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Malaria, a life-threatening disease caused by parasites of the
genus Plasmodium, affects 500 million people annually, of which
more than one million die.[1] The emergence of multi-drug-
resistant strains of Plasmodium falciparum, the parasite that
causes the deadliest form of malaria, exacerbates the situation
and necessitates new medicines with novel modes of action.[2]

Plasmepsin II (PII ; EC3.4.23.39),[3] a parasitic aspartic protease
involved in the hemoglobin degradation process that takes
place in an acidic vacuole, has been identified as a potential
target for antimalarial therapy. Several groups reported PII
inhibitors that mimic the natural substrate and display up to
single-digit nanomolar activity.[4] Inhibition of PII is expected to
block the life cycle of the parasite.[5] Here we report the synthesis
and in vitro evaluation of a new class of nonpeptidic PII inhibitors
developed with the help of structure-based de novo design that
show up to single-digit micromolar inhibitory activities.[6±8]

A major conformational change around the active site of the
human aspartic protease renin (EC3.4.23.15) upon complexation
of 3,4-disubstituted piperidines has been observed, which
unveils unexpected flexibility of the enzyme.[9] The flap that lies
over the catalytic dyad, and a tryptophan side chain of the core
domain, move and thereby unlock a new hydrophobic pocket
(flap pocket). The high sequence homology between renin and
PII prompted us to hypothesize that an induced-fit adaptation
such as that of the active site of renin might also be operative
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upon complexation of adequate inhibitors to the enzyme found
in Plasmodium.[10] Further evidence for the structural flexibility of
PII arose from the crystal structure of proplasmepsin II.[11] The
conformational changes observed in renin complexes have,
therefore, been modeled into the X-ray structure of PII[3] and
exploited in our design approach (Figure 1). A major hallmark of
the active-site modification found in renin complexes is the
disruption of the H bond between Tyr75 and Trp39 (pepsin
numbering) caused by lifting of the flap and movement of these
two side chains into new positions. This conformational change
unlocks a large and very hydrophobic pocket, which we call the
flap pocket (Figure 2).

We used the molecular modeling package MOLOC[12] and the
molecular recognition principles of protein ± ligand systems to
design small molecules that are well accommodated by the
active site of our modeled structure of PII. The 11-azatricy-
clo[6.2.1.02,7]undeca-2(7),3,5-triene tricycle was identified as a
suitable central scaffold for PII inhibitors. The positioning of this
tricycle in the active site of PII is dominated by the effects of two
charge-reinforced H bonds between its nitrogen atom and each
of the two Asp residues of the catalytic dyad.

Substitution at positions 5 and 6 of the central scaffold was
expected to provide two exit vectors pointing into the large
hydrophobic flap pocket and the combined S1/S3 pocket,
respectively (Figure 2). Our analysis revealed that a naphthyl
moiety could be accommodated by the S1/S3 pocket. Modeling
also suggested that the rear of the flap pocket, which is rather
spacious, should be well filled by hydrophobic heterocyclic
residues linked to the central scaffold by aliphatic linkers.

Based on this analysis, we prepared a series of inhibitors (�)-
1a ±k (Scheme 1) by variation of the heterocyclic residue
that points into the flap pocket and the linker that attaches it
to the central scaffold, as well as variation of the linker to the
differently substituted naphthyl moieties used to occupy the S1/
S3 pocket.

Diels ±Alder reaction of protected pyrrole 3[13] with a benzyne
species generated in situ from 2,[14] gave the tricyclic scaffold 4
(Scheme 2). Hydrogenation, followed by a sequence of nucleo-
philic substitutions afforded first (�)-5a ± c, then the N-protect-
ed inhibitors (�)-6a ± f.[15] Deprotection by intermediate forma-
tion of the tert-butyldimethylsilyl carbamate followed by
cleavage under basic conditions provided the inhibitors (�)-
1a ± f. Compounds 1 g and (�)-1h,i were obtained by a similar
route.[15]

Figure 1. Superimposition of the X-ray crystal structure of PII (orange) with the
modeled structure (green), with the flap moved away from the catalytic dyad.

Figure 2. Schematic (2a) and ball-and-stick (2b) representations of (�)-1a in the active site of the modeled structure of PII. The complexation of the (1S,8R)-1a
enantiomer is shown. See Scheme 1 for the structure of 1a.
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Scheme 1. The series of inhibitors prepared.

During the syntheses, we noticed that the conformations
adopted by the two ether substituents of (�)-1a ± f were
not optimal in the bound state, with torsional angles
C(sp2)�C(sp2)�O�C(sp3) that deviate substantially from planarity
in the modeled PII complexes. Computational studies suggested

that replacement of one of the aryl ether oxygen atoms by a CH2

group should permit the new inhibitors (�)-1 j,k to adopt a more
favorable conformation.

