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ABSTRACT: Histo-aspartic protease (HAP) from Plasmodium
falciparum is a promising target for the development of novel
antimalarial drugs. The sequence of HAP is highly similar to those
of pepsin-like aspartic proteases, but one of the two catalytic
aspartates, Asp32, is replaced with histidine. Crystal structures of
the truncated zymogen of HAP and of the complex of the mature
enzyme with inhibitor KNI-10395 have been determined at 2.1
and 2.5 A resolution, respectively. As in other proplasmepsins, the
propeptide of the zymogen interacts with the C-terminal domain
of the enzyme, forcing the N- and C-terminal domains apart,
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progastricsin

thereby separating His32 and Asp215 and preventing formation of the mature active site. In the inhibitor complex, the enzyme
forms a tight domain-swapped dimer, not previously seen in any aspartic proteases. The inhibitor is found in an unprecedented
conformation resembling the letter U, stabilized by two intramolecular hydrogen bonds. Surprisingly, the location and
conformation of the inhibitor are similar to those of the fragment of helix 2 comprising residues 34p—38p in the prosegments of
the zymogens of gastric aspartic proteases; a corresponding helix assumes a vastly different orientation in proplasmepsins. Each
inhibitor molecule is in contact with two molecules of HAP, interacting with the carboxylate group of the catalytic Asp21S5 of one
HAP protomer through a water molecule, while also making a direct hydrogen bond to Glu278A’ of the other protomer. A
comparison of the shifts in the positions of the catalytic residues in the inhibitor complex presented here with those published
previously gives further hints regarding the enzymatic mechanism of HAP.

he parasite Plasmodium falciparum is implicated in the

death of nearly 2 million people annually, most of them
children.”* With the rapid emergence of resistance to the
current antimalarial therapy, the development of novel
therapeutic agents targeting this organism is necessary. During
the growth phase of the parasite in the human erythrocytes, it
breaks down a significant amount of host hemoglobin to obtain
amino acids for protein synthesis”* and also to reduce the
colloid osmotic pressure within the host cell, thus preventing its
premature lysis.’ This degradation process takes place in the
food vacuole of the parasite.® Four pepsin-like aspartic
proteases known as plasmepsins (PMs) are present in the
food vacuole of P. falciparum. PMI, PMII, histo-aspartic
protease (HAP), and PMIV have all been shown to be directly
involved in the process of hemoglobin degradation,”” and all
have been characterized structurally.8 For such reasons,
vacuolar plasmepsins are potential targets for the development
of novel drugs against malaria.”
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Although the amino acid sequence of HAP exhibits a high
level of identity to those of the other three vacuolar PMs
(almost 60%), some of the differences are very significant,
especially in the active site region.'® The most important
change is that Asp32 (amino acids are numbered throughout
according to the sequence of pepsin, with insertions marked by
trailing characters A, B, etc.®), one of the two catalytic
aspartates in pepsin-like aspartic proteases," is replaced in HAP
with histidine. There are also other important substitutions,
including strictly conserved Tyr75 and highly conserved Val/
Gly76, which are replaced with Ser and Lys, respectively. The
latter substitutions are found in the flexible loop named “flap”
(residues 70—83), located in the N-terminal domain of the
enzyme. The flap plays a major role in all pepsin-like aspartic
proteases, changing its conformation upon ligand binding.""
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Previously determined medium-resolution crystal structures of
uncomplexed HAP (PDB entry 3FNS; to abbreviate the
nomenclature, here termed the apoenzyme) and of complexes
with pepstatin A (PDB entry 3FNT) and KNI-10006 (PDB
entry 3FNU)" confirmed the pepsin-like fold of this enzyme.
The observed binding mode of pepstatin A in the active site of
HAP disproved the earlier hypothesis that HAP is a serine
protease' but left open an alternative mechanistic proposal.'*
Thus, the catalytic mechanism of HAP is still not fully
elucidated, in part because of the lack of higher-resolution
crystal structures of the complexes of this enzyme with
peptidomimetic inhibitors.

Formation of an oligomeric structure is often critical for the
ability of an enzyme to function catalytically and for its
regulation. It has been noted that some pepsin-like aspartic
proteases form homodimers and higher-order oligomers that
may affect protein stability but are not required for catalytic
activity.'® Several biochemical and crystallographic studies have
attem;)ted to determine the oligomeric state of plasmep-
sins, 1 but the significance of oligomerization of these
enzymes has not been fully established. Crystals of PMII
contain apparent dimers,'” although it is agreed that PMII
exists in solution mainly as a monomer.'® Recent structural
studies of PMI'® and of the apoenzyme of HAP also indicate
the presence of dimers in the crystals. A zinc ion found in the
active site of apo-HAP was tetrahedrally coordinated by His32
and Asp21S from one monomer, Glu278A’ from the other
monomer, and a water molecule.'® In recent studies involving
gel filtration chromatography, sedimentation velocity, and
equilibrium ultracentrifugation,'® it was shown that HAP exists
in a dynamic monomer—dimer equilibrium, with the
dissociation constant increased by the addition of CHAPS. It
has also been reported that HAP forms dimeric and higher-
order oligomeric species at a concentration of >0.05 mg/mL,
with accompanying loss of activity.

Like many other proteases,19 HAP is synthesized as an
inactive zymogen and subsequently activated through cleavage
and removal of the prosegment. It has been reported that the
size of the prosegments of the zymogens of various proteases
varies from two residues for some granzymes to more than 200
residues for some members of the thermolysin family.”® The
average length of the prosegments of aspartic proteases is ~S0
amino acids," but vacuolar plasmepsins provide an exception,
because their prosegments are composed of ~120 amino
acids.”" All prosegments of aspartic proteases are located at the
N-termini of the zymogens. Proteolytic cleavage and removal of
the prosegment of the zymogen, followed by structural
rearrangements, finally produce the mature, active enzyme.
The processes involved in the conversion of the inactive
zymogen to its active mature form are quite complicated.21 For
aspartic proteases, activation utilizes three different mecha-
nisms: (1) autoactivation at acidic pH (for gastric zymogens),
(2) self-processing, partially assisted by exogenous proteases
(for lysosomal and vacuolar proteases), and (3) fully assisted
processing (for prorenin).'*>??

It has been shown that pro-PMII may be activated by two
different mechanisms. Inside the acidic food vacuole of the
parasite, pro-PMII is activated by a maturase, a probable
cysteine protease, in a process that requires an acidic pH.6 In
vitro, activation of recombinant pro-PMII takes place at pH 4.7
by autolysis at the Phel12p—Leul13p bond (sequences within
propeptides are identified by an appended letter p), 12 residues
upstream of the wild-type N-terminus.”** The location of the

8863

cleavage site of the recombinant pro-PMII varies depending on
the conditions used.** It has been reported that in vitro
autoactivation of recombinant HAP takes place at the
Lys119p—Ser120p bond, four residues upstream of the native
cleavage site (Gly123p to Ser—1).**

Crystal structures of the zymogens of several aspartic
proteases have been determined in the past. The high-
resolution structure of porcine pepsinogen shows that part of
the prosegment (Serllp—Leu44p) occupies the substrate
binding cleft of the enzyme and competitively blocks access
to the two catalytic aspartates.”® It has been proposed that the
salt bridge interactions that stabilize the position of the
prosegment across the active site of pepsin are disrupted at low
pH, thus releasing the prosegment and opening the substrate
binding cleft.”® The same mechanism of activation was also
confirmed by the crystal structure of an activation intermediate
of human gastricsin.”” However, two structures of plasmepsin
zymogens indicated a significantly different mechanism of
inactivation. Crystal structures of the zymogens of PMII from
P. falciparum (PDB entry 1PFZ)** and of pvPMIV (PDB entry
IMIQ), its ortholog from Plasmodium vivax,”® have shown that
the N- and C-terminal domains that contain the two catalytic
aspartates were pushed apart, thus preventing the formation of
a functional active site.”” In the zymogens of plasmepsins, the
prosegment interacts extensively with the C-terminal domain,
resulting in its separation from the N-terminal domain. It has
been suggested that lowering the pH disrupts the interdomain
salt bridges, allowing the domains to come closer and form a
catalytically competent active site.””**

We have now determined the crystal structure of the
truncated zymogen form of HAP (here termed simply
zymogen, unless noted otherwise), as well as the structure of
the mature HAP in a complex with a potent inhibitor, KNI-
10395.*° These crystals diffracted to a higher resolution than
the ones used in our previous studies,* allowing us to elucidate
the structural details with more confidence. An analysis of the
structure of the HAP zymogen and the comparison with the
mature HAP clarify the inactivation mechanism by the
propeptide. The structure of the HAP—KNI-10395 complex
indicates a unique mode of binding of the inhibitor, as well as
the presence in the crystals of domain-swapped dimers. The
type of domain swapping reported here has not been seen in
any other plasmepsins, or indeed in any other aspartic
proteases.

