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Abstract

Flexibility of 8 hairpin structure known as flap plays a key role in catalytic activity
and substrate intake in pepsin-like aspartic proteases. Most of these enzymes share
structural and sequence similarity. Tyrosine is a conserved residue present in the
flap region of pepsin-like aspartic proteases. In apo protease, tyrosine remains in a
dynamic equilibrium between normal and flipped states due to rotation of x; angle
(distributions of the x; angle centred around +% radian or —% radian are denoted
as normal, whereas distribution centred around £+ radian is denoted as flipped). In
this study, we have used apo Plm-II and BACE-1 as model systems. Independent
MD simulations starting with Plm-II and BACE-1 remained stuck either in normal or
flipped state. Metadynamics simulations using torsion angles (x; and x2 of Tyr) as
CVs sampled transition between normal and flipped states. Qualitatively, flipped and
normal states predicted to be equally populated. These states were stabilised by H-

bond interactions to tryptophan (normal) and catalytic aspartate (flipped) respectively.
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Further, mutation of tyrosine to an amino-acid with smaller side-chain, such as alanine;
reduced flap flexibility and resulted in a flap collapse. This is in accordance with
previous experimental studies which showed that mutation to alanine resulted in loss
of activity in pepsin-like aspartic proteases. Using apo plasmepsin-II and BACE-1 as
model systems, we have hypothesised that the rotation of tyrosine side-chain is the key
movement which governs the flap dynamics in all pepsin-like aspartic proteases.

Keywords: aspartic protease; flap; tyrosine; molecular dynamics; metadynamics

Introduction

Aspartic proteases play an important role in the life cycle of different pathogens and therefore
emerged as one of the hot targets in the modern-day drug discovery. Omne of the main
structural features of aspartic proteases is the presence of the (-hairpin-like conformation
often termed as flap.! The flap is a highly flexible part which plays a critical role in the
ligand binding by displaying a scissor-like motion necessary for ligand uptake (Figure 1). The
conformational flexibility of aspartic proteases and the role of the flap in ligand binding were
studied in several systems, e.g. HIV proteases,?? cathepsin-D* and BACE-1.5" Pepsin-like

8 are a subset of aspartic proteases which has conserved flap and coil region

aspartic proteases
(Figure 1). The flap acts a lid which covers the active site of these enzymes. Tyrosine (Tyr)
is the conserved residue present in the flap of most of the pepsin-like aspartic proteases e.g.
plasmepsin I, II, IV, human cathepsin-D, cathepsin-E, BACE-1, BACE-2 etc. It is believed
that the rotation of Tyr side-chain plays an important role in the flap dynamics of these
enzymes.

Plasmepsins (PIm) are a group of pepsin-like aspartic proteases present in P. falciparum
(the parasite which causes Malaria) and expressed by ten different genes, Plm I, 11, III, IV,
V, VI, VII, IX, X and HAP. Due to the neglected status of Malaria, the conformational

flexibility and structural biology of Plm has not generated much attention among structural

and computational biologists when compared with HIV protease.?3%19 Inspired by the idea
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Figure 1: Flap (Orange) and coil (Blue) region of pepsin-like aspartic protease and location
of the conserved tyrosine (Tyr) present in the flap (B). Difference in flap conformation in
crystal and open state (C).

that the flap of HIV-protease spontaneously opens and close in MD simulation,® Karubiu
et al.*! used MD simulations and devised some distance parameters to understand the flap

[.1213 used the same distance parameters to

opening in Plm II. Further, McGillewie et a
understand the flap dynamics and conformational flexibility in Plm I, IIT, IV and V. Friedman
and Caflisch'* studied the flexibility of Plm II using MD simulation and hinted that the
conserved tyrosine (Tyr) residue present at the flap region might play a role in flap flexibility.
Spronk and Carlson” performed classical MD simulations on a homologous protein, BACE-1
and predicted that the side-chain fluctuation of Tyr governs different flap conformations.

They reported three different conformations involving H-bond interactions between Tyr and

three neighbouring amino acids (Trp, Ser and Asp). MD simulations also sampled occurrence
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of a self-inhibited conformation where the Tyr points toward the catalytic region, known as
the binding site. The presence of this orientation is not experimentally reported in any
BACE-1 (also not in apo Plm-II) crystal structures to date. However, it was observed in
crystal structures of other aspartic proteases such as chymosin and saccharopepsin (1°).
Due to lack of transitions among these conformations in MD simulation, it was difficult to
estimate free energy difference among different conformations within reasonable time-scale.

Enhanced sampling methods such as metadynamics, -8

replica-exchange molecular dy-
namics (REMD),! umbrella sampling,? conformational flooding?! etc. have been used
regularly to overcome the sampling problem associated with MD simulation. Metadynam-

ics is an enhanced sampling method, 16718

which uses a repulsive bias potential along some
reaction co-ordinates (also known as collective variables). Addition of bias potential pushes
the system away from local free energy minima and accelerates sampling of conformational
space .22

The aim of our study was to use MD and metadynamics simulations to understand con-
formational dynamics in pepsin-like aspartic proteases. Most of these proteases possesses
structural and sequence similarity. Hence, understanding the conformational dynamics as-
sociated with a few of these enzymes can be applied to other homologous enzymes. We
have used two homologous proteases, Plm-1I (Plasmepsin-II) and BACE-1 (5 secretase-1)
as models to answer two fundamental questions: 1. what is role of the Tyr residue in flap
dynamics? and 2. does rotation of y; and ys torsional angles of Tyr dictate different flap
orientations? We have tested several different collective variables (CVs) within the metady-
namics framework and discussed their effectiveness in sampling different flap conformations.

