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. The HIV-2 protease (PR2) is a homodimer of 99 residues with asymmetric assembly and binding various
ligands. We propose an exhaustive study of the local structural asymmetry between the two monomers
of all available PR2 structures complexed with various inhibitors using a structural alphabet approach.
On average, PR2 exhibits asymmetry in 31% of its positions—i.e., exhibiting different backbone local
conformations in the two monomers. This asymmetry was observed all along its structure, particularly
in the elbow and flap regions. We first differentiated structural asymmetry conserved in most PR2
structures from the one specific to some PR2. Then, we explored the origin of the detected asymmetry

: in PR2. We localized asymmetry that could be induced by PR2’s flexibility, allowing transition from

. the semi-open to closed conformations and the asymmetry potentially induced by ligand binding.

* This latter could be important for the PR2's adaptation to diverse ligands. Our results highlighted

. some differences between asymmetry of PR2 bound to darunavir and amprenavir that could explain

. their differences of affinity. This knowledge is critical for a better description of PR2’s recognition and

. adaptation to various ligands and for a better understanding of the resistance of PR2 to most PR2
inhibitors, a major antiretroviral class.

. The human immunodeficiency virus (HIV) of type 2 is a retrovirus that was isolated in 1985 from Western
© African patients presenting AIDS (acquired immune deficiency syndrome) but that were HIV of type 1 (HIV-
. 1) seronegative. The HIV of type 2 (HIV-2) therapeutic arsenal is limited compared to HIV-1. Indeed, among
. the antiretroviral classes targeting several viral enzymes, such as reverse transcriptase, fusion protein, integrase
: and protease (PR) inhibitors, HIV-2 naturally presents resistance to all non-nucleosidic inhibitors of reverse
transcriptase, the fusion inhibitor and most of the protease inhibitors (PIs)!"°. Among the latter, the potency
of FDA (Food and Drug Administration)-approved PIs for HIV-2 protease (PR2) compared to HIV-1 protease
(PR1) is decreased by factors ranging from 2 to 80, resulting in only 3 usable PIs for HIV-2: saquinavir, lopinavir,
and darunavir (DRV)'7. Recent in vivo studies also showed that HIV-2 does not present a stronger virological
response to the more recently available class of integrase inhibitors than previously observed response to PIs®,
underlying the need for a third strong antiretroviral agent that will prevail against HIV-2 infection. Thus, it is still
necessary to develop new molecules designed for HIV-2 today.
: HIV PR is essential for hydrolysing the viral Gag and the Gag-Pol precursor polyproteins during the matura-
. tion of infectious viral particles. PR is an aspartic protease corresponding to a C2-symmetric homodimer of 99
. residues in each monomer. The binding site is located at the interface between the two monomers and includes
© the catalytic triplet, Asp-Thr-Gly, conserved in all aspartic proteases. The PR recognizes various non-homologous
substrates (Gag and Pol polyproteins) at several cleavage sites and PIs®. All these ligands are often asymmetric,
and their binding is associated with large conformational changes resulting in a transition from a semi-open
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form to a closed form. How these symmetric enzymes—i.e., with two monomers exhibiting the same conforma-
tion—adjust themselves to recognize various substrates and diverse inhibitors is well described for PR1 but not
for PR2. The structural asymmetry of PR1 allows the adaptation and recognition of non-homologous substrates.
A comparison of six enzyme-substrate complexes of PR1 has shown that substrate binding breaks the symmetry
of PR1%!°. Thus, to recognize and bind various asymmetric substrates, the two monomers of PR1 adopt different
conformations. Moreover, PR1’s specificity for its substrates appears to be determined by an asymmetry shape
rather than a particular amino acid sequence of the substrate®!?. In PR2, structural asymmetry has been previ-
ously detected: the two PR2 monomers exhibit slightly different orientations resulting in a molecular ‘two-fold
axis’ ranging from 178.20° to 179.80° and a root mean square deviation (RMSD) ranging from 0.35 to 1.02 A!-14,
The largest deviations between the two monomers of the PR2 dimer have been localized in some tail, elbow and
flaps regions'!~'%. A limitation of all these studies is the use of crystallographic structures with a single type of
ligands without comparison of results obtained with various ligands to discriminate between ligand-induced and
intrinsic asymmetry. To date, the link between structural asymmetry observed in PR2 and its capacity to bind
various substrates and ligands has not been studied. Understanding the structural deformation of PR2 involved in
the recognition of divers ligands is important in the design and optimization of PR2 inhibitors.

In this study, we focused on the detection of structural local asymmetry in the PR2 dimer complexed with a
diversified set of ligands. To do so, we located positions exhibiting backbone structural asymmetry by using an
original approach based on the HMM-SA structural alphabet (Hidden Markov Model - Structural Alphabet)®
to identify residues exhibiting different backbone conformations between the two PR2 chains in 19 wild-type
PR2 dimers. HMM-SA was previously used to identify and characterize structural changes upon protein-protein
interaction'® and upon ligand-binding'”. The asymmetric positions were then classified according to their fre-
quency in the PR2 set, allowing the differentiation of structural asymmetry observed in most PR2 dimers from
the asymmetry that is specific to some dimers. According to the composition of the PR2 set, several reasons could
explain the observed structural asymmetry: the intrinsic flexibility of PR2, PR2’s dimerization and its ligand
binding. To differentiate asymmetry resulting from PR2 flexibility, we performed matching of the observed struc-
tural asymmetry with PR2’s flexible positions. We then compared the location of asymmetric positions with the
ligand-binding pocket of PR2 to highlight structural asymmetry potentially induced by ligand binding. This
asymmetry is important for PR2’s adaptation to the ligand and for ligand recognition. We also localized structural
asymmetry positioned at the PR2 interface (the region where the two monomers interact) to identify structural
asymmetry that could result from PR2 dimerization. Our results should improve the understanding of structural
changes of PR2 and its adjustments to recognize and bind various inhibitors and the understanding of PR2 deter-
minants to explain its resistance against some FDA-approved drugs.