B EXPERIMENTAL PROCEDURES

Expression and Purification. The fusion protein used in
this study (here named Trx-tHAP) consists of thioredoxin
(Trx), a thrombin cleavage site, an internal six-His tag, an S-tag,
and an enterokinase cleavage site, followed by the residues of
the truncated prosegment (77p—123p) and mature HAP (—1
to 328) (Figure 1A). The logic behind preparation of this
particular construct, cloned into the pET32b(+) vector and
expressed in Escherichia coli Rosetta-gami B (DE3)pLysS cells,
was described previously.® A total of 6 L of cell culture was
grown. Purification of Trx-tHAP was performed at 4 °C. The
cell pellets were resuspended in 1X BugBuster and incubated
for 40 min. One milliliter of DNase I (10 mg/mL) was added
to the cell suspension, and the sample was centrifuged at
34000g for 30 min. The supernatant was loaded onto a HisTrap
(GE Healthcare) nickel Sepharose column (10 mL) equili-
brated with buffer [SO mM Tris buffer (pH 8.0) containing 0.5
M NaCl, 10 mM imidazole, and 0.2% CHAPS]. Next, the
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Figure 1. Analysis of purified Trx-HAP, crystallization drops, and a
dissolved crystal. The two gels presented here are from different runs.
(A) Block diagram of the expressed construct named Trx-HAP, with
different major segments marked. The fusion protein (540 residues)
consists of thioredoxin (Trx), a 6 kDa sequence consisting of a
thrombin cleavage site, an internal six-His tag, an S-tag, and an
enterokinase cleavage site, followed by the truncated prosegment
peptide with the 76 N-terminal amino residues removed, and the
sequence corresponding to the mature HAP. (B) Gel showing the
purified sample of Trx-HAP that was used for crystallization (lane 2).
The apparent molecular mass is in agreement with the expectations for
a protein containing 540 residues. Lane 1 contained the molecular
mass markers. (C) Gel showing the contents of the crystal and
crystallization drop: lane 1, molecular mass markers; lane 2, crystals
removed from the crystallization drop and dissolved in water; lane 3,

crystallization drop after most of the crystals had been removed; lane
4, single crystal used for data collection, dissolved in water.

unbound protein was washed with 10% elution buffer [S0 mM
Tris buffer (pH 8.0) containing 0.5 M NaCl, 250 mM
imidazole, and 0.2% CHAPS] and finally eluted with 50%
elution buffer. The eluted sample was concentrated and
dialyzed overnight against 50 mM Tris buffer (pH 8.0)
containing 0.2% CHAPS. The dialyzed sample was loaded onto
a HiTrap (GE Healthcare) Q-Sepharose anion exchange
column equilibrated with S0 mM Tris buffer (pH 8.0)
containing 0.2% CHAPS. After the unbound protein had
been washed, Trx-tHAP was eluted with a 100 mL gradient
from 0 to 0.5 M NaCl in S0 mM Tris buffer (pH 8.0)
containing 0.2% CHAPS. The fractions containing Trx-tHAP
were collected and concentrated to 2.0 mL. Trx-tHAP was
obtained by purifying the protein using a Sephacyl S-400 gel
filtration column equilibrated with S0 mM Tris buffer (pH 8.0)
containing 0.3 M NaCl and 0.2% CHAPS. Purified protein
migrates on the denaturing gels at a molecular mass of 60.3 kDa
(Figure 1B), suggesting that all 540 amino acid residues of the
construct are present.

The expression and purification of the mature form of HAP
were performed starting from the same expression construct
according to a previously described procedure.’

Crystallization. A freshly purified sample of Trx-tHAP
concentrated to 14.0 mg/mL was used for crystallization. The
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crystallization screens were set up using the sitting-drop vapor-
diffusion method at 293 K. The best crystals appeared in the
drop containing 0.4 uL of a protein solution and 0.2 uL of a
reservoir solution, equilibrated against 75 uL of a reservoir
solution. The reservoir solution contained 20% (w/v) PEG
3350 and 0.2 M tripotassium citrate (pH 8.1).

For crystallization of the HAP—KNI-10395 complex, the
HAP sample was first transferred to 0.1 M sodium acetate
buffer (pH 5.0) and concentrated to 12.0 mg/mL. KNI-10395
was dissolved in DMSO, and the resulting solution was mixed
with the protein sample to yield the final inhibitor
concentration of 0.3 mM in the mixture (1:1 protein:inhibitor
molar ratio). The mixture was allowed to incubate for 24 h.
Crystallization screens were set up using the sitting-drop vapor-
diffusion method at 293 K. The best crystals appeared in the
drop containing 0.4 pL of a protein solution and 0.2 yL of a
reservoir solution, equilibrated against 75 uL of a reservoir
solution. The reservoir solution contained 0.1 M sodium
chloride, 0.1 M sodium acetate (pH 4.5), and 30% (v/v) PEG
200.

Data Collection. Diffraction data for the HAP zymogen
crystal were collected to 2.1 A resolution using Cu Ka radiation
generated by a Rigaku MicroMax 007HF X-ray source operated
at 40 kV and 30 mA, equipped with a MAR345dtb detector. A
data set was collected at 100 K, using 30% (v/v) ethylene glycol
added to the reservoir solution as a cryoprotectant. Diffraction
data for the HAP—KNI-10395 complex crystal were collected
to 2.5 A resolution using a MAR300CCD detector and a
wavelength of 1.000 A at the Southeast Regional Collaborative
Access Team (SER-CAT) 22-ID beamline at the Advanced
Photon Source (Argonne National Laboratory, Argonne, IL). A
data set was collected at 100 K, using 30% (v/v) ethylene glycol
added to the reservoir solution as a cryoprotectant. All data
were indexed and integrated using XDS.*' Integrated intensities
were converted to structure factors with modules F2MTZ and
CAD of CCP4.%* Crystal parameters and the statistics of data
processing are listed in Table 1.

