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Abstract: Digyaindoleacid A (1) is one of the novel alkaloids produced by the Ghanaian Paenibacillus
sp. DE2SH (GenBank Accession Number: MH091697) isolated from the mangrove rhizosphere soils
of the Pterocarpus santalinoides tree growing in the wetlands of the Digya National Park, Brong Ahafo
Region, Ghana. This compound was isolated on HPLC at tg ~ 60 min and its structure determined
by MS, 1D, and 2D-NMR data. When tested against Trypanosoma brucei subsp. brucei strain GUTat
3.1, 1 produced a half-maximal inhibitory concentration (ICsg) 5.21 uM compared to the standard
diminazene aceturate (ICsy = 1.86 uM). In the presence of normal mouse macrophages RAW 264.7,
1 displayed a higher selectivity towards T. brucei subsp. brucei (selectivity indices (SI) = 30.2) with
low toxicity. This result is interesting given that the drug diminazene aceturate is considerably toxic
and 1 is a natural product isolate. The structure of 1 incorporates the backbone of the amino acid
tryptophan which is crucial in the metabolism of Trypanosoma brucei subsp. brucei strain GUTat 3.1.
It is possible that 1, could interfere with the normal uptake and metabolism of tryptophan in the
parasite. However, 1 (IC5¢ = 135.41 uM) produced weak antileishmanial activity when tested against
Leishmania donovani (Laveran and Mesnil) Ross (D10).

Keywords: tryptophan; trypanosomiasis; antitrypanosomals; leishmaniasis; antileishmanials;
cell cycle; cell viability; spectroscopy; spectrometry

1. Introduction

Buruli ulcer, Chagas disease, cysticercosis, dengue fever, Guinea worm, echinococcosis, fascioliasis,
human African trypanosomiasis, leishmaniasis, leprosy, lymphatic filariasis, onchocerciasis, rabies,
schistosomiasis, soil transmitted helminths, trachoma and yaws represent the comprehensive and
slow growing list of neglected tropical diseases (NTDs) worldwide [1]. Millions of people in the
low-income countries of Africa, Asia and Americas live in areas where they are at risk of contracting at
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least one of these NTDs [1]. In fact, statistics are available to indicate that thousands and sometimes
tens of thousands of people in low-income countries indeed contract one or more of these very terrible
ailments due to geographical location, persistent poverty and repeated exposure to pathogens [2,3].
The number of deaths resulting from NTDs is also in the thousand to tens of thousands, even though,
it is commendable the extent of reduction of deaths since 1960s to date as a result of World Health
Organization (WHO), Centers for Disease Control and Prevention (CDC) and other organizational
programs [4]. It is interesting that, with such feats, NTDs currently do not make the list of top five
killers over the past decade notwithstanding the fact that millions still live with the neglected infections.
The top five killers are ischemic heart disease, stroke, chronic obstructive lung disease, lower respiratory
infections and diarrhea [5,6]. Coincidentally, the human anatomy affected by the current disease
burden; heart, lungs, alimentary canal and central nervous system are also severely affected by NTDs
such as Chagas disease, trypanosomiasis, leishmaniasis and schistosomiasis. These four NTDs also
affect other organs like the liver, spleen, eye, lymph, bladder and blood vessels [7,8]. It is possible that
the long lasting effects of chronic NTDs which are known to prevail even after treatment could have
tremendous consequences on the impact of the world’s current top five killer diseases in low-income
countries of Africa, Asia and the Americas [9].

Furthermore, drug administration has played a significant and successful role in the control,
treatment and increasing reduction of deaths from NTDs. A very narrow spectrum of NTD drugs have
been prescribed and administered for over three decades without replacements. However, there is
current widespread development of resistance to prescription drugs for NTDs. In order to ensure that
the number of deaths from NTDs is kept at their current ‘reasonably’ low percentages, scientists must
intensify the research and development of new drug entities for NTDs [10-12].

Previously, we have isolated several microbes from soils and sediments collected from seven
out of the 10 regions in Ghana [13]. Therefore, the current research in our laboratory is targeted at
identifying the chemical structures of the active principles for several Ghanaian microbial extracts
that have shown antitrypanosomal, antileishmanial and anticercaricidal bioactivity. The overall goal
is to identify novel natural product chemical scaffolds that would provide a solid platform for the
development of future drugs for the parasitic NTDs.