Materials and Methods

PR2 set presentation. The PR2 dimer set is composed of 19 crystallographic structures of wild-type PR2
extracted from the Protein Data Bank (PDB)'®. These structures have good resolution, ranging from 1.18 to 3 A.
All these PR2 structures present the same amino acid sequence except eight that contain the mutation K57L (an
experimental mutation introduced to help the crystallographic process). This PR2 set contains one unbound PR2
dimer—i.e., not complexed to a ligand—and 18 dimers complexed with various ligands (Table S1).

Detection and quantification of the PR2 asymmetry using the HMM-SA structural alphabet.
Definition of structural asymmetric positions. We defined a position as asymmetric in a PR2 dimer if it exhibits
different backbone local conformations in the two monomers (chains A and B) using the protocol presenting in
Fig. 2. To determine the local conformation of all positions of each PR2 monomer, we used the HMM-SA struc-
tural alphabet!®. HMM-SA is a library of 27 structural prototypes of four consecutive Ca, called structural letters,
established after a geometric classification of overlapping protein four-Ca fragments using the hidden Markov
model’>. HMM-SA is an effective and relevant tool for the study of protein structures'’, protein deformations!®,
and protein loop conformations?, and for extracting structural motifs from protein loops!”2.

First, HMM-SA was used to simplify the three-dimensional structure of each PR2 monomer (99 residues) into
sequences of 96 structural letters, in which each structural letter describes the local geometry of each four-Ca
fragment (i-2, i-1, i, and i + 1) and is assigned to the third residue (i) of the four-Ca fragment. This simplification
consisted of determining the geometrically closest structural letter of each overlapping four-Ca fragment of the
protein structure using the Viterbi algorithm and took into account both the structural similarity of the fragments
with the 27 structural letters and the preferred transitions between structural letters. Second, we compared the
structural-letter sequences of the two monomers for each PR2 to localize the asymmetric positions. An asymmet-
ric position was defined as a position exhibiting different structural letters between the two monomers A and B.

Parameters used to quantify the structural asymmetry of the PR2 set. ~ Several parameters were used to quantify
the global and local structural asymmetry of the PR2 dimer set. First, the global structural asymmetry of each
PR2 dimer was evaluated by determining the number of asymmetric positions observed between its two chains A
and B. Second, the structural asymmetry of all PR2 positions was evaluated for each PR2 dimer using the magni-
tude of asymmetry. We quantified the magnitude of asymmetry for each position i in each dimer by determining
the RMSD between the atomic positions of the structural letters observed in chains A and B at position i, noted
RMSD 4 5(i). The RMSD,, 5 between two structural letters has previously been computed from 500 fragment pairs
randomly chosen in the two structural letters!®. According to the RMSD, ;5 values, we classified the structural
asymmetric positions. A position having an RMSD,; smaller than 0.5 A corresponds to a position exhibiting
structural asymmetry with small magnitude. A position with an RMSD), ; value ranging from 0.5 to 1 A is defined
as a position exhibiting asymmetry with medium magnitude. A position with an RMSD,; value larger than
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Figure 1. Presentation of the PR2 set. (A) Superimposition of the 19 PR2 dimers extracted from the PDB
(coloured in sky blue). The proteins are displayed as cartoons and coloured according to the functional and
structural regions defined by Sadiq and De Fabritiis, 2010**: The fulcrum (10-23) is coloured grey, the catalytic
site (24-30) is coloured purple, the elbows (37-42) and flaps (43-58) are coloured pink, the cantilever (59-72) is
coloured orange, the wall is coloured yellow (80-83) and the a-helix (87-95) is coloured brown. (B) Illustration
of ligand similarity obtained using a Tanimoto coeflicient matrix. Ligands were named using the following
name: “PDB code”_“HETATM code”. A hierarchical classification of the ligands was computed using the Jaccard
distance (1 - Tanimoto coefficient) and the ward aggregation method using the hclust function of R software?.
The closer the box is to the red, the more similar the pair of ligands. Conversely, the closer the box is to blue, the
less similar the pair of ligands.

1 A corresponds to a position exhibiting asymmetry with large magnitude. The average magnitude of particular
asymmetric positions was compared using a Wilcoxon test.

Finally, to evaluate whether structural asymmetry was observed frequently or rarely (due to a particular ligand
or particular experimental condition) in the PR2 set, we computed, for each position, the number of PR2 dimers
exhibiting the position as asymmetric, and we named this asymmetry occurrence (AO). The statistical signifi-
cance of the AO value of a position i was determined using the overrepresentation p-value of any AO, denoted
pvalue©. The pvalue© was estimated as the probability that the expected AO computed in a random set, denoted
AQrndom (i) is higher than AO(i) using a set of 2000 generated random sets (Equation 1 and Supplementary
Note 1).

pvalue®©(i) = p[AO™™(i) > AO(i) = n{AO™™ ™ (i) > AO(i)}/ng,, 1)

where n {AO™m(7)> AO(i)} is the number of simulations where AO™"®™(j) is higher than AO(i), and n;,,, is the
number of simulations.

An asymmetric position was considered statistically overrepresented if its pvalue® was below a threshold of
0.0005 as determined using the Bonferroni adjustment to consider multiple tests (0.05/96 positions). The repar-
tition of overrepresented asymmetric positions in different regions of PR2 was assessed using the chi-square test.

Analysis of putative structural asymmetry origins. To assess the putative origin explaining the
detected structural backbone asymmetry in PR2, we crossed the structural asymmetry parameter with other
parameters. We analysed structural asymmetry as a function of the experimental conditions associated with each
PR2 dimer structure to highlight structural asymmetry that could be a bias linked to experimental methodol-
ogy. We also localized the structural asymmetric positions as a function of the ligand-binding pocket to identify
asymmetry that may be induced by ligand binding and may be involved in recognition of the ligands and as a
function of the PR2 interface to highlight asymmetry that may be induced by PR2 dimerization. We also differen-
tiated asymmetries located in rigid positions from those observed in flexible positions to identify any asymmetry
induced by the intrinsic flexibility of PR2.