Structure Solution and Refinement. The expressed
fusion protein (Trx-tHAP) contains 540 amino acid residues
(molecular mass of 60.3 kDa). Although purified Trx-tHAP was
used for crystallization, analysis of the crystals, as well as the
crystallization drops, shows that the protein has been degraded
during the crystallization process (Figure 1C). The thioredoxin
and part of the tag region have been removed, leaving the
remaining part of the HAP zymogen (tHAP) that contains 382
amino acid residues (molecular mass of 43.2 kDa), with seven
N-terminal residues (AMAISDP) derived from the expression
vector (determined by mass spectrometry and N-terminal
sequencing). The Matthews coefficient® for these crystals is
2.84 A®/Da, assuming the presence of one molecule in the
asymmetric unit. An automated search by PHASER>* using the
A chain of the P. falciparum PMII zymogen (PDB entry 1PFZ)
revealed the correct placement of the molecule in the
asymmetric unit. Initially, several cycles of refinement using
REFMACS* and rebuilding using COOT>® were performed.
Solvent molecules were progressively introduced at peaks of
electron density higher than 3¢ in the F, — F_ weighted maps
while the decrease in Rg, was monitored. Proper hydrogen
bonding was required for placement of solvent molecules. The
overall anisotropy was modeled with the TLS parameters by
dividing each molecule into three groups, comprising residues
77p to 8, 9—193, and 194—328. The final model does not
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Table 1. Data Collection and Refinement Statistics

Data Collection”
space group
unit cell parameters
a, b, c (A)
 (deg)
temperature (K)
wavelength (A)
resolution (A)
Riperge (%)°
completeness (%)
I/o(I)
no. of unique reflections
redundancy
no. of molecules per asymmetric
unit
Refinement
resolution (A)
no. of reflections in the working set
Riyeor (%)”
no. of reflections in the test set
Ree (%)°
no. of protein atoms
no. of KNI-10395 molecules
no. of ethylene glycol molecules
no. of water molecules
Geometry
rmsd (bond distances) (A)
rmsd (bond angles) (deg)
Ramachandran plot®
favored regions (%)
outliers (%)

PDB entry

HAP zymogen

C2

121.5, 68.4, 72.8

HAP—KNI-10395

P2,2.2,

88.4, 90.5, 192.4

125.8 90
100 100

1.5418 1.0000
40.0-2.10 (2.20—2.10) 40.0-2.50 (2.60—2.50)
7.9 (76.1) 14.7 (93.4)
98.8 (98.3) 100.0 (100.0)
15.8 (24) 13.1 (2.2)
38189 (3625) 54222 (5954)
5.1 (5.0) 74 (7.4)

1 4

36.4-2.10 39.7-2.50
26780 51509

18.3 (26.3) 17.5 (24.5)
1410 2712

23.9 (33.6) 25.2 (33.8)
2971 10522

- 3

5 12

242 508

0.023 0.018

227 19

95.88 95.83

0.82 0.31

3QvC 3QVI

“The values in parentheses are for the highest-resolution shell. mee,ge =

Y MDDy — L/ Y Y dy “As defined by MOLPROBITY.*

include the pro-mature junction (residues 120p to 1), which
could not be built because of disorder.

The structure of the HAP—KNI-10395 complex (the
chemical structure of the inhibitor is shown in Figure 2A)
was determined using molecule A of the HAP—KNI-10006
complex (PDB entry 3FNU)."> Molecular replacement with
PHASER allowed placement of the three of four molecules in
the asymmetric unit, with the fourth molecule placed manually
into the resulting F, — F. electron density map. The first few
cycles of refinement of the model without the inhibitor using
REFMACS showed that the C-terminal loop region composed
of residues 229—255 assumed a conformation different from
the starting one. Several cycles of rebuilding with COOT and
refinement with REFMACS were performed to complete an
interim model. Subsequent analysis of the F, — F, electron
density map (Figure 2B) indicated the presence of the
inhibitors in only three active sites (molecules A, C, and D).
After inhibitor modeling, iterative cycles of refinement in
REFMACS and model building in the electron density maps
using COOT were conducted. During the refinement and
model analysis, no positive 2F, — F, electron density was seen
for residues Alal0 and Asnll, but positive F, — F. density
connecting Leu9 of one monomer to Vall2 of the other
monomer was visible. To check the connectivity, the omit (F,
— F.) electron density map (Figure 2C) was calculated after the
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model had been refined without residues 6—14. The resulting
electron density map clearly shows that the N-terminal
polypeptide chain (residues 0—10) has been exchanged
between the two adjacent monomers. Very tight NCS restraints
were used in the initial stages of refinement, but they were
slowly released as the model was becoming more complete;
medium NCS restraints were applied for the final refinement
cycles. The overall anisotropy was modeled with TLS
parameters by dividing each molecule into three TLS groups,
comprising residues 0—149, 150—245, and 246—327. The final
model also lacks residues —S5 to —1 (corresponding to the
cloning artifact and the first residue of the enzyme) in each
monomer and residues 239—242 of monomer A, which could
not be built because of disorder.

The final statistics for the refined structures are listed in
Table 1. The structures were analyzed using PROCHECK,’
MOLPROBITY,*® and COOT.* Structural superpositions
were performed with SSM** and ALIGN,* and the figures
were generated with PYMOL.*!

B RESULTS AND DISCUSSION

The structures of a truncated form of the HAP zymogen and of
the complex of the mature enzyme with a potent peptidomi-
metic inhibitor have been determined with data extending to
resolutions of 2.1 and 2.5 A, respectively. The resolution of data

dx.doi.org/10.1021/bi201118z|Biochemistry 2011, 50, 8862—8879
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Figure 2. (A) Chemical structure of KNI-10395. Chiral carbon atoms are labeled S or R. (B) Initial F, — F. electron density omit map contoured at
2.00 with the final model superimposed, showing KNI-10395 bound to molecule A of HAP. (C) F, — F, electron density omit map contoured at
2.00 after deletion of domain swap switch region residues 6—14 in molecules A and B (primed) of the HAP—KNI-10395 complex structure, with the

final domain-swapped polypeptide chain superimposed.

for the inhibitor complex is higher than in the previously
reported structures of HAP,'> whereas the resolution of data for
the HAP zymogen is comparable with that of the data for other
proplasmepsins. The structure of the zymogen will be
presented and discussed first, followed by the structure of the
inhibitor complex.

Structure of the Zymogen of HAP. Although the full-
length fusion protein containing 540 residues [Trx-tHAP
(Figure 1A,B)] was used for crystallization, neither the
thioredoxin nor the tags were present in the crystals. An
analysis of a dissolved crystal (Figure 1C) and of the electron
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density maps indicated that the fragment of the HAP zymogen
that was crystallized contained only residues 77p—123p of the
propeptide, followed by the sequence corresponding to the
mature enzyme (following the accepted usage®® and for the
sake of simplicity, the term “mature enzyme” is also used here
to denote the part of the zymogen that corresponds to the
active protease). The reasons for such truncation are not
obvious. The expression construct was designed for production
of the mature HAP through cleavage of the thioredoxin tag with
enterokinase, followed by autoactivation of the enzyme at low
pH. No enterokinase was used to prepare the zymogen, and the

dx.doi.org/10.1021/bi201118z | Biochemistry 2011, 50, 8862—8879
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Figure 3. Fold of the truncated zymogen of HAP. The prosegment fragment is colored red and the mature enzyme green. The catalytic residues

(His32 and Asp21S) are shown as yellow sticks.

protein was kept at an elevated pH of 8.0 to prevent autolysis. It
is thus not clear how the observed cleavage was accomplished,
whether through the presence of small amounts of a
contaminating protease or by autoactivation of a minor fraction
of HAP. However, no traces of the mature HAP were seen in
the crystal (Figure 1C, lane 4).

The overall fold of the truncated HAP zymogen (pro-HAP)
is quite similar to that of the previously reported zymogens of
PMII from P. falciparum (pro-PMII)** and the PMIV ortholog
from P. vivax (pro-pvPMIV).*® The bean-shaped HAP
zymogen is composed of two topologically similar N- and C-
terminal domains (Figure 3), parts of which are also termed a
central motif. The N-terminal domain consists of residues 13—
148; the central motif consists of residues 77p—8Sp, 149—184,
and 309—328, whereas residues 86p to 12 and 185-308
comprise the C-terminal domain.

