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Abstract

Herein, for the first time, we report the flap opening and closing in Plasmepsin proteases —
plasmepsin II (PImII) was used as a prototype model. We proposed different combined
parameters to define the asymmetric flap motion; distance, d;, between the flaps tips residues
(Val78 and Leu292); dihedral angle, ¢; in addition to TriCa angles Val78-Asp34-Leu292, 6,
and Val78-Asp214-Leu292, 6,. Only three combined parameters, distance, d;, dihedral angle,
¢ and TriCa angle, 8; were found to appropriately define the observed “twisting’ motion
during the flap opening and closing. The coordinated motions of the proline-rich loop
adjacent to the binding cavity rim appeared to exert steric hindrance on the flap residues,
driving the flap away from the active site cavity. This loop may also have increased
movements around the catalytic dyad residue, Asp214, making the TriCa, 0, unreliable in
describing the flap motion The full flap opening at d;, 23.6A corresponded to the largest
TriCa angle, 0, at 78.6° at ~46 ns time scale. Overall the average 6, and 6, for the bound was
~46° and ~53°, respectively compared to ~50° and ~59° for the Apo Plmll, indicating a
drastic increase in the TriCa as the active site cavity opens. Similar trends in the distance, d;
and dihedral angle, ¢ were observed during the simulation. The asymmetrical opening of the
binding cavity was best described by the large shift in ¢ from -33.91° to +21.00°
corresponding to the partial opening of the flap at a range of 22-31ns. Though, the dihedral
angle described the twisting of the flap, the extent of flap opening can appropriately be
defined by combining the d; and the 6; The results presented here, on the combined
parameters, will certainly augment current efforts in designing potent structure-based

inhibitors against plasmepsins.
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1. Introduction

The plethora of proteomics data on human pathogens has significantly augmented disease
fighting strategies. Plasmodium falciparum is responsible for the most lethal form of malaria
among the six known Plasmodium spp.(1-3). Plasmepsins (Plm) are plasmodium encoded
proteins, similar to human pepsins, which play critical roles in the erythrocytic stages of
plasmodium life cycle (4). Currently, only crystal structures of food vacuole plasmepsins (1,
IL, III, and IV) are available (5-8). Plasmepsin II (PImlI), an aspartic protease encoded by P.
falciparum, has been reported as a virulence factor in malaria where it is involved in
haemoglobin degradation. Similar to other aspartic proteases, the PImlI active site contains
two aspartic acid residues, a proton donor and acceptor, forming the catalytic dyad when
cleaving the peptide bond. General features from experimental studies by Asojo et al, show a
mature enzyme crystal structure consisting of a single chain, composed of 329 amino acid
residues which fold into two topologically similar N and C terminal domains (6). The
domains make contact along the bottom of the binding cleft, that contains the catalytic dyad
Asp34 and Asp214. A single long [ hairpin structure (flap, Lys72-Phe85) lies
perpendicularly over the binding cleft and lying opposite is a flexible flap-like loop structure
(6, 9). These two structures are highly flexible where they interact with bound inhibitors and
presumably substrates. The amino and carboxyl ends of the polypeptide chain of PlmlII are
assembled into a characteristic six-stranded interdomain (-sheet which serves to anchor the

domains together (6, 9).

Several non-structural proteins display unique and specific motions which are essential in
defining their precise function(/0). Determining the correct parameters which best describe
such motions in proteins, is essential in understanding enzyme functions as well as its impact
on drug binding and resistance. For instance, flap dynamics is a distinctive motion observed
amongst aspartate proteases e.g. HIV protease and cathespin. Flaps have been shown to
regulate access to the active site of proteases by providing access for substrate and/or
inhibitors binding (/0, 117). Flap opening and closure in HIV protease have been well studied
using molecular dynamics (/7-19). Generally, different parameters have been proposed to
describe the HIV PR flap motion (/6). The distance between I1e50-11e50° (interflap distance)
is one of the most commonly used parameter for defining flap motions. However, this
parameter does not adequately describe the curling behaviour observed, which lead to the
introduction of other parameters such as curling to better define HIV protease flap dynamics

(19, 20). The flap dynamics in HIV protease is one such example, which highlights the
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importance of defining the appropriate parameters that best describe specific dynamics

associated with inhibitor binding to the binding cavity.