Determination of the experimental information about each PR2 structure. We extracted two parameters related
to the crystallography experience from each PDB file. The first parameter is the resolution of the structure meas-
uring the resolvability in the electron density map of a molecule. The second parameter is the space group where
the structure was determined. It describes how identical objects can be arranged in orderly arrays in an infinite
three-dimensional lattice network—i.e., the symmetry of a crystal. The 19 PR2 structures were crystallized in six
different space groups (Table S1). Several PR2 structures were crystallized in the same space group, such as 3545,
3EBZ, 3ECG, and 3ECO (PDB codes) crystallized in the “C121” space group. In contrast, some space groups are-
unique, for example, 2HPF (PDB code) is the only one PR2 crystallized in the “P65” space group.

For each structure, we also identified the ligand complexed with the PR2 dimer (Table S1). These ligands
were classified according to their type: three FDA-approved drugs (DRV, amprenavir (APV), and indinavir), two
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Figure 2. Presentation of the SA-based protocol to extract structural asymmetric positions. First the tri-
dimensional structure of the unbound PR2 (99 residues, PDB code: 1HSI) is simplified into a sequence of

96 structural letters using the HMM-SA structural alphabet'®. This results in two structural letter sequences
associated with each chain, where each structural letter describes the geometry of a four-residue fragment.

The geometry of four structural letters (T, D, W, and L) extracted from chains A and B is illustrated. Then the
structural-letter sequence of the two chains is compared to locate the asymmetric positions, defined as positions
exhibiting different structural letters in chains A and B.

drug derivates (GRL and 065), four experimental molecules, three synthetic analogue inhibitors, three peptides
(including two non-determined ones), and four peptidomimetic molecules). The chemical diversity of these lig-
ands was assessed using Tanimoto coefficients computed on all pairwise ligands using MACCS fingerprint?' in
the Openbabel programme?. Ligand similarity was illustrated using a Tanimoto coefficient matrix, Fig. 1B. The
closer the Tanimoto score is to 1, the more similar the ligands are. In addition, a hierarchical classification of the
ligands was computed using the Jaccard distance (1 - Tanimoto coefficient) and the ward aggregation method
using the hclust function of R software®.

Extraction of the structural and functional regions of PR2.  To determine the origin of the PR2 structural asym-
metry, we crossed the localization of asymmetric positions with the localization of structural and functional
regions of PR2. First, the structural and functional regions were defined using the same limit as in previous work**
(Fig. 1A).

Then, we determined the secondary structure of PR2 residues. To do so, the secondary structure of all residues
of the PR2 structure corresponding to PDB code 3545, extracted from the PDBsum database?®, was used as an
arbitrary reference.

The ligand-binding pocket was extracted from the 18 structures of bound PR2 dimers using the proximity
approach?®-28 by determining the PR2 atoms situated at less than 4.5 A from the co-crystallized ligand, resulting in
a set of 18 binding pockets. Then, the global pocket residues were defined as residues involved in a ligand-binding
pocket in at least one PR2 dimer, resulting in a consensus pocket containing 24 pocket residues (Fig. 3).

The PR2 interface was determined by extracting residues with differences in the accessible surface area (ASA)
of more than 5 A% in the PR2 in dimer form—i.e., in structures that contains the two monomers—and in mono-
mer form—i.e., in structures that contain only one monomer (Supplementary Note 2). The global PR2 interface
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Figure 3. Asymmetry occurrence (AO) for the 99 PR2 positions. For each position, stars indicate the
overrepresented positions with different significant thresholds. The box lines located below the graphic provide
a description of PR2 positions. The first line indicates positions involved in the consensus pocket of PR2 (orange
boxes), the second indicates positions involved in the PR2 interface (yellow boxes), the third indicates the
secondary structures of the 99 positions, and the fourth differentiates rigid and flexible positions defined using
B-factor parameter.

was finally defined as the 28 residues involved in the interface in at least 80% of all PR2 dimers (Fig. 3 and
Supplementary Note 2).

Extraction of flexible and rigid positions of PR2.  The rigid and flexible positions of PR2 were determined using
normalized B-factor values® (temperature factor/atomic displacement factor, denoted B,,,,,) extracted from the
PDB files (Supplementary Note 3). This B-factor value reflects the degree of isotropic smearing of the electron
density around its center.

For a PR2 position, we computed its average B,,,,,, value using the B,,,,, values of residues at this position in the
19 PR2 structures. A flexible position is defined as a position with an average B, ,,,, higher than 0 in either chain A
or chain B or in both. A rigid position is defined as a position with an average B,,,,,, smaller than 0 in both chains
A and B. The comparison of the structural asymmetry, defined in terms of AO, of flexible and rigid positions was
performed using t-tests.

Results

Characterization of the global structural asymmetry of PR2 dimers.  We determined and localized
the structural asymmetric positions in the 19 PR2 dimer structures complexed with various ligands (n=18) and
in unbound form (n=1). For each dimer, we compared the residues’ local conformations in both chains simpli-
fied into the HMM-SA space (Fig. 2). In a dimer, an asymmetric position was defined as a position exhibiting
different backbone local conformations—i.e., structural letters—in each chain. Figure 4 highlights the struc-
tural asymmetric positions of each PR2 dimer. We observed that all PR2 dimers contain structural asymmetric
positions located along the PR2 sequence and structure. To quantify the global asymmetry of the PR2 set, we
computed the number of asymmetric positions in each PR2 dimer (Fig. 5). On average, a PR2 dimer exhibits 30
(£7) asymmetric positions (31% of its amino-acid sequence), ranging from 18 to a maximum of 46 asymmetric
positions for the PR2 structures having the best (1.3 A, PDB code: 3EC0) and the worst (3 A, PDB code: 2HPF)
resolution, respectively. Among the 19 PR2 structures, the number of asymmetric positions in a PR2 structure is
not correlated with its resolution ( Pearson correlation coefficient= —0.15 and p-value = 0.54), even if the three
PR2 structures with the best resolution are less asymmetric—i.e., they exhibit lower numbers of asymmetric posi-
tions. In addition, Fig. 5 shows that there is no link between the crystallographic space group, which defines the
symmetry of the crystal and the global asymmetry of the PR2. Indeed, amongst the PR2 structures crystallized
in space group P2,2,2,, some contain many asymmetric positions, such as structure 5UPJ (PDB code) with 45
asymmetric positions, while others have fewer, such as structure 1HII (PDB code) with 24 asymmetric positions.
Thus, it seems that the structural asymmetry of a protein is the result of a combination of several parameters: the
experimental conditions, the ligand-binding, and intrinsic properties of the PR2.