Large scale culture of the Ghanaian Paenibacillus sp. DE2SH (GenBank Accession Number:
MH091697) in ISP2 fermentation media at pH 5.5, 28 °C, 220 rpm and 14 days incubation
produced crude extracts which possessed antiparasitic activity against trypanosomes, schistosomes
and leishmania. = Chemical profiling of these extracts using high resolution electrospray
ionization liquid chromatography mass spectrometry (HRESI-LC-MS) and nuclear magnetic
resonance spectroscopy (NMR) showed the presence of several alkaloids. One of these
compounds is 2-(1-(4-hydroxyphenyl)-3-oxobut-1-en-2-yloxy)-3-(1H-indol-3-yl)propanoic acid or
simply Digyaindoleacid A (1). The crude extract of Paenibacillus sp. DE2SH was solvent partitioned by
a modification of Kupchan’s method [14] to give four fractions hexane (FH), dichloromethane (FD),
methanol/water (FM) and butanol/water (WB). Phytochemical screening on thin-layer chromatography
(TLC) plates using iodine tank, Dragendorff, phosphomolybdic acid, antimony (II) chloride and
ninhydrin reagents showed the WB to contain the most interesting metabolites. The fraction WB was
therefore subjected to a Sephadex LH-20 size exclusion chromatography to give six fractions of which
WB-SF6 was found to contain the compound of interest. Reverse phase HPLC of WB-SF6 led to the
isolation of the potent antitrypanosomal agent digyaindoleacid A.

2. Results

The compound 1 was obtained at tg ~ 60 min on reverse phase HPLC (Figures S12 and S13).
Compound 1 is light yellow pungent oil when completely free of solvent. Fragmentation of the
molecular ion of compound 1 under the conditions for HRESI-LC-MS was very rigorous due to the
four very labile functional groups, «,3-unsaturated ketone, carboxylic acid, ether and phenol present
in the compound. These functional groups come together to produce fragmentation patterns that did
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not lend themselves to complete and comprehensive interpretation. However, facile loss of water from
compound 1 produced m/z 350.1501 corresponding to molecular formula Cy;HpgNO4* (A = 0.01 ppm
and 13 degrees of unsaturation). In addition, characteristic carboxylic acid and phenol inspired
fragmentation pathways for compound 1 produced m/z 279.1594 corresponding to molecular formula
C19H1NO* (A = 0.002 ppm and nine degrees of unsaturation). Other fragmentation pathways leading
to different ions can be found in Figures S2 and S3. From this analysis, it was possible to calculate the
m/z of compound 1 to be 365.1263 corresponding to molecular formula Cp1H19NOs with 13 degrees of
unsaturation. Analysis of the 'H, 13C, multiplicity edited pulsed field gradient heteronuclear single
quantum coherence (gHSQCAD) and several pulsed field gradient 'H-*C heteronuclear multiple
bond correlations (gHMBCAD) spectrum of 1, suggested the presence of eight quaternaries, eleven
methines, one methylene and one methyl carbons. The TH-NMR chemical shifts H 10.67 (1H, s, NH-1),
7.10 (1H,s,H-2),7.53 (1H, d, | =7.9 Hz, H-4), 6.93 (1H, t, ] = 7.9 Hz, H-5), 7.02 (1H, t, ] = 7.9 Hz, H-6),
7.30 (1H, d, ] = 7.9 Hz, H-7), 3.10 (1H, m, H-8), 2.73 (1H, dd, | = 14.5, 8.4 Hz, H-8) and 3.92 (1H, m, H-9)
together with the 6¢ 123.1 (C-2), 111.8 (C-3), 127.7 (C-3a), 118.6 (C-4), 117.8 (C-5), 120.4 (C-6), 110.9 (C-7),
135.8 (C-7a), 30.4 (C-8), 71.4 (C-9) and 176.0 (C-10) provided direct evidence for the presence of the
aromatic tryptophan hydroxyl acid residue. Detailed analysis of the "H-"H homonuclear correlation
spectroscopy (gCOSY) spectrum showed correlations H-2/NH-1, H-4/H-5, H-6/H-7 and H-8/H-9, which
were further supported by similar 'H-'H total correlation spectroscopy (2D-TOCSY) correlations,
including H-2/NH-1, H-4/H-5, H-6, H-7, H-5/H-4, H-6/H-4, H-7, H-5, H-7/H-4, H-5, H-6 and H-8/H-9
to further confirm the presence of a tryptophan moiety. Several gHMBCAD correlations providing
connections between the isolated spin-systems of the aromatic tryptophan through quaternaries and
heteroatoms were observed and included NH-1 to C-2, C-3, C-3a, C-7a, H-2 to C-3, C-3a, C-7a, H-4 to
C-3, C-3a, C-6, C-7a, H-5 to C-3a, C-7, H-6 to C-4, C-7a, H-7 to C-3a, C-5 and H-8 to C-2, C-3, C-3a,
C-9. In the 3C NMR spectrum, the chemical shift step-up represented by the peaks 114.3 (C-11) and
146.3 (C-12) suggested the presence of a tri-substituted double bond with one of the substituents being
an oxygen atom. Such chemical shift step-ups are characteristic of substituted non-aromatic double
bonds and the 8y 6.53 (1H, s, H-4) confirmed the nature of the substitution. Putting together the
gCOSY correlations H-16/H-17, H-19/H-20 along with the gHMBCAD correlations H-11 to C-12, C-13,
C-16, C-20, H-14 to C-13, H-16 to C-11, C-18, C-20, H-17 to C-15, H-19 to C-15 and H-20 to C-11, C-16,
C-18 provided proof for the existence of a 1-(4-hydroxyphenyl)-3-oxobut-1-en-2-yloxy moiety in the
structure of compound 1. Detailed analysis of all the chemical shifts in comparison to the tryptophan
molecules published by our group and those in the literature led to the structure of compound 1 as
shown in Figure 1. Analysis of the 'H-'H rotating-frame Overhauser spectroscopy (ROESY) data gave
confirmatory correlations for the structure of compound 1.