The prosegment has a clearly defined secondary structure
(Figure 3), folding into a f-strand (79p—86p) followed by the
first a-helix (88p—98p), a helical turn, a second a-helix (101p—
113p), and a coil connection to the mature segment. The
junction containing residues 120p to 1 could not be modeled
because of disorder. The prosegment makes 25 hydrogen
bonds and nine hydrophobic interactions with the parts of the
molecule that correspond to mature HAP (Figure 4). The main
chain amide group of Lys77p makes a hydrogen bond with
OE2 of Glul71, whereas the hydroxyl group of Tyr78p forms a
hydrogen bond with OE1 of Glul47. The residues that form
the first f-strand of the prosegment (Ser79p—Glu86p) are
involved in formation of an antiparallel S-sheet, with a string of
hydrogen bonds with residues Ile167 through Asnl61. After
activation, the latter strand is replaced by residues Ser—1 to
Leu9. The C-terminal residues (Asn84p—Glu86p) of the first -
strand also form an antiparallel sheet connected through
hydrogen bonds with Serl4 to Vall2. These hydrogen bond
interactions play a part in the formation of the central motif of
the HAP zymogen. The side chains of Val81p, Phe83p, and
Ile85p are placed in a hydrophobic pocket formed by the
mature part of HAP. Atoms OG1 of Thr80p and O of Ile85p
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make hydrogen bonds with OG1 of Thrl66 and ND2 of
Asnl61, respectively. The side chain of Asn87p, the residue
connecting the f-strand and a-helix 1 of the prosegment, forms
hydrogen bonds with the main chain carbonyl of Lys160.

Residues Ser88p—Glu98p form o-helix 1 of the HAP
prosegment. This helix is involved in several interactions with
the C-terminal domain of the mature HAP (Figure 4B). The
side chain hydroxyl group of Ser88p forms a hydrogen bond
with OG of Ser219, whereas the hydroxyl of Tyr89p makes a
hydrogen bond with ND2 of Asn279. A number of other
hydrogen bonds tie a-helix 1 to the mature part of HAP,
including interactions between OD2 of Asp90p and ND2 of
Asnl61, as well as NH2 of Arg91p and the carbonyl oxygen of
Alal0. The hydrophobic residues of helix 1 (Leu92p and
Ile96p) are involved in the interactions with the residues from
the C-terminal domain of the mature HAP polypeptide.
Leu92p makes hydrophobic interactions with the side chains
of Met283 and Leu244, whereas Ile96p is involved in a
hydrophobic contact with Ile279A. The two connecting
residues (His99p and Lysl00p) of a-helices 1 and 2 are
solvent-exposed.

a-Helix 2 of the HAP prosegment consists of 13 residues
(LeulOlp—Asn113p) and is positioned in a hydrophobic
groove formed by two loops (residues 238—245 and 276—
283). Helix 2 interacts with the mature HAP through a single
hydrogen bond formed between the hydroxyl of Tyr104p and
the carbonyl of Pro241. Six residues (Lys114p—Lys119p) of the
prosegment connecting helix 2 form a coil, whereas Ser120p to
Phel were disordered.

The first 13 residues of the mature HAP (Ser—1 to Asnll)
fold mainly as a coil, with the exception of a single 3,y-helical
turn involving Leu6—Leu9. This one-turn helix is present at
one side of the active site cleft and occupies the S2 and S4
substrate binding pockets of the enzyme. This first segment of
the mature enzyme makes two hydrogen bond interactions, the
first between the carbonyl oxygen of Leu9 and the amide
nitrogen of Ser219 and the second between the amide nitrogen
of Asnll and the carbonyl of Ala217. The flap (residues 70—

dx.doi.org/10.1021/bi201118z|Biochemistry 2011, 50, 8862—8879



Biochemistry

Figure 4. Interactions between the prosegment and mature HAP. (A) Interactions of the first f-strand of the HAP prosegment with the mature
polypeptide of HAP. The carbon atoms of the prosegment and the mature enzyme are colored gray and green, respectively. The hydrogen bonds are
represented as blue dashed lines. (B) Interactions of the first a-helix of the HAP prosegment with the mature polypeptide of HAP. The color scheme

is the same as in panel A.

83) that covers the active site of HAP is well-defined in the
zymogen and is present in an open conformation.
Comparison of the Zymogens of Plasmepsins and
Gastric Aspartic Proteases. Crystal structures of only two
proplasmepsins, pro-PMII** and pro-pvPMIV,*® have been
reported previously; thus, the high-resolution crystal structure
of pro-HAP is the third determined structure of plasmepsin
zymogens. The coordinates of pro-HAP have been super-
imposed onto pro-PMII and pro-pyPMIV (Figure SA), with
resulting rmsd values of 1.39 and 1.38 A, respectively. The
overall fold of the prosegments in these three structures is
similar, including the N-terminal f-strand followed by two a-
helices and a coil. Helix 1 is considerably shorter than helix 2 in
pro-pvPMIV, whereas both helices are of almost similar length
in the zymogens of HAP and PMIL The relative positions of
helices 1 and 2 are much closer in the structures of pro-HAP
and pro-PMII compared to their positions in pro-pyPMIV
(Figure SA). The connecting residues of pro-pyPMIV assume a
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different conformation compared to their counterparts in the
other two structures. Although there are slight conformational
differences among the forms of helix 2 in the three structures,
the relative positions of this helix are comparable. In all
structures, helix 2 is positioned in a hydrophobic groove formed
by two loops (residues 238—245 and 276—283), maintaining a
hydrogen bond to the mature portion through Tyr104p,
conserved in all three proplasmepsins. The pro-mature
junction, composed of a “Tyr-Asp” loop (defined in ref 28
on the basis of the presence of a hydrogen bond between
Tyr121p and Asp2), is visible in pro-PMII and pro-pvPMIV,
whereas this junction is disordered in the structure of pro-HAP.
A sequence comparison'® shows that both residues forming the
Tyr-Asp loop are conserved in all plasmepsin zymogens except
PMI, where tyrosine is replaced with histidine. It is also
important to note that the C-terminal loop (residues 237—247)
that interacts with the Tyr-Asp loop has a similar conformation
in the other two PM zymogens but a different conformation in
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Figure 5. (A) Superposition of the zymogen structures of HAP (green), PMII (blue; PDB entry 1PFZ), and pvPMIV (magenta; PDB entry IMIQ).
The enzyme is shown as a Ca trace, and the prosegment fragments are shown as cartoons. (B) Prosegments of gastric aspartic proteases and
plasmepsins in the context of the surface model of the mature enzyme portion of pro-HAP. The prosegment fragments of the zymogens of HAP
(yellow), PMII (orange), pyPMIV (pink), pepsin (red), and gastricsin (blue) are shown as cartoons.

pro-HAP. The single 3 y-helical turn of the N-terminal mature
segment occupies an almost identical position in the three
zymogen structures.

An important difference in the conformation of the flap is
observed in the three zymogens. In pro-PMIIL, the flap is
disordered, whereas the flaps in proHAP and pro-pyPMIV are
visible, assuming open and closed conformations, respectively
(Figure SA). Because of the closed conformation of the flap in
the pro-pyPMIV, Tyr75 comes close to the active site and
forms a hydrogen bond with Trp39, which is flipped into the
flap pocket.”® In this structure, the active site serine residue is
pointing toward the catalytic aspartic acid (Asp32) and forms a
hydrogen bond. In the zymogens of HAP and PMIL, Trp39 is
facing away from the flap pocket and forms a hydrogen bond
with the active site Ser3S.

The helix in the N-terminal domain consisting of residues
109—114 assumes a different conformation in the HAP
zymogen compared to the other two structures (Figure SA).
The C-terminal domain loop consisting of residues 278A and
279C is found in an open conformation in the structure of pro-
pvPMIV.
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A comparison of the zymogens of plasmepsins with those of
gastric pepsins shows a striking difference in the mode of
inhibition of their catalytic activity. In all these zymogens, the
first strand of the prosegment forms part of the central f-sheet
and has to be replaced upon activation by the N-terminus of
the mature enzyme. Similarly, the position of the first helix in
gastric zymogens, although slightly shifted, is close to its
location in the zymogens of plasmepsins. Major differences in
the structures of the prosegments start after the first helix
because of changes in the directionality of the second helix,
which runs in gastric zymogens at an angle of ~70° to that in
proplasmepsins (Figure SB) and directly blocks the active site
cleft. Therefore, while in the gastric zymogens the prosegment
inactivates the enzyme by preventing the entry of substrates
into the active site, in proplasmepsins it leaves the active site
open, but not functional, because of distortions caused by the
interactions between the prosegment and the rest of the
enzyme.