We have also tested the effect of force fields and water models on the population of different

flap conformations and suggested possible directions of future works.
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Results

Flipping of the tyrosine side-chain

Based on earlier investigations, we expected the conserved tyrosine residue in the flap (Tyr-77
in Plm-II; Tyr-71 in BACE-1) to play an important role in the dynamics of the flap. Indeed,
MD simulations of apo Plm-II and BACE-1 showed the hydroxyl group of this residue in-
terchangeably involved in several hydrogen-bond interactions, and that slow conformational
dynamics occurred around this residue, on a timescale of at least hundreds of nanoseconds.
However, a closer analysis of the dynamics revealed that each particular hydrogen bond was
not exceptionally strong. Instead, the high kinetic barriers appeared to occur between the
rotational states of the y; torsional angle of the tyrosine side-chain, with each state being
able to accommodate several different hydrogen bonds. Thus, this torsional angle, possibly
together with its neighbour y», should be a good candidate for biasing in enhanced-sampling
simulations.

Our notation for the x; and xs angles of the tyrosine residue is presented in Figure 2.
The distributions of the x; angle centred around +% radian or —% radian are denoted as
normal, whereas the distribution centred around +7 radian is denoted as flipped (Figure 2).

Crystal structures of Plm-II are always in the normal state, whereas crystal structures of

BACE-1 have captured the residue in different states.

Plasmepsin-II

During MD simulations of apo Plm-II, Tyr-77 formed five major H-bond interactions: with
Trp-41, Ser-37, Asp-34, Asn-39 and Gly-216, respectively (Figure 3). The distribution of
the x; angle of Tyr-77 showed that only one of the four independent MD simulations!
sampled both the normal and flipped states (Figure 4). The normal state was stabilised by

formation of interchanging H-bonds to Trp-41, Ser-37 and Asn-39, whereas the flipped state

1Only simulations with the TIP3P water model + FF14SB force-field are considered here, whereas other
combinations are discussed in a later section
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Figure 2: Location of the Tyr, Trp,Asp triad in a typical pepsin-like aspartic protease, Plm-
IT (A). x1 and x> angles of Tyr (B) along with a typical distribution of x; angle (C). N and
F denotes normal and flipped states respectively.

was stabilised by H-bonds to Asp-34 (Figure 22 in the Supplementary Information). Both
these states also sampled the solvent-exposed conformations, in which the Tyr-77 side-chain
didn’t form any H-bond interactions with neighbouring residues but only with the solvent.
Lack of sampling and a great variation of population in the independent MD runs prevented
us from predicting the free energy difference between different conformational states of Tyr.

Metadynamics simulations with biasing on the x; and y» angles (hereafter denoted
Torsion-Metad) enhanced the sampling of the rotational degrees of freedom of the Tyr side-
chain, which led to an enhanced transition between the normal and flipped states (Figure 4).
Similarly to MD, the metadynamics simulations sampled formation of several interchang-

ing H-bond interactions involving Tyr-77. Qualitatively, the flipped and normal states were
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Tyr—Trp Tyr—Ser Tyr—Asn

Tyr—Asp Tyr—Gly

Figure 3: H-bond interactions involving Tyr-77 in Plm-II. Blue and red shadow indicates
normal and flipped states respectively.

found to be equally populated (see subsection Convergence) with a barrier > 10 kJ/mol.
The normal state was stabilised by interchanging H-bond interactions involving Trp-41, Asn-
39 and Ser-37. Whereas, the flipped state was stabilised by H-bonds to Asp-34 and Gly-216
(Figure 5 and Figure 24 in the Supplementary Information). The H-bonds to Trp-41 and

Asp-34 were found to be the dominant interactions stabilising these states (Figure 5).

BACE-1

The MD simulations of BACE-1 were initiated using three different crystal structure, denoted
SO, SN, and SSO. These structures differs in terms of orientation of Tyr-71 and the extent
of flap opening (Figure 16 in the Supplementary Information). The MD simulations starting
from the SO and SN conformations only sampled the normal state (Figure 6) of Tyr-71,
which was stabilised by H-bond interaction to Trp-76 (comparable to Trp-41 in apo Plm-II).
However, MD simulations started from the SSO conformation remained stuck in the flipped

state (Figure 6), which was stabilised by formation of a H-bond to Asp-32 (comparable to
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Figure 4: Sampling of x; and y» angles during four independent MD simulations (denoted
as MD 1-4) with TIP3P water model. FES reweighted on aforementioned dihedral angles
in Torsion-Metad simulation shows sampling of normal (N) and flipped (F) states.

Asp-34 in Plm-II) (Figure 25 in the Supplementary Information).

Torsion-Metad simulations enhanced the transition between the normal and flipped states
(Figure 13 and Figure 25 in the Supplementary Information). The sampling of these two
states in BACE-1 is comparable with Plm-II. H-bond interactions to Trp-76 and Asp-32
dominate the normal and flipped states, respectively (Figure 7). Metadynamics simulations
also sampled H-bond to Ser-35 and Lys-107. The H-bond to Lys is caused by an unusual
backwards orientation of Tyr-71, which we defined as Tyr-back conformation. The free-
energy difference between the H-bonds to Trp-76 and Ser-35 was predicted to be ~ 5 kJ/mol.
The difference in free energy between the H-bonds to Trp-76 and Lys-107 was ~ 20 kJ/mol
(Figure 7).
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Figure 5: FES reweighted on y; and H-bond distances (H-bond to Trp and Asp) in case of
Plm-II. Conformations correspond to H-bond to Trp and Asp were also highlighted. Torsion-
Metad simulation did a significantly better sampling of different H-bonded conformations.

