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Abstract: Sleeping sickness or African trypanosomiasis is a serious health concern with an added
socio-economic impact in sub-Saharan Africa due to direct infection in both humans and their
domestic livestock. There is no vaccine available against African trypanosomes and its treatment
relies only on chemotherapy. Although the current drugs are effective, most of them are far from the
modern concept of a drug in terms of toxicity, specificity and therapeutic regime. In a search for new
molecules with trypanocidal activity, a high throughput screening of 2000 microbial extracts was
performed. Fractionation of one of these extracts, belonging to a culture of the fungus Amesia sp.,
yielded a new member of the curvicollide family that has been designated as curvicollide D. The new
compound showed an inhibitory concentration 50 (ICsp) 16-fold lower in Trypanosoma brucei than in
human cells. Moreover, it induced cell cycle arrest and disruption of the nucleolar structure. Finally,
we showed that curvicollide D binds to DNA and inhibits transcription in African trypanosomes,
resulting in cell death. These results constitute the first report on the activity and mode of action of a
member of the curvicollide family in T. brucei.

Keywords: African trypanosomiasis; natural products; new trypanocidal molecule; curvicollide D

1. Introduction

African trypanosomiasis is caused by the flagellated protozoa parasite Trypanosoma
brucei. Two subspecies, T. b. gambiense in central and western Africa and T. b. rhodesiense
in eastern and southern Africa, infect humans causing human African trypanosomiasis
(HAT). The third subspecies, T. b. brucei, causes animal trypanosomiasis or Nagana, in the
livestock [1]. The parasite is transmitted through the bite of an infected tsetse fly during
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a blood meal. Once in the skin of the mammalian host, the parasites rapidly multiply in
the blood and eventually colonize the brain. There are two stages of the disease, the early
haemo-lymphatic stage and the late meningo-encephalitic stage, when parasites invade the
central nervous system [1]. Sleeping sickness threatens millions of people in 36 countries
in sub-Saharan Africa. According to the World Health Organization (WHO), from 2016 to
2020, 55 million people were at risk of suffering HAT by T. b. gambiense and about 3 million
by T. b. rhodesiense [2].

Nowadays, new reported cases tend to decrease over the years, but because African
trypanosomiasis mainly affects remote rural communities in regions with poor health
infrastructures, many cases are undiagnosed or unreported, and the real burden of the
disease in Africa remains unknown [1]. Additionally, trypanosomiasis also affects domestic
animals, especially cattle, being a major obstacle to the economic development of the
affected rural areas. The sub-Saharan region records an annual loss that ranges from 1.5 to
5 billion U.S. dollars, deriving from livestock being killed by African trypanosomes [3].

No vaccines are available to date due to the ability of the parasite to evade the host
immune system by changing the variant surface glycoprotein (VSG); thus, the treatment
of the disease relies exclusively on chemotherapy. Few drugs are currently available
and most of them were developed more than half a century ago. The election of the
drug is based on the disease stage and causative pathogen. For the first stage of the
disease, either pentamidine or suramin is used for HAT caused by T. b. gambiense and
T. b. rhodesiense, respectively [4]. For the second stage of the disease, the organoarsenic
compound melarsoprol is currently the only effective drug against both subspecies. In
2009, nifurtimox, a drug used to treat American trypanosomiasis (Chagas disease), was
introduced as a combination therapy with eflornithine, to treat second stage infections
caused by T. b. gambiense. All of them show limitations, from high toxicity and drug
resistance to poor efficacy [5]. Efforts have been made to overcome these drug-associated
resistances [5,6], but there is an urgent and global need for new drugs with new modes
of action.

Recently, a new drug, fexinidazole, has been added to the list of treatments. Fexinida-
zole is the first oral treatment for stage 1 and stage 2 HAT produced by T. b. gambiense. It
was approved for use by the European Medicines Agency (EMA) in December 2018 [7].
However, it has been recently reported that it is less effective (91%) than nifurtimox—
eflornithine combination therapy (98%) in the treatment of patients in the late-stage of
the disease [8,9]. In addition, in patients showing more than 1000 white blood cells per
milliliter in the cerebrospinal fluid, the risk of failure was greater with fexinidazole and
the EMA recommendation for these patients is the use of fexinidazole only if no other
suitable treatment is available or tolerated [10]. Overall, administration of fexinidazole has
significantly improved the therapeutic options for the disease. However, there is a need to
find additional treatments that overcome the limitations of fexinidazole.

The biggest challenge for the discovery of new drugs is the identification of molecules
with pharmacological activity and tolerable toxic profile. Natural products are structures
that have been synthesized, degraded and transformed by enzymatic systems and that
have traditionally been used as the main source of new drugs [11-13].

In this study, we performed a high-throughput screening (HTS) of a natural products
library derived from microbial extracts from fungi and Actinobacteria, to identify new
molecules with trypanocidal activity.

2. Results
2.1. Isolation and Structural Characterization of Curvicollide D

As a results of a high-throughput screening (HTS) of a collection of 2000 microbial
extracts, we selected one fungal extract with high trypanocidal activity, belonging to a
culture of the fungus Amesia sp. This extract yielded a new member of the curvicollide
family that we have designated as curvicollide D (Figure 1).
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Figure 1. Structure of curvicollide D.

