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ABSTRACT

Plasmepsins are pharmaceutically rele-
vant aspartic proteases involved in hae-
moglobin degradation by the malaria
causing parasites Plasmodium spp. They
are translated as inactive proenzymes,
with an elongated prosegment. On pro-
segment cleavage, plasmepsins undergo
a series of hitherto unresolved confor-
mational changes before becoming
active. Here, the flexibility of plasmep-
sin and proplasmepsin and the activa-
tion process are investigated by multiple
explicit water molecular dynamics simu-
lations. The large N-terminal displace-
ment and the interdomain shift from
the proenzyme structure to active plas-
mepsin are promoted by essential dy-
namics sampling. An intermediate, sta-
bilized by electrostatic interactions
between the catalytic dyad and the N-
terminus of mature plasmepsin, is
observed along all activation trajecto-
ries. Notably, the stabilizing interactions
in the activation intermediate of plas-
mepsin are similar to those in the X-ray
structure of pepsinogen. In particular,
the catalytic aspartates act as hydrogen
bond acceptors for the N-terminal
amino group and the Ser2 hydroxyl in
plasmepsin, and the side chains of
Lys36pro and Tyr9 in pepsinogen. The
simulation results are used to suggest in
vitro experiments to test the conforma-
tional transitions involved in the matu-
ration of plasmepsin, and design small-
molecule inhibitors.
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INTRODUCTION

Malaria is a fatal mosquito-born disease, affecting 500 million people each
year, of which 2.5 millions die.! Malaria is caused by parasites of the Plas-
modium genus, which infect red blood cells and degrade haemoglobin as a
nutritional source. There are four Plasmodia species which cause Malaria in
human, of which P. falciparum is the most virulent. The existing drug ther-
apy is toxic in the long term and is not always efficient, due to emerging
drug resistance.>2 For this reason, there are ongoing efforts to find new
drug targets in the proteome of P. falciparum. Proteins of the plasmepsin
family seem promising in this aspect.3 Plasmepsins are pepsin-like aspartic
proteases, which are utilized by the Plasmodia for the initiation of haemo-
globin breakdown, and are not found in other genera. Ten different proteins
of the plasmepsin family have been identified in the genome of P. falciparum.
Four of these enzymes are found in an acidic lysosome-like organelle, the
food vacuole, in which haemoglobin degradation takes place, and are there-
fore the primary targets for drug development among plasmepsins. Although
recent evidence shows that P. falciparum can survive without vacuolar plas-
mepsins in culture medium,* many plasmepsin inhibitors are fatal to the
parasite.> Moreover, current development of anti-malarial drugs is based on
the use of several compounds which bind different targets. Accordingly, plas-
mepsin inhibitors linked to Primaquine, a known anti-malarial drug, were
developed recently, and showed high anti-plasmodial activity (ICsy of 0.1
uM).> It has also been suggested to use plasmepsins as drug targets together
with falcipains, which are cysteine proteases unique to Plasmodia.6

Plasmepsin II (abbreviated PM; to simplify the notation, the Roman num-
ber II is dropped henceforth) is the most studied protein of the plasmepsin
family. Its structure was solved by X-ray crystallography in the presence of
different inhibitors and in the unbound form. The PM fold is typical of eu-
karyotic aspartic proteases. It consists of two homologous domains (the N-
and C-domains), whose interface forms the binding cleft. The catalytic resi-
dues are D34 and D214. The binding site is covered by a (-hairpin structure
(the flap) which is flexible to facilitate the attachment of the substrate. The
flap is tethered to the vicinity of the catalytic site by a hydrogen bond
between the side chains of Y77 and W41. A linear chain of hydrogen
bonds, involving the binding site, the flap, and two structurally conserved
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water molecules (T217-D214—waterl-D34—S37—water2—
Y77-W41), is present in the crystal structure of the apo-
enzyme; water 1 may be replaced by an oxygen atom of
the inhibitor. This hydrogen-bonding arrangement is
characteristic of pepsin-like aspartic proteases.” The cata-
Iytic dyad is surrounded by a symmetric hydrogen-bond-
ing configuration, termed “the fireman’s grip,” which is
also typical of aspartic proteases. The two aspartates, flap
residues V78 and S79 and residues Y192 and S218 are
hydrogen bonded to the inhibitors, as shown in crystal
structures of PM.8:9 There is a small variation in the size
of the substrate binding cavity,? displaying the ability of
the protease to accommodate itself to the target.

