to move and adjust

the PR2 pocket to the ligand shape.

4—- Conclusion

In this study, we explored the impact of sequence variations between the PR1 and PR2
structures on the backbone variability and conformations of 13 PR regions. We compared the
intra— and inter—structural variability and conformations of these 13 regions extractedifrom two
PR sets composed of 12 PR1 and 12 PR2 structures using main—chain RMSD “walues. The
originality of our approach was in the use of several PR1 and PR2 structures,sallowing easy and
precise extraction of information regarding the structural variabilitytof each region in both sets.
In addition, the diversity of the PR1 and PR2 structures allowedisidentification of the structural
variability resulting from both the intrinsic flexibility' of PRs, induced by ligand binding, and from
variations in experimental conditions.

Our analyses confirmed the structural rigidity of the catalytic region in both PR1 and PR2 and
showed that the R1, R4, and « —helix regions seem important for conservation of the structure
of the catalytic region. Comparisensof the PR1 and PR2 region conformations showed that the
R3, catalytic, and flap regions share similar conformations in the two PR structures, suggesting
that sequencemvariations observed between the PR1 and PR2 structures do not impact their
conformations. ‘In addition, we observed that other regions exhibit different backbone
conformations between the PR1 and PR2 sets. This structural variability between the two PRs
could be explained by several factors: crystal packing in the crystallographic structures, intrinsic

flexibility of PRs, and sequence variations between the two PRs. Our results suggest that the
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different conformations observed between PR1 and PR2 fragments in the R1, wall, and Cter
regions can be explained by the intrinsic flexibility of PRs but not by substitutions between the
two PRs. In contrast, we showed that the different conformations observed in the Nter, R4, o -
helix, fulcrum, R2, cantilever, and elbow regions between the PR1 and PR2 structures could be
partially explained by amino acid substitutions. The structural changes observed in the R2 and
R4 regions could modify the conformation and properties of the Pl-binding pocket, which could
directly modify the binding of Pls with PR2. In addition, the structural changes observed in the
elbow region could have an impact on the PR dynamics by modifying the flap movement and,
thus, the PI interactions. However, these results should be interpreted” with, caution, as
differences in crystal packing were detected in the elbow and « —helix regions of PR1 and PR2.
In addition, our results indicated that the substitutions could impaet the flexibility of some
regions, particularly the flap and wall regions. The former region issimportant for the transition
from the semi—open to the closed forms during ligand,binding,sand the latter region is involved in
ligand recognition. These modifications of the struetural variability and conformations of these
regions, putatively induced by sequence c¢hanges between PR1 and PR2, could play a role in
natural resistance of PR2 to Pls. These'reSults provide some new insights into the role of the
substitutions between PR1 and"PR2 in the low sensitivity of PR2 to commercially available PIs.
The results highlight the"impertance of some PR2 regions (the Nter, R4, « —helix, fulcrum, R2,
cantilever, and elbow regions) in the resistance of PR2, which could be linked to the modification
of the flap flexibility of PR2 putatively induced by structural changes in the elbow region.

The study presented here, using an effective and rapid method based on available structures to
understand PR2 resistance to PI, is a first step in the comparison of PR1 and PR2 structures

associated with different ligands. Our results provided new data and hypothesis that have now to
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be confirmed in a next step using the dynamics simulation methods, time consuming methods
that have been previously used to explore the Pl-binding on PR1 structure and impact of drug
resistance mutations in PR1 (Hou, McLaughlin & Wang, 2008; Hu et al., 2010; Zhang, Hou,
Wang & Liu, 2010; Makatini et al., 2011; King et al., 2012; Tzoupis, Leonis, Mavromoustakos &
Papadopoulos, 2013; Hu, Ma, Dou, Zhao & Wang, 2016; Paulsen, Leidner, Ragland, Kurt Yilmaz
& Schiffer, 2017; Karnati & Wang, 2019; Pawar et al., 2019) and to compare PR1 and PR2
dynamics to understand the resistance of PR2 against the clinical Pls (Kar et al., 2012; Chen et
al., 2014). In the current work, we suggest that substitutions at positions 3-4, 31436, 40-42,
and 92-93 modify the conformations of the Nter, R2, elbow, and « —helix xegions in PR2,
respectively. Thus, modelling PR2 structures containing these specific substitutions could allow
analyzing and confirming the effect of substitutions between PRL and PR2 on the structural
differences in the Nter, R4, o« —helix, fulcrum, R2, cantilever,»and elbow regions. More
specifically, the comparison of these modelled PR2 mutant Struetures with the wild—type PR1 and
PR2 structures, complexed or not with ligands,, during molecular dynamics simulations could
provide information regarding the structural ‘deformation induced by these substitutions and
facilitate detailed understanding ofsthe’role of these substitutions. The choice of such PR2