Characterization of the structural asymmetry of each PR2 position. To analyse in more detail
the structural asymmetric positions, we quantified the magnitude of the structural asymmetry by computing,
for each position, the RMSD between the structural letters observed in chains A and B (RMSD,, ), as shown in
Fig. 4. An asymmetric position has, on average, a medium magnitude quantified by an RMSD, 5 of 0.6 A (4-0.28).
However, 12% of asymmetric positions exhibited asymmetry with a large magnitude (RMSD, ; higher than 1 A),
such as positions 40 and 79 (Fig. 4). In contrast, 33% exhibited asymmetry of small magnitude with RMSD,, g
below 0.5 A (Fig. 4), such as positions 44, 47, 48.
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Figure 5. Number of asymmetric positions in the 19 PR2 structures. The PR2 dimers are ranked in decreasing
order according to their global asymmetry—i.e. their number of asymmetric positions. The two boxes below the
graphics provide a PR2 structure’s description by indicating its crystallographic space group and its resolution
(in A).

We then quantified the structural asymmetry of each PR2 position by computing its asymmetry occurrence
(AO) (Fig. 3). Ten positions (17, 18, 30, 53, 67, 68, 81, 82, 87, and 89) were detected as non-asymmetric in any
PR2 structure, while two positions (50 and 51) are asymmetric in all PR2 dimers. On average, a position exhibits
an AO value of 6 (-4.6), meaning that the position was detected as asymmetric in six PR2 dimers. We noted that
flexible and rigid positions, defined using B-factor values, exhibit the same average AO (t-test p-value =0.8),
meaning they exhibit similar asymmetry. This indicates that the observed asymmetries do not result only from the

SCIENTIFICREPORTS| (2018) 8:710 | DOI:10.1038/s41598-017-18941-3 6



www.nature.com/scientificreports/

Figure 6. Localization of structural asymmetric positions onto two PR2 structures: (A) the unbound

PR2 structure (PDB code: 1HSI) and (B) bound PR2 dimer complexed with APV (PDB code: 3545). PR2
structures are coloured in sky blue and displayed in putty cartoon mode where large diameter indicates the
overrepresented asymmetric positions. (A) Asymmetric positions located in the PR2 interface are coloured
yellow. Rigid asymmetric positions located outside of the interface are coloured blue. Flexible asymmetric
positions outside of the interface are coloured magenta. (B) Localization of bound-specific asymmetric
positions are coloured according to their location relative to the binding site. Bound-specific asymmetric
positions located in the binding pocket are coloured orange. Bound-specific asymmetries outside of the binding
pocket are coloured blue if they are rigid positions (in terms of B-factor) or magenta if they are flexible positions
(in terms of B-factor).

intrinsic flexibility of PR2. To analyse the statistical significance of the AO value for each position, we computed
their pvalue©. This parameter allowed us to distinguish two types of asymmetric positions: those overrepresented
and observed in many PR2 dimers and those not overrepresented in the PR2 set. Most PR2 positions (72%) are
non-overrepresented asymmetric positions, meaning that they are asymmetric in few PR2 dimers. Some of them
seem to be specific to some crystal conditions or ligands. For example, PR2 dimers complexed with the similar
ligands UIN, U03 and NIU (HETATM code, Tanimoto coeflicient=0.80 & 0.14, Fig. 1B) and PR2 complexed
with a peptide are the only structures exhibiting asymmetry at position 27. PR2 dimers complexed with DRV or
with its derivates (similar ligands exhibiting a Tanimoto coefficient of 0.93 4-0.001, Fig. 1B) and crystallized in the
C121 space group do not exhibit structural asymmetry at positions 38, 39, 42, 43 and 49.

The PR2 dimer set contains 27 statistically overrepresented asymmetric positions (28%) along the whole PR2
sequence (Fig. 3). To assess the origin that can explain this asymmetry, we studied the localization of these over-
represented asymmetric positions and more particularly their matching with flexible positions defined as posi-
tions exhibiting a positive B,,,,, value. Figure 6A presents the three-dimensional structure of an unbound PR2
dimer (PDB code: 1HSI) where the overrepresented asymmetric positions have been located. Some PR2 regions
exhibit a high concentration of asymmetric positions, such as the flexible regions composing the elbow (a loop)
and the beginning of the flap (a 3-strand), which contain 37% of all overrepresented asymmetric positions (Figs 3
and 6A). Overrepresented positions are not privileged among flexible positions (chi-square test p-value=0.18,
Fig. 3) or among some secondary structures (chi-square test p-value = 0.82; o-helix and 3-strand versus in loop
conformations). Moreover, the magnitude of structural asymmetry in overrepresented positions is higher than
that observed in non-overrepresented positions (Wilcoxon test p-value =0.04).

Characterization of structural asymmetry induced by PR2 dimerization. 'To highlight the structural asymmetry
in PR2 induced by its dimerization, we crossed the location of asymmetric positions with the PR2 interface
composed of 28 residues (Material and Methods). Except for two positions (81 and 87), these interface positions
exhibit structural asymmetry (Figs 3 and 6). These asymmetric positions located at the PR2 interface correspond
to both rigid and flexible positions, meaning that one part of this asymmetry seems to be induced by the interac-
tion between the two monomers, and another part is explained by both PR2 dimerization and intrinsic flexibility.
Four of these asymmetric positions are overrepresented (50, 51, 54, and 96, Fig. 3). For example, positions 50
and 51 are asymmetric in all PR2 structures but the magnitude of the structural asymmetry in these residues
between both chains was higher in the unbound PR2 (RMSD, ; higher than 1 A) than in bound dimers (average
RMSD,  are of 0.67 A (£0.08) and 0.83 A (£0.09), for positions 50 and 51 respectively; Fig. 4). We observed that
residues 50 and 51 in both chains of bound forms are less flexible—i.e. they exhibit smaller B,,,,,, values than in the
unbound (B,,,,, value is ranking —1.41 to 2.15 A versus 2.5 A). This difference in both their asymmetry magnitude
and flexibility is explained by a hydrogen bond mediated by a water molecule between these two residues in the
bound dimer only'. Thus, the decrease of structural asymmetry in bound forms relative to unbound form could
be linked to their reduced flexibility. Other asymmetric positions located at the interface are specific to some
PR2 structures, suggesting that some portions of structural asymmetry located at the interface are affected by the
experimental conditions (space group and resolution) or by ligand binding.