A different arrangement of the binding site was
observed when PM was crystallized in the presence of a
potent achiral inhibitor which binds it in the ratio of 2:1
(PDB: 2BJU,10) and in related structures (PDB: 2IGX,
2IGY,11). In this conformation, the flap is open and does
not cap the binding site directly, and the W41-Y77 side
chain hydrogen bond is missing. While the flap is more
commonly found in a closed conformation, structures
with an open flap were detected in another pepsin-like
aspartic protease, [3-secretase (BACE),12:13 and in a ret-
roviral aspartic protease.14 In both cases, flap flexibility
was also evident in molecular dynamics (MD) simula-
tions.15-19

PM is translated as an inactive proenzyme, which is
activated by cleavage of its 124-residue long prosegment.
The conformational change of PM upon cleavage is hith-
erto unknown. The activation is not blocked by known
aspartic protease inhibitors in vivo, suggesting the
involvement of another enzyme rather than an autocata-
lytic mechanism.20 In vitro, on the other hand, the
enzyme undergoes autocleavage 12 residues upstream of
the wild type N terminus at acidic pH (pH < 4.7),21
and the resulting protein is enzymatically active. The
structure of truncated proPM (with residues 79pro-
121pro) was solved by X-ray crystallography (PDB:
1PFZ,22). This conformation is inactive, as the two cata-
Iytic aspartates are too far apart to perform the water-
assisted catalytic mechanism. Such conformation is
unique to plasmepsins. In pepsinogen, the active site is
preformed and is very similar to that of the active pep-
sin. Pepsinogen is inactive due to an interaction between
a positive residue (K36pro) and the active site.23 The
mechanism of activation, as suggested for pepsin, cannot
be applied to PM due to the difference in the structures
of the proenzymes.

Because of the intrinsic importance of PM and the
availability of crystal structures, several simulation studies
have been published recently. Aqvist and coworkers have
used molecular dynamics (MD) simulations to test the
binding mode of PM inhibitors, estimate their free
energy of binding,2425 and calculate the free energy pro-
file for the catalytic mechanism.2® We have recently
reported explicit solvent MD simulations of complexed

and uncomplexed PM, proPM and proPM cleaved of its
prosegment, where the protonation state of the catalytic
aspartates was assessed.2” These simulations showed that
the protonation of D214 (but not of D34) favors a stable
active site structure.

To shed light on the conformational transition of the
activation process, two MD simulation techniques are
used in this study. First, multiple explicit water MD sim-
ulations are carried out to study the plasticity of proPM
as well as complexed and uncomplexed PM. Uncom-
plexed PM is simulated with open and closed flap and
with the H318Q substitution, which was identified in a
genetic study of plasmepsins.28 ProPM is also investi-
gated in the absence of its prosegment and an N-domain
shift is observed within tens of nanoseconds. Second, the
maturation from an inactive, cleaved proenzyme to an
active protease is studied by Essential Dynamics Sampling
(EDS),29:30 a simulation technique that effectively accel-
erates conformational transitions by selecting only those
MD steps which do not increase the root mean square
deviation (RMSD) between the actual conformation
(cleaved proPM at the start of the EDS runs) and the tar-
get structure (mature PM). No deterministic force is
added to the force field energy gradient in EDS (unlike
other biased MD simulation techniques, for example, tar-
geted31:32 or steered MD33). Instead, when the target
structure is not approached by a regular MD step, the
coordinates and velocities are projected onto the essential
subspace, extracted from an unbiased simulation of the
target. As a consequence, it is guaranteed that the RMSD
between the simulated and target structures will never
increase but (unlike targeted MD) it is not guaranteed to
decrease.

An essentially unique path for the conversion from
proPM to PM is observed in all EDS simulations.
Remarkably, the same intermediate structure, with the
catalytic dyad stabilized by electrostatic interactions with
the N-terminus, is identified along all EDS trajectories.
The overall structure of the intermediate, as well as the
salt bridge between the N-terminus and the catalytic
dyad are preserved in unbiased MD simulations. Interest-
ingly, the interactions stabilizing the catalytic site of the
activation intermediate of PM are similar to those pres-
ent in the active site of pepsinogen.

MATERIALS AND METHODS

Molecular dynamics simulations

MD simulations of PM were carried out using six dif-
ferent structures as starting points (Table I): (1) PM with
a closed flap, attached to the binding site through a
hydrogen bond between the side chains of W41 and
Y77,34 (2) PM with the single amino acid substitution
H318Q, which was identified in a genetic study of plas-
mepsins,28 (3) PM with the flap region in an unusual
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Table |

Summary of the MD Simulations Performed

PDB Number of Duration Maximal backbone Number of
code Name of simulation simulations® (ns) RMSD (nm) clusters®
1LF4 unliganded PM 2 20 0.25 5
1LF4 H318Q mutant of PM 1 20 0.31 3
2BJU open flap PM 4 20 0.28 5
1LF2 PM / inhibitor complex 4 10, 10, 20, 20 0.28 4
1PFZ proPM° 2 40 0.24 3
1PFZ cleaved proPM 3 20, 20, 88 0.27 4

This table lists only the conventional MD runs started from the X-ray structures. EDS runs and MD simulations started from snapshots collected in EDS are listed in

Table II.

“Duplicate runs were started using different random distributions of the initial velocities.

®One thousand structures, collected every 0.01 ns during the final 10 ns of the simulations, were clustered according to their structural similarities (see Methods). Clus-
ters with less than 10 members were excluded. The number of clusters is an average over all simulations performed for a given system.