Structure of the HAP—KNI-10395 Complex. The
asymmetric unit of the HAP—KNI-10395 complex contains
four molecules of the enzyme, engaged in extensive
intermolecular contacts. The four monomers are quite similar,
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Figure 6. Structure of the inhibited form of HAP and its comparison with the structure of the zymogen. (A) Dimer consisting of molecules A
(green) and B (salmon) of the HAP—KNI-1039S complex, showing domain swapping involving the N termini of both molecules. (B) Superposition
of the zymogen of HAP (yellow) and the complex of the mature enzyme with pepstatin A (cyan; PDB entry 3FNT). The prosegment is colored red,
and the N-terminal fragments (residues 2—9) of the mature enzyme that undergo major rearrangement during activation are colored blue in both
models. The hinge region (residues 10—12) is colored magenta, and the dashed lines represent the disordered residues at the junction of the
propeptide and the N-terminus of the mature enzyme in the zymogen.

and a superposition of monomer A using the corresponding Ca
atoms onto monomers B—D results in rmsd values of 0.7, 0.5,
and 0.7 A, respectively. However, only the active sites of the A,
C, and D monomers contain bound molecules of KINI-10395
(Figure 2A), clearly defined by the F, — F, electron density
map (Figure 2B). Four water molecules are found in the active
site area of molecule B. The overall fold of each monomer in
the HAP—KNI-10395 complex is quite similar to what was
observed in the previously described inhibitor complexes of
HAP."? Formation of tight dimers leads to displacement of the
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helix containing residues 225-235, and the following loop
composed of residues 238—245, from their positions assumed
in other pepsin-like aspartic proteases,11 but their conformation
is similar to that found in the HAP apoenzyme. The C-terminal
loop consisting of residues 276—283 of one monomer is packed
in the active site of the other molecule of the dimer. Despite the
presence of an inhibitor, the flap is found in an open
conformation.

The most intriguing feature of the HAP—KNI-10395 dimer
is swapping of the first f-strand of the central motif (residues
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Figure 7. Interactions in the active site regions of the HAP zymogen and HAP—pepstatin A complex. (A) Region corresponding to the immature
active site of HAP in the zymogen. Residues Leu6—Phel5 that belong to the N-terminal segment of mature HAP are shown with gray carbon atoms.
(B) Active site of HAP in its complex with pepstatin A (PDB entry 3FNT). The carbon atoms of Leu9—Alal8 are colored gray. The central hydroxyl
oxygen of the statine residue in pepstatin A is shown as a sphere. (C) Schematic diagram showing the main chains of the zymogen (green) and the
mature enzyme (magenta) in its complex with pepstatin and the active site residues, emphasizing the rearrangement that resulted in an increase in

the distance between the latter (marked with black dashed lines).

0—10) between molecules A and B, as well as between
molecules C and D. This phenomenon is clearly seen in the F,
— F, omit electron density map (Figure 2C). Such domain
swapping (Figure 6A) is unique in this family and has not been
reported for any other plasmepsins (or, for that matter, any
other aspartic proteases). The first S-strand of one monomer
forms a part of an antiparallel -sheet in the second monomer,
making a number of hydrogen bonds with residues 164—167.
At the crossover point, the amide group of Alal0 is hydrogen
bonded to the side chain of Aspl16.
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Although the phenomenon of domain swapping described
here has not been seen in any other aspartic proteases, other
plasmepsins were reported to form tight dimers.'” HAP, in
particular, was previously reported to form the tightest dimer
among all plasmepsins, with a buried surface area of 2284 A? for
the apoenzyme.'” Because of domain swapping, the surface area
buried upon formation of the domain-swapped dimer in the
HAP—KNI-10395 complex is even much larger, 3789 A* for
each monomer.

Comparisons of the Structures of the Zymogen and
Mature HAP. The structure of pro-HAP has been compared

dx.doi.org/10.1021/bi201118z | Biochemistry 2011, 50, 8862—8879



Biochemistry

Asp215

Asp215

Figure 8. Complex between HAP and KNI-10395. (A) Active site of molecule A in the HAP—KNI-10395 complex. The inhibitor (green) is shown
in ball-and-stick representation. Protein residues are shown as thinner sticks with carbons colored gray for monomer A and cyan for monomer B (in
which residue numbers are primed). Hydrogen bonds between the inhibitor and the molecule are shown as dashed lines. (B) Superposition of the
KNI-10395 molecules bound to three molecules of HAP. The inhibitors bound to monomers A (cyan), C (green), and D (magenta) are shown in
ball-and-stick representation, whereas the active site residues are shown as sticks. The important water molecules are shown as spheres.

with the structure of the apoenzyme and with that of HAP in a
complex with pepstatin A, KNI-10006, and KNI-10395. The
overall superposition of the coordinates of the HAP zymogen
onto apo-HAP (308 Ca pairs), the HAP—pepstatin A complex
(304 Ca pairs), the HAP—KNI-10006 complex (311 Ca pairs),
and the HAP—KNI-10395 complex (291 Ca pairs) resulted in
rmsd values of 1.5, 1.85, 1.5, and 1.7 A, respectively. When the
N-terminal and C-terminal domains of the respective pairs were
superimposed individually, the resulting rmsd values were 1.8
and 3.6 A for the apoenzyme, 2.1 and 1.5 A for the pepstatin A
complex, 1.7 and 1.1 A for the KNI-10006 complex, and 2.0
and 2.3 A for the KNI-10395 complex, respectively. Unusually
high deviations between the C-terminal domains of the
zymogen and the apoenzyme are due to extensive shifts caused
by dimer formation in the latter."* In the inhibitor complexes,
these values correlate well with the binding mode of the
inhibitors. The N- and C-terminal domains of the zymogen are
shifted away from each other compared to their positions in the
inhibitor complexes, with the rigid-body shift of the N-terminal
domain being more prominent (Figure 6B). In this section, we
utilize the structure of the pepstatin A complex for detailed
structural comparison with the zymogen (Figure 6B), because
this structure of HAP is most similar to those of other active
plasmepsins.
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From a comparison of the zymogen and mature forms of
HAP, it is evident that the first 13 residues of the latter undergo
a significant structural rearrangement upon maturation. In the
zymogen, these residues are packed against the surface of the
C-terminal domain forming a coil, except for a single 34-helical
turn between Leu6 and Leu9. After activation, these residues
change their conformation and become part of a f-sheet. The
residues that form the 3)y-helix in the zymogen move away
from the active site after maturation. The main chain carbonyl
oxygen of Leu6 forms a water-mediated hydrogen bond with
the side chain hydroxyl of Thr218. Three hydrogen bond
interactions of the main chain are present in this region of the
zymogen, involving Leu9 and Ser219, Asnll and Ala217, and
Leul3 and Phe31 (Figure 7A). These hydrogen bonds are
absent in the mature enzyme because Leu9—Leul3 are folded
differently.

The active site cleft is wider in the zymogen compared to the
mature enzyme. The distances between NE2 of His32 and
OD1 of Asp2lS in the zymogen and in the mature active
enzyme are 7.4 and 3.3 A, respectively (Figure 7C). In the
zymogen, several water molecules are hydrogen bonded to the
carboxylate of Asp215 (Figure 7A). Wat44, located close to
OD2 of Asp2lS in the zymogen, is replaced by the central
statine hydroxyl group of pepstatin A in the HAP—pepstatin A
complex (Figure 7B). This water molecule is likely involved in
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the catalytic activity of the enzyme, and its equivalent is also
present in the active sites of apo-HAP, the HAP—KNI-10006
complex, and the HAP—KNI-10395 complex. A hydrogen bond
between OGI of Thr33 and OD1 of Asp215 that is present in
the zymogen is absent in the mature enzyme. The N-terminal
domain active site loop (His32—Ser35) assumes a different
conformation in the zymogen compared to the mature enzyme.
In the zymogen, Trp39 is removed from the flap pocket and
makes a hydrogen bond with Ser3S. Trp39 maintains the same
conformation in apo-HAP and in the complexes with KNI-
10006 and KNI-10395, but its conformation is different in the
HAP—pepstatin A complex.