mutants and the main regions ofinterest will be orientated according to our results in this study.
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FIGURE 1. Presentation of the PR1 and PR2 structure sets. A) Multiple alignment of 24 PR1

and PR2 sequences. The alignment is coloured according to the 13 extracted PR regions. B)

3545).

Visualization of the three—dimensional structure of PR2 complexed with APV (PDB code

The PR2 structure is displayed in cartoon mode and coloured according to the 13 extracted PR

The colour code for

regions. Substituted residues between PR1 and PR2 are displayed as sticks.
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each PR region is the same than used in Figure 1A. C) Superimposition of the 24 PR structures.
PR structures are displayed as cartoons and coloured according to PR type and form. Bound PR1
and PR2 structures are coloured in blue and red, respectively. Bound ligands are displayed as

lines.
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FIGURE 2. Quantification and comparison of the structural.variability of the 13 PR regions. (A)
Distribution of the average RMSD,y;, RMSD, ., and RMSD,y,, . values (in A) for each region.
The average RMSD,,, and KMSD,,,values, quantify the intra—structural variability of each region
in the PR1 and PRZ2 sets, respectively. RMSD,,, p, values quantify the inter—structural
variability of each region between the PR1 and PR2 sets. The size of each region in terms of the
number of amino acids'(AA) is indicated in brackets. (B) Comparison of the intra— and inter—
structural variability of each region. The table provides the p—value from the t—tests, allowing
comparison of average RMSD,,, KMSD,,, and KMSD,, -, values. For comparison of the
average RMSD,,, and RMSD,,, values, we performed a t—test using the less alternative
hypothesis (RMSD,,,, < RMSD,,,, first line). For comparison of the average RMSD,; »p, and

RMSD,,, values, two t—tests were performed using the two—sided alternative hypothesis

1L UgcT Uil | I1



(RMSD ;e # RMSD,,.,, second line): greater alternative hypothesis (RMSD,y, ppo > BRMSD

third line) and less alternative hypothesis (RMSDyp,_pp < RMSD,,, fourth line).
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FIGURE 3. Visualization of the potential interactions between catalyticwrésidues and residues of
the o -helix and Rl regions. The PR2 structure correspofids tosthe PDB code 3545 (PR2 in
complex with APV). The PR2 structure is displayedtin ‘castoons and coloured in yellow. The
catalytic region is coloured in magenta; the R1 region is coloured in grey; the R4 region is
coloured in green; and the o —helix regionyis ¢oloured in red. Residues of these four regions,

putatively interacting with each other; are*displayed in sticks.
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FIGURE 4. Multidimensional sealing (MDS) maps of conformations of the thirteen regions in the
PR1 and PR2 sets. The distance in RMSD between each pair of conformations is projected onto
two dimensions, rnetaining relative distance relationships so that two structurally similar
conformations tend to be located near each other. The conformations extracted from PRI1

structures are coloured in blue dots, and those extracted from PR2 are coloured in red dots.
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FIGURE 5. Residues of chain A involved in crystal packing in PR1 and PR2. PRs are presented

in lines, and residues are presented in columns. Residues involved in crystal packing,extracted

from the PR1 and PR2 structures are coloured in blue and red, respectively.2Residues are

coloured according to the PR regions (see Figure 1 for the legend)e*Proteins were classified

according to their residues involved in crystal packing using a binary distance and the complete

aggregation method.
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