Curvicollide D was isolated from a bioactive acetone extract of the strain CF-258252
cultured in BRFT medium and purified through SP207ss column chromatography and
semipreparative reversed-phase C8 high performance liquid chromatography (HPLC). A
molecular formula of CysHy9Os5 was assigned to the compound based on the observed
ion [M + NHy]*" at m/z 450.3217 (caled. for CogHyuNOs*, 450.3214) in its (+)-ESI-TOF
spectrum (Figure S2) and its isotopic pattern. The obtained molecular formula was en-
tered as query in the Dictionary of Natural Products (CRC Press “Dictionary of Natural
Products on USB, ver.30.2”) rendering 36 candidates which were reduced to just five if
considering only metabolites of fungal origin. Two of those compounds, curvicollides A
and B, display a single absorption maximum at 253 nm (neutral conditions in CH,Cl,),
very close to the single maximum at 244 nm observed in the UV (DAD) spectrum of the
target compound retrieved from the LC-DAD-HRMS analysis (Figure S1). The 'H NMR
spectrum of molecule (Table 1, Figure S3) was remarkably similar to that of curvicollides A
and B, with just minor differences that identified it as a new member of the curvicollide
family. Additional 1D '3C (Table 1, Figure S4) and 2D NMR spectra (including Correlated
Spectroscopy (COSY), Total Correlation Spectroscopy (TOCSY), Nuclear Overhauser Effect
Spectroscopy (NOESY), (Heteronuclear Single Quantum Correlation) (HSQC) and Het-
eronuclear Multiple Bond Correlation (HMBC)) (Figures S5-S9) were recorded to fully
elucidate its structure. Interpretation of the 'H, HSQC and HMBC spectra revealed the
presence of 5 quaternary carbons (including one ketone carbonyl at dc 213.2, one ester
carbonyl at d¢ 176.2, two olefinic carbons in the range Jc 130-139, and one oxygenated
carbon at dc 73.1), 11 methines (including six olefinic carbons in the range dc 120-144,
two oxygenated methines at ¢ 75.1 and d¢c 90.4 and three aliphatic methines in the range
dc 42-53), 3 aliphatic methylenes in the range dc 23-43 and finally 7 methyls (one triplet
corresponding to an aliphatic chain end, two doublets and four singlets). Detailed analysis
of the COSY and TOCSY correlations identified different spin systems which could be
connected using the key long-range correlations observed in the HMBC spectrum rendering
the final connectivity of the molecule (Figure 2). The determined carbon skeleton confirmed
the anticipated curvicollide nature of the compound, corroborated through further com-
parisons with the NMR data of curvicollides A and B. Curvicollides display a hydroxy
group in the C15-C20 segment of the compounds, at C16’ in curvicollide A (rendering
a primary alcohol functional group) and at C19 in curvicollide B (rendering a secondary
alcohol functional group). Curvicollide D has such hydroxy group as a C16 substituent,
rendering a tertiary alcohol functional group. The relative stereochemistry at the C3—C4 and
the C9—C11 stereoclusters was determined based on the observed key NOEs and coupling
constants (Figure 3). In the non-polar CDCI; solvent, the intramolecular hydrogen bond
between the hydrogen atom of the hydroxyl group at C4 and the oxygen carbonyl at C2
favors a main chair-like conformation for the C1-C5 segment that enables the application of
the Stilles-House method [14,15] which renders a threo relative configuration for the chiral
centres at positions 3 and 4 (Figure 3). This threo configuration was also in agreement with
the 13C chemical shifts for the C4 carbinol, the C3 methine and the C3’ methyl, according
to the empirical rule of Heathcock [16]. The relative stereochemistry of the lactone ring was
established based on the key NOESY correlations and the coupling constants Jigp19 and
JH1om11, as already described for curvicollides A-C [17] (Figure 3). The determined relative
configuration of each of these stereoclusters turned out to match that reported for curvicol-
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lide C [18]. The essentially identical NMR data for the C1-C14 segment of curvicollides
A—C and the new compound confirms that the mentioned stereoclusters display also the
same stereochemical relationship in the new compound and curvicollides A-C. It can be
safely assumed that the absolute stereochemistry of the chiral centers at positions 3, 4, 9, 10
and 11 is also identical since the new molecule and the previously reported curvicollides
must be the products of homologous biosynthetic gene clusters. The absolute configuration
of the remaining chiral centre at position 16 could not be determined since the tertiary
alcohol at that position is too hindered to be derivatized with chiral Mosher’s reagent and
the isolated amount was insufficient for attempting crystallization. The new compound
has been designated as curvicollide D (Figure 1).

Table 1. NMR data for curvicollide D in (500 MHz, CDClj3, 24 °C).