Implications for flap opening
Plasmepsin-11

To describe large-scale motion of the flap, especially opening of the flap, we defined two
distances as illustrated in Figure 8. For each MD simulation, the free energy surface was
calculated from the corresponding probability distribution with respect to DIST2 and DIST3
as well as to DIST2 and x;. The lack of correlation between DIST2 and DIST3 indicates
that the flap and the coil regions move largely independently. The extent of flap opening
(DIST2) and the rotation of x; angle of Tyr-77 are related as follows:

1. Normal state: A broader basin around DIST2 ~1.2 nm is stabilised by interchanging
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Figure 6: Sampling of normal (N) and flipped (F) states in MD and Torsion-Metad sim-
ulations starting with SN, SO and SSO conformations respectively. Independent MD sim-

ulations starting with SN and SO conformations only sampled the N state (—% radian)

whereas simulations starting with SSO conformation only sampled the F state. Torsion-
Metad simulations starting from SN, SO and SSO conformations sampled both N and F

states.

H-bonds to Trp-41, Ser-37 and Asn-39. The free-energy minimum centred around DIST2
~1.6 nm fluctuates between H-bond to Trp-43 and the solvent exposed conformations of
Tyr-77.

2. Flipped state: The free-energy minimum centred around DIST2 ~1.05 nm is stabilised
by interchanging H-bonds to Asp-34 and Gly-216.

3. The flap adapts an open conformation around DIST2 ~2.0 nm.

All four independent MD simulations with TIP3P water model sampled free-energy min-
ima centred around DIST2 ~1.2 nm and ~1.6 nm respectively (Figure 8). In MD simulations,
the free-energy basin around DIST2 ~1.2 nm sampled only interchanging H-bonds to Trp-41
and Ser-37. Only one of the four independent simulations sampled DIST2 around ~1.05 nm
(stabilised by the H-bond to Asp-34). Moreover, one of the four independent MD simulations

sampled the flap opening.

10
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Figure 7: FES reweighted on y; and different H-bond distances in apo BACE-1. 2D FES
reweighted on H-bond distances (Trp, Ser, Asp and Lys) and x; for each metadynamics
simulations starting with SN, SO and SSO conformations can be found in Supplementary
Informations.

Torsion-Metad simulations gave a better picture of flap dynamics in Plm-IT (Figure 8).
Besides sampling typical minima around DIST2 ~1.05 nm, ~1.2 nm and ~1.6 nm; normal
state of apo Plm-II sampled an additional free energy minimum centred around DIST2
~0.8 nm which was stabilised by a H-bond to Asn-39. The flap tip adapted an inwardly
bended conformation in the aforementioned basin (DIST2 ~0.8 nm). Free-energy minima
centred around DIST2 ~1.05 nm and ~1.2 nm were found to be equally populated and
the free energy cost of flap opening (transition from DIST2 of ~ 1.2 nm to ~ 2.0 nm) was
predicted to be 5 kJ/mol.

The sampling of the open conformation is not directly influenced by the enhanced sam-

11
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Figure 8: FES reweighted on x; and DIST2 shows sampling of overall flap flexibility during
MD (denoted as MD1-4) and Torsion-Metad simulations. N and F denotes normal and
flipped states of Tyr-77 respectively.

pling of the Tyr-77 side-chains (Table 7 in Supplementary Informations). The only signifi-
cance appears to be that one avoids being trapped in the normal or flipped states. Once the
H-bond interactions between Tyr-77 and neighbouring residues are broken and it becomes
solvent-exposed, the sampling of the flap opening is in fact similar among standard MD

simulations and metadynamics simulations.

BACE-1

We have devised analogous DIST2 and DIST3 descriptors (see Supplementary Informations)
for BACE-1. Flap opening (DIST2) and rotation of the x; angle associated with Tyr-71 in
the MD simulations are related as follows:

1. Normal state: The free-energy minimum centred around DIST2 ~ 1.2 nm is mainly

12
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stabilised by interchanging H-bonds to Trp-76, Ser-35 and Lys-107.
2. Flipped state: The free-energy basin centred around DIST2 ~1.05 nm is stabilised by

formation of a H-bond to Asp-32.

Figure 9 again shows that MD simulations started from the SO and SN conformations
only sampled the normal state, whereas MD simulations started from the SSO conformation
remained stuck in the flipped state. The Torsion-Metad simulations sampled both states.
The free-energy basins centred around DIST2 of ~1.2 nm and ~1.05 nm were found to be
equally populated, which showed that the flap remains in a dynamic equilibrium between
the normal and flipped conformations (Figure 9). The largest flap opening (DIST2 ~1.8 nm)
was observed in the Torsion-Metad simulation started from SN conformation. The cost of

flap opening was predicted to be ~ 15 kJ/mol.
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Figure 9: FES reweighted on x; and DIST2 in MD and Torsion-Metad simulations starting
with SN, SO and SSO conformations. N and F denotes normal and flipped states of Tyr-73.

Extent of opening needed for ligand release

In order to understand the extent of flap opening necessary to accommodate the ligand in the

active site, we have performed well-tempered metadynamics simulation using a Plm-ligand

13
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complex. The distance between the centre of mass of the active site residues and the ligand
heavy atoms was selected as CV to capture ligand unbinding. The aim of this simulation
was to gain a rough picture of the ligand unbinding process. This type of simulation will not
necessarily follow a low-energy path. Plotting DIST2 as a function of time (or equivalently
the stage of unbinding) indicated that a flap opening of ~2.0 nm (corresponding to the open
conformation in the apo simulations) is sufficient for ligand binding/unbinding (Fig. 10).
Tyr-77 remained in the normal state during the unbinding event. It is important to note
that the amount of flap opening might depend on the size of the ligand. In our case, we
chose a small molecule inhibitor with hydroxylethylamine scaffold?® as a ligand, keeping in

mind the importance of such inhibitors in antimalarial drug discovery.
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Figure 10: Time evolution of the unbinding CV (distance between the centre of mass of the
active site residues and ligand heavy atoms) during metadynamics simulation (A). During
the pre-complex stage, the flap opens up in order to facilitate ligand exit. The DIST2 as a
function of simulation time shows the extent of flap opening during ligand exit (B).