“Simulations of the proenzyme were performed with both catalytic aspartates negatively charged, while other runs were carried out with protonated D214, according to

a previous study.

open conformation,10 simulated without an inhibitor,
(4) p1roPM,22 (5) proenzyme upon removal of the N-ter-
minal prosegment (cleaved proPM), and (6) PM com-
plexed with an inhibitor containing a hydroxypropyl-
amine core.? The total simulation time, summed over all
runs in Tables I and II, is 0.5 ps. The simulations were
performed by use of the Gromacs program,35’3'6 version
3.3.1, with the OPLS-AA force field.>”7 Simulations of
uncomplexed PM with open and closed flap conforma-
tions, inhibitor-bound PM (with a transition state ana-
logue), proPM and cleaved proPM were carried out as
reported in.27 D214 was protonated in the simulations
of PM and cleaved proPM, while both catalytic aspartates
were negatively charged in the simulations of proPM.
Lys, Arg, His, Glu, and all other Asp residues were simu-
lated in their standard protonation states. All simulations
were run in explicit solvent using periodic boundary con-
ditions and particle mesh Ewald, and at constant temper-
ature (300 K) and pressure (1 bar). Na* and Cl~ ions
were added randomly by replacing non-crystallographic
water molecules in order to neutralize the charge of the
system and maintain a salt concentration of 0.1M.

Essential dynamics sampling

Here, EDS2%30 was used to speed up the conforma-
tional transition from cleaved proPM to mature PM.
Because of the time-scale of this process, it cannot be
studied by conventional explicit solvent MD simulations,
which are limited to 10-100 ns (the time-scale of the
conformational changes upon cleavage of proPM is not
known, but auto-activation of pepsinogen is in the order
of 10! s).38 To this end, we employed EDS in “con-
traction mode”,39 where the algorithm is implemented as
follows:

1. Perform a regular MD step and calculate the heavy

atom RMSD between the simulated structure and the
reference (target) structure, deyrrent target-
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2. If dcurrent,target < dprevious,targetr accept the step.

3. Otherwise, the coordinates and velocities are projected
radially into the chosen subspace (ED subspace from
a run of the target) centered on the target structure,
with a contracting radius equal to dprevioustargets
that is, the RMSD to the target will still be equal to

Aprevious,target (for details, see3?).

Five EDS simulations were started from three struc-
tures extracted from the three runs of cleaved proPM
(Table II). Backbone heavy atom RMSD between these
structures were between 0.15 nm and 0.23nm. Four of
the five EDS runs used a target mature PM after MD
equilibration (i.e., at production time ¢t = 0). The fifth
EDS run was carried out using a different target, taken
from a second simulation of mature PM. The essential
subspace40 was calculated over the last 10 ns of the sim-

Table Il
Summary of the EDS Runs and MD Simulations Started From

EDS Snapshots
]

Name of Initial Duration Protonation Backbone
simulation structure® (ns) of D214 RMSD (nm)
EDS 1° Cleaved 1 4 Protonated 0.08°
EDS 2 Cleaved 1 2 Protonated 0.15
EDS 3 Cleaved 2 5 Protonated 0.06
EDS 4 Cleaved 2 1 Protonated 0.17
EDS 5 Cleaved 3 4 Protonated 0.07
Int 1 EDS 3 20 Protonated 0.24¢
Int 2 EDS 3 14 Not protonated 0.19
Int 3 EDS 4 16 Protonated 0.21
Int 4 EDS 4 10 Not protonated 0.18
Int 5 EDS 5 14 Protonated 0.23
Int 6 EDS 5 14 Not protonated 0.27

“The term “cleaved” refers to the simulations called “cleaved proPM” in Table 1.
Runs EDS 1 and EDS 2 differ in the target structure (extracted from an unli-
ganded PM run), while in runs EDS 3 and EDS 4 different starting structures
were used.

‘RMSD from the target structure, calculated at the last frame of the simulation.
%Values of the RMSD from the starting structure, averaged over the last 10 ns of
the simulation.
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ulations of mature PM, using the g _covar utility in Gro-
macs, and taking all heavy atoms into account. The 782
eigenvectors with the highest eigenvalues (10% of the
total number of eigenvectors) were used for EDS. The
motion along these eigenvectors captures 71-74% of the
heavy atom mean square fluctuations (MSF) in the
unbiased simulations of cleaved proPM and only 59-68%
in the biased simulations (see Supplementary Table III).
This shows that there is a significant contribution from
the unbiased modes in EDS. RMSD below 0.2 nm
between the reference and target structure were reached
in all simulations.

Trial EDS simulations were also carried out by using
only the Ca carbons or backbone heavy atoms for the
calculation of the essential subspace, but the EDS trajec-
tories could not approach the target structure within few
ns. The eigenvalues of the 782 aforementioned eigenvec-
tors sum up to >99.5% of the MSF of all heavy atoms of
the protein, while the 987 eigenvalues of the Ca MSF
sum up only to 9% (note that it is not possible to com-
pare these values with those given in Supplementary
Table III where the eigenvalues were projected on the tra-
jectory). Apparently, the information about the motions
of the side chains is crucial for the success of the EDS as
performed here.