Curvicollide D
Position dc, Type oy, mult. (J in Hz)
1 29.8, CHj 2.22,s
2 213.2,C
3 52.3, CH 2.69,dq (7.7,7.2)
3/ 14.0, CHj 1.10,d (7.2)
4 75.1, CH 4.25,dd (7.7,7.7)
5 129.0, CH 5.65,dd (15.6, 7.7)
6 136.4, CH 6.32,d (15.6)
7 1385, C
7! 13.2, CHj 1.83,d (0.9)
8 126.0, CH 5.38,d (9.2)
9 48.4, CH 3.26,dd (11.7,9.2)
9 176.2,C
10 42.7,CH 2.18, m
10/ 14.8, CHj 1.06, d (6.6)
11 90.4, CH 4.37,d (9.9)
12 131.1,C
12/ 11.6, CHj 1.78,d (0.6)
13 129.4, CH 6.11,d (10.8)
14 122.2, CH 6.46, dd (15.3, 10.8)
15 143.0, CH 5.84,d (15.3)
16 73.1,C
16/ 28.0, CHj3 1.32,s
17 42.6, CH, 1.56, m
18 26.2, CH, 1.30, m
19 23.1, CH, 1.31, m
20 14.0, CHj 0.90, t (6.7)

Figure 2. Key COSY and TOCSY correlations (bold bonds) determining the different spin systems of
curvicollide D. Key HMBC correlations (blue arrows, H to C) connecting the different spin systems
and rendering the connectivity of curvicollide D.
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H  Juiont1 = 9.9 Hz

Figure 3. Key NOESY correlations (red dashed arrows) and coupling constants determining the
relative stereochemistry of the stereoclusters C3-C4 and C9-C11 in curvicollide D.

2.2. Curvicollide D Inhibits the Growth of T. brucei Bloodstream Forms and Causes Cell Cycle
Arrest at Go/M Phase

The trypanocidal effect of the purified curvicollide D was evaluated by resazurin assay.
Curvicollide D showed a dose-dependent effect on T. brucei bloodstream forms growth,
with half-maximal inhibitory concentration (ICsp) value of 1 + 09 uM after 24 h of incubation
(Figure 4A). At this concentration, no effect was observed in human hepatocarcinoma (Hep
G2) cells. The ICs5 of curvicollide D in Hep G2 cells was 16 + 01 uM (Figure 4B), 16-fold
higher than in T. brucei bloodstream forms, yielding a selectivity index of 16. The IC75 of
the compound against T. brucei (1.5 uM) was chosen to carry out the rest of this study.

A T. brucei B Hep G2 cells
:E i IC5,=1.09 uM &\c’ E|c 16.8 uM
z I | |Cn18.80
et ettt ’ i E P |, o=
s - : s . >
> i > i
—] o : E u !
8 4 T ] I3 4 O 7 5 r a
Log [M] Log [M]
C D
Control 15 hours 100-
6 hours -6l =S - GM
G1:50% G1:43% 1 61:10%
] ko 75
*r::: S 12% " S: 15% S 26% ] -
[ ']
8 G,/M 60| G,/M ¢ 507
. 38% | | 42% =
254
— — > N COIntrol Sh'ours 1EI"|ours
PE

Figure 4. Curvicollide D inhibits proliferation and affects the cell cycle of bloodstream form of
T. brucei. Resazurin in vitro cytotoxicity assay was used to determine the curve dose response
(viability percentage versus curvicollide D concentration). The IC5y was determined interpolation,
using GraphPad software (A) ICsq of T. brucei and (B) ICsq of the human hepatocarcinoma cells (Hep
G2) during 24 h. (C,D) Flow cytometry analysis of the cell cycle after 6 and 15 h of exposure to
curvicollide D (1.5 uM) or after treatment with DMSO (control). Percentages for each phase were
determined using Flow]o software. (PE) phycoerythrin. Data represent mean and standard deviation
from three independent experiments. Statistical significance between control and treatmens at 6 and
15 h was estimated using Student’s two-tailed t-test. p-Values were expressed as follows: ** p < 0.01
and *** p < 0.001.
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To analyze the effect of curvicollide D on cell cycle progression, we assessed the DNA
content by flow cytometry. In untreated trypanosomes, the distribution of cells in each cell
cycle phase, as the percentage in relation to the total number of cells, showed the typical
distribution for bloodstream trypanosomes, with 50% of cells at G1 phase, 12% at S phase
and 38% at G /M [19] (Figure 4C,D). However, trypanosomes treated with curvicollide D
showed an increased percentage of cells in the S and G, /M phases after 6 h of treatment
(15% and 42% respectively). These changes were even more remarkable after 15 h, with a
significant increase in the G, /M population (64%) and a significant decrease in the % of
cells in at G1 phase (10%) (Figure 4C,D).

2.3. Curvicollide D Induces Morphological Changes and Nucleolus Disassembly in T. brucei

We next investigated the morphological changes produced by curvicollide D treatment
in T. brucei by confocal microscopy using the DNA specific dye DAPIL Within 6 h, about 50%
of the cells exhibited an abnormal morphology and after 16 h of incubation, most of the
cells no longer possessed the typical long slender morphology (Figure 5A,B). The effect of
curvicollide D on trypanosome morphology resulted in an enlargement/swelling of the cell
posterior end that progressed along time (Figure 5B). After 3 h of treatment, no significant
differences in morphology were noted, although a striking effect was detected at the DNA
level (Figure 5C). Within the trypanosome cell, the nucleus can be visualized as a large
stained spot and the kinetoplast (mitochondrial DNA) as a smaller focus. The nucleolus is
clearly visible as an unstained area in the center of the nucleus. After 3 h of incubation with
1.5 uM curvicollide D this unstained region in the nucleus was no longer appreciable in 90%
of the cells (Figure 5C,D), which suggested the disassembly of the nucleolus. Nucleolus
disruption was next confirmed by immunofluorescence with L1C6 anti-nucleolar antibody
(Figure 5E). After treatment, the green signal of the antibody decrease significantly and/or
spread through the nucleus [20].