Figure 1. Structure of 2-(1-(4-hydroxyphenyl)-3-oxobut-1-en-2-yloxy)-3-(1H-indol-3-yl)propanoic
acid (1).

The complete NMR data for Compound 1 is given in Table 1 while the raw data can be found in
the Supplementary Figures S4-S11. In Figures 2—4, a visual representation of COSY, HMBC, 2D-TOCSY
and ROESY correlations are shown.
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Table 1. 1D and 2D-NMR spectroscopic data for compound (1) in DMSO-dg, in ppm.
# 8¢ mult 5y mult (J Hz) TH-H COSY HMBC TOCSY
1NH 10.67, s 2 C-2,C-3,C-3a,C-7a
2 123.1, CH 7.10,s 1INH C-3,C-3a,C-7a 1INH
3 111.8,C
3a 127.7,C
4 118.6, CH 7.53,d (7.9) 5 C-3,C-3a,C-6,C-7a 7,6,5
5 117.8, CH 6.93,t(7.9) 4 C-3a,C-7 4
6 1204, CH 7.02,t(7.9) 7 C-4,C-7a 4,7,5
7 110.9, CH 7.30,d (7.9) 6 C-3a,C-5 4,6,5
7a 135.8,C
8 s, L 9 C-2,C-3,C-3a, C-9, C-10 9
9 71.4,CH 392, m 8 8
10 176.0, C
10 OH 4.15, br
11 114.3,CH 6.53, s C-12, C-16, C-20, C-13
12 146.3,C
13 1947, C
14 23.8, CH3 2.38,s C-13
15 125.7,C
16 131.5,CH 7.69,d (8.5) 17 C-11, C-20, C-18 17
17 115.3,CH 6.77,d (8.4) 16 C-15 16
18 157.4,C
19 115.3,CH 6.77,d (8.4) 20 C-15 20
20 131.5,CH 7.69,d (8.5) 19 C-11, C-16, C-18 19
O+ _OH Os_OH
OH OH
) / (@) /
N ) N )
NH NH
COSY =— TOCSY =

Figure 2. Key COSY and TOCSY correlations (bold lines) show all the spin systems present in

compound 1.
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Figure 3. Key HMBC correlations (single arrows) show how the individual spin systems are connected
through heteroatoms and quaternaries.
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Figure 4. Key ROESY correlations (double arrows) provide further confirmation of the structure of
compound 1.