Forcefield, watermodel and choice of CVs

All results presented up to this point were obtained using the FF14SB force field for the
protein and the TIP3P water model. In order to test the effect of the force field and water

model on the population of normal and flipped states, we used apo Plm-II as a model system.
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Force field

We performed a Torsion-Metad simulation with the CHARMMS36 force field and the TIP3P
water model. Metadynamics sampled both the normal and flipped conformations of Tyr-
77. The flipped state was predicted to be slightly more populated compared to the normal
state. The free-energy difference between the flipped and normal state was predicted to be

~6 kJ/mol (Figure 21 in the Supplementary Information).

Water model

We also carried out four independent MD simulations of apo Plm-IT with TIP4P-Ew water
model (and the FF14SB force field). Two of the four independent MD simulations sampled
both normal and flipped states (Figure 23 in the Supplementary Information). Besides H-
bond interactions to Trp-41, Ser-37, Asn-39 and Asp-34; these TIP4P simulations sampled
an additional H-bond to Gly-216 (Figure 23 in the Supplementary Information).
Torsion-Metad simulations with TIP4P water model sampled both the normal and flipped
states. The population of normal and flipped states as well as different H-bond interactions
were comparable to the TIP3P results (Figure 11 and Figure 26 in the Supplementary In-

formation).

Choice of CVs

We have also performed metadynamics simulations of apo Plm-II using three other types of
collective variables, namely principle components (PCA), centre-of-mass distances (COM),
and time-lagged independent components (TICA), as described in the Supplementary Infor-
mation). Metadynamics simulations using PCA and COM CVs did a poor sampling of the
normal and flipped states (Figure 11). This is due to the fact that the slow degrees of freedom
(x1 and x2 angles of Tyr-77) were not explicitly biased during these simulations. Dimen-
sionality reduction using TICA was able to capture rotational degrees of freedom associated

with Tyr-77. The metadynamics simulation using the first and third TICA components as
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Figure 11: FES reweighted on x; and x» for metadynamics simulations using PCA, COM,
torsion (denoted as Metad-TIP4P and Metad-CHARMM), TIC CVs.

CVs sampled both the normal and flipped states (Figure 11). Qualitatively, the sampling

using TICA metadynamics and Torsion-Metad were comparable to eachother.

Convergence
Plasmepsin-I1

The Torsion-Metad simulations? using TIP3P water model reached apparent convergence
after around ~600 ns. To assess the convergence, we have calculated the free-energy dif-
ference between the flipped and normal (—% radian) state as a function of simulation time

3

(Figure 12). The last ~150 ns of each simulation was used for statistical analysis. The aver-

2We have performed two independent Torsion-Metad simulations using same CV
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age free-energy difference between the flipped and normal state calculated to be 1.34 + 1.86
and —0.31 £ 1.62 kJ/mol respectively (see the Supplementary Information for statistical
analysis).

Torsion-Metad with TIP4P water model and CHARMM force-field reached apparent
convergence around ~600 ns and ~500 ns respectively (Figure 21 in Supplementary In-
formations). The average free-energy difference between the flipped and normal state was
predicted to be 2.3 + 0.6 kJ/mol and —5.8 + 1.9 kJ/mol for the TIP4P and CHARMM

simulations, respectively.
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Figure 12: Free energy difference between flipped and normal state (—% radian) as a function
of simulation time (A). Sampling of x; and y» angles (B and C) during metadynamics
simulations shows diffusive behavior of CVs space when the hill height quite small (F).
In the last part (~600 ns onward), the free energy profiles (D and E) look similar, apart
from a constant offset. Using all these observations, we can say that the two independent
metadynamics simulations reached apparent convergence.
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BACE-1

Torsion-Metad simulations starting with SO, SN and SSO conformations reached convergence
around ~300 ns. Statistical analyses were carried out using the time interval of 300-550 ns
(Figure 13). The hill heights were very small at this part of simulation. The average free
energy difference between flipped and normal state (—% radian) calculated to be —1.4 £
2.6 kJ/mol, —2.8 3.1 kJ/mol and —6.1 £ 4.0 kJ/mol for SO, SN and SSO respectively (see
the Supplementary Information). In the presentations of results in the previous sections, we

have only included the Torsion-Metad simulation started from the SN conformation.
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Figure 13: Fluctuation of x; (A) and x2 (B) during Torsion-Metad with SO, SN and SSO
conformations. The free-energy difference between the flipped and normal state as a function
of simulation time shows apparent convergence of metadynamics simulations (C).
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Mutational study

We computationally mutated the conserved Tyr to alanine (Ala) in apo Plm-II and BACE-1.
Alanine doesn’t possess a bulky side-chain like Tyr. The apparent free-energy surface on

DIST2 and DIST3 shows a complete flap collapse in both Plm-II and BACE-1 (Figure 14).

A B
c D
E F

Figure 14: FES projected on DIST2 and DIST3 in case of apo Plm-II (A and B) and BACE-1
(C and D) with Ala mutation. This can be compared with wild type Plm-II (E) and BACE-1
(F). Projection on DIST2 highlights that the flap loses flexibility in mutant protein.