Characterization of structural asymmetry observed only in bound forms. To highlight structural asymme-
try induced by ligand binding, we compared the structural asymmetry of bound PR2—i.e., complexed with a
ligand—with that of unbound PR2—i.e., not complexed with a ligand. Indeed, the structural asymmetry observed
in the latter PR2 dimer cannot result from ligand binding. Thus, we supposed that positions detected as asym-
metric in a bound PR2 dimer but not in the unbound PR2 dimer result from ligand binding. The PR2 set contains
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only one unbound PR2, preventing us from testing the robustness of the observed results. However, this structure
exhibits good resolution (2.5 A) and is not crystallized in a particular crystallographic space group (P12,1 space
group of two bound PR2 structures). In the PR2 dimer set, 53 positions were detected as asymmetric in at least
one bound PR2 dimer but not in the unbound dimer, and these were named bound-specific asymmetric posi-
tions. Figure 6B localizes these positions on the three-dimensional structure of the PR2 dimer complexed with
APV. Most of them (83%) are not overrepresented, meaning they are present in few structures and indicating that
they are specific to some PDB files. We then analysed the matching between these bound-specific asymmetric
positions and the ligand-binding pocket of PR2 (see Material and Method for the pocket determination) and the
flexible positions determined using B-factor values. Among them, twelve (8, 23, 25-27, 29, 31, 32, 45, 46, 76, and
84) were located in the binding pocket (Fig. 3). Except positions 45 and 46, all these pocket asymmetric positions
are rigid ones. All these observations indicate that the structural asymmetry at these positions results from ligand
binding. As PR2 dimers are complexed with different ligands, this suggests a link between the detected structural
asymmetry and the ligand type—i.e., some structural asymmetric positions seem to be specific to some ligands
and are involved in the ligand’s recognition. For example, only six PR2 dimers exhibit structural asymmetry at
position 8: three of them are bound to 4-hydroxycoumarin derivates (PDB codes: 3UP]J, 5UPJ, and 6UPJ). These
three structures are also the only ones that have a structural asymmetry at position 84. Thus, binding pocket
positions 8 and 84 can be involved in the specific recognition of ligands derived from 4-hydroxycoumarin. In the
same way, we suggest that positions 23 and 32 could be of importance for the recognition of DRV and its deriva-
tive as they are asymmetric in most of the PR2 dimers complexed with DRV (PDB code: 3EBZ), and the two DRV
derivatives (PDB codes: 3EC0 and 3ECG), Fig. 4.

Among the remaining bound-specific asymmetric positions, 41 are not inside the binding pocket; 22 of them
correspond to flexible positions and, thus, are possibly induced by the intrinsic flexibility of PR2. They are mainly
located in the fulcrum, flaps and cantilever. The 19 remaining asymmetric positions are rigid and were concen-
trated in the a-helix, the end of flaps, and the beginning of the fulcrum. Excepting four (56, 75, 93, and 96), these
asymmetric positions are not overrepresented. According to these results, this asymmetry is likely related to
long-range effects of the binding of some ligands.

Putative structural asymmetry induced in the decreased susceptibility of APV for PR2. We
studied with particular interest the structural differences between PR2 structures bound to APV (PDB code:
3545) versus DRV (PDB code: 3EBZ). Indeed, even if APV and DRV are very similar molecules, as only a fluor
group has been introduced into DRV comparing to APV (Tanimoto coefficient = 0.95), these two FDA-approved
drugs present totally different efficiencies against PR2 with Ki values at 4.4 and 0.17 nM for DRV and APV, respec-
tively. Comparing their asymmetry profile can bring knowledge about the difference of affinity between these two
drugs against the PR2. The advantage of these structures is that they are crystallized in the same space group with
close resolution (Table S1 and Fig. 4) that allows minimizing the structural differences explained by experimental
conditions. Comparison of their local structural asymmetry showed that the dimers complexed with the two
drugs exhibit globally similar asymmetry profiles with 70% of asymmetric positions in common. However, some
differences are observed, particularly at positions 15, 23, 34, 46, 78, and 92 (Fig. 4): all are asymmetric in the PR2
bound to APV but not in the PR2 complexed with DRV. Inversely, positions 31 and 75 are detected as asymmet-
ric in the PR2 bound to DRV but not in the PR2 complexed with APV. Except position 92, all these asymmetric
positions are only in the bound PR2 and not in unbound PR2. Three of them (23, 31, and 46) are localized inside
the binding pocket, and position 75 corresponds to a rigid position supposedly involved in long-range effects of
ligand binding. Thus, our results suggest that these differences in asymmetry at positions 23, 31, 46, and 75 can
play a role in the affinity differences of APV and DRV for PR2.

