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A B S T R A C T   

A series of tetrahydro-β-carboline derivatives of a lead compound known to target the heat shock 90 protein of 
Plasmodium falciparum were synthesized and assayed for both potency against the parasite and toxicity against 
a human cell line. Using a rationalized structure based design strategy, a new lead compound with a potency two 
orders of magnitude greater than the original lead compound was found. Additional modeling of this new lead 
compound suggests multiple avenues to further increase potency against this target, potentially paving the path 
for a therapeutic with a mode of action different than any current clinical treatment.    

Malaria is caused by protozoan parasites of the Plasmodium genus, 
with P. falciparum and P. vivax responsible for vast majority of cases. In 
2018, an estimated 228 million cases and 405,000 deaths were caused 
by Plasmodium, with most deaths occurring in young children and 
pregnant women.1 P. falciparum is by far the most deadly, accounting 
for approximately 90% of all deaths worldwide.2 Despite a world-wide 
effort to combat this deadly disease, a number of clinical challenges 
have prevented further progress in the battle to eliminate the disease. In 
particular, the absence of a clinically useful vaccine,3 the complexity of 
the Plasmodium lifecycle,4 emergence of strains resistant to artemisinin- 
based combination therapies (ACTs)5 and a small number of validated 
small molecule targets6 underscore the need for treatments with new 
modes of action. 

Heat shock proteins (Hsp) are a major class of chaperone proteins 
found in all life forms ranging from prokaryotes to humans with heat 
shock protein 90 (Hsp90) being one of the most common of all such 
proteins.7 Since the malaria parasite must be transmitted from a poi
kilothermic mosquito to a homothermic human, heat shock proteins are 
vital for the parasite to survive the change in temperature. In fact, a few 
degrees of temperature change can cause the P. falciparum heat shock 

90 protein (PfHsp90) transcription rate to more than triple.8 The ATP 
binding pocket of PfHsp90 is highly conserved among a number of 
clinical isolates, underscoring the critical cellular function of this cha
perone protein.9 A few small molecule inhibitors of PfHsp90, most 
notably geldanamycin, are known to be potent anti-malarial agents. 
However, unacceptable toxicity profiles preclude the use of these 
compounds in the clinic.10 Still, the critical role of PfHsp90 in parasite 
viability and the fact that no current clinical treatment possesses a si
milar mechanism of action both make this an attractive small-molecule 
target. 

Our group previously reported that the β-carboline harmine binds 
selectively to the PfHsp90 ATP binding domain relative to human 
Hsp90.11 We developed a microwave-mediated methodology to readily 
prepare a library of tetrahydro-β-carboline and β-carboline derivatives 
of the Harmine scaffold12 and tested a number of compounds to assay 
their antimalarial activity. Our most potent compound from this initial 
collection was 1, a 5-chloro-tetrahydro-β-carboline derivative of har
mine that displayed modest activity and low toxicity against human 
cells (Fig. 1).13 

To design a more potent second generation of inhibitors, we first 
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attempted to rationalize a pharmacophore model of 1. Fortunately, a 
solved protein structure for the N-terminus region of PfHsp90 bound to 
ADP is available (PDB ID: 3 k60, Fig. 2). The adenine heterocycle is the 

most deeply embedded end of the ADP molecule, making polar contacts 
with residues Thr171 and Asp79. Below the adenine rings, isoleucine 
and phenylalanine residues form an aliphatic floor, although ADP itself 
does not appear to interact with these hydrophobic residues. The more 
polar phosphate end of ADP makes several polar contacts with Arg98 
and Asn37, and extends away from the depths of the pocket, pre
sumably exposed to solvent. Given that both adenine and harmine share 
a similar fused 5- and 6-membered heterocyclic system, we hypothe
sized that 1 was binding in similar fashion, presumably making polar 
contact with the same Asp79 and Thr171 residues (Fig. 2). While this 
binding model is highly speculative, it suggests two potential paths to 
increase potency. One path would be substituting larger aromatic/ali
phatic groups at the methyl position of 1 to take advantage of the ali
phatic floor formed by Ile77 and Phe124. A second approach could be 
the introduction of new groups at the 5-chloro position to take ad
vantage of the polar residues that interact with the phosphate group of 
the native ligand. Since it is synthetically easier to vary the methyl 
position of 1, we decided to concentrate on synthesizing a library of 
compounds with various phenyl rings in place of the methyl group of 1. 