Discussion

In solution, the flap region of apo Plm-II and BACE-1 adapts different conformations due to
rotation of x; and x» angles of the conserved tyrosine residue (Tyr-77 and Tyr-71 in case of

Plm-IT and BACE-1 respectively). Mutation of Tyr to Ala led to complete flap collapse in

19


https://doi.org/10.1101/2020.04.27.062539
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.27.062539; this version posted April 27, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Plm-IT and BACE-1. Previous experimental studies highlighted that mutation of Tyr to Ala
resulted in loss of activity.?* Mutation of Tyr to other amino acids with smaller side-chains,
e.g. Thr, Ile, Val in chymosin (another pepsin-like aspartic protease), also resulted in loss
of activity. However, mutation of Tyr to Phe in pepsin didn’t diminish the activity of the
protein.?>2?% Like Tyr, Phe also possesses rotational degrees of freedom along the y; and
X2 angles. Hence, the flap of pepsin-like proteases with Phe (Tozoplasma gondii aspartic

proteases, Plm IX, X and Plm V) can still remain dynamic in the apo conformation.?"?

p1 P2 P3 P4

C

(C1,C2,C3,C4, ...) P6

Solvent Exposed

P5 ;
Asp
(Flipped)

P7
P10

P8 P9

Figure 15: Three different conformational states associated with side-chain flexibility of Tyr
in pepsin-like aspartic proteases. Normal and flipped states are stabilised by H-bond to Trp
and Asp. C is the solvent exposed subspace which consists of several rotameric conformations
(C1, C2, C3, C4, ... etc.) of Tyr. P1 to P10 denotes crystal structures of human cathepsin-D
(PDB:1LYA), cathepsin-E (PDB:1TZS), BACE-2 (PDB:3ZKQ), PIm-V (PDB:4ZL4), bovine
chymosin (PDB:4AUC), human pepsin (PDB:3UTL), candidapepsin (PDB:2QZW), human
renin (PDB:5SY2), Plm-I (PDB:3QS1) and Plm-IV (PDB:1LS5) respectively. All these
structures (except Plm-V) possessed conserved Tyr, Trp and Asp residues similar to Plm-II
and BACE-1. Plm-V is missing the conserved Trp residue.
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MD simulations sampled both normal and flipped states. However, low transition prob-
ability between normal and flipped states in MD simulation makes it a rare event. Rotation
of the x; angle of Tyr was found to be the slowest degree of freedom separating normal
and flipped states. On the other hand, rotation of the y» angle acts as an auxiliary collec-
tive variable. Metadynamics simulations with x; and y, angles as CVs sampled the normal
and flipped states much more reliably. Both these states were stabilised by formation of
interchanging H-bonds with neighbouring residues. A common pattern among these inter-
actions is the formation of H-bonds to Trp and Asp (Figure 15). In R. pusillus protease, the
normal state was stabilised by a hydrogen bond between Tyr-75 and Trp-39.2° In a set of

1.3% replaced Trp-39 with other residues in R. pusillus protease and

experiments, Park et a
observed a decreased activity, which suggests a role of Trp in stabilising the normal state
of Tyr. Crystal structure of PIm-V from P. vivar (PDB: 6C4G,3' 4Z143%) doesn’t possess
the Trp residue but the flap region still remains dynamical due to the rotational degrees of
freedom associated with Tyr .33

Spontaneous flap opening was also sampled during MD and metadynamics simulations.
However, the extent of flap opening varied among Plm-I1T and BACE-1. The metadynamics-
based unbinding study provided an overview of the extent of flap opening necessary for
substrate entry in apo Plm-II. In that simulation, Tyr remained in the normal state during
ligand unbinding. In the future, more extensive simulation studies are necessary to under-
stand the actual role of Tyr in substrate binding.

Finally, we also want to address our thoughts regarding convergence of metadynamics
and the problems associated with it. In the metadynamics simulations, the normal and
flipped states of Tyr can access a wide range of conformations that are solvent exposed.
If one imagines that the normal and flipped states of Tyr fluctuates between only two H-
bonded states, A and B, then the Torsion-Metad simulations would have been much easier

to converge. However, in our case, the longer we run the Torsion-Metad simulations, the

flipped and normal states tend to sample new conformations in the solvent exposed subspace
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(denoted by C), which makes it harder to converge within a reasonable time (Figure 15).

Conclusion

The dynamic nature of the flap in pepsin-like aspartic proteases is necessary for its catalytic
activity and substrate binding. Most of these aspartic proteases possess a conserved triad
of Tyr, Trp and Asp (Figure 15). We predict that the flap dynamics in almost all pepsin-
like aspartic proteases is governed by the rotational degrees of freedom associated with the
Tyr residue. The orientation of tyrosine directly influences the volume of the binding site.
Drug designers may be able to exploit this property by designing inhibitors of varying size
which can lock tyrosine at any desired conformation. We believe that our study will act as a
starting point to perform experiments that can give structural and mechanistic insights into

pepsin-like aspartic proteases.
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Supporting Information Available

Computational Methods

Starting structure: Plm II

The co-ordinates of the apo Plm II (PDB ID: ILF4)3! was retrieved from protein data
bank. Prior to simulation, the protonation state of the structure was adjusted using the
H++ server® and missing cysteine—cysteine sulphur—sulphur (S-S) bridges were created.
The catalytic aspartic acid at position 214 was protonated while the other one (Asp34)

remained negatively charged.

Starting structure: BACE-1

The co-ordinates of the apo BACE-1 were retrieved from PDB (PDB: 1W50 (SO), 3TPL
(SN) and 1SGZ (SSO)). These structures differs in terms of orientation of tyrosine and
extent of flap opening (Figure 16). The structures of BACE-1 were prepared similarly that
of Plm-II.