Discussion
In this study, we focused on the analysis of local asymmetry—i.e., differences in backbone conformation—
between the two monomers of the PR2 homodimeric protein to better understand the deformation and adap-
tation of PR2 to various ligands. It was previously shown that structural asymmetry, defined as differences in
side-chain or main-chain conformations between two chains, can play a role in the capacity of a protein to rec-
ognize and bind different ligands (proteins, ligands, substrates or inhibitors) by inducing structural change in the
binding site resulting in adaptive recognition®"*, in the differentiation of high and low-affinity binding sites®,
and in the differentiation of active from non-active binding sites*. In these previous studies, the global structural
asymmetry in homodimers was identified by computing the angle of rotation or the RMSD between superim-
posed monomers'>!#31-36_ Some other studies focused on quantifying local structural asymmetry by computing
and comparing residue angles® or Ca-Cax distances™ in each monomer. In contrast to these approaches, we used
an original, easy and quick method based on the HMM-SA structural alphabet to locate asymmetric positions.
A structural asymmetric position was defined as a position exhibiting different local structural conformations,
defined using the HMM-SA structural letters, between chains A and B in a PR2 dimer. HMM-SA, like other
structural alphabets, has been previously used to describe protein structure and characterize backbone defor-
mation upon protein-protein interactions'®¥ but it was the first time that a structural alphabet (SA) was used to
detect structural asymmetry. The detection of structural asymmetry using the SA-based approach consists of a
simple comparison of letter sequences of two monomers. Contrary to other approaches, it does not require angle
or distance computation and monomer superposition. However, the SA-based approach detects only structural
deformation observed in the backbone, while the angle- and distance-based methods can be adapted to detect
structural changes between two monomers observed in side chains.

We applied the SA-based protocol to localize and quantify the backbone asymmetry on a set of 19 PR2
structures. We demonstrated that PR2 presents large structural backbone asymmetries with 90% of positions
asymmetric in at least one PR2 structure. These asymmetric positions are distributed all along the structure,
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Figure 7. Comparison of highlighted structural asymmetric regions using the SA-based protocol with
literature. In salmon are presented asymmetric positions in PR2 from literature!!-!4. In orange are presented
asymmetric positions in PR1 from literature’. In green are presented asymmetric positions in PR2 detected
using the SA-based protocol and the set of 19 PR2 structures. Light green highlights positions detected as
asymmetric in less than five PR2 structures (AO < 5) using the SA-based protocol. Dark green highlights
positions detected as asymmetric in at least five PR2 structures (AO > 5) using the SA-based protocol. The
symbol “*” indicates asymmetric position detected as overrepresented using the SA-based protocol. Structural
and functional regions are indicated using coloured rectangles above residue numbers. Residue numbers
coloured in orange highlight pocket residues. The 19 PR2 structures used for this analysis are listed in Table S1.

particularly in tail regions (3-6 and 96-98), the 3-strand of the flap regions (42-47) or fulcrum (12-16), outer
loops (elbow: 36-42, flap loop: 47-52, and residues 77-80), and the a-helix (90-93). By comparing the existing
literature, most of these regions have been previously detected as asymmetric in several PR2 complexes'!4, as
illustrated by Fig. 7. For example, by computing the RMSD between residues of the two monomers in a PR2
structure complexed with a peptide (PDB code: 2MIP), Tong et al. (1993) showed that this PR2 structure exhib-
its structural asymmetry in regions 15-18, 37-40, 45-52, and 78-82'2. Seven positions (17, 30, 53, 67-68, and
81-82) are detected as asymmetric in some PR2 complexes!'* but not with the SA-based protocol (Fig. 7). All
these positions exhibit loop structural letters. Among the 27 structural letters of HMM-SA, 18 describe protein
loops. Some structural letters dedicated to loop characterization are associated with a relatively large variability,
such as structural letters F and J (observed at positions 17, 68, and 53). They are less accurate than those used
to describe the local conformation of regular secondary structures (helices and strands), in agreement with the
structural diversity of protein loops®. These loop structural letters probably include small structural changes
inside the same letter. Thus, these structural letters are probably not sufficiently accurate to capture small struc-
tural changes detected using RMSD. By contrast, structural letters dedicated to regular secondary structures are
very accurate, particularly those describing helices. Thus, the SA-based approach is the only method that detects
backbone structural asymmetry in the a-helix (positions 90-91). This structural variability of the a-helix region
can also be explained by the ability of the SA-based protocol to analyse a set of 19 PR2 structures complexed with
various ligands (instead of a single PR2 complex in other studies), considering the ligand diversity and allowing
us to highlight new asymmetric regions. In addition, this shows that HMM-SA is an efficient tool to precisely
describe helices and that the SA-based protocol is effective in extracting structural asymmetry even in conserved
regions.

Analysis of the structural asymmetry of PR2 using a large and diverse set of structures allowed us to dis-
tinguish between two types of asymmetry: ligand specific and recurrent structural asymmetry in PR2 dimers.
Our results showed that 28% of PR2 positions are statistically overrepresented in the PR2 set. These asymmetric
positions are conserved across the different PR2 dimers regardless of their form (unbound or bound), the differ-
ent co-crystallized ligands, and the different experimental conditions. These asymmetries were detected in both
the flexible and rigid positions, suggesting several explanations. The structural asymmetry occurring at flexible
positions could result from the intrinsic flexibility of these positions, thus corresponding to an intrinsic property
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of the PR2. These asymmetric positions are observed along the whole PR2 sequence and structure, with a strong
concentration in the flexible positions of the elbow, beginning of the flap, and the cantilever. The overrepresenta-
tion of asymmetry in the elbow and flap regions agrees with the structural asymmetry observed in several crys-
tallographic structures'!-'* but some have not been detected before (asymmetric positions in the a-helix) (Fig. 7).

The PR2 dimer undergoes large structural changes upon ligand binding, particularly in the elbow and flap
regions, allowing the transition from the semi-open (unbound dimer) to closed (bound dimer) conformations, as
illustrated by molecular dynamics simulations of PR2 complexed with APV and DRV?**%. In previous studies, it
has been shown that local asymmetry is an intrinsic influence for the target to adopt different conformations*®*!,
particularly in the PR of HIV-1'. According to these observations, we suppose that the structural asymmetry
linked to the flexibility of PR2, particularly in the elbow and beginning of the flaps, may be involved in the struc-
tural changes of the dimer and, thus, in the transition between the two main conformations. Our results showed
that the overrepresented asymmetric and flexible position 40 showed a particular behaviour because it has a
larger magnitude in most bound forms than in unbound PR2. Chen et al. (2014) showed that residue 40 of both
chains of PR2 complexed with APV and DRV exhibits different dynamic behaviours using molecular dynamics
simulations®. These results suggest that this residue exhibits an intrinsic asymmetry that increases upon ligand
binding, even if it is outside of the binding pocket. Thus, we suggest that residue 40, located in the elbow, may play
an important role in the structural changes induced on the flaps upon ligand binding in a cooperative mecha-
nism between residues inside and outside of the binding pocket to induce flap movement. Other overrepresented
asymmetric positions correspond to rigid positions. The structural asymmetry of these residues can result from
crystal packing or the flexibility of neighbouring residues. Indeed, it is important to consider that the structural
asymmetry of each PR2 dimer was detected by comparing the structural-letter sequence of the two chains. A
structural letter denotes the geometry of 4-Co fragments and determines the local conformation of a residue by
considering its neighbourhood.