The characteristic flap and flap-like structure have been reported to be highly flexible in
plasmepsins I-IV, in both the free and ligand-bound proteases relative to other enzyme
structures (5-8). These structures are critical determinants in the conformational flexibility of
the binding cavity of PImII in accommodating different inhibitors, where crystallographic
studies have demonstrated structural differences between the free and ligand-bound enzymes
(6, 9). Precise insight into the mechanistic events associated with binding of plasmepsins
inhibitors is essential for the design of more potent inhibitors. Crystallographic studies reveal
that the binding cavity of Plmll is a highly flexible pocket, thus designing more potent
inhibitors will require a better understanding of the plasticity of this cavity in response to
different inhibitors. Moreover, different inhibitors have shown a varying scale of binding
potential to the binding cavity of Plmll. Experimental parameters previously defined are
insufficient in examining and predicting the binding modes and flap dynamics of different
inhibitors (6, 9, 2I). The interaction of the PlmlIl flap pocket with non-peptidomimetic
inhibitors have been documented elsewhere (22). Therefore, defining appropriate parameters
to assess flap motions is critical. Furthermore, the exact parameters to precisely describe flap
opening and closing are not well defined in literature, neither experimentally nor
computationally. This has prompted us to report the first detailed computational study that
highlights the flap dynamics amongst plasmepsins and different proposed parameters. We
believe that this article will serve as a benchmark for observing this phenomenon in

plasmepsins, potentially other proteases.

2. Methods

2.1.System preparation

The apo crystal structure (PDB ID: 1LF4)(6) and complex structure of plasmepsin II (PlmlII)
bound with potent inhibitor EH58 (PDB ID: 1LF3) (6) were obtained from the RSCB Protein
Data Bank (23). The systems were prepared as described in our previous reports (24, 25).

2.2. Molecular dynamic analysis

An all atom explicit solvation molecular dynamics simulation was performed using GPU
version of PMEMD engine integrated with Amber14 (26). All the systems were set up using

the standard methodology discussed in our previous reports (24, 27). Visualisation of enzyme
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structures was carried out using graphical user interface of UCSF Chimera package(28) and
data were plotted using the GUI of Microcal Origin data analysis software version 6

(www.originlab.com) and Surfer version 12 (www.goldensoftware.com).

3. Results and Discussion

3.1.Experimentally Determined Parameter and Its Limitations

X-ray diffraction studies on PImII found that the uncomplexed form (PDB ID: 1LF4) (6) of
the enzyme is more open than the bound, by measuring the distance between Ca of Val78 at
the flap tip and Ca Leu292 on the opposite side of the hydrophobic rim of the binding cavity.
In the free enzyme crystal structure, this distance was found to be 12.6A. However, upon
binding to EH58 inhibitor (PDB ID: 1LF3) (6) this distance slightly reduced to 12.0A,
indicating the closing of the flap upon ligand entry. In Plmll-Pepstatin A complex, the
distance between flaps reduced significantly to 9.9A, indicating that the binding cavity closes
to embrace the inhibitor (6). Thus, as evident from these measurements, the binding cavity of
PImlII exhibits a rather flexible conformation which adapts to accommodate inhibitors based

on their bulkiness.

However, the defined parameter as described by Asojo et al., provide some information on the
opening and closing motion of the flap-like structure, this single parameter was based on a
rigid crystal structure and only described the motions in one-dimension (d;) of space (6, 9)
(Figure 1). Analysis of the MD trajectories clearly indicated that more parameters need to be

defined to appropriately describe the flap motion (see section 3.2)
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Figure 1. An illustration of the different proposed parameters to describe the flap motion;
distance (d;) between the flap tip residues (Val78, Leu292) and TriCa angles, 6, 6, and
dihedral angle, ¢

3.2. Proposed different parameters to describe flap opening and closing
Visual inspection of the molecular dynamic trajectory snapshots shows that the opening and
closing of the binding cavity of the free PImlIl structure is characterized by an extensive