Figure 16: Difference in flap opening and orientation of Tyr in SO (PDB:1W50, blue), SN
(PDB:3TPL, grey) and SSO (PDB:1SGZ, orange) conformations of apo BACE-1. In SSO
conformation, Tyr points backwards.
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MD simulations
TIP3P water model

The protein was treated with the FF14SB36 force field and immersed into a truncated octa-
hedron box with TIP3P3" water molecules. The system was neutralised by 9 sodium ions.
The box was set such that no protein atom was within 1.0 nm of the box edge. Initial re-
strained minimisation was performed with steepest descent algorithm for 750 steps followed
by 1750 steps of conjugate gradients with a restrained potential of 40 kJ/mol applied on the
C, atoms. The restrained minimisation was followed by 200 steps of unrestrained minimisa-
tion. The minimisation was followed by gradual heating (from 0K to 300K) for 400 ps with a
harmonic restrained of 40 kJ/mol applied on the C, atoms and a Langevin thermostat with a
collision frequency of 1ps—! using NVT ensemble. The system was subsequently equilibrated

t38

at 300K in an NPT ensemble for 5 ns without restraint and a Berendsen barostat®® used to

maintain the pressure at 1 bar. Long-range electrostatics were treated using particle mesh
Ewald (PME) method® with a grid spacing of 0.1 nm and van-der Waals (vdW) cut-off of
1.2 nm. Finally, independent production runs (using apo Plm-II and BACE-1) with time
step of 2 fs were performed with different initial starting velocities and LINCS algorithm 4

was used to constrain the bonds of all hydrogen atoms during the simulation.

Table 1: Length (in ns) of MD simulations starting with TIP3P and TIP4P-Ew water models
using apo Plm-II.

Simulation  Length

TIP3P

MD1 228
MD2 262
MD3 442
MD4 584
TIP4P-Ew

MD1 669
MD2 935
MD3 530
MD4 230
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Table 2: Length (in ns) of MD simulations starting with SO, SSO and SN conformation of
BACE-1. The simulations were carried out in TIP3P water model.

Simulation Length

SO

MD1 774
MD2 835
SSO

MD1 518
MD2 513
SN

MD1 790
MD2 791

TIP4P water model

We have also carried out independent MD simulations using the TIP4P-Ew water model
(referred to as TIP4P from here on).*! Simulation parameters were identical as in the TIP4P
simulations. The system was equilibrated in the NPT ensemble using the Berendsen barostat
for at least 5 ns. Independent production runs (using apo Plm-II) were performed with time
step of 2 fs.

Additional simulations were performed also performed where apo Plm-II was described
using CHARMMS36 force-field (?). Other simulation parameters were kept identical as in
TIP3P simulation. The system was equilibrated in NPT ensemble using Berendsen barostat

for 5 ns before starting metadynamics simulations.

Metadynamics and Choice of CVs

6 an external bias potential is constructed in the space of a

In metadynamics simulation, !
few selected degrees of freedom, known as collective variables (CVs). This potential is built
as a sum of Gaussians deposited along the trajectory in the CVs space. The applied bias
potential in metadynamics pushes the system away from a local energy minimum into new

regions of phase space.

In standard metadynamics simulation, gaussians of a pre-defined height are added dur-
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ing the course of metadynamics. As a result, the system is eventually pushed to explore
high free-energy regions. This problem is solved by applying the well-tempered metady-

1,%3 where the height of the gaussian is decreased with simulation time which

namics protoco
eventually leads to smooth convergence in a long time scale.
We have used principal component analysis (PCA), time-independent component anal-

ysis (TICA),* distances (COM) and torsion angles (Torsion-MetaD) as CVs during our

metadynamics investigations.

Torsion Angles

We have used x; and xo angles of the Tyr residue in the flap (Tyr-77 in case of PIm-II and
Tyr-71 in case of BACE-1) as CVs to perform well-tempered metadynamics simulations. All
metadynamics simulations were performed at 300K with a gaussian height of 1.2 kJ /mol and
a width of 0.05 radian deposited every 1 ps. The bias factor was set to 15. Three independent
metadynamics simulations (two with TIP3P and one with TIP4P-Ew water model) were
performed in case of apo Plm-II. In case of BACE-1, three different metadynamics simulations
(using TIP3P water model) were performed with the same settings but starting from the
SO, SN and SSO conformations, respectively.

For Plm-II, we have also performed metadynamics simulations with CHARMMS36 force-

field*? (with TIP3P water model) using torsion angles as CVs.

Distance

We have used the distance between the centre of mass (COM) of the catalytic aspartic
residues (taking into account only C,, atoms of Asp34 and Ash214) and the COM of the flap
region (taking into account all C, atoms of residues 58-88) as the first collective variable
(CV1). The distance between the COM of the catalytic aspartic residues and the COM
of the coil region (taking into account all C,, atoms of residues 282-302) was used as the

second collective variable (CV2) (Figure 17). CV1 and CV2 were used in a 2D WT-MetaD
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simulation with the TTP3P water model. Metadynamics simulations were performed at 300K
with a gaussian height of 1.2 kJ/mol and a width of 0.02 nm deposited every 20 ps, and a
bias factor of 10. An upper and lower wall at 2.05 nm and 1.60 nm respectively, were placed
along CV1, whereas in case of CV2, the upper and the lower wall were placed at 1.75 nm

and 1.35 nm, respectively.

Figure 17: A simplified view of the COM CVs used in this study. A, B and C denotes centre
of mass corresponds to flap (residue 58-88), coil (residue 282-302) and catalytic aspartic dyads
respectively.