Our analyses also highlighted the structural asymmetry that may result from PR2 dimerization. All interface
residues were asymmetric in at least one PR2 dimer, with an average of 30% of the interface residues of a PR2
dimer exhibiting structural asymmetry. Two interface positions (50 and 51) were detected as asymmetric in all
PR2 dimers, in agreement with previous observations!*’. Interestingly, the asymmetry magnitude of these resi-
dues was larger in the unbound than in the bound dimers. This difference is linked to a decrease in their flexibility
and could be explained by a hydrogen bond mediated by a water molecule between these two residues in the
bound dimer only'*. The asymmetry of other positions located in the interface seems to be mainly affected by
specific ligand binding as identified in only a few of the bound structures. This is expected because of the location
of the ligand-binding pocket at the PR2 interface between the two monomers.

Our results showed that, on average, a pocket contains 31% (£9) asymmetric positions, indicating that 80% of
positions of the consensus pocket (24 residues seen in at least one PR2 pocket) are asymmetric and 5 residues are
non-asymmetric (28, 30, 53, 81, and 82). Positions 28, 30, and 82 have been previously highlighted as interacting
directly with ligands'"'>*>%3, Thus, we suppose that this symmetry is important to ligand binding, and their local-
ization can help to identify interacting residues. In addition, these results confirm that the PR2 binding pocket
contains two types of residues: residues that adjust their backbone conformation in response to ligand binding
and those that can be important for ligand binding. According to our results, the pocket asymmetric residues
are mainly located at regions 23-27, 29, 31-32, 45-51, 54, 80, and 84, suggesting that this backbone asymmetry
could be involved in PR2 ligand recognition, as previously proposed by several studies for positions 29, 45-51,
and 80-81'"'%. For example, Mulichak et al. (1993) showed that the shift observed at regions 79-82 of chain B in
PR2 complexed with a peptidic inhibitor (PDB code: 11VQ) widens the pocket to accommodate the inhibitor!!.
Tong et al. (1995) showed that the structural backbone asymmetry at position 29 is involved in the recognition
of a short inhibitor!’. Fifty percent of these pocket positions are asymmetric in bound PR2 structures and are not
in the unbound PR2. This suggests that ligand binding directly induces this structural asymmetry potentially
involved in the ligand recognition. Concerning the bound-specific asymmetry located outside of the binding
site, 46% of them correspond to rigid positions. The location, rigidity and unbound-PR2 specificity of these
positions suggest that this structural asymmetry could result from indirect effects of ligand binding. Thus, the
structural changes occurring in the binding site may be accompanied by changes in other regions, particularly
in the a-helix, end of the flaps, and beginning of the fulcrum regions, underlying the cooperation between these
regions in PR2 structural changes upon ligand binding. Some cooperation in the motions in PR2 has been previ-
ously observed. Indeed, using molecular dynamics simulations of PR1 and PR2 complexed with APV and DRV,
Chen et al. (2014) showed correlated motions of residues 60-90 relative to residues 10-30 in both chains of PR1.
These correlated motions are also observed in PR2 but with a smaller magnitude. This structural asymmetry may
also result from crystal packing or certain experimental conditions such as the crystallographic space group or,
more likely, a coupling of the space group, the resolution and the co-crystallized ligand. The structural asymmetry
observed at positions 16-19, 37-41, and 68-70 has been previously characterized as resulted from crystal packing
interactions'"'2. That some asymmetric positions are detected only in bound PR2 structures must be considered
with caution, as the PR2 set contains only one unbound PR2 structure, preventing us from assessing the robust-
ness of the results. However, as the unbound PR2 dimer is crystallized in the same space group as some bound
PR2 structures, we considered that this unbound PR2 structure is representative for our analysis.

Our results suggest that numerous pocket asymmetric positions are specific to some PR2 structures.
For example, positions 8, 18, and 84 seem to be involved in the specific recognition of ligands derived from
4-hydroxycoumarin (HETATM codes 3UPJ, 5UPJ, and 6UPJ), and positions 23, 31, and 32 may be important for
the recognition of DRV and chemically related molecules such as APV (Tanimoto coeflicient =0.92 £0.02). Our
results showed that the binding pocket of PR2 exhibits different structural asymmetry according to the bound
ligand and that PR2 can adjust to various ligands. This allows PR2 to exhibit its wide range of ligand specificity.
Thus, the detection of an asymmetric position specific for a given ligand type could provide information about
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the specific recognition of this ligand type and the mechanism of PR2 adaptation to this ligand type. In addition,
it has been shown that local structural asymmetry in the binding site may play a role in ligand affinity*'. For
example, Jin et al. (1999) detected a structural asymmetry adjacent to the nucleotide-binding sites of aspartate
transcarbamoylase that would appear to account for their separation into high- and low-affinity binding sites®.
Despite their strong chemical similarity (Tanimoto coeflicient=0.95), DRV and APV exhibit completely different
susceptibility against PR2%7. By comparing the asymmetric profiles of PR2 dimers complexed with APV and DRV,
we observed some differences that may be involved in the better recognition or higher affinity between DRV and
PR2, particularly in the binding pockets at positions 23, 31, 46, and 75. To study this point in more detail, deeper
analysis using molecular dynamics simulations is required.