The synthesis of (�)-1 j,k started from (�)-5a, which was
transformed into aryl triflate (�)-7 (Scheme 3). Sonogashira
cross-coupling[16] with propargyl alcohol furnished (�)-8. Reduc-
tion of the triple bond gave (�)-9, which was converted into
tosylate (�)-10. Final nucleophilic substitution and N-deprotec-
tion yielded the inhibitors (�)-1 j,k.[15]
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Scheme 3. Synthesis of inhibitors (�)-1 j,k. Reagents and conditions :
a) (CF3SO2)2O, pyridine, CH2Cl2 ,�40 �C, 2 h, 86%; b) propargyl alcohol, piperidine,
[Pd(PPh3)4] , 80 �C, 36 h, sealed tube, 57%; c) H2, Pd/C (10%), MeOH, RT, 12 h,
100%; d) TosCl, pyridine, CH2Cl2 , 0 �C�RT, 90 min, 51%; e) R2SH, NaH, DMF, RT,
12 ± 23 h, 72 ± 100%; f) Me2(tBu)SiOSO2CF3, 2,6-lutidine, CH2Cl2, RT, 45 ± 80 min;
g) aq K2CO3, MeOH/THF, RT, 60 ± 90 min, 41% (over two steps). See Scheme 1 for
the nature of the R1 and R2 groups.

IC50 values of (�)-1a ±k against PII and several
other aspartic proteases (plasmepsin IV, cathe-
psins D and E, and renin) were determined in
automated assays.[17] The inhibitors bearing two
substituents displayed promising inhibitory ac-
tivity and good selectivity towards renin (Table 1).
Activity against plasmepsin II is higher in each
case than the affinities for the other aspartic
proteases as determined in the assay. The modest
selectivity of the inhibitors (factors of 2 ± 3) with
respect to cathepsin D and E could suggest high
homology in the active sites of the enzymes.

The data for the first series of inhibitors (�)-
1a ± f (Scheme 1) tend to support our hypothesis
that conformational changes observed in renin[9]

in the flap atop the active site are also operative
in PII. Chloro-substituted benzothiazole inhibitors
((�)-1d± f) were predicted by the molecular
modeling to have a better shape complementar-
ity with respect to the flap pocket than the
benzothiazole derivatives that lack the halogen

atom ((�)-1a ± c). This prediction was confirmed by experimen-
tal results; the chlorinated inhibitors showed a three- to fourfold
increase in affinity with respect to their nonchlorinated ana-
logues. These results indicate that our inhibitors could adopt the
expected conformation in the active site of PII.
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The negligible effects of naphthyl substitution pattern and
linker length on affinities displayed by compounds (�)-1a ± f
suggest that the combined S1/S3 pocket is capable of accom-
modating residues up to the size of naphthyl groups in different
orientations with similar affinity. These observations furnish
further evidence for substantial flexibility of PII and an induced-
fit adaptation of the active site upon complexation with our
inhibitors.

Comparison of 1 g and (�)-1h,i with the other inhibitor series
indicates that at least one of the two hydrophobic pockets (S1/
S3 or flap) needs to be occupied in order to obtain measurable
inhibitory activity. Compound 1 g, which lacks suitably sized
substituents, showed no activity at all. Compounds (�)-1h,i
showed measurable binding affinities that were, however,
weaker than those displayed by the corresponding derivatives
(�)-1a ± c, which feature two suitably sized substituents.

Replacement of the oxygen atom (in (�)-1a and (�)-1d) in the
linker of the substituent that points into the flap pocket by a CH2

group (in (�)-1 j and (�)-1k) gave a two- to threefold enhance-
ment in activity, as expected from the conformational analysis.
This result emphasizes the importance of preorganization in low-
energy states of the inhibitors in the protein ± ligand complex-
ation process. Introduction of a chloro substituent into the
benzothiazole moiety of (�)-1k again enhanced the affinity by a
factor of two, as previously observed by comparison of inhibitors
(�)-1d± fwith (�)-1a± c. It is further anticipated that introduction
of more rigid linkers between the central scaffold and the bicycles
located in the S1/S3 and flap pockets might improve the binding
potency of our compounds by decreasing the entropy loss
associated with binding of inhibitors with floppy substituents.

In conclusion, de novo design based on a modeled structure
of PII followed by convenient synthesis afforded a new class of
PII inhibitors that display promising IC50 values and good
selectivity towards renin, and little selectivity with respect to
other aspartic proteases used. The investigations support the
speculation that the active site of PII undergoes major conforma-
tional changes upon binding of adequate inhibitors. The flap
pocket found to be unlocked and filled by inhibitors in renin
complexes could turn out to play a similar role in PII. Efforts to
ultimately validate the proposed binding modes by X-ray crystal
structure analysis are ongoing.
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council and F. Hoffmann ± La Roche for support of the work done at
the ETH.
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Table 1. Biological activities and selectivities of inhibitors (�)-1a ± k.