Binding of KNI-10395 to HAP. KNI compounds are
peptidomimetic inhibitors that have been extensively developed
over the past 20 years. The original aim was to create
chemotherapeutic anti-HIV agents targeting retroviral pro-
teases,"* although they have been shown also to be active
against plasmepsins.** Many KNI compounds utilize a common
molecular scaffold containing an allophenylnorstatine moiety
followed by a thioproline ring.** Different chemical functional
groups are added to this main scaffold to generate a variety of
KNI compounds. Our recent crystal structure of the complex of
HAP with KNI-10006'> showed a unique mode of binding of
the inhibitor in the active site, quite different from the
previously observed mode of binding of other peptidomimetic
inhibitors to plasmepsins, thus creating interest in further
exploring these compounds as potential candidates for the
development of antimalaria drugs. Biochemical studies using
several KNI compounds show that KNI-10395 (Figure 2A) is a
potent inhibitor of HAP (99.2% inhibition at 5.0 yM), and
thus, KNI-10395 was chosen for crystallographic studies.

The structure of the HAP—KNI-10395 complex was
determined at 2.5 A resolution (Table 1). The crystals contain
four molecules of the complex in an asymmetric unit, with
inhibitors clearly seen in the active sites of three molecules (A,
C, and D). The mode of binding of KNI-10395 in these sites is
similar but differs substantially from the way in which other
peptidomimetic inhibitors bind to aspartic proteases. The
conformation of the inhibitor is considerably deformed, with
the main chain turning back on itself, creating a U-shaped
structure. This structure is internally stabilized by two hydrogen
bonds, one between the peptide amino group of the 2-
aminoindanol moiety and the peptide carbonyl of the
methylthioalanine and the other between the peptide amino
group of the methylthioalanine and the hydroxyl group of the
2-aminoindanol moiety. Although the central hydroxyl group of
the inhibitor is bound close to the active site residues His32 and
Asp21S, it is not positioned directly between them but is
hydrogen bonded to OD2 of Asp2l5 via water molecule
Wat243, as well as to the main chain carbonyl of Ala34. The
inhibitor is bound to the enzyme by 25 hydrogen bonds, either
direct or through water molecules (Figure 8A). The carbonyl
group of the allophenylnorstatine moiety is within hydrogen
bonding distance of the side chain hydroxyl of Ser3S and
Wat607. The phenyl group of the allophenylnorstatine moiety
is packed in a hydrophobic pocket formed by the side chains of
Trp39, Leu73, and Vall20 from one molecule and Phe279B’
(the prime denotes the other molecule of the dimer). The
amide group of the allophenylnorstatine moiety forms
hydrogen bonds with the side chain carboxylate oxygen
atoms of Glu278A’ and with the main chain carbonyl oxygen
atom of Phe279B’ via Wat233. The carbonyl oxygen atom of
the methylthioalanine is hydrogen bonded to the side chain
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hydroxyl of Ser7S via Wat865. The 2-methylsulfanylethyl group
is bound in a hydrophobic pocket formed by Leu291, Val300,
and Leu278. The carbonyl oxygen atom of the terminal
phenylacetyl group is hydrogen bonded to Glu278A’, the side
chain hydroxyl of Ser279’, and the main chain amide of Leu281’
through Wat41. The terminal phenyl group of the inhibitor is
involved in hydrophobic interactions with the side chains of
Leu291, Leu281’, and Leu243’, and one of the methyl groups of
the thioproline ring is involved in hydrophobic interactions
with the side chain of Leu73. The carbonyl group of the
thioproline is hydrogen bonded to Wat607. The 2-amino-
indanol group is placed in a hydrophobic pocket formed by the
side chains of Ala34, Ile213, Met189, and Glu292. Nine water
molecules are also present in the active site of the complex.
Because of formation of a tight domain-swapped dimer, the flap
pocket is filled by the loop consisting of residues 276'—283'
from the other protomer. The flap assumes an open
conformation, and the side chain of Trp39 is flipped away
from the flap pocket, forming a hydrogen bond with Ser35
through Wat377. The NE2 atom of His32 is hydrogen bonded
to the main chain carbonyl oxygen of Ile279A" and to the side
chain carboxyl oxygen (OE2) of Glu278A’ through Wat38. This
mode of binding is completely different from the mode of
binding observed for other KNI compounds in the complexes
with HIV-1 protease,45’46 PML"® and meMIV.47

Superposition of molecules A and B of the AB dimer, with
the inhibitor bound only in the active site of the former, shows
that the side chains of Thr218 and Glu278A’ assume different
conformations. In the active site of molecule B, the OD2 atom
of Asp215 is hydrogen bonded to OE2 of Glu278A’, as well as
to OG1 of Thr218. Equivalent hydrogen bonds are absent in
the active site of molecule A, in which KNI-10395 is present.
The water molecule that is close to the carboxyl OD2 atom of
Asp215 in the active site of molecule A is absent in molecule B.
A comparison of the active sites of the three molecules that
contain bound KNI-10395 shows that there are some relatively
minor but important differences in the conformation of the
inhibitors (Figure 8B). It is clear that the inhibitors in the C
and D active sites assume a very similar conformation, with a
water molecule mediating hydrogen bonds between the
hydroxyl group of the 2-aminoindanol moiety and the NH
group of the terminal methylthioalanine. This water molecule is
replaced with the hydroxyl group of the 2-aminoindanol moiety
of the inhibitor in molecule A. The 2-aminoindanol moiety of
the inhibitor in the A active site is in a more constrained
conformation, and the terminal phenyl group is farther from the
flap. The tips of the flap are similar in molecules A and C and
slightly different in molecule D. The lack of significant
conformational differences among the four monomers, as well
as the absence of crystal contacts in the vicinity of the active site
of molecule B, does not allow us to rationalize the absence of
the inhibitor in this molecule. However, similar phenomena
have been reported for other enzyme—inhibitor complexes (for
example, see refs 48 and 49).

Binding of the KNI Compounds to Plasmepsins. Four
structures of three plasmepsins (pmPMIV, PMI, and HAP)
complexed with three compounds from the KNI series (KNI-
764, KNI-10006, and KNI-10395) are now available for
comparisons (PDB entries 2ANL, 3QS1, 3FNU, and 3QVI).
Superposition of the structures of HAP—KNI-10006, PMI—
KNI-10006, and pmPMIV—KNI-764 complexes on the HAP—
KNI-10395 complex, based on Ca atoms, produced rmsd
values of 1.05, 1.3, and 1.4 A, respectively, whereas a vast
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Figure 9. Active sites of the superimposed complexes of plasmepsins: HAP—KNI-10395 complex (green), HAP—KNI-10006 complex (cyan; PDB
entry 3FNU), PMI-KNI-10006 complex (magenta; PDB entry 3QS1), and pmPMIV—KNI-764 complex (yellow; PDB entry 2ANL). Individual
amino acid residues are shown as sticks, the inhibitors as balls and sticks, and the flaps as cartoons. Selected residues belonging to the HAP—KNI-

1039S complex are labeled.

majority of peptidomimetic inhibitors binds to various aspartic
proteases in an extended conformation with the side chains on
both sides of the central core (... P2, P1—P1’, P2/, ...) propetly
docked to the corresponding binding pockets (... S2, S1-SI/,
§2', ..).>° All KNI inhibitors are bound to plasmepsins in
nontraditional ways (Figure 9). Although KNI-10006 and KNI-
764 bind to PMI and pmPMIV, respectively, in an extended
conformation with the central hydroxyl group located between
the two catalytic aspartate residues,'® the directionality of the
main chain in both inhibitors is the opposite of that found in
the structures of aspartic proteases with peptidomimetic
inhibitors.'"® The mode of binding of KNI-10006 in the active
site of HAP' is substantially different from the mode of
binding of the same compound in PML'® In both KNI
complexes of HAP, the flap is in the open conformation. In the
HAP—KNI-10006 complex, the 2,6-dimethylphenyloxyacetyl
moiety of the inhibitor is positioned in the “flap pocket” and
interacts with the residues from the flap'? (Figure 10A).
Although the flap pocket is recognized as being specific to the
plasmepsins, it is notable that in the gastric zymogens the
equivalent pocket is occupied by the residues from the N-
terminus of the proenzyme, Tyr4 (PDB entry 1HTR) or Leu6
(PDB entry 3PSG) (Figure 10A).