Molecular dynamics simulations of the
activation intermediate

An activation intermediate with an interaction between
the catalytic dyad and the N-terminus of mature PM was
identified in all five EDS simulations. Activation interme-
diate conformations were extracted from three EDS runs
(see Table II) and used as starting structures for conven-
tional MD simulations. These simulations were per-
formed in duplicates, which differed in the protonation
state of D214.

Clustering analysis

To identify the number of unique conformations in
the trajectory, structures within each trajectory were clus-
tered together if their structural similarity, as calculated
by Ca RMSD, was smaller than 0.1 nm. A structure is
added to a cluster when it is located less than a cutoff
distance from a member of the cluster, and both struc-
tures have at least P common neighbors. The neighbors
of a structure are the M other structures which are the
most similar to it (as calculated by their mutual RMSD).
Here, P = 3 and M = 10. These values reduce the sensi-
tivity of the analysis to the cutoff distance. Clustering
analysis was performed on the final 10 ns of the simula-
tion, at 10, ps intervals, that is, 1000 structures were
clustered. The Jarvis-Patrick algorithm,41 as implemented
in the g cluster Gromacs utility was used for cluster-
ing. Clusters with less than 10 members were not re-

garded as relevant for the analysis, as they represent rare
conformations.

Structural alignment and graphical
presentation

Structural alignment of different proteins (PM and
pepsinogen) was performed using the computer program
Multiprot.42  All protein figures were displayed by
VMD.43

RESULTS
Overall stability and flexibility

Tables I and II list the simulations performed and the
values of root mean square deviations (RMSD) from the
initial (i.e., X-ray) structure for conventional MD simula-
tions or from the target structure for EDS runs. The low
RMSD values indicate that the former are stable while
the latter reached the target. Furthermore, there is a
good correlation between the Co atomic fluctuations
along the MD simulations and the crystallographic tem-
perature factors (see Supplementary Fig. 1), except for
loop residues 237-243, which are involved in crystal con-
tacts in the complex with the inhibitor RS370 (PDB:
1LF2). Further structural analysis, including hydrogen
bonds and salt bridges between the prosegment and the
mature section of proPM is presented in the Supplemen-
tary Material.

Flap opening in the simulations

The flap of PM caps the substrate binding site in the
crystal structures of the apo and inhibitor-bound
enzymes.8’34 Moreover, a hydrogen bond between the
hydroxyl group of Y77 in the flap and W41 is a part of a
linear chain of hydrogen bonds which is necessary to
keep the integrity of the binding site.” In a previous
computational study of B-secretase (BACE), an aspartic
protease with a structural similarity to PM, it was shown
that the flap tyrosine’s side chain can flip its orientation
and lose this hydrogen bond.16 The flipping of the tyro-
sine makes the flap more mobile, and may be needed for
substrate binding. Interestingly, structural evidence shows
that some PM inhibitors bind to an open-flap conforma-
tion (PDB: 2BJU, 2IGX, 2IGY), where the hydrogen
bond between W41 and Y77 is missing.lo’11

The extent of the opening of the flap during the simu-
lations can be measured by the distance between the
nitrogen atom of V78 at the tip of the flap and the cata-
lytic residues (Fig. 1). The corresponding distances in the
X-ray structures, are 0.85, 0.96, and 1.40 nm for the apo
enzyme, complexed enzyme with closed flap (PDB: 1LF2)
and complexed open-flap structure (PDB: 2BJU), respec-
tively (Fig. 1, vertical lines). In the absence of an inhibi-
tor, the flap shows a considerable flexibility. The distance
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Figure 1

Flap motion. A: The distance between the Cy atoms of the catalytic aspartates and the N atom of V78 at the tip of the flap (red) shown in the
closed (PDB: 1LF4) and open (PDB: 2BJU) conformations. B: The distribution of the flap opening distance during the simulations. Vertical lines
correspond to the distance in the crystal structures of apo PM with closed flap (0.85 nm, PDB:1LF4), PM/inhibitor complex with closed flap
(0.96 nm, PDB: 1LF2) and open flap conformation (PDB:2BJU, 1.40 nm). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. ]

between the flap tip and the catalytic dyad is between
0.73 nm and 1.40 nm in the MD simulations of the apo
protein with a maximum at 0.95 nm (Fig. 1, black solid
histogram). The distribution is much wider, reaches a
value of 1.78 nm and has a maximum at 1.14 nm for the
simulations started from the structure with the open flap
(Fig. 1, dashed histogram). This maximum is smaller
than the 1.4 nm opening of the crystal conformation,!0
because of the presence of two inhibitor molecules in the
substrate binding site in the X-ray structure (PDB:
2BJU), but not in the simulations. In the MD runs initi-
ated from the closed flap conformation with a bound in-
hibitor, the presence of the inhibitor restrains the
motions of the flap, and consequently the distribution is
much narrower (Fig. 1, green histogram).