Principal Components

Principal component analysis (PCA) was performed in order to capture the most prominent
motions from our MD simulations.*® Trajectories from two independent MD runs in TIP4P
water model (starting with apo Plm-II) were combined and PCA analysis was performed on
C,, atoms of the protein (ignoring the tail part, Gly0—Asn3) using the g_covar tool integrated
with Gromacs. We have used the first two eigenvectors (PC1 and PC2) as CVs in a 2D WT-
MetaD with the TIP3P water model. The temperature was set at 300K with a Gaussian
height and width of 1.0 kJ/mol and 0.00025 nm, respectively. The bias factor was 10. Walls

were applied along the eigenvectors to restrict the sampling of regions of high free energy.
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Time-independent component analysis

Time-independent component analysis® was performed using MSM Builder 3.8 using one
representative MD simulation with TIP4P water model. Rotational and translational degrees
of freedoms were removed from the MD trajectory before performing the dimensionality
reduction. The dimensionality reduction started by transforming raw cartesian co-ordinates
into a subset of important dihedral features using DihedralFeaturiser. We used x; and
X2 angles associated with the flap region (residues 73-83) of apo Plm II to generate the
features (Figure 19). High-dimensional dihedral features were then reduced to 10 time-lagged
independent components by performing TICA using a lag time of 10. The TICA features
were transferred to a Plumed input file via a Python script. We were mainly focused on
the first 5 TICs. Plumed Driver was used to extract the projection of the first 5 TICs from
MD trajectories. Finally, well-tempered metadynamics was performed using TIC1 and TIC3
(Figure 18) as CVs with a Gaussian width and height of 0.06 and 1.2 kJ/mol at 300K. The

bias factor was set at 15.

Unbinding using metadynamics: Plm-II-ligand complex

Prior to metadynamics simulation on Plm-ligand complex (PDB ID: 4 Y6M),%? we used the
following procedures to prepare the system for simulation. The ligand was extracted from
the complex and was parameterised by the general amber force field (GAFF)4" whereas
the protein was treated using the FF14SB force field. The complex was then neutralised
using 5 sodium ions and immersed into an truncated octahedral box with TIP3P water
models such that no solute atom is within 1.0 nm of the box edge. Initial minimisation with
steepest descent algorithm was performed for 5000 steps followed by restrained equilibration
(a restrained of 500 kJ/mol was applied on protein C, and ligand heavy atoms) for 2 ns in
the NPT ensemble with Berendsen barostat used to maintain the pressure at 1 bar. The

temperature was fixed at 300 K in both cases using the velocity rescaling algorithm. All

3using lag time 10
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Table 3: Mean-free sin and cos transformed y; and Y, angles and corresponding feature
index.

Feature Index Name

0 sin x; 74
1 sin x1 75
2 sin y; 76
3 sin y1 77
4 sin x1 78
D sin x1 79
6 sin 1 81
7 sin 1 82
8 sin y1 83
9 cos x1 74
10 cos X1 79
11 cos x1 76
12 cos x1 17
13 cos x1 78
14 cos x1 79
15 cos x1 81
16 cos X1 82
17 cos x1 83
18 sin o 74
19 sin xo 75
20 sin xo 76
21 sin xo 77
22 cos X2 78
23 cos X2 75
24 cos Yo 76
25 cos X2 17
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E

Figure 18: Coefficients corresponding first 5 TICs. The X axis corresponds to the features
which are described in Table 3. One can see that TIC1 and TIC3 able to capture rotational
degrees of freedom associated with Tyr side-chain.

Figure 19: Structural of flap region (residues 73-83) used in generating TICs in case of apo
Plm-II.

bonds lengths were constrained using the LINCS algorithm?® to enable a time-step of 2 fs.
A non-bonded cut-off of 1.2 nm was used, and long-range electrostatics were treated by PME
using a grid spacing of 0.1 nm. The restrained equilibration was followed by an unrestrained

equilibration for 5 ns in the NPT ensemble keeping all other simulation settings identical as
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before. Finally a snapshot with a volume near the average of this ensemble was used as a
starting point for the metadynamics simulation.

In order to estimate the motion necessary for ligand unbinding, we have performed well-
tempered metadynamics using the distance between centre of mass of the active site residues?
and the ligand heavy atoms as CV. This kind of CV was used recently by Dodda et al. in order
to study unbinding of a small molecule inhibitor from HIV NNRTI.*® The metadynamics
simulation was performed at 300K with a gaussian height of 1.2 kJ/mol and a width at 0.011

nm, deposited every 1 ps. The simulation was stopped when CV distance reached ~ 5 nm.

Reweighting with distance

To understand the conformational flexibility of flap and coil region region in apo Plm-II, we
devised two distances (DIST2 and DIST3) which quantifies conformational flexibility across
all simulations (Figure 20). In case of apo BACE-1, C, distance between Asp-32 and Thr-72
is referred as DIST2 whereas the C, distance between Ash-228 and Gln-326 is referred as
DISTS.

The distances were not used as CVs. In our initial test calculations, we observed that a
moving harmonic potential on the distances led to distorted flap conformations. However,
we reweighted the free energy landscapes as a function of DIST2 and DIST3 as the distances
gave a better quantitative view of the movement of the flap and the coil region. Reweighting
the free energy surfaces on DIST2 and DIST3 also gives an understanding of which is the
dominant movement between the flap and the coil region. Reweighting was also performed
on several H-bond distances involving Tyr.

A reweighting algorithm has been used to calculate the unbiased probability distribution
of variables in the well-tempered metadynamics simulations.*® If a bias is acting on a sys-
tem, it is constantly changing the biased probability distribution of the system. Using the

reweighting algorithm, we can remove the effect of bias and recover the unbiased probability

4active site residues are: Tyr77, Asp34, Asp214, 1le123, Ser37, Ile32, Val78, Thr217.
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distribution along chosen degrees of freedom.

