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Exploring the Flap Pocket of the Antimalarial Target Plasmepsin II :
The “55% Rule” Applied to Enzymes
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With 300–660 million infections
annually, malaria is a major
health issue and threatens ap-
proximately 40% of the world’s
population.[1,2] In the search for
new antimalarial targets, atten-
tion has turned to the degrada-
tion of human hemoglobin by
the parasite Plasmodium falcipa-
rum. Several enzymes, including
the three aspartic proteases
plasmepsins (PMs) I, II, IV, and a
histo-aspartic protease (HAP), are involved in the process,
which is both vital and specific for the pathogen. As these pro-
teases show overlapping substrate specificity, all of them have
to be targeted by a potential antimalarial drug.[3,4] Unfortunate-
ly, to date no crystallographic data are available for PM I or
HAP in the protein data bank (PDB). The only two available X-
ray crystal structures of PM IV in complex with pepstatin A[5]

and an allophenylnorstatin-based inhibitor (PM IV of Plasmodi-
um malariae)[6] are showing a pepsinlike fold, which is also ob-
served for the seventeen published X-ray crystal structures of
PM II. However, three of these PM II structures (PDB codes
2BJU, 2IGX, 2IGY)[7,8] feature a new cavity (flap pocket). This
pocket is opened and shaped by the n-pentyl chain of the re-
ported inhibitors.[7] The existence of this pocket has been ob-
served before in renin.[9] It is mainly lined by hydrophobic
amino acid residues, and only its occupancy resulted in potent
and selective nonpeptidomimetic inhibitors for PMs and
HAP.[8,10] Related human aspartic proteases such as cathepsin D
and E must not be affected, and indeed the activity of both
was only insignificantly impaired.

The exploration of the molecular recognition properties of
the plasmepsin proteases, especially with respect to the flap
pocket, is a major objective of our research, and in this work
we describe the optimal filling of this hydrophobic cavity.

Recently, a new class of nonpeptidomimetic inhibitors tar-
geting the flap pocket was designed and synthesized in our
laboratory (Figure 1).[10] Inhibitor (� )-1 was the most active
compound against PM II (IC50=130 (PM II) and IC50=50 nm

ACHTUNGTRENNUNG(PM IV); IC50=concentration of inhibitor at which 50% of the
maximum initial rate is observed), whereas compound (� )-2
was the most potent against PM IV (IC50=210 (PM II) and
IC50=30 nm ACHTUNGTRENNUNG(PM IV)). Enantiomer (�)-2 binds much better to
PM II (IC50=45 nm) and PM IV (IC50=10 nm) than (+ )-2 (IC50=

3260 and 33900 nm, respectively). The absolute configuration
of the active enantiomer was tentatively assigned based on
molecular modeling.[10]

We chose compound (� )-1 as a lead structure. With the resi-
due RS1/S3 targeting the S1/S3 subsite left unchanged
(Figure 1), the vector aiming for the flap pocket was varied sys-
tematically to explore the binding properties of this cavity, es-
pecially with respect to the volume that is available for bind-
ing.

In this context, important concepts previously demonstrated
in molecular recognition studies with synthetic receptors were
transferred and applied to an enzyme environment. The 55%
rule of Mecozzi and Rebek states that inclusion complexes are
favored, when a guest occupies 55�9% of the available space
within a host.[11] This rule applies in particular to apolar binding
processes.[12–19] In the case of alkyl chains, it has been observed
that residues apparently too long in their fully extended con-
formation for a certain cavity, adopt energetically less favorable
conformations to fit into the available space.[15–22] Unfavorable
internal gauche strain in these contorted guests is compensat-
ed by burial of hydrophobic surfaces, chemical complementari-
ty, and proper filling of space. Examples of nonstaggered alkyl
residues bound by enzymes such as lipid-binding proteins are
also known.[23,24] It was further suggested that the principle of
ideal volume occupancy is generally applicable, for example,
to drug design.[11] However, the 55% rule has to our knowl-
edge not yet been applied to enzymes. In contrast to rigid syn-
thetic container molecules, proteins are more flexible, and
there are several cases known where the enzyme adapts itself
to the—although contorted—ligand.[23] It is therefore difficult
to estimate the volume of an enzyme subpocket. The flap
pocket of PM II however is relatively narrow and well defined,
as it is observed in the three X-ray crystal structures of PM II

Figure 1. General scaffold of our plasmepsin inhibitors, lead compound (� )-1, and inhibitor (� )-2. The (protonat-
ed) azanorbornane addresses the catalytic Asp dyad, the alkyl chain binds into the flap pocket, and the aromatic
residue occupies the S1/S3 site.
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with inhibitors featuring n-pentyl substituents (PDB codes
2BJU, 2IGX, and 2IGY, see the Supporting Information for an
overlay).[7,8]

We used these three structures to determine the cavity
volume of the flap pocket by two different computational
methods: a) filling the cavity with a hydrocarbon network[11]

and b) an automated procedure implemented in the software
HOLE[25] (for details see the Supporting Information). Both ap-
proaches gave comparable results, and a mean value of 252�
6 O3 (error given as standard deviation) was obtained for the
three structures 2BJU, 2IGX, and 2IGY. The three calculated
values are very similar (see the Supporting Information), which
confirms that the positions of the amino acids defining the
volume of the flap pocket are indeed conserved throughout
these three structures. In the modeling, the first methylene
group of the alkyl chain flap vector is surrounded by Trp41,
Met75, Asn76, Tyr77, Phe111, and Ile123, and the plane
through these amino acid residues was therefore assigned to
delineate the flap pocket of PM II (see Supporting Information
Figure 3SI).