IC50

Inhibitor PII[a] [�M] PIV[b] [�M] Cat.D[c] [�M] Cat.E[d] [�M] Renin [�M]

(�)-1a 13 60 18 34 83
(�)-1b 10 85 23 42 81
(�)-1c 14 70 25 46 � 100
(�)-1d 3 15 12 6 � 100
(�)-1e 4 50 11 14 � 100
(�)-1f 5 17 12 7 � 100
1 g �100 � 100 � 100 �100 � 100

(�)-1h 34 54 71 47 � 100
(�)-1 i 24 81 82 70 � 100
(�)-1 j 4 33 12 9 93
(�)-1k 2 10 7 4 � 100

[a] Plasmepsin II. [b] Plasmepsin IV. [c] Cathepsin D. [d] Cathepsin E.
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Metal-based pharmaceuticals are expected to bind to their
targets with high affinity, which may translate to reduced drug
intake and safer treatment. Their distinct mode of action
suggests they have excellent prospects in therapy against
drug-resistant pathogens.[1] By their sheer number, they vastly
increase the pool from which new drugs can be chosen. Metal
compounds find wide use in medical diagnostics.[2] However,
these compounds are coordinatively saturated and unable to
bind biological molecules and bring about therapeutic effects.
Of the few metallodrugs currently in use, most target DNA.[2] We
therefore set out to develop a generalized methodology to
obtain protein-targeted, metal-based drugs. To eliminate any
fear of toxicity associated with ingesting metals, our strategy
involves a prodrug intended to extract the metal from within the
patient's body. Our in vitro model for this new approach involves

the in situ formation of a ternary complex containing a chelate
(the prodrug), a metal, and the target enzyme. We now report
that the readily available tridentate chelates 2,2�:6�,2™-terpyridine
(TERPY), 2-methyl-1-[methyl(2-pyridine-2-yl-ethyl)amino]-pro-
pane-2-thiol (PATH),[3] and 1-[2-pyridyl]-piperazine (PyPP) coor-
dinate Cu2� ions in situ to enhance the potency of Kex2
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inhibition beyond that of the solvated metal ion. Furthermore,
TERPY makes the inhibition irreversible. The variability among
these chelates and the fact that none inhibits the target by itself
suggest that our model applies to a range of chelates. As the
single criterion we used to choose our enzyme was its inhibition
by solvated metal ions (its structure is unknown), we suggest
that our model has the potential to apply to additional targets.
An approach complementary to ours, in which enzyme inactiva-
tion by a potent bidentate chelating inhibitor is enhanced by the
coordination of Zn2� ions, was demonstrated with trypsin-like
serine proteases.[4, 5]

Kex2 is a yeast endopeptidase that converts protein precur-
sors into biologically active proteins to be secreted from the
cell.[6] Most Kex2 inhibitors also affect the mammalian homo-
logue furin. Furin activates the envelope glycoproteins of many
viruses, including Ebola, avian influenza, and rabies prior to
exocytosis, thereby enabling their uptake by new host cells.[7] As
furin is expressed in most body cells, its inhibitors may stop
proliferation of these aggressive viruses after exposure and
possibly even after the related disease symptoms appear. Furin
blockers may also affect toxins of bacteria such as Bacillus
anthracis (which causes anthrax) and Pseudomonas by hindering
maturation of their protoxins during endocytosis.[7] Such anti-
dote-like treatment is needed when toxin levels render anti-
biotics ineffective.

Both Zn2� and Cu2� ions inhibit Kex2 in vitro,[8] with Cu2� ions
being more potent. Likewise, chelate enhancement of inhibition
was much better with Cu2� ions. We report only results with
copper.

In the present study we used tridentate chelates as our
prodrug models. Their binding constants to metals are much
higher than those of bidentates.[9] Thus, tridentates are predicted
to compete more effectively for the endogenous metals against
natural cellular factors. Tetradentates will bind more strongly, but
are less likely to generate sufficient free sites on the metal for
target coordination. We tested chelates that seemed likely to
bind to Cu2� ions, but target inhibition was not among the
criteria in choosing them. None of our chelates inhibited Kex2 on

(0.1%), and Me2SO (5%). The angiotensin 1 produced by the renin was
subsequently quantified with an enzyme immunoassay by comparison
with an angiotensin-1 standard curve. Test compounds were dissolved
and diluted in 100% Me2SO. Inhibitory activities are expressed as IC50

values, which represent the concentration of compound that inhibits
50% of the maximal (uninhibited) enzyme activity. IC50 values for some of
the inhibitors were also determined by a second method, not reported
here; good agreement between the data was found.
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