The flap is very mobile in the proenzyme, so much
that its coordinates could not be resolved in the crystal
structure.22 The lack of electron density for the flap is a
strong indicator for the absence of the W41-Y77 side
chain hydrogen bond and hence the flap was modeled as
open in the simulations of the proenzyme and cleaved
proenzyme. During the simulations, the flap is indeed
very mobile in the inactive proenzyme (Fig. 1, blue histo-
gram), and the distribution has maxima at 1.11 nm and
1.45 nm, the latter being a value even larger than in the
open-flap crystal structure of PM (PDB: 2BJU). Interest-
ingly, when the prosegment is cleaved, the flap can
assume a closed conformation (0.73 nm), although it has
a higher tendency to be open [maximum of about 1.2 nm,
red histogram in Fig. 1(B)] as in the proenzyme.
Note that the closed flap conformation in the cleaved
proenzyme is different with respect to that of active PM,
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as the W41-Y77 hydrogen bond is rarely present (not
shown).

In computer simulations of BACE the side chain of
flap residue Y71 spontaneously flipped its orientation
within ~10 ns, causing a rupture of the Trp—Tyr hydro-
gen bond, which when formed stabilizes the closed con-
formation.!® Such flipping of the side chain orientation
of Y77 was not observed in the simulations of mature
PM, regardless of the initial orientation of Y77 and W41.
Interestingly, the hydrogen bond between Y77 and W41
formed spontaneously during one of the two MD runs of
proPM and two of the three runs of cleaved proPM. In
the latter, this hydrogen bond was stable until the end of
the longest run. In the simulation of proPM, the forma-
tion of the flap hydrogen bond was transient and reversi-
ble, lasting only for 0.2% of the simulation time and
hence not leading to flap closure. This indicates that the
open flap conformation (without the W41-Y77 hydrogen
bond) is the dominant one in the simulations, in con-
trast to the X-ray structure of P. vivax proPM.44

As example of spontaneous formation, the side chains
of residues W41 and Y77 changed their orientation after
65ns of simulation time of cleaved proPM, forming a sta-
ble hydrogen bond (Fig. 2). Initially, the side chain of
W41 was involved in a hydrogen bond with S37. After
losing this hydrogen bond, the indole ring flipped its ori-
entation and pointed towards Y77 with almost concomi-
tant reorientation of the Y77 phenolic ring to form a sta-
ble hydrogen bond. It is not clear whether the reorienta-
tion of W41 and Y77 is a prerequisite for the formation
of the active site, since the integrity of the active site was
maintained in the absence of the W41-Y77 hydrogen
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Figure 2

Spontaneous formation of the W41-Y77 side chain hydrogen bond. Stereoview of the formation of the hydrogen bond, which is characteristic of
pepsin-like aspartic proteases, during the 88 ns simulation of cleaved proPM. In the uppermost frame, W41 is hydrogen bonded to S37. On
rupture of this hydrogen bond, the side chain of W41 flips (middle frame) and acts as a donor in a hydrogen bond to Y77 (bottom), as in the
mature enzyme. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 3

Orientation of the N-domain (residues 31-138). Time series of the Ca
RMSD of the regular secondary structure elements of the N-domain of
(A) PM, (B) proPM, and (C) cleaved proPM, using as reference
structures PM (red) or proPM (black). Snapshots along the simulations
were superimposed on the C-domain and central motif (residues 139—
329), and RMSD of the N-domain were then calculated. The minimal
distance between the O8s of the catalytic aspartates is shown in blue
(only for cleaved proPM). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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bond.2”7 The W41-Y77 side chain hydrogen bond, how-
ever, is present in the majority of the crystal structures of
PM, including the apo-enzyme, indicating that in the
mature protein the closed flap conformation is more
likely to have the W41-Y77 side chain hydrogen bond
formed.

Structural transitions in the simulations
of the cleaved proenzyme

A comparison between the X-ray structures of PM and
proPM reveals two main differences: a domain shift in
the N-domain (residues 30-129) and a rearrangement of
the mature N-terminus (residues 1—14).22 The domain
shift is visible when the structures of the enzyme and the
proenzyme are superimposed on their C-domain and
central motif. Neither the mechanism nor the time-scale
of this conformational transition were elucidated by
experiment.