2.4. Curvicollide D Inhibits T. brucei RNA Polymerases I and 11

The main function of the nucleolus in eukaryotic cells is the transcription of the
ribosomal genes, a process accomplished by RNA polymerase I (Pol I) that must be tightly
regulated to achieve proper cellular proliferation and cell growth [21]. Therefore, nucleolus
disassembly is a cellular hallmark of rRNA transcription blockage.

To determine whether curvicollide D affected Pol I transcription, we quantified the
short-lived external transcribed spacer (ETS) region of the pre-rRNA, whose abundance is
reflective of the rRNA synthesis rate. For this purpose, we performed real time quantitative
reverse transcription PCR (qRT-PCR) analysis using two sets of primers covering two
distant regions within the rRNA locus (Figure 6A). Incubation of trypanosomes with
1.5 uM curvicollide D for 3 h significantly repressed the expression of the rRNA precursor
transcripts, as detected with actinomycin D, a known inhibitor of transcription (Figure 6B).
No significant differences were found between the two distant (1) and (2) primer sets.

In African trypanosomes, Pol I also transcribes the active expression site (ES)
(Figure 6C): a subtelomeric locus that contains the codifying gene for the major vari-
able surface glycoprotein (VSG), which covers the surface of the bloodstream-form [22].
Although there are around 20 ESs, only one is expressed at each time [23], which is crucial
for the evasion of the host immune response by antigenic variation. All of them have a
similar structure; they are 60 kb long polycistronic transcription units, encoding for differ-
ent expression site associated genes (ESAGs), followed by a 70 bp long region of repetitive
DNA and the VSG, which is always found immediately adjacent to a telomere [22]. In
the T. brucei strain used in this study, the studied active expression site is the one that
transcribes the 221VSG gene (Figure 6C). Like in the ribosomal locus, we studied the effect
of curvicollide D on the transcription of the active expression site 221 using two pairs of
primers: one near the promoter and a second one after ESAG6 gene (Figure 6C). Treatment
with curvicollide D for 3 h resulted in a strong reduction of the VSG221 ES precursor as
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estimated by qRT-PCR (Figure 6D). No significant differences were found in the inhibition
rate between the primer sets (3) and (4).

Control 3 hours 6 hours 15 hours

DAPI

DAPI-DIC

15h

m

Control curvicollide D

Control curvicollide D

L1Cé

DAPI
DAPI

DAPI-DIC

Figure 5. Changes in cell morphology and nucleolar structure after 3, 6 and 15 h of treatment with

curvicollide D. Bloodstream forms of T. brucei incubated with 1.5 uM of Curvicollide D for 3, 6 and
15 h and cells treated with DMSO (control). (A) Percentage of abnormal cells. Error bars represent

L1C6-DAPI-DIC L1C6-DAPI

the standard deviations from three independent experiments. Statistical significance was *, p < 0.05;
***, p < 0.001 using ANOVA and Bonferroni post hoc test. (B) Changes in cell morphology after 3, 6
and 15 h of treatment. DAPI-stained parasites were observed by confocal microscopy (top line) and so
was differential interference contrast (DIC) with DAPI (bottom line). The nucleus (N) and kinetoplast
(K) are shown in white. The arrow in red indicates the nucleolus (n). (C) Percentage of cells that
maintain the nucleolus structure after treatment. (D) Confocal microscopy showing disassembly of
the nucleolus after a 3 h treatment with curvicollide D. (E) Immunofluorescence microscopy using an
antibody against the nucleolar marker L1C6 (green) after a 3 h treatment with curvicollide D. Scale
bar, 5 um. Statistical significance between control and 3 h of treatment was estimated using Student’s
two-tailed f-test. p-Value was expressed as follows: *** p < 0.001.
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Figure 6. Inhibition of RNA Pol I and Pol II transcription by curvicollide D in bloodstream forms of
T. brucei. (A) Schematic ribosomal DNA (rDNA) transcription unit in T. brucei, indicating the location
of the primer sets (1) and (2). (C) The VSG221 expression site and (E) the splice leader locus with
the promoters indicated as a black flag. Genes are shown with grey boxes. T. brucei 221 was treated
with 1.5 uM of curvicollide D for 3 h. (B) Pol I RNA precursor transcripts were analysed in the Pol I
transcribed rDNA region (primer pairs (1) and (2)) and so was (D) the active VSG221 ES (primer pairs
(3) and (4)). (F) RNA pol II precursor transcripts were analysed in the splice leader locus using primer
pairs (5) and (6). Actinomicin D and x-amanitin were used as positive controls of inhibition for RNA
Pol I and Pol II transcription respectively, and cells treated with DMSO as a negative control. Error
bars represent the standard deviation from three independent experiments. Statistical significance
was **, p < 0.01; ***, p < 0.001 using ANOVA and Bonferroni post hoc test.

Next, we investigated whether curvicollide D also affected Pol II-mediated transcrip-
tion. In African trypanosomes, Pol II transcribes mRNAs as well as the spliced-leader
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RNA genes (SL-RNA). SL-RNA is a monocistronic noncoding Pol II-transcribed RNA that
is trans-spliced to the 5'-end of all trypanosome mRNAs, conferring the 5'-cap structure
required for RNA maturation, export and translation [24]. These are the only genes in this
parasite with a defined Pol I promoter [25,26]. To analyze the effect of curvicollide D on Pol
II transcription in T. brucei we quantified the abundance of SL precursor transcripts using
two pairs of primers located in intergenic regions of the SL-RNA locus, downstream of the
Pol II promoter (Figure 6E). x-amanitin was used as a positive control for the inhibition
of Pol II transcription. A strong reduction in the levels of SL-RNA precursor transcripts
was detected after treatment with curvicollide D for 3 h. The inhibition was greater than
that caused by a-amanitin and similar to Pol I inhibition (Figure 6F). In summary, these
results demonstrate that curvicollide D inhibits Pol I and Pol II transcription in African
trypanosomes.