The orientation of KNI-10395 in the active site of HAP is
substantially different from the mode of binding of the KNI
compounds to other plasmepsins (Figure 9). Because of
formation of the tight domain-swapped dimer in the HAP—
KNI-10395 complex, the flap pocket is occupied by the loop
consisting of residues 276—283 from the other molecule. The
position of the 2,6-dimethylthioproline moiety of KNI-10006 in
its complex with HAP is occupied by Glu278A’ from the other
molecule in the HAP—KNI-10395 complex. In the HAP—KNI-
10006 complex, the aminoindanol moiety is located in a
hydrophobic pocket formed by Alal0, Vall2, PhelS, and
Phel1l."” In the HAP—KNI-10395 complex, Phel$ and
Phelll adopt different conformations and the loop containing
Alal0 and Vall2 is present in the crossover region of the
domain-swapped dimer. The side chains of His32 assume
different conformations in the complexes with KNI-10006 and
KNI-100395, whereas the putative nucleophilic water molecules
and Asp21S$ are located in similar positions.
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Because of the inaccessibility of the flap pocket in the crystals
of HAP in a complex with KNI-10395, the inhibitor adopts a
very unusual conformation of a U-shaped d-turn, occupying the
space that is taken by residues 35p—38p in the helical turn of
the prosegment in the complexes of the gastric zymogens.
However, a shift in plasmepsins of the loop containing residues
290—292 toward the active site leads to a concomitant shift of
the inhibitor (Figure 10B). The C-terminal 2-aminoindanol
moiety of the inhibitor occupies the S1’ binding pocket of
mature HAP, where the side chain Tyr37p in the pepsinogen
structure (PDB entry 3PSG”") is found, as well as the side
chain of P2’ Ala of pepstatin in the complexes with HAP
(Figure 10C). The differences between the binding mode of
the C-terminal half of pepstatin in HAP and that of the other
plasmepsins, as well as pepsin-like enzymes, have been
discussed previously."” In all known complexes of pepstatin
bound to aspartic proteases, the residue at position P2’ of the
inhibitor occupies the S2’ pocket, but HAP is an exception,
because in its complex the orientation of the C-terminal part of
the inhibitor has changed, bringing the side chain of P2’ Ala
into the S1' pocket. HAP contains two substitutions of the
residues comprising the S1' pocket that are unique to the
plasmepsin family. Gly34, which is conserved in a vast majority
of other aspartic proteases, is substituted with Ala, and an
aromatic group of Tyr/Phel89 present in other plasmepsins is
replaced with a flexible side chain of Met. The S2' pocket is
occupied by the dimethylthioproline moiety, thus switching the
order for binding S1—S2 pockets by two C-terminal groups in
the inhibitor molecule. The allophenylnorstatine moiety takes
the space occupied in other plasmepsins by the side chain of
Tyr7S (that residue is substituted with Ser in HAP) and is close
to that in the KNI-10006 bound to HAP. The phenylacetyl
group on the N-terminus of KNI-10395 assumes a position that
is structurally equivalent to that of Ser3Sp and Trp36p in the
prosegments of pepsinogen (PDB entry 3PSG) and progas-
tricsin (PDB entry 1HTR), respectively (Figure 10A).

Mechanism of Inactivation and Activation of HAP.
The zymogen structures of PMII** and pvPMIV>® have been
determined previously, making the structure of the HAP
zymogen the third. The previously described structures of
plasmepsin zymogens led to the elucidation of the auto-
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Figure 10. (A) Structures of HAP—KNI-10006 (gray; PDB entry 3FNU) and HAP—KNI-10395 (green) complexes superimposed on the structures
of gastric zymogens. Prosegments of pepsinogen (PDB entry 3PSG) and progastricsin (PDB entry 1HTR) are colored pink and cyan, whereas the
N-terminal fragments of pro-mature enzymes are colored red and blue, respectively. The inhibitors are shown as sticks and selected residues as lines.
(B) Superposition of the HAP—KNI-1039S complex onto pepsinogen and progastricsin showing the concomitant shift of the loop of residues 290—
292 and the inhibitor in HAP. The colors are the same as in panel A. (C) Comparison of the S1' binding pocket in HAP with bound KNI-10395
(green) and pepstatin A (orange; PDB entry 3FNT) with its counterpart in pepsinogen (red). The side chain of Tyr37p in the prosegment of

pepsinogen is colored pink.

inhibition of PMII** and pvPMIV.*® Bernstein et al.”** noted
major differences in the mode of autoinhibition of plasmepsins
compared to autoinhibition of such aspartic proteases as
porcine pepsinogen A and human progastricsin. In the latter
enzymes, the prosegment blocks the substrate binding sites,>
whereas inactivation of the zymogens of PMII*> and pyPMIV>®
is caused by enforcing separation of the two catalytic aspartic
acids. A comparison of the zymogen structure of HAP with
those of pro-PMII and pro-pyPMIV shows that in HAP the two
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catalytic residues are also far apart (His32 CG—Asp2lS CG
distance of 7.9 A). Two important hydrogen bond interactions
between the C-terminal active site y-loop and the N-terminal
segment of the mature HAP in the HAP zymogen are involved
in separating Asp215 from His32. The first hydrogen bond is
found between the carbonyl oxygen of Leu9 and the amide
nitrogen of Ser219, whereas the second is formed between the
amide nitrogen of Asnll and the carbonyl of Ala217 (Figure
7A). The N-terminal segment of the mature HAP in the
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Figure 11. Comparison of helix 1 in the prosegments of the zymogens of HAP (yellow), PMII (orange; PDB entry 1PFZ), and pvPMIV (pink; PDB
entry IMIQ). Selected residues are shown as sticks and hydrogen bonds as black dashed lines.

zymogen structure is locked by hydrogen bond interactions
with the prosegment. Similar hydrogen bond interactions have
also been observed in pro-PMII** and pro-pvPMIV>® and were
described as a “harness” that helps to separate the two domains
of the molecules. It is clear that separation of the active site
residues also provides the basis of the inactivation of HAP.
Like that of other proplasmepsins, autoactivation of the HAP
zymogen takes place as a result of lowering the pH.*® It has
been reported that several hydrogen bonds between the
prosegment and the mature segment of pro-PMII** and pro-
pvPMIV?® involve Asp or Glu residues. These hydrogen bonds
keep the prosegment attached to the C-terminal domain of
proplasmepsin and thus keep the active site residues separated.
The most important hydrogen bonding interactions are visible
in the pro-mature junction Tyr-Asp loop region. A lower pH
causes protonation of the aspartate residue of that loop,**
resulting in disruption of the hydro§en bonds made by its side
chain and opening of the loop.”* Other hydrogen bond
interactions between the prosegment and the C-terminal
domain of the mature polypeptide chain are also disrupted at
low pH,***® allowing the two domains of the mature
polypeptide chain to approach each other. Although the pro-
mature junction containing the Tyr-Asp loop is disordered in
the HAP zymogen structure, a sequence comparison18 shows
conservation of both residues critical to forming this loop, as
well as the other residues in the vicinity that are involved in this
extensive hydrogen bond network. The other hydrogen bond
interactions involving the prosegment and the C-terminal
domain of the mature part of the HAP zymogen are also similar
to those observed in pro-PMII** and pro-pvPMIV.*® In
particular, an important network of ion pairs and hydrogen
bonds, stabilizing the N-terminus of the first helix in the pro
part, is much more similar between pro-PMII** and pro-HAP
and slightly modified in pro-pvPMIV>® because of variation in
sequence. As a result, the position of the first helix is identical in
pro-PMII** and pro-HAP, but shifted in pro-pyPMIV (Figure
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11). It is thus likely that autoactivation of HAP is also triggered
by a decrease in pH, as reported for the zymogens of other
plasmepsins.*>**