In order to determine the effects on the viability of parasites, the in vitro antitrypanosomal and
antileishmanial activities of compound 1 were investigated in a 48 h cell viability assay involving
the absorbance properties of resazurin. Normal cell lines (macrophages RAW 264.7) were also
used to investigate potential selectivity and toxicity profiles. Compound 1 was found to exhibit
significant activity against Trypanosoma brucei subsp. brucei strain GUTat 3.1 (half-maximal inhibitory
concentration (ICsp) 5.21 uM). The IC5p of compound 1 was approximately three times less potent than
the antitrypanosomal drug diminazene aceturate (IC5y = 1.86 uM). This result is interesting, given
that 1 is a natural product isolate. However, no promising antileishmanial activity against Leishmania
donovani (Laveran and Mesnil) Ross (D10) was observed with ICsy = 135.41 uM which is approximately
410 times less potent than the antileishmanial drug amphotericin B (ICsy = 0.33 uM), thereby suggesting
a selective activity of compound 1 against T. brucei subsp. brucei (Figure 5). Moreover, in the presence of
normal mouse macrophages, 1 displayed a higher selectivity towards T. brucei subsp. brucei (SI = 30.2)
as compared to Leishmania donovani (Laveran and Mesnil) Ross (D10) (SI = 1.2) (Figure 5). Therefore,
compound 1 was relatively non-toxic to normal macrophages while at the same time exhibited potent
antitrypanosmal activity. Compound 1 is another example of derivatized tryptophan derived alkaloids
isolated from Ghanaian microbes and found to possess potent antitrypanosomal activity. We are in the
process of investigating the mechanisms of action for these molecules that seem to interfere with the
normal uptake and metabolism of tryptophan in the parasite.
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Figure 5. Dose-response curves for compound 1: Half-maximal inhibitory concentration (IC5q) values
were calculated from cell viability analysis in T. brucei subsp. brucei (GUTat 3.1), Leishmania donovani
(Laveran and Mesnil) Ross (D10) and mouse macrophages (RAW 264.7). Selectivity indices (SI = 30.2,
1.2) were calculated as ratios of the ICs in the respective parasites to that in macrophages.

Biosynthesis of Digyaindoleacid A (1)

Inspection of the structure of digyaindoleacid A (1) led to the speculation that, this compound
is biosynthesized through the condensation of tryptophan-derived indole-3-lactic acid (2) and
1-(4-hydroxyphenyl)-3-oxobut-1-ene (3) (Figure 6), followed by dehydrogenation. The bio-origin of
1-(4-hydroxyphenyl)-3-oxobut-1-ene (3) remains elusive although one could speculate that a type II
polyketide synthase could be involved in its assembly as shown in Figure 6.

O~_-OH
OH
tryptophan —— indole-3-pyruvate —> = transferase +
NH dehydrogena
2
o
polyketide
synthase Il — OH
acetate _— . /f/ \ o —y/
0}
o 0O
AcP)™ 3

Figure 6. Proposed biosynthesis of Digyaindoleacid A (1).
3. Experimental Section