The RMSD to the C-domain and central motif of the
two conformations is small in all simulations (not
shown). The orientation of the N-domain relative to the
C-domain and central motif is maintained throughout
the simulations of PM and proPM (Fig. 3). Remarkably,
the cleavage of the prosegment, and the protonation
of the catalytic dyad, promote an N-domain shift during
the 88-ns simulation of cleaved proPM. At the start, the
orientation of the N-domain is more similar to that in
proPM (Ca RMSD = 0.17nm) than to PM (Ca RMSD
= 0.37 nm), see Figure 4. However, as the simulation
proceeds, the N-domain shifts its orientation, and
approaches the PM conformation, so that at 70 ns the
N-domain Ca RMSD from proPM and PM is 0.38 nm
and 0.22 nm, respectively (see Figs. 3 and 4). The struc-
tural changes encompass the active site as well. The cata-
lytic aspartates approach each other during the three
cleaved proPM simulations, and reach the distance of a
water-mediated hydrogen bond (5-6 A), for example, in
the 65-70 ns and 75-80 ns intervals of the longest run
[Fig. 3(C)].

The integrity of the binding site in the mature enzyme
is maintained through a linear chain of hydrogen bonds.”
This arrangement is present in the simulations of mature
PM, but not in those started from the cleaved proenzyme
structure. The inability of the cleaved enzyme to fully
form the active site as in mature PM during the three
MD simulations calls for the application of advanced
simulation techniques, as described below.

Simulations of the activation process
by essential dynamics sampling

The structural changes on the cleavage of the proen-
zyme were promoted by EDS using the structure of the
mature enzyme as a target. Five different simulations
were performed (see Table II). In all runs, the cleaved
proenzyme reached RMSD <0.2 nm from its target
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Figure 4

Changes in the structure of cleaved proPM. The structure of cleaved
proPM (yellow) superimposed on the structure of PM (red), after
energy minimization only (top) and after 70 ns of simulation (bottom)
are shown in stereoview. The structures are superimposed on the C-
domain and central motif (residues 139-329, which are at the bottom).
Note that the 70 ns structure of cleaved proPM is more similar to PM
than to proPM (Ca RMSD = 0.38 nm to proPM and 0.22 nm to PM).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

within less than 2 ns (Fig. 5). It should be reminded that
the time-scale of the EDS simulations is much shorter
than that of the spontaneous process, as sampling is
enhanced in the desired direction to allow the transition
to complete within feasible time. Strikingly, although dif-
ferent initial structures (and essential components from
two different MD simulations) were used in the simula-
tions, the resulting trajectories were similar, for example,
the protein always followed the same pathway from the
proenzyme to the mature conformation (Fig. 6). This is
shown for two simulations in Figure 7A, which depicts
the backbone RMSD values of all structures from one
EDS simulation with reference to all of the structures
from a second EDS simulation. The RMSD of pairs of
structures from similar times are low (~0.1 nm), which
indicates that the pathways are similar. Furthermore, the
complete transition is observed in all five EDS simula-

tions, for example, conformations similar to the structure
of the active enzyme were attained in the five EDS runs.
As a counter example, the closed conformation of citrate
synthase could not be reached in EDS simulations start-
ing from an open conformation.4>

The structural transition along the activation process is
presented in Figure 6 (see also Supplementary Fig. 2).
Before the EDS simulation, the N-terminus is a struc-
tureless coil, wiggling around the rest of the protein. At
t = 40 ps, the first few residues already come closer to the
mature segment of the protein. Interestingly, at 180 ps
the N-terminus amino group interacts with the negatively
charged binding site, while S2 forms hydrogen bonds
with D34 and Y77 of the flap (Fig. 6, at 180 ps; see also
the upper frame of Fig. 8). The interaction between the
N-terminal residues and the catalytic site is identified in
all simulations [Fig. 7(B)] and persists for 300-500 ps.
The structure of the intermediate, with respect to the ini-
tial (cleaved pro-PM) and target (PM) conformations is
shown in Figure 9. Note the different location of the N-
terminus in each of these structures. To complete the
transition, the N-terminus passes the catalytic site and
starts interacting with B strands 4 (residues 153-157)
and 5 (residues 166-170). Finally, the N-terminus forms
an additional B strand using B strand 5 as a template.

Interactions between the N-terminus and
the active site during the activation process

In pepsinogen, the proenzyme is kept inactive due to
interactions between a positively charged residue (K36pro
in human and porcine pepsinogen) and the catalytic
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Figure 5

Backbone heavy atoms RMSD from the initial (cleaved proPM, dotted
line) and target (mature PM, solid line) structures along the five EDS
runs. The different colors refer to different simulations, which also
differ in length. The black horizontal bar indicates the time interval
during which the N-terminus is in contact with the catalytic dyad (see
also Fig. 7). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 6