Val78 Leu292
Val78
Leu292
DIST2 DIST3
Asp34 Ash214
Asp34 Ash214

Figure 20: Representation of distance matrices, DIST2 and DIST3 used in this study to
quantify movement of flap (DIST2) and coil region (DIST3) in apo Plm-II.

Computational tools

All simulations were performed using Gromacs 5.0.2°° patched with Plumed.®! The tLeap
module of Amber was used to generate topology and co-ordinate files. Acpype®? was used

to convert the Amber topology and co-ordinates to a Gromacs compatible version.

Statistical analysis

Time evaluation of free energy difference between flipped and normal (—% radian) state in
Torsion-Metad simulations. We integrated multiple free-energy profiles in two basins defined
by the following intervals on yx; space: flipped, +2.5 < x; < —2.5; normal, —1.5 < y; <
—0.5.

The block averages are calculated over a period of 100 ns and the precision is approxi-

mated by standard deviation in each block.
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Table 4: Block averaging performed on the free energy difference between flipped and normal
state in two independent Torsion-Metad simulations with TIP3P water model. Final denotes
averaging over time-interval 600-887 ns (R1) and 600-766 ns (R2) respectively.

Average (kJ/mol) Std. Dev

TIP3P-R1
600-650 ns 2.82 0.01
650-700 ns 2.79 0.004
700-750 ns 2.75 0.03
750-800 ns 1.79 0.91
800-850 ns -0.91 0.78
Final 1.34 1.86
TIP3P-R2
600-650 ns 1.26 0.18
650-700 ns -0.28 1.63
700-750 ns -1.93 0.90
Final -0.31 1.62

Table 5: Block averaging performed on the free energy difference between flipped and normal
state in Torsion-Metad simulations with apo Plm-II. Final denotes the time interval of 600-
700 ns and 500-650 ns for TIP4P and CHARMM respectively.

Average (kJ/mol) Std. Dev

TIP4P
600-650 ns 2.59 0.07
650-700 ns 1.87 0.62
Final 2.35 0.58
CHARMM
500-550 ns -5.18 0.35
550-600 ns -6.58 2.65
600-650 ns -5.57 1.59
Final -5.76 1.89
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Table 6: Block averaging performed on the free energy difference between flipped and normal
state in Torsion-Metad simulations starting with SO, SN and SSO conformations. Final
denotes the time interval of 300-550 ns.

Average (kJ/mol) Std. Dev. (kJ/mol)

SO
300-350 ns -4.44 2.22
350-400 ns 0.25 1.12
400-450 ns -2.79 1.17
450-500 ns 1.69 0.73
500-550 ns -1.62 1.32
Final -1.40 2.60
SN
300-350 ns -3.80 1.17
350-400 ns -0.37 1.41
400-450 ns -2.39 0.66
450-500 ns 0.29 1.34
500-550 ns -7.47 1.49
Final -2.76 3.06
SSO
300-350 ns -6.98 1.17
350-400 ns -7.94 1.35
400-450 ns -11.45 2.68
450-500 ns -2.52 1.11
500-550 ns -1.63 0.98
Final -6.10 3.96
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Figure 21: Free energy difference between flipped and normal state as a function of simulation
time (A). Torsion-Metad with TIP4P water model converged around same value that of
TIP3P (Figure 12). Fluctuation of x; as a function of simulation time (B) shows diffusive
behavior in the CVs space when the hill height quite small (E). Free energy profile of x;
from the last ~150 ns of Torsion-Metad with TIP4P (C) and CHARMM (D) looks quite
similar, apart from a constant offset.
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Figure 22: 2D FES projected on x; and H-bond distances in case of independent MD
simulations with TIP3P water model. MD1 did a slight sampling of normal and flipped
states. The flipped state was stabilised by formation of H-bond to Asp. In case of MD1-
MD4, the normal state was stabilised by inter-changing H-bonds to Trp and Ser. MD4
sampled additional H-bond to Asn.

Table 7: Sampling of open conformations (DIST2 > 1.8 nm.) in MD (TIP3P water model)
and metadynamics simulations. Tor-Metad-1 and Tor-Metad-2 correspond to two indepen-
dent metadynamics runs with torsion CVs.

Simulation % Open
R1-T3P 8
R2-T3P 0.2
R3-T3P 0.2
R4-T3P 0.4

Tor-Metad-1 12
Tor-Metad-2 9
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Figure 23: 2D FES projected on y; and other variables (e.g. x2, H-bond distances (Trp,
Asp, Ser, Asn and Gly) and DIST?2) in case of four independent MD simulations with TIP4P
water-model. MD1 and MD4 sampled both normal and flipped states. The flipped state
in MD4 was stabilised by inter-changing H-bond to Asp and Gly.
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Figure 24: FES reweighted on x; and H-bond distances (Asn, Ser and Gly) in case of
Torsion-MetaD simulations with apo Plm-II. F and N denotes flipped and normal states
respectively.
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Figure 25: 2D FES projected on y; and H-bond distances in case of MD and Torsion-Metad
simulations starting with SN, SO and SSO conformations. MD simulations starting with SO
and SN conformations only sampled the normal state. Whereas, simulations starting with
SSO conformation remained stuck in the flipped state. Torsion-Metad starting with SO, SN
and SSO conformations sampled both normal and flipped states.
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Figure 26: 2D FES reweighted on x; and distances (H-bond to Trp, Asp, Ser, Asn, Gly and
DIST2) in Torsion-Metad simulation with TIP4P water model in apo Plm-II.
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