“twisting” of the flap and the concerted recoiling of a proline rich loop (flap-like structure).
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Figure 2. MD trajectory showing the flap dynamics of free and bound (PImII-EH58) PImII
(blue ribbons) superimposed against the starting structure (grey ribbons). Flap tips for the free
and bound are shown in green and red, respectively

Upon observation of the flap motions in PlmlII (Figure 2), we propose that these motions can
be explained accurately by considering the distance between flap tip residues (d;) in relation
to the TriCa angles, Val78-Asp34-Leu292, 0; and Val78-Asp214-Leu292, 0, as well as the
dihedral angle, ¢ (Figure 1).
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Figure 3. Plot of root mean square fluctuation (RMSF) of apo PImII (blue) and PImII-EH58
complex (red). Region showing high residual fluctuation corresponding to the proline-rich
region of PImlII is shown in orange

The “twisting” of the flap and the lateral shift of the highly flexible loop in the open
conformation appears to be a coordinated movement, involving the highly flexible loop a
proline-rich region (223-295) (Figure 3). As evident from the root mean square fluctuation
(RMSF) plot of the free and bound Plmll, the apo PlmII shows high residual fluctuation
around this proline-region loop compared to the bound Plmll, indicating less residual
interaction in the bound state of the enzyme. The average RMSF of the apo was 9.84A,
whereas it was 6.65A for the bound enzyme, indicating a more compact bound enzyme with
less residual fluctuations and a more flexible apo enzyme with high residual atomic
fluctuations. Higher residual fluctuations were observed in the proline rich area, as well as the
flap residues. The bound PImII adopts a compact closed conformation all through the

simulation, whereas in the free enzyme, the flexible regions adopt different conformations
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with the opening and closing of the binding cavity. This loop, recoils inside the binding
cavity towards the catalytic dyad (Asp34, Asp214) as it adopts a lateral shift away from the
main enzyme structure. Interestingly, the residue at the tip (Leu292) of this loop moves
relatively less compared to the entire loop. Notably, the intense motion at the highly flexible
proline-rich loop seems not to orient Leu292 away from the binding cavity rather, the loop
movement seems to cause steric hindrance on the flap tip residues resulting in the movement
of the flap away from the binding cavity. The average radius of gyration (Rg) for the free
PImIl was 7.88A whereas for the bound it was ~2A less; thus highlighting the rigorous
asymmetrical opening and closing of the flap which may have led to changes in moment of

inertia (see supplementary information).

As such, this intensive and coordinated flap motion may certainly not be defined by distance
(d;) alone, but rather a combination of parameters including TriCa angles (6;, 6,) and
dihedral angle, ¢, as have been proposed in this paper. The distance, d;, between flap tip
residues was 10.67A at the starting structure of the free enzyme. Partial flap opening was
observed at ~30ns, with the full flap opening occurring at 46.8ns (d; = 23.61A). Towards the
end of the 50ns MD simulation, the closing of the flap was observed at 50ns (d; = 12.7A).
Further, for the first time we observed an asymmetrical opening of the binding cavity evident
by the “twisting” of the flap and a maximum “twisting” at the time range of 22-31ns
corresponding to a large shift in the dihedral angle, ¢ from -33.91° to +20.99°. Although
“twisting” alone may not solely describe the extent of flap opening, it however reveals the
asymmetrical nature of flap opening as defined by the dihedral angle, ¢. This demonstrates
the intensive motion which involves the movement of adjacent residues around the highly
flexible loop which seems to generate steric hindrance that drives away the flap lying at the

active site cavity.

3.3. Defining the appropriate “Combined” Parameters
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Figure 4. Combined plots of distance, d;, between flap tip residues (Val78, Leu292), dihedral
angle, ¢, and TriCa angles, 0; 0, against time (ns) of the Apo PImII [A] and PImII-EH58
complex [B]

“0

i. Distance, d;, between flap tip residues and dihedral angle, phi (¢)

Plotting the dihedral angle, ¢ and distance, d; against time (ns) for the free PlmlIl (Figure
4A), it is evident that d, increases with an increase in the angle ¢. A sharp increase in d; and
¢ corresponding to the partial opening of the active site cavity is observed at 30ns. This is
consistent with the “twisting” motion of the flap as it moves away from the active site pocket.
The partial opening of the active site cavity at 30ns is accompanied by an increase in the
dihedral angle, ¢ which demonstrates that though movement is observed at the flaps, there is
an intensive orientation of the peptide bond, evident by the large shift in the dihedral angle, ¢,

which results in a concerted movement of the flap away from the active site pocket.