3.1. General Experimental Procedures

1D and 2D NMR data were recorded on a Bruker AVANCE III HD Prodigy (BRUKER, Sylvenstein,
Germany) at 500 and 125 MHz for 'H and '*C, respectively. This instrument was optimized for 'H
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observation with pulsing/decoupling of 1*C and "N, with 2H lock channels equipped with shielded
z-gradients and cooled preamplifiers for 'H and '*C. The 'H and '3C chemical shifts were referenced to
the solvent signals (5 2.50 ('H, p) and 8¢ 39.52 ppm in DMSO-dg). High-resolution mass spectrometry
data were measured using a ThermoScientific LTQXL-Discovery Orbitrap (Thermo Scientific, Bremen,
Germany) coupled to an Accela UPLC-DAD system. The following conditions were used for mass
spectrometric analysis: Capillary voltage 45 V, capillary temperature 320 °C, auxiliary gas flow rate
10-20 arbitrary units, sheath gas flow rate 40-50 arbitrary units, spray voltage 4.5 kV, and mass range
100-2000 amu (maximum resolution 30,000). The ion source was normal electrospray ionization that
acts both in positive and negative modes. Semi-preparative HPLC purifications were carried out using
a Phenomenex Luna reverse-phase (C18 250 x 10 mm, L X i.d.) column connected to a Waters 1525
Binary HPLC pump Chromatograph with a 2998 photodiode array detector (PDA), column heater,
and in-line degasser. Detection was achieved on-line through a scan of wavelengths from 200 to 400 nm.
This system was also used to record the UV profile for the compounds. IR was measured using a
PerkinElmer FT-IR (UATR Two) spectrometer. All solvents were HPLC grade. Sephadex LH-20 and
HP-20 resin were obtained from Sigma Aldrich (Munich, Germany).

3.2. Sediment Sample Collection Sites

The Ghanaian Paenibacillus sp. strain DE2SH (Figure S1) was isolated from the mangrove
rhizosphere soils of the Pterocarpus santalinoides tree growing in the wetland areas of the Digya National
Park in the Brong Ahafo Region of Ghana (coordinates: 7°12’17.46”N and 0°05"35.01”E). This collection
has been described previously in an article published by our laboratory [13].

3.3. Isolation, Purification and Taxonomy of Strain DE2SH

The isolation, purification and exact taxonomy of Paenibacillus sp. strain DE2SH (GenBank
Accession Number: MH091697) has been described previously in an article published by our group
(Figure S1) [13].

3.4. Fermentation

An Autoclaved Erlenmeyer flask (250 mL) plugged with non-absorbent cotton wool containing
50 mL of ISP2 (10 g of malt extract, 4 g each of yeast extract and p-glucose) fermentation media in
distilled water with pH 5.5 was directly inoculated with spores of strain DE2SH and incubated at 28 °C
at 220 rpm for three days. This seed culture was subsequently used to inoculate nine autoclaved 1 L
Erlenmeyer flasks, each containing 200 mL ISP2 media at pH 5.5 and plugged with non-absorbent
cotton wool. The 1 L flasks were incubated at 28 °C at 220 rpm for 14 days. Two days before the culture
incubation period was complete, autoclaved HP-20 resin was added at 50 g/L to each of the flasks
under sterile conditions and the flasks were returned to the incubator.

3.5. Extraction, Purification and Isolation

The Paenibacillus sp. strain DE2SH fermentation broth (1.8 L) was filtered through a piece of glass
wool under suction in a Buchner funnel to separate the supernatant from the mycelia. The supernatant
was extracted with EtOAc and the mycelia and HP-20 resin were placed ina 1 L flask and extracted
sequentially and alternatively with MeOH and CH,Cl,. All extracts were combined and evaporated
under reduced pressure to obtain a total crude extract (3.00 g). The total crude extract was subjected to
a modification of Kupchan'’s solvent partitioning process [14] that gave the four fractions; FH (0.70 g),
FD (0.50 g), FM (0.30 g), and WB (1.30 g), with the compounds of interests concentrated in the polar WB
fraction. The WB fraction was then subjected to Sephadex LH-20 size exclusion chromatography by
gravity to obtain six fractions that were labeled WB-SF1-6. Phytochemical screening with iodine tank,
Dragendorff, phosphomolybdic acid, antimony (III) chloride and Ninhydrin reagents on TLC plates
followed by 'H-NMR showed the compound of interest to be concentrated in the WB-SF6 (0.10 g).
Fraction WB-SF6 was therefore subjected to semi-preparative HPLC separation and purification using
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a Phenomenex Luna C18 column (C18 250 x 10 mm, L X i.d.). Gradients of Solvent A: H,O (0.1%
HCOOH) and Solvent B: CH3CN (0.1% HCOOH) (100% A to 100% B in 30 min and hold for 30 min)
were used as eluents with column flow rates set at 1.5 mL/min to afford digyaindoleacid A (1) (2.6 mg,
tR ~ 60 min).