Several studies have focused on the analysis of the structural asymmetry of PR1 structures. Prabu-Jeyabalan
et al. (2000) analysed the asymmetry of PR1 in relation to its substrate binding, and they demonstrated that
substrate binding breaks PR1’s symmetry®. They concluded that this structural asymmetry is important for the
ligand recognition because it induces in PR1 conformational change of its monomer to adapt to the various
ligands that are non-symmetric. Comparison of PR1 and PR2 structural asymmetry could provide information
to better understand the PR2 resistance to PIs. Priestle et al. (1995) showed that the PR1 and PR2 structures
complexed with the CGP 53820 inhibitor exhibit slightly different orientations of their two monomers and that
the PR2 structure seems to fulfil the two-fold symmetry conditions better'%. By comparing the conformation
of the two monomers of PR1 complexed with a substrate, Prabu-Jeyabalan et al. (2000) showed that the most
asymmetric PR1 regions were regions 12-19, 36-42, 49-53, and 79-82. The comparison of structural asymmetric
positions detected in PR1 and PR2 targets showed that these regions are structurally asymmetric in PR1 and PR2
(Fig. 7). Priestle et al. (1995) revealed that region 36-44 is the most asymmetric in PR1 and PR2'2. In their study,
Jeyabalan et al. (2000) showed that region 25-29 exhibits the same conformation in both chains of PRI. In our
study, we observed that residue 29 is asymmetric in PR2 and could have a role in the ligand recognition, in agree-
ment with Tong et al. (1995)'2. In addition, several comparisons of PR1 and PR2 complexes showed that regions
15-20 and 78-85 are more asymmetric in PRI than in PR2'>!. In this work, residues 81 and 82 are detected as
non-asymmetric in the PR2 set, in agreement with the weak asymmetry of regions 15-20 and 78-85 in PR2 pre-
viously detected in three structures (PDB codes: 11VP, 11DB, and 1HII)!!-13. Prabu-Jeyabalan et al. (2000) showed
that in PR1, the region 79-82 is important for ligand recognition and adaptation of the pocket to the substrate
shape. Interestingly, residue 82 is substituted between PR1 and PR2 sequences (V82I) and is associated with the
multi-drug resistance of HIV-1 to PIs*’. These results suggest that this substitution could modify the residue
flexibility, which has an impact on its capacity to move to adapt the PR2 pocket to the ligand’s shape. However,
this result must be considered with caution because residues 81 and 82 are detected as asymmetric in three struc-
tures (PDB codes: 11VQ, 1IDA and 2MIP)'"13. In addition, Tong et al. (1995) suggested that the asymmetry of
positions 79-82 is important to the binding of a large ligand. To better understand the putative role of residue
82 in the resistance of PIs against PR2, it would be interesting to build PR structures with a mutation at position
82 and compare the wild-type and mutant asymmetric profiles. Analysing and understanding in more detail the
differences between PR1 and PR2 in terms of ligand recognition are important to clarifying the PI resistance of
PR2 and can allow the interpretation of these differences at the molecular level, facilitating the design of inhibitors
that are equipotent with respect to both PRs.

Conclusion

In summary, we have used an original tool based on HMM-SA to detect the asymmetric positions in all available
PR2 dimers and to explain their important role in the changing behaviour of the monomers due to ligand binding.
First, on average 31% of PR2 positions are asymmetric. These asymmetric positions are distributed all along the
structure, particularly in terminal regions (3-6 and 96-98), 3-strand of the flap regions (42-47) or fulcrum (12-
16), outer loops (elbow: 36-42, flap loop: 47-52, and residues 77-80), and -helix (90-93). It is the first time that
the structural asymmetry of the a-helix of PR2 is highlighted. From these structural asymmetric positions, we
differentiated overrepresented asymmetric positions (28%), which are also characterized by structural asymmetry
of high magnitude, from the asymmetric positions with a low frequency (72%). Our results indicate that most of
the structural asymmetric positions detected in the PR2 dimers are not explained by experimental conditions.
Indeed, we showed that some of the detected asymmetries are intrinsic properties of PR2 and are induced by the
flexibility of PR2. We suggest that this asymmetry, especially at position 40, is important for structural changes of
PR2 and particularly for the transition from semi-open to closed conformations. Our results showed that ligand
binding is also responsible for structural asymmetry in PR2. Most of these asymmetric positions are specific to
some ligand types and seem to be important for PR2 structural changes allowing the adaptation of PR2 to various
ligands and thus involved in the PR2’s recognition of various ligand. This structural asymmetry is accompanied
by asymmetry located outside of binding site that suggests cooperation in the PR2 structural changes in different
PR2 regions upon ligand binding. In addition, to better understand the different susceptibilities against PR2 of
APV and DRV, two chemical similarity approved drugs, we compared their asymmetric profiles. We observed
some differences, particularly in the binding pockets at positions 23, 31, 46, and 75. We suggest that these posi-
tions might be involved in the better recognition or higher affinity between DRV and PR2 relatively to APV. To
conclude, our study provides for the first time a large and robust description and characterization of PR2 asym-
metry in both bound and unbound structures. Our results provide new insights about PR2 structures allowing
a better understanding of the structural changes of PR2 and its diverse ligand recognition. Understanding and
taking advantage of such conformational flexibility will be important in the design and optimization of HIV-2
protease inhibitors of HIV-2 protease. They provide some new insights explaining the low sensitivity of PR2 to
commercially available protease inhibitors, paving the way to deeper analysis about the role of these asymmetric
positions and the ligand characteristics required for strong efficiency against HIV-2.
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To improve the study of the link between the structural asymmetry of PR2 and its ligand recognition and

specificity, it will be interesting to characterize more precisely the structural asymmetry. One way to do so could
be to characterize the transition of structural changes for each position—i.e., the two structural letters in the two
chains. This description will allow the structural asymmetry to be classified and studied in more detail if different
classes of structural asymmetry exist and their link between ligand types. In a next step, the SA-based protocol
could be applied to PR2 structures generated using molecular dynamics simulations of PR2 in unbound and
bound forms that could allow studying PR2 asymmetry in relation with its dynamic behaviour and confirming
the putative role of some asymmetric residues in ligand recognition.
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