In the PImII-EH58 complex, there was no significant movement of the flap as the ligand
(EH58) remained embraced by the flap at the active site cavity. The average distance between
Val78 at the flap tip and Leu292 remained at 13A across the 50ns simulation of the bound
PImII (Figure 4B).
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ii.  Distance, d; between flap tips and TriCa Angles, 6, and 0,

Measuring the distance as well as the angle between the flap tip residues and the catalytic
residues may better explain the flap dynamics in this protease. The aspartic residues sitting in
the active site are observed to show minimal movement relative to the highly dynamic flap
tip residues and the highly flexible loop. Interestingly, the trend in distance of Ca of Val78
and Leu292 highly correlates with the angle between Val78-Asp34-Leu292. However, the
angle between Val78-Asp214-Leu292 did not accurately describe the flap movement
observed in the MD simulation as well as the observed “twisting” of the flap structure to
allow the opening of the binding cavity. Thus, the opening and closing of the binding cavity
can better be explained by measuring the angle, 6, between Val78-Asp34-Leu292 and
correlating it with the distance between Ca of the flap tip residues. The active site residue,
Asp214, has a high atomic fluctuation compared to Asp34. This may be attributed to its
closeness to the highly flexible proline-rich loop region located at the binding cavity rim.
Thus, Asp214 is highly mobile and may not give an accurate representation of the “twisting”

as well as the opening and closing of the flap.

In the PImII-EH58 complex, there was no observed drastic fluctuation in the TriCa angles, 6,
and 0,. Average angle during the 50ns simulation was ~46°. This trend is similar to the
observed minimal changes in the d; during the 50ns simulation average distance between
Val78 at the flap tip and Leu292 remained at 13A across the 50ns simulation of the bound
PlmlII (Figure 4B).

This study will ultimately contribute to the design of potent structure-based inhibitors against
plasmepsins such as allosteric inhibitors targeting flap pockets, thus inhibiting the opening
and closing of the binding cavity. Further, the parameters proposed in this study may be
extended in determining flap opening and closing in other aspartic proteases involved in

disease.
4. Conclusion

The binding cavity of plasmepsin has been observed to adapt to different inhibitors
demonstrating its plasticity. Precise parameters to define flap motion in plasmepsin will
certainly assist in the design of potent inhibitors to bind to the flexible binding cavity. In
addition, recent identification of flap pockets for potent non-peptidomimetic inhibitors further

raises the important of this study.
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In conclusion, the asymmetrical flap opening and closing was evident, characterized by a
“twisting” motion. Only three parameters we postulated namely distance, dihedral angle and
TriCa angles which appropriately defined the observed “twisting” motion during the flap
opening and closing. However, the extensive motion of a proline-rich loop adjacent to the
binding cavity rim appeared to exert steric hindrances on the flap residues, driving the flap
away from the active site cavity. This loop may also have increased movements around the
catalytic dyad residue, Asp214, resulting in the observed distortion of the TriCa angle, 0,
Overall the average 0, and 0, for the bound was ~46° and ~53°, respectively compared to
~50° and ~59° for the Apo Plmll, indicating intensive changes in the TriCa as the active site
cavity opens. Similar trends in the distance, d; and dihedral angle, ¢ were observed during the
simulation. The asymmetrical opening of the binding cavity was best described by the large
shift of -33.91° to +20.99° in the ¢, corresponding to the partial opening of the flap at a range
of 22-31ns. Though, the dihedral angle describes the twisting of the flap, the extent of flap
opening can be defined by combining the distance,d; and the Val78-Asp34-Leu292 TriCa
angle, 0; The results presented here on the combined parameters will certainly augment

current efforts in designing potent structure-based inhibitors against plasmepsins.
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