Active Site of HAP. HAP is unique among vacuolar
plasmepsins from P. falciparum because of several amino acid
substitutions in the active site region.'” The most important
substitution is replacement of Asp32, one of the two catalytic
aspartates in pepsin-like aspartic proteases, with histidine."!
Other substitutions include strictly conserved Tyr75 and highly
conserved Val/Gly76, which are replaced with Ser and Lys,
respectively. The unique nature of the active site of HAP led to
difficulties in elucidating its catalytic mechanism. Two different
catalytic mechanisms of HAP have been previously proposed,
each based only on modeling and/or computational studies.
Andreeva et al."’ suggested a serine protease-like catalytic
mechanism, but recent structural studies'> disproved this
hypothesis. In an alternative mechanism proposed by Bjelic
and Aqvist,'* Asp215 acts as the catalytic base as well as acid
and the role of His32 is only to stabilize the reaction pathway
through a strong interaction with the developing positive
charge, because its position is not optimal for functioning as
either an acid or a base catalyst. In addition, any possible role of
the neighboring Ser3S in modifying the protonation state of
His32 during catalysis has not been considered.

Ser35 is conserved in all plasmepsins'® as well as in other
pepsin-like enzymes'", In the catalytic mechanism of pepsin-
like aspartic proteases, Ser35 and Thr/Ser218 play a crucial role
in maintaining proper protonation states of Asp32 and Asp215,
respectively.>® In the food vacuole of P. falciparum, the reaction
catalyzed by HAP takes place in an acidic environment. The pH
optimum for the HAP-assisted catalysis is around 5.5;"*° thus,
the role of the surrounding residues must be considered to
understand the protonation state of His32. Previous bio-
chemical investigations indicating no involvement of Ser35 and
His32 in the catalytic mechanism of HAP were based on the
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Figure 12. Active site of HAP in the superimposed structures of apo-HAP (green; PDB entry 3FNS), the HAP—pepstatin A complex (salmon; PDB
entry 3FNT), the HAP—KNI-10006 complex (magenta; PDB entry 3FNU), and the HAP—KNI-10395 complex (yellow). The active site residues
are shown as sticks. The nucleophilic water molecules (W1) from the HAP—KNI-10006 and HAP—KNI-10395 complexes are shown as red spheres.
Another water molecule (W2) from the HAP—KNI-1039S complex is also shown. The Zn>" ion bound in the active site of apo-HAP, very close
behind W1, is colored gray. Pepstatin A from its HAP complex is shown in ball-and-stick representation. Hydrogen bonds are shown as blue dashed

lines.

kinetic data® at pH 7.5, much higher than the optimum; thus,
they cannot be considered to be final.

Crystal structures of HAP'> proved that its fold is the same
as in typical pepsin-like aspartic proteases. On the basis of the
conservation of the structural fold and of the arrangement of
the putative catalytic residues, His32 and Asp215, it might be
expected that HAP might utilize a modified mechanism of
typical pepsin-like enzymes. However, the exact role of the
active site residues needs to be further elucidated. A
comparison of the crystal structures of apo-HAP and three
inhibitor complexes (with pepstatin A, KNI-10006, and KNI-
10395) indicates that the conformation of the side chain of
Asp215 is very similar in all of them (Figure 12). However,
positions of the side chains of His32 and Ser3$ in the HAP—
KNI-10395 complex are quite different from the positions of
these residues in the other three structures. The putative
nucleophilic water molecules (W1) assume very similar
positions in the HAP—KNI-10006 and HAP—KNI-10395
complexes, corresponding to the location of the hydroxyl
group of the PI statine residue in the pepstatin A complex
(Figure 12). The hydroxyl group of Ser3S is hydrogen bonded
to the ND1 atom of His32 in apo-HAP and in the complexes
with pepstatin A and KNI-10006. However, in the HAP—KNI-
10395 complex structure, the hydroxyl of Ser3$ is pointing
away from His32, with the side chain of the latter residue
flipped in such a way that its ND1 atom is close to the main
chain amide of Ala34; thus, Ser35 and His32 are no longer
hydrogen bonded. Instead, the NE2 atom of the His32 side
chain forms a hydrogen bond with a neighboring water
molecule (W2) (Figure 12). A similar water molecule is found
in the proximity of the carboxylate group of Asp32 in the
apoenzyme of PMII (PDB entry 1LF4').

It is clear that, in HAP, Asp215 must act as a catalytic base
activating the nucleophilic water molecule (W1) by forming a
hydroxyl anion capable of attacking the carbonyl carbon of the
peptide linkage, leading to formation of a tetrahedral
intermediate. In pepsin-like aspartic proteases, the tetrahedral
intermediate accepts a proton from Asp32.°* Andreeva and
Rumsh®® proposed that, at acidic pH, the acidity of Asp32 is
increased by the proton relay mechanism involving the side
chains of Trp39, Tyr7S, and Ser3S, and a water molecule
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situated between the hydroxyl groups of the latter two residues.
However, the actual role of Tyr75 and Trp39 in the catalytic
mechanism of pepsin-like aspartic protease is still unclear, as the
replacement of Tyr75 with Asn in Rhizomucor pusillus pepsin>®
increases the catalytic efficiency of the enzyme. Tyr75 is also
not conserved in all plasmepsins.'® On the basis of the analysis
of the structures of several pepsin-like aspartic proteases,
Andreeva and Rumsh®® noted different conformations of the
hydroxyl of Ser35 and postulated that a hydrogen bond
between Ser3S5 and Asp32 is important for maintaining the
proper protonation state of Asp32. An analogous change in the
conformations of the side chain of Ser35 has also been
observed in the HAP structures. On the basis of the
arrangements of the His32 and Ser3$ side chain in the HAP
active site (Figure 12), we postulate that His32 might be
directly involved in providing the electrophilic component for
the catalytic mechanism. The role of Ser35 could be to
maintain the proper protonation state of His32. However, more
structural, computational, and biochemical studies are necessary
to support this hypothesis.

In summary, the crystal structure of the HAP zymogen
revealed a conformation of the prosegment similar to its
counterparts in pro-PMII and pro-pyPMIV, suggesting a
common mechanism for inactivation and activation. While
the conformation and the interactions of the prosegments are
different in proplasmepsins and gastric zymogens, some of the
interactions of KNI-10006 and KNI-10395 with HAP resemble
those seen in the structures of gastric zymogens. Although both
inhibitors are bound to HAP in a nontraditional way, their
binding modes are very different. In the HAP—KNI-10006
complex, the plasmepsin-specific flap pocket is filled by the N-
terminal group of the inhibitor, whereas the C-terminal half
follows the pathway of residues 7—10 of the N-terminus of the
pro-mature enzyme in the structures of gastric zymogens. The
internally folded, unusual -turn conformation of KNI-10395
stabilized by two intramolecular hydrogen bonds, as well as the
location of the inhibitor, is similar to the helical turn comprising
residues 34p—38p in the prosegments of pepsins. We postulate
that the combination of factors such as the lack of access to the
flap pocket and the unique nature of the S1’ pocket in HAP
with the presence of the long side chain of Lys76 at the tip of
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the flap contributes to the unusual binding mode adopted by
KNI-10395. The structure of the HAP—KNI-10395 complex
also revealed a novel mode of dimerization involving domain
swapping, previously not seen in any aspartic proteases.
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