3.6. 2-(1-(4-hydroxyphenyl)-3-oxobut-1-en-2-yloxy)-3-(1H-indol-3-yl) Propanoic Acid (1)

Light yellow pungent oil; [«]*°p —0.01 (c = 0.13, Methanol); IR (neat) vmax 3367, 2947, 2835, 2263,
2133, 1740, 1647, 1449, 1368, 1213, 1112, 1022, 993 cm™! (Table S1); UV (H,O:CH;CN) Amax 221, 280,
363 nm (Figures S12 and 5§13); for IH and 13C NMR data, see Table 1; mass spectrometry data is detailed
in Supplementary Figures S2 and S3.

3.7. Culture of Parasites and Mammalian Cell Lines

Blood stream forms of Trypanosoma brucei subsp. brucei strain GUTat 3.1 were cultivated in vitro
to the logarithm phase using Hirum’s modified Iscove’s media (HMI9, Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) at 5% CO, and 37 °C. Leishmania
donovani (Laveran and Mesnil) Ross (D10) was cultivated in vitro to the logarithm phase using medium
199 (M199, Thermo Fisher Scientific) with 10% FBS at 5% CO, and 37 °C. Mouse macrophages (RAW
264.7 cell lines) were cultivated in vitro to the logarithm phase using Dulbecco’s modified eagle media
(DMEM, Thermo Fisher Scientific) with 10% fetal bovine serum at 5% CO, and 37 °C [15,16].

3.8. Analysis of Cell Viability

For Trypanosoma brucei subsp. brucei strain GUTat 3.1 and Leishmania donovani (Laveran and Mesnil)
Ross (D10), cells were seeded at a density of 3.0 X 10° cells/mL in 96 well plates at a two-fold dilution
of the compound and incubated for 24 h. Alamar blue dye (resazurin, 10% v/v) was added to wells and
incubated for another 24 h. For mouse macrophages (RAW 264.7), cell lines were plated at a density of
3.0 X 10° cells/mL for 48 h to allow for sufficient adherence to plates. The compound under investigation
was then added to cells in a two-fold dilution and incubated for another 24 h. Alamar blue dye (10%
v/v) was added to wells and incubated for another 24 h. Experiments were run in quadruplicates.
Spectrophotometric absorbances were recorded at a wavelength of 570 nm. Diminazene aceturate
and amphotericin B were used as a positive antitrypanosomal and antileishmanial control drugs
respectively in the assays.

3.9. Statistical Analysis

Data from the cell viability assay was analyzed with Graphpad Prism version 5 (GraphPad
Software, Inc., Avenida De La Playa, La Jolla, CA, USA). The half-maximal inhibitory concentration
(ICs0) was calculated as the concentration that caused a 50% reduction in cell viability. The ICs values
were calculated from a non-linear regression model. Graphpad Prism version 5 was employed for the
analysis of unpaired t-test. p-values < 0.05 were considered to be significant.

4. Conclusions

Digyaindoleacid A (1) is one of the alkaloids responsible for the antitrypanosomal activity shown
by WB extracts of the Ghanaian microbial strain Paenibacillus sp. DE2SH (GenBank Accession Number:
MH091697). While the antileishmanial activity of 1 against Leishmania donovani (Laveran and Mesnil)
Ross (D10) is relatively weak (IC5y = 135.41) compared to the drug amphotericin B (ICsy = 0.33 uM),
it was very potent against trypanosomes when compared to the drug diminazene aceturate (ICs
= 1.86 uM). Compound 1 (ICsp 5.21 uM) is the latest addition to the group of tryptophan derived
alkaloids in our laboratory that exhibit potent antitrypanosomal activity against Trypanosoma brucei
subsp. brucei strain GUTat 3.1. These results are not surprising given the very important metabolic and
physiological role of tryptophan in trypanosomes and the fact that drugs such as curaxins are based on
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a similar backbone [17]. It is possible that, digyaindoleacid A (1) interferes with the normal uptake and
metabolism of tryptophan in Trypanosoma brucei subsp. brucei strain GUTat 3.1. Efforts to study the
mechanisms of action of these tryptophan derived alkaloids are in progress in our laboratory.

Supplementary Materials: The supplementary materials are available online.
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