Fig. 1. Structure, cytotoxicity and antimalarial activity of initial lead com
pound 1. 

Fig. 2. Crystal structure of ADP bound to PfHsp90. (A) Three dimensional view of the top of the binding pocket surface of PfHsp90 with ADP. Red protein surfaces are 
oxygen atoms, blue are nitrogen atoms, and grey are carbon atoms. ADP is shown with a yellow backbone. (B) Binding pocket shown with the protein as a ribbon. (C) 
Two dimensional representation of ADP bound to PfHsp90. ADP is shown in blue, polar contacts are indicated by dotted red lines, and aliphatic regions indicated 
with pink. (D) Putative binding model of 1. 
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We also investigated N-alkylation at the indole nitrogen with the goal of 
increasing the non-polar interactions. 

To prepare analogs of 1 in which the methyl group was replaced by 
a variety of ring systems we utilized a previously reported synthesis of 
tetrahydro-β-carbolines via a microwave mediated Pictet-Spengler re
action11 (Scheme 1). 

To synthesize derivatives of 1 that were alkylated at the indole ni
trogen, a protection-alkylation-deprotection strategy was used, as out
lined in Scheme 2. While we were able to successfully isolate a me
thylated and ethylated derivative, attempts to alkylate using this 
methodology with larger alkyl groups lead to only trace product which 
could not be isolated in sufficient amounts to screen. While additional 
synthetic strategies could potentially yield more derivatives, we 
decided to screen the two compounds we had on hand first before ex
panding upon other N-alkylated products by alternative routes. 

We then tested the proliferation inhibitory activity of our com
pounds against the chloroquine-sensitive P. falciparum 3D7 strain 
(MRA-102) in O-positive erythrocytes (Table 1). We also tested these 
compounds for inhibition of proliferation of a human fibroblast cell line 
(BJ). 

The majority of phenyl-substituted derivatives displayed improved 
potency, typically around one order of magnitude better than 1, with 7 
presenting the best potency (352 nM) and an improvement of two or
ders of magnitude compared to 1. Larger substituents including nap
thyl, benzyl, and cyclohexyl derivates showed little improvement, and 
indole N-alkylated compounds were completely inactive. Most com
pounds displayed little to no effect on the proliferation of the human BJ 
cell line. 

To predict the binding mode of our new analogs, we docked our lead 
compound to the ATP pocket of PfHsp90 with the Vina14 and iDock15 

programs. Default parameters were used for both docking programs as 
longer search times have demonstrated little improvement against 
known benchmarks.16 Since our compounds are chiral, we docked both 

the (R) and (S) forms of 7, with both programs predicting nearly 
identical poses for each enantiomer (Fig. 3). We were pleased to see 
that the computed binding pose of (R)-7 fit as predicted, with the meta- 
tolyl ring residing in the aliphatic pocket and likely polar contacts be
tween the piperidine nitrogen and the nearby Asp79 and Thr171 re
sidues. The harmine core of (R)-7 also resides in roughly the same 
position as the adenine ring of ADP. The (S)-7 pose, however, was 
markedly different, with the harmine core rotated away from the 
pocket such that the indole nitrogen appears to interact with Asp79 
while the piperidine nitrogen continues to maintain contact Thr171. 
Moreover, the chlorine atom appears to be orientated toward Arg98, 
suggesting a possible ion–dipole interaction. In addition to the different 
predicted poses, both programs also predicted stronger binding for the 
(R) form, with Vina favoring (R)-7 by 0.70 kcal/mol, and iDock fa
voring (R)-7 by 0.72 kcal/mol. While these results may suggest that the 
(R) form is more potent, we do not believe that our simulations alone 
are sufficient to make this conclusion without additional in vitro work 
utilizing enantiopure compounds. 