2.5. Curvicollide D Binds to Duplex DNA and Displaces Ethidium Bromide

Several compounds have been described as transcription inhibitors because of their
ability to intercalate into double-strand DNA [27,28]. Fluorescent intercalator displacement
(FID) assay has been extensively used to identify DNA binding compounds [29,30]. This
assay relies on the displacement of a fluorescent DNA-binding ligand by the compound of
interest. In the presence of DNA and an intercalating fluorophore, the introduction of a
competing putative DNA binding agent results in a differential decrease in fluorescence.
To test whether curvicollide D binds to duplex DNA, we performed a FID assay using
ethidium bromide (EtBr) as a fluorescent intercalator and plasmid DNA as a template. A
concentration of 5 uM EtBr yielded a fluorescence peak at 610 nm (black line Figure 7). Upon
addition of increasing concentrations of curvicollide D (from 10 to 30 uM), we observed a
progressive decrease in the fluorescence intensity (from 10% to 50%) (Figure 7A,B). These
results indicated that curvicollide D competes with ethidium bromide binding sites in
duplex DNA.
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Figure 7. Curvicollide D intercalates into DNA. Ethidium bromide displacement assay using a double
stranded DNA plasmid. Increasing concentration of curvicollide D (10 uM to 30 uM) were used to
determine (A) the fluorescence intensity (arbitrary unit (a.u)) from 550 nm wavelength to 720 nm,
and (B) the percentage of EtBr fluorescence at 610 nm determined in (A). Mean values of triplicates
and corresponding standard deviations are shown. Statistical significance between control (EtBr) and
each treatment was stimated using Student’s two-tailed ¢-test. p-Values were expressed as follows:
*p <0.05; ** p < 0.01 and *** p < 0.001.

3. Discussion

Most of the existing treatments for HAT in the 21st century are over 40 years old.
Although they have saved hundreds of thousands of lives, the majority of them have
lost their initial efficacy and have generated resistance in certain regions, where they are
currently not effective. In this study, our aim was to identify non-previously reported
molecules from natural products with trypanocidal activity.
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Nature has evolved to produce a wide variety of natural products with unique bio-
logical activity in terms of target affinity and specificity. Among them, antibiotics are the
most popular example [31]. Since the identification in 1940 of the antibacterial properties of
penicillin by Fleming [32], the screening of microorganisms, particularly soil actinobacteria
and fungi, has progressively increased in an attempt to identify other molecules for the
treatment of diseases [33]. The structural diversity of these small molecules has allowed
the identification of new leading compounds produced by diverse soil taxa by HTS [34].
Currently, around 60% of drugs available on the market are natural products or their
structural analogues [27,34-36].

Based on these premises, we have performed a HTS on a collection of natural products
belonging to Fundaciéon MEDINA (Granada, Spain) [37,38]. As a result of this process, we
have isolated a new member of the curvicollide family from a culture of Amesia sp. strain
CF-258252, curvicollide D. The structure of this new natural product has been elucidated
after extensive analysis of its HRMS and 1D and 2D NMR spectra and it corresponds to an
isomer of curvicollides A and B, where one of the two hydroxy groups in the molecule is
located at C-16 in curvicollide D, whereas it is located at C-16’ or C-20 in curvicollides A
and B, respectively.

Curvicollides A-C were initially discovered from a Podospora curvicola isolate. All of
them displayed a significant antifungal activity against Aspergillus flavus and Fusarium
verticillioides [17], but the mode of action behind this activity remains unknown to date.

In this study, we have shown that curvicollide D has a potent trypanocidal activity
against T. brucei bloodstream forms, with half-maximal inhibitory concentration (ICsg)
value of 1 uM, 16-fold lower than in Hep G2 human cells. Thus, its selective index, >16,
meets the DNDi standards for the selection of drugs for the treatment of diseases caused by
kinetoplastid parasites. The criterium specifies that ICs, values should be <10 uM and had
a selectivity index of >10 [39].

Treatment of T. brucei with curvicollide D led to cell cycle arrest at G, /M phase
followed by cell death. The compound also induced changes in the DAPI staining pattern
of the nucleus, suggesting the disruption of the nucleolus structure. This observation was
later verified by the delocalization of the nucleolar marker protein L1C6 [20] after 3 h of
treatment.

The nucleolus disassembly suggested that curvicollide D could be affecting the nucle-
olar function. This hypothesis was confirmed by analysis of ribosomal DNA transcription
performed by Pol I. Transcription of the short-lived external transcribed spacer (ETS) region
in the pre-rRNA was quantified using qRT-PCR, showing reduction of 90%. Moreover,
transcription of the active VSG expression site, which is also transcribed in T. brucei by Pol I
was reduced by 80%. In addition, a significant decrease in the precursor transcript of the
splice leader gene, transcribed by RNA Pol II, was observed after treatment. These results
indicate that curvicollide D is a general transcription inhibitor. Finally, using FID assay, we
demonstrated that curvicollide D intercalates into DNA displacing the complex formed by
EtBr-DNA.