Modeling with MOLOC[26] suggests that no fully extended n-
alkyl chain flap vector longer than seven C atoms fits into the
flap pocket of PM II. The distances of the n-heptyl chain of in-
hibitor (� )-3 to the “back end” of the cavity imply that longer
chains have to fold in order to be accommodated in the
pocket (Figure 2). Such a distortion is indeed predicted for the
longer chains in the molecular modeling (Figure 3).

Compounds (� )-3–(� )-14 with different (cyclo)alkyl substi-
tuted alkyl chain flap vectors were synthesized[27] and tested in
vitro for inhibition of PM II and IV (Table 1). For compounds
(� )-10 and (� )-12–(� )-14, a clear trend can be seen for both
plasmepsins: the bigger the substituent at the vector end, the
higher the IC50 values. This implies that there is only limited
space at the “end” of the flap pocket, and that the cavity
cannot easily reorganize to accommodate the more volumi-
nous substituents. However, if the chain is shortened, a cyclo-
pentyl ring fits well in the cavity (compare (� )-11 and (� )-13).

A striking structure–activity relationship becomes evident for
a series of inhibitors (� )-1 and (� )-3–(� )-9, which target the
flap pocket with a homologous series of n-alkyl chains. Plotting
the binding affinities (IC50 values) for both enzymes against the
chain length of the flap vector results in bell-shaped curves
with broad maxima (Figure 4).

For PM II, the affinity initially increases with the number of C
atoms (n) in the chain, until �50% of the cavity volume is
filled in the case of (� )-3 (Rflap=n-heptyl). Ligand (� )-3 shows
the strongest affinity in this series (IC50=50 nm), whereas (� )-6
(Rflap=n-octyl) and (� )-7 (Rflap=n-nonyl) are also bound with
high strength. Their alkyl chains do still fit well inside the
cavity (packing coefficient (PC)=0.57 and 0.63, respectively),
and the IC50 values are 70 and 150 nm. According to modeling
studies, the longer alkyl chains of (� )-6 and (� )-7, in contrast
to (� )-3, have to reduce their length by folding. Binding rapid-
ly decreases if the chain length exceeds nine methylene
groups: inhibitors (� )-8 (Rflap=n-decyl) and (� )-9 (Rflap=n-un-
decyl) are bound with only moderate affinities (IC50=350 and
1950 nm, respectively), because the n-alkyl chains of (� )-8 and

Figure 2. MOLOC-generated molecular model of inhibitor (� )-3 showing im-
portant amino acids surrounding the flap pocket (PDB code 2BJU). Color
code: C-skeleton of enzyme: gray, C-skeleton of (� )-3 : green, O-atoms: red,
N-atoms: blue, S-atom: orange. The enantiomer of the inhibitor that is pre-
dicted by modeling to bind into the active site is shown. Distances are indi-
cated in O.

Figure 3. MOLOC-generated molecular model of inhibitors featuring n-alkyl
chain flap vectors bound within the active site of PM II (PDB code 2BJU).
Several amino acid residues have been removed to permit better visualiza-
tion of the flap pocket. Color code: C-skeleton of enzyme: gray, C-skeleton
of (� )-4 : purple, C-skeleton of (� )-3 : green, C-skeleton of (� )-7: blue, C-
skeleton of (� )-8 : yellow, O-atoms: red, N-atoms: blue, S-atoms: orange.
The enantiomer of the inhibitor that is predicted by modeling to bind into
the active site is shown.
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(� )-9 are too large to be accommodated by the flap pocket
even in their folded conformations (PC=0.68 and 0.75, respec-
tively).

The hypothesis that n-alkyl chains adopt their conformation
to fill the flap pocket ideally is corroborated by the fact that
the calculated PCs lie in the favorable range of 55�9% for our
best PM II inhibitors. Molecules, which appear to be too long
to fit inside the flap pocket, are among the best binders if
their volume occupation is in the preferred range. Taking these
arguments into account helps to explain the rather broad
curve maximum spanning six
differently long chains (PM II,
Figure 4).

The ideal chain length is dif-
ferent for PM II and PM IV re-
spectively. Not only does PM IV
prefer shorter chains, the de-
crease in activity when exceed-
ing optimal chain length is also
much stronger for PM IV than
for PM II (Figure 4 and Table 1).
As a result of the lack of X-ray
crystal structural data, volume
considerations for the flap
pocket could not be made in
the case of PM IV. Based on the
biological results however,
PM IV seems to have a shorter
flap pocket with a smaller bind-
ing volume if compared to
PM II.

As a note of caution, the
volume of an enzyme pocket
has to be taken as a good esti-
mation rather than a measure-
ment and is therefore less relia-

ble than the respective values determined for rigid synthetic
hosts. A well-defined and highly conserved binding pocket is
needed for exact determinations.

In conclusion, different inhibitor chain lengths yielded opti-
mal results for PM II and IV respectively, which suggests signifi-
cant differences in the size and shape of their flap pockets.
The 55% rule of Mecozzi and Rebek has been successfully ap-
plied to an enzyme environment. Similar to synthetic host–
guest binding events, long n-alkyl groups in the flap pocket of
PM II seem to be readily contorted, if this is required to fit
inside the binding site, and if volume occupation in the result-
ing complex is in the preferred range. Volume considerations
can provide valuable information whether a lipophilic enzyme
or receptor pocket is optimally filled, and we foresee growing
importance of volume analyses as a tool in structure-based
design.
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