Our simulations provide a rational SAR model that explains the 
antimalarial activity of our compounds. Replacing the methyl group of 
1 with a phenyl ring allows for additional hydrophobic interactions, 
giving most phenyl-substituted derivatives improved activity. The re
latively small size of the hydrophobic floor formed by Ile77 and Leu93 
explains why substituting a larger benzyl or napthyl group is unfavor
able, as shown by the lower activity displayed by 12–14. The meta- 
methyl group in lead compound 7 appears to fit tightly in the aliphatic 
floor of the binding pocket in close proximity to Ile77. This close 
proximity and aliphatic environment provide a reasonable explanation 
for why other phenyl substitutions alter the binding orientation due to 
steric and/or electronic repulsion, effectively weakening the putative 
hydrogen bonding interactions with Thr171 and Asp79 which is the 
likely driver of binding affinity. Alkylation of the indole nitrogen also 
causes significant loss of activity either through unfavorable steric in
teractions or the loss of the hydrogen bonding interaction predicted 
between the (S) form and Asp79. Our docking models also suggest that 
the chlorine atom, which points away from the binding pocket, could 
serve as a useful functional handle for the addition of substituents 
which could form more favorable interactions with Arg98. 

In conclusion, we were able to rationally design and synthesize a 
library of tetrahydro-β-carboline derivatives of our original lead com
pound 1 by appending various aromatic substitutions in order to make 

Scheme 1. Preparation of ring substituted derivatives of 1.  

Scheme 2. Preparation of N-alkylated derivatives of 1.  
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Table 1 

Bioactivity, therapeutic index (T.I.) and cLogP values for all tested compounds.

Compound R1 R2 EC50 3D7a (μM) EC50 BJb (μM) T.I. cLogPc  

1 H Me 12.2  ±  2.3d – –  2.05 
2 H Ph 1.67  ±  1.7  > 24 14  3.45 
3 H 1.94  ±  1.09  > 24 12  4.00 

4 H 2.53  ±  0.75 23.6  ±  0.744 9  4.00 

5 H 13.3  ±  0.495 23  ±  0.35 2  4.00 

6 H 2.08  ±  2.03  > 24 12  3.93 

7 H 0.352  ±  0.487  > 24 68  3.93 

8 H 17.9  ±  0.088  > 24 1  3.93 

9 H 4.35  ±  1.22 15.7  ±  4.89 4  3.06 

10 H 7.53  ±  1.0  > 24 3  3.06 

11 H 4.45  ±  0.423  > 24 5  3.06 

12 H 7.06  ±  2.34  > 24 3  4.44 

13 H 16.6  ±  2.03 17.2  ±  3.38 1  4.44 

14 H 10.9  ±  1.15  > 24 2  3.72 

(continued on next page) 
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additional non-polar contacts. Our new front runner compound, 7, 
displays a 35-fold increase in potency inhibiting proliferation of P. 
falciparum and no detectable antiproliferative activity against a human 
cell line. Docking simulations indicate that the most potent stereo
isomer of 7 maintains the binding orientation of 1, taking advantage of 
additional non-polar contacts in the ATP pocket of PfHsp90. While the 
gains in potency are notable, several challenges still remain with this 
scaffold. Future studies will include investigating other meta-substituted 
groups that are less sensitive to metabolism, additional functionaliza
tion utilizing the chloro group as a handle for coupling reactions, 

resolution of the two enantiomers such that they can be assayed in
dependently, or oxidizing the compound to the achiral β-carboline 
system using a gentle oxidizing agent such as Ag2CO3 or IBX.17 
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Table 1 (continued)        

Compound R1 R2 EC50 3D7a (μM) EC50 BJb (μM) T.I. cLogPc  

15 H 12.1  ±  5.25  > 24 2  3.69 

16 Me Me  > 18  > 24 1  2.29 
17 Et Me  > 18  > 24 1  2.62 

a EC50 values are reported as the mean  ±  SD of five measurements. Assay endpoints were normalized from 0% (DMSO only) to 100% inhibition (16 µM 
Mefloquine). 

b EC50 values are reported as the mean  ±  SD of six measurements. Assay endpoints were normalized from 0% (DMSO only) to 100% inhibition (58 µM 
Idarubicin). 

c Calculated log P of the free base. 
d Reported previously. See Ref. 12.  

Fig. 3. Computed docking pose of lead compound 7 in the ATP pocket of PfHsp90. (A) Docking pose of (R)-7 as calculated by Vina (gold backbone) and iDock (teal 
backbone). RMSD = 0.267 Å. (B) 2D representation for (R)-7, with polar interactions indicated by dotted red lines, and non-polar interactions shown as pink lines. 
(C) Docking pose of (S)-7 as calculated by Vina (gold backbone) and iDock (teal backbone). RMSD = 0.096 Å. (D) 2D representation for (S)-7, with polar interactions 
indicated by dotted red lines, and non-polar interactions shown as pink lines. 
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