Clinically, DNA binding agents have been used as antiparasitic, antibacterial or antitu-
mor agents [40]. Mepacrine or acridine derivatives (mepacrine, proflavine and ethidium
bromide) have been used in the treatment of trypanosomiasis [41]. Specifically, EtBr was
used to treat cattle African trypanosomiasis [42], and diminazene aceturate, another DNA
binding agent, was used for the same purpose [43]. In this line, other natural products,
such as camptothecin, etoposide or doxorubicin, which intercalate into the DNA, also exert
a cytotoxic effect through cell cycle arrest [44—47].

In African trypanosomes, selective inhibition of transcription has been shown to be a
suitable target due to their high proliferation rate [48]. A previous study, demonstrated that
compounds that bind to DNA and inhibit RNA Pol I transcription, such as BMH-21 [49],
CX-3543 [50], and CX-5461 [51], showed trypanocidal effect at low concentrations, inducing
cell cycle arrest at G2/M phase and affecting nucleolus structure as we observed with
curvicollide D [52].
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Herein, we described for the first time the mode of action of a new member of the
curvicollide family, curvicollide D, which consists of an inhibition of transcription through
DNA intercalation. In addition, this new trypanocidal compound could constitute the
starting point to develop new leading compounds for new therapies against T. brucei.
It is important to emphasize that the synthesis of the structurally similar curvicollide
C has already been achieved [18]. This accomplishment makes feasible the commercial
synthesis of other members of the curvicollide family and their derivatives with potential
trypanocidal activity.

4. Materials and Methods
4.1. General Experimental Procedures

Solvents employed were all HPLC grade. LRMS analyses were performed on an
Agilent 1260 Infinity II (Agilent Technologies, Santa Clara, CA, USA) single quadrupole
LC-MS system. HRESIMS and MS/MS spectra were acquired using a Bruker maXis QTOF
mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) coupled to an Agilent 1200
Rapid Resolution HPLC. Medium pressure liquid chromatography (MPLC) was performed
on a CombiFlash Teledyne ISCO Rf400x apparatus (Teledyne ISCO, Lincoln, NE, USA).
Preparative or semi-preparative HPLC purifications were performed on a Gilson GX-281
322H2 HPLC (Gilson Technologies, Middleton, WI, USA). NMR spectra were recorded at
297 K on a Bruker Avance III spectrometer (500 and 125 MHz for 'H and 3C, respectively)
equipped with a 1.7 mm TCI MicroCryoProbe™ (Bruker Biospin, Fallanden, Switzerland).
'H and '3C chemical shifts were reported in ppm using the signals of the residual solvents
as internal reference (dy 7.26 and ¢ 77.0 ppm for CDCls).

4.2. Isolation and Characterization of the Producing Strain

The producing microorganism CF-258252 was isolated from a soil sample collected
in Sabino Canyon, Coronado National Forest, Arizona (USA) by the ethanol pasteuriza-
tion method using 90 mm petri dishes with PCA medium [53]. Frozen stock cultures
in 10% glycerol (—80 °C) are maintained in the fungal collection of Fundacion MED-
INA. Furthermore, to estimate the approximate phylogenetic position of strain CF-258252,
genomic DNA was extracted from mycelia grown on malt-yeast extract agar. DNA extrac-
tion, PCR amplification and DNA sequencing were performed as previously described
by Gonzalez-Menendez [54]. Sequences of the complete ITS1-5.85-ITS2 and initial 285
region or independent ITS and partial 285 rDNA sequences were compared with sequences
deposited at GenBank® or the NITE Biological Resource Center [55] by using BLAST®
application [56]. Database matches yielded a very high sequence similarity (99%) to the
strains Amesia gelasinospora CBS 673.80T, CBS 643.83 and NBRC32880, thus indicating that
strain CF-258252 showed affinities to genus Amesia (Chaetomiaceae). Similarly high scores
to other authentic fungi strains, e.g., A. atrobrunea CBS 379.66T (98%) A. nigricolor CBS
600.66T (97%), indicated that CF-258252 can be classified as Amesia sp.

4.3. Fermentation Process

Fermentation by Amesia sp. CF-258252 was performed through the inoculation of ten
mycelial agar plugs into a flask containing SMYA medium (Bacto neopeptone 10 g; maltose
40 g; yeast extract 10 g; agar 3 g; HO 1 L), 50 mL medium in a 250 mL Erlenmeyer. The
flask was incubated on a rotary shaker at 220 rpm and 22 °C with 80% relative humidity.
After growing the seed stage for 7 days, a 4.5 mL aliquot was used to inoculate each flask
of the production medium BRFT [57]. The 15 flasks (100 mL medium in 500 mL nonbaffled
flask) were incubated and 22 °C with 80% relative humidity in static condition for 21 days.