Stereoview of snapshots from one of the EDS simulations of the
activation process of PM. The N-terminal segment (residues 1-14) is
shown in blue regardless of its secondary structure. Residues 15-329 are
color-coded according to their secondary structure (a helices in purple,
3-10 helices in pink, B strands in yellow, tight turns in cyan and coils
in white). See also Supplementary Figure 2. Note that the orientation is
rotated with respect to Figure 4, so that the N-domain is at the bottom
to better visualize the motion of the N-terminal segment. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. |

aspartates.Z?’A6 Furthermore, the catalytic residue D32
acts as an acceptor for a hydrogen bond with the pheno-
lic moiety of Y9. Such interactions were not observed in
the crystal structure of proPM.22
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In all EDS simulations, the N-terminus of PM inter-
acts with the catalytic aspartates for up to 0.5 ns, either
by a salt bridge with the amino group or by hydrogen
bonds involving the side chain (and sporadically also the
backbone NH) of S2 [Fig. 7(B)]. To test the stability of
these interactions in the absence of any bias, six conven-
tional MD simulations were started from EDS conforma-
tions of the protein, with the N-terminus close to the
active site [see circles and arrows in Fig. 7(B) and Table
I1]. In the first three runs, PM was protonated at D214;
the minimal distance between the two N-terminal resi-
dues (S1, S2) and the Od atoms of the catalytic aspar-
tates is shown in Figure 10. In two of the three simula-
tions, the N-terminus is either in a direct contact with
the catalytic dyad (black time series in Fig. 10) or is sep-
arated by a single water molecule (blue and black time
series in Fig. 10). In the third simulation, a transient sep-
aration is observed between 6 and 13 ns with contact ref-
ormation at 14 ns. It should be mentioned that three
EDS simulations were run with protonated D214 because
this is the protonation state in the mature protein,2” but
it is reasonable to assume that the protonation takes
place during the activation process, after cleavage. For
this reason, three additional simulations of the interme-
diate structure were performed with unprotonated D214.
In these three simulations, the N-terminus amino group
formed a stable salt bridge with the catalytic pair, and
consequently the minimal distances were 0.2 nm or lower
(results not shown). Notably, the average backbone
RMSD from the initial conformation of all control runs
is <0.27 nm. Such structural stability suggests that the
activation intermediate is (meta)stable on time-scales
longer than 10 ns. The catalytic site of this intermediate
is structurally similar to that of pepsinogen (PDB:
2PSG*7), as displayed in Figure 8. Note the similarity
between the electrostatic interactions of the amino group
in the N-terminus of PM or K36pro of pepsinogen with
the catalytic dyad. In addition, in both cases one of the
catalytic residues accepts a hydrogen bond from a
hydroxyl moiety, where the hydrogen bond donors are
Y9 and S2 in pepsinogen and PM, respectively. These
interactions prevent the binding of a substrate and may
also stabilize the unprotonated state of both catalytic
aspartates.

DISCUSSION

The activation of pepsin-like aspartic proteases is a
complex process. In pepsinogen, this process starts by a
conformational change which takes milliseconds#® and
does not involve cleavage. The new conformation is
termed intermediate 1. A cascade of events leads to the
cleavage of the pro—mature junction and the formation
of intermediate 2, where the prosegment is already
cleaved but residues Alpro-F26pro still interact non-co-
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Structural transitions in the EDS simulations. A: Backbone RMSD matrix of all snapshots from one EDS simulation relative to all snapshots from
a second EDS simulation, displayed for the first 2 ns of the simulations. The blue region between 100 ps and 500 ps is the activation intermediate.
B: Time series of the minimal distances between S1 and S2 of the N-terminus and the O3 atoms of D34 and D214 (shown only for t <1500 ps,
truncated after the distances reached a plateau). The different colors refer to different EDS simulations. Starting points for the simulations of the
activation intermediate are indicated by circles (see the arrows at the bottom of the figure).

valently with the mature portion.4? Intermediate 2 can
be stabilized by transfer to neutral pH, and its structure
was solved by X-ray crystallography.0

The kinetics of the activation process of PM are
known to a lesser extent. The structure of proPM differs
in many aspects from the one of pepsinogen. In proPM,
there are no interactions between the active site of the
proenzyme and the prosegment.22 On the contrary, in
pepsinogen the prosegment’s K36pro side chain is
involved in a salt bridge with the catalytic dyad and there
is a hydrogen bond between the phenolic side chain of
Y9 (as a donor) and D32. Another major difference is
that in pepsinogen the catalytic site is preformed
(including the flap hydrogen bond between the side
chains of W39 and Y75),47 while in the structure of
proPM the two catalytic aspartates are too far apart to
support the enzymatic mechanism, and the W41-Y77
side chain hydrogen bond is apparently not present.22
Interestingly, this hydrogen bond formed spontaneously
in two of the three simulations of cleaved proPM.

The simulations of proPM, cleaved proPM and the
activation process shed some light on the maturation of
PM. In proPM, the prosegment, and mature portion of
the protein interact via 22 hydrogen bonds (average in
the simulations). The transient protonation of aspartate

and glutamate residues at acidic pH is likely to disrupt
the hydrogen bond connections between the proseg-
ment’s two a helices and the mature portion of the pro-
tein, eventually leading to destabilization of the helices.22
The B strand of the proenzyme is anchored to the body
of the protein by six hydrogen bonds, and is not
expected to be affected directly by low pH, but will be
dispatched due to the release of the helices. Once the
prosegment is cleaved, the mature N-terminus can
detach from the rest of the protein and moves towards
the catalytic site, forming the activation intermediate.
This intermediate is observed in all EDS runs and is sta-
ble (in the 10-20 ns time scale) in six control simula-
tions started from three different snapshots of the EDS
intermediate.