4.4. Isolation of Curvicollide D

The fermentation broth was thoroughly mixed with an equal volume of acetone and
shaken for 2 h in a Kiihner shaker. The biomass was decanted and the acetone content in
the supernatant was reduced under a nitrogen stream until the volume was ca. 1 L. This
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crude acetone extract was charged (while mixing with water in an equal ratio) on a SP207ss
resin-containing column (dimensions). After washing the loaded column with 1 L of water,
the elution was performed in a CombiFlash using a linear acetone gradient from 0-100%
and collecting fractions of 15 mL. Fractions active in the Trypanosome bioactivity assay
were pooled and further fractionated by semipreparative reversed-phase HPLC (Zorbax
SB-C8, 9.4 x 250 mm, 5 um, 3.6 mL/min) using HyO (solvent A) and CH3CN (solvent B).
Elution was carried out using isocratic conditions of 5% solvent B for 1.5 min and then
a linear gradient from 5% to 100% solvent B in 30.5 min to afford curvicollide D (1.5 mg,
tr = 25 min), responsible for the observed antiparasitic activity.

Curvicollide D: white amorphous solid; 'H and *C NMR data see Table 1, (+)-ESI-TOF
m/z 450.3217 [M + NH4]* (caled for CosHuaNOs*, 450.3214, A = 0.7 ppm), 415.2844 [M +
H-H,OJ" (caled for CygH39O4* 415.2843, A = 0.2 ppm), 397.2739 [M + H-2H,O]" (calcd for
CosH3705" 397.2737, A = 0.5 ppm), 882.6105 [2M + NHy]* (caled for C5,HgsNO1o*, 882.6090,
A =1.7 ppm), and 887.5660 [2M + Na]* (caled for C5,Hy4NO1o*, 887.5644, A = 1.8 ppm).

4.5. Cell Culture

T. b. brucei, Lister 427 bloodstream-form MITat 1.2 (clone 221), were cultured in
HMI9 medium (GIBCO) supplemented with 10% of inactivated fetal bovine serum (iFBS)
(Capricorn, FBS-11A), at 37 °C and 5% CO, atmosphere. Cells derived from human
hepatocarcinoma (Hep G2) were cultured in Eagle’s Modified Essential Medium (MEM)
supplemented with 10% iFBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 pM
MEM nonessential amino acids (ThermoFisher Scientific, Waltham, MA, USA, 11140) and
incubated at the same conditions as parasites.

4.6. Resazurin-Based Assay

Trypanocidal assays started with an initial cellular density of 5 x 10? and
1 x 103 cells/well of bloodstream forms in 384 and 96 well plates, respectively. In the case
of 384 well plates: 45 pL of parasite culture was added to 384-well corning assay plates
already containing 5 uL of the microbial extracts (final concentration of 1/300) and controls
and incubated for 20 h at 37 °C. Then 10 pL of Resazurin (Sigma-Aldrich/Merck KGaA,
Dramstadt, Germany, R7017) at working concentration of 0.5 mM was added per well and
plates were further incubated for 4 h at 37 °C. The final fluorescence was determined at
550-590 nm. Pentamidine isethionate salt (Sigma-Aldrich, P0547) and drug free HMI9
medium, were used as negative and positive growth controls, respectively. For 96-well
plates we followed the same protocol, but the final volume of the reagents and numbers
of parasites were doubled. The half-maximal inhibitory concentration (ICsp) value was
determined in 96-well plates, using ten serial dilutions from an initial concentration of
50 uM as previously described [58]. Cytotoxicity in the hepatocarcinoma cell line Hep G2
was assessed using the same protocol and 10° cells per well.

4.7. Analysis of Cell Cycle

The DNA content was assessed by fluorescence-activated cell sorting (FACS) as previ-
ously described [19]. Control samples or after treatment with 1.5 uM of curvicollide D were
fixed in 900 uL of ice cold ethanol 70% and incubated in ice for 5 min. Then, cells were
washed with phosphate-buffered saline (PBS) pH 7 and incubated with propidium iodide
(PI) (Sigma-Aldrich, P4864) staining solution (PBS containing PI 40 ug/mL and RNAase
A 100 ug/mL (Quiagen, Hilden, Germany, 19101) at 37 °C for 30 min. The analysis was
performed in a FACSCanto II flow cytometer. Flow]o softward was used to estimate the
number of cells at G1, S and G, /M phases of the cell cycle. The experiment was performed
in triplicate.

4.8. Confocal Microscopy

Bloodstream forms of T. brucei treated with curvicollide D or dimethyl sulfoxide
(DMSO) (control) were washed with PBS at pH 7.5. Parasites were fixed in 4% (w/v)
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paraformaldehyde (PFA) (Sigma-Aldrich, P6148) and permeabilized with a solution con-
taining 0.2% triton X-100 (Sigma-Aldrich, T8787) in PBS buffer as previously describe [59].
For immunofluorescence, fixed cells were treated with the primary antibody anti L1C6
(mouse) (kindly provided by Keith Gull) in blocking buffer containing 3% bovine serum
albumin (Sigma-Aldrich, A7906) during 1 h at room temperature. Samples were then incu-
bated with the secondary antibody goat anti-mouse IgG Alexa 488 (Invitrogen, Waltham,
MA, USA, A11001) in the same blocking buffer. On the other hand, a group of fixed
cells treated with curvicollide D or DMSO were only coated in a poly-L-lysine-coated
slides (Thermo Fisher Scientific, Waltham, MA, USA, J2800AMNZ) and mounted in DAPI-
containing Vectashield (H-1200, Vector) (Vector laboratories, Burlingame, CA, USA). Image
acquisition was performed with a confocal LSH 710 Confocal Microscope (Zeiss) and image
analysis with ZEN blue (Zeiss) software.