The activation intermediate is not sampled during the
unbiased simulations of the cleaved proenzyme suggest-
ing that there is a free energy barrier between the cleaved
proenzyme and the intermediate, which cannot be over-
come in the timescale of the simulations. In the cleaved
proenzyme, the 14 N-terminal residues are not anchored
to the body of the protein and their conformational free-
dom prevents a fast transition. When applying EDS, this
mainly entropic barrier is easily overcome, and the inter-
mediate is formed within less than 200 ps. The second
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Figure 8

Lys3Bp

Similarity between the activation intermediate of PM and pepsinogen. (Top) A snapshot of the interaction between Y77 of the flap and S2, while
the N-terminal amino group interacts with the catalytic dyad, taken from a simulation of the intermediate with protonated D214. The hydrogen
bond between the side chains of Y77 and S2 was identified in about 35% of the simulation time in two MD simulations of the intermediate (with
D214 protonated and unprotonated). The protein is colored as in Figure 6. Residues S1, S2, D34, Y77, and D214 are shown in ball and stick
representation. (Bottom) Stereoview of the active site interactions in PM and pepsinogen. PM residues are shown in ball and stick representation,
while pepsinogen residues are displayed by cylinders. The overlap was obtained by automatic alignment and involved 242 (out of 329) PM residues.

barrier, between the intermediate and the final state
involves a significant enthalpic contribution due to the
electrostatic interactions between the N-terminus and the
catalytic site. This barrier is also not overcome in the
control simulations, started from the intermediate con-
formations sampled by EDS, but it seems to be smaller
when one of the catalytic residues is protonated, as sug-
gested for pepsinogen.50 Protonation of the catalytic
dyad weakens the electrostatic attraction, promoting the
activation process.

The stability of the activation intermediate in the
unbiased simulations and its similarity to pepsinogen
indicate that the EDS simulations generate a probable

activation trajectory. Yet, more evidence is needed to bet-
ter elucidate the maturation process. PM activation
involves cleavage, conformational changes and protona-
tion of a catalytic residue. This makes it difficult to study
the whole process by using bulk experiments, since the
kinetics of one process may not be well separated from
the kinetics of other processes (e.g., detachment of the
N-terminus from the catalytic site and protonation of
D214). In principle, single molecule fluorescence reso-
nance energy transfer (FRET) experiments could be used
to overcome this kinetic obstacle (separation of time-
scales), but the currently used fluorophores are not sensi-
tive enough to distinguish between a salt bridge distance
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Figure 9

The activation intermediate. Stereoview of the activation intermediate (taken from the simulation EDS 4 at t = 170 ps, that is, the initial
conformation for simulations Int 3 and Int 4) structurally aligned (A) on the initial conformation, prior to EDS and (B) on the target structure,
that is, active PM. The activation intermediate is colored as in Figure 6, and the orientation is as in Figure 8. The reference structure is colored
orange. Residues S1, S2, D34, and D214 are represented as balls-and-sticks in full color for the intermediate, while the two N-terminal residues of
the reference structures are shown by sticks only. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

and an extended conformation of the N-terminus. It may be identified by carbodiimide cross-linkers, which link
therefore be helpful to use cross-linking experiments fol- primary amines to carboxylates.

lowed by mass spectroscopy.5 1,52 Interactions between The activation trajectory and the atomic details of the
the amino group and carboxylates in the protein could intermediate are useful for the design of PM inhibitors
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Figure 10

Interactions between the two N-terminal residues and the catalytic
dyad. The minimal distance between the two N-terminal residues (S1,
S2) and the O8atoms of the catalytic aspartates is shown for unbiased
runs with D214 protonated, started from the activation intermediate
obtained by EDS (simulations Int 1, Int 3, and Int 5 in Table II).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

that bind the premature active site when the catalytic
aspartates are already adjacent, but the linear chain of
hydrogen bonded residues is not fully formed. It was pre-
viously shown that globin and pepstatin can bind an
activation intermediate of pepsinogen and act as inhibi-
tors.”3 A possible strategy for the development of novel
PM inhibitors involves high-throughput docking. In this
approach, a large library of compounds could be
screened against multiple conformations of PM with dif-
ferent values of distance and relative orientation of the
catalytic aspartates, sampled along the activation trajec-
tory. Inspired by the stable arrangement of the N-termi-
nal serine, which is in close contact with the catalytic
dyad in the activation intermediate, a more focused strat-
egy could involve the docking of a tailored library con-
sisting of compounds with a primary (or secondary)
amino group and a hydroxyl group. The stability of the
activation intermediate and the similarity between the X-
ray structures of P. falciparum proPM22 and P vivax
proPM44 suggest that inhibitors of the activation process
of PM might be useful to fight plasmodia in general.
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