4.9. RNA Isolation and Reverse Transcription

Total RNA was isolated from bloodstream forms of T. b. brucei following the TRIzol
protocol (Invitrogen, 15596). Reverse transcription was performed using RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1621) with random primers. The
reactions were incubated initially at 25 °C (5 min) and then at 42 °C for one hour. To stop
the reaction, the mixture was heated at 70 °C for 5 min.

4.10. g-PCR Experiments

RNA transcript analysis was performed using quantitative reverse transcription PCR
(g-PCR) on the 7500 Fast Real-Time PCR System (Life Technologies, Carlsbad, CA, USA)
with SYBR Green (Thermo Fisher Scientific, 4309155). The reaction mix volume (10 puL)
included 0.5 pM of each primer and 1 pL of cDNA diluted at 200 ng/pL. Amplification
conditions were: 40 cycles of 50 °C, 2 min; 95 °C, 10 min; 95 °C, 15 seg; 60 °C, 1 °C min),
and the primer sequences are listed below. Transcript levels were normalized against
the number of parasites and plotted as relative change to the untreated cells. Analysis
of all samples were performed in triplicate. Actinomicin D (Sigma-Aldrich, A9415) and
a-amanitine (Sigma-Aldrich, A2263) were used as positive controls of inhibition for Pol I
and Pol II transcription respectively.

Primers Used for g-PCR

Primers used in qPCR experiments in Figure 6, were purchased from Sigma-Aldrich.
Sets of primers (1) and (2) are located in the ribosomal DNA. Primers (3) and (4) are located
within the active expression site V5G221. Sets of primers (3) and (4) are located within the
splice leader locus. All primers were located in intergenic regions, (see Table 2).

Table 2. qPCR primers.

Forward Primer Sequence (5’ — 3)

Reverse Primer Sequence (5" — 3)

(1) rDNAProm_938s:
5-ATAAAAGGGAGTTATAGCGT-3
(2) rDNASp 27s _27s:
5-TATGTGTATGTGTGTTGTGTTA-3’
(3) ESProm_330s:

5 -GAGATTGTGAGGGTTAGGA-3’/
(4) ES_6-F:
5-GTACAAGCTACGAAAACGTG-3'
(5) SL_sp_1245s:
5'-CTTTGTTTCCCATAAGTCTAC-3'
(6) SL_spacer_644s:
5-GCAGCAATAACAGCGAGCATAC-3’

rDNAProm_1048as:
5-GTACAACACAATCCGTTAAG-3' [60]
rDNASp108as_108as:
5-ATGCAAAATAGGAGACTACA-3 [60]
ESProm_662as:
5-CATCATCCTGCGTCGTTC-3' [60]
ES_6-R:
5-CCACTCCCACTGGAAACTTA-3'
SL_sp_1306As:
5-AGACACTTGCCATATTTTACT-3' [60]
SL_spacer_763As:
5-GGACGGTTGAGCTGAGTGTAAT-3' [60]
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4.11. Fluorescence Intercalator Displacement Assay (FID)

Ethidium bromide (EtBr) (Sigma-Aldrich, E1510) displacement assay was performed in
96-well, flat bottom polystyrene microplates (Thermo Fisher Scientific, 130188) as previously
described [30]. Each well was loaded with Milli-Q water, 5 uM of ethidium bromide, 1 uM
of duplex DNA (pMES4 plasmid) (GenBank: GQ907248.1) and increasing concentrations of
curvicollide D (10 uM, 20 uM, 25 uM and 30 uM). The excitation wavelength of ethidium
bromide was set at 510 nm and the emission profile was monitored from 520 to 720 nm
with a multi-plate reader. Experiments were conducted in triplicate at room temperature
(20 °Q). % fluorescence values were calculated as follows: % Fluorescence = A/B x 100,
where A is the fluorescence value in presence of curvicollide D and B is the fluorescence
value in curvicollide D-free controls.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23116107/s1.

Author Contributions: ].A.G.-S., M.S. and ER. developed the original idea, contributed to the design
of the study and critically revised the manuscript; O.G., EV.,, LP-V. and ].M.N.-M. critically revised the
manuscript; VP-C,, AS.-L., VS.-M., ALL-R., C.AR.-P,]. M. (José Maceira), V.G.-M., ] M. (Jestis Martin),
N.d.P. and LP--V. did the laboratory analysis and produced the experimental data; I.P.-V. and J.M.
(Jests Martin) determined the structure of curvicollide D; M.O.-G. performed the experiments and
data analysis and wrote the manuscript; ER. and I.R.-M. participated in the writing and edited
the manuscript; ].A.G.-S. and M.S. edited the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by the European Union (Euronanomed programme, Reference:
TARBRAINFECT), the Health Carlos III as the local management institution (Reference: AC18/00008)
and by Ministry of Science, Innovation and Universities from Spain (PID2020-120481RB-100 to M.S.).
AS.-L., VS.-M. and V.P-C. were supported by fellowships from the Ministry of Education, Culture
and Sport (FPU 17/05413, FPU 16/05822 and FPU 20/03952, respectively). M.O.-G. was supported
by a fellowship from the University of Almeria (FPI-201102 and PPUENTE2021-006). The results
presented in this article are part of M.O.-G.’s doctoral thesis.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We gratefully acknowledge (Keith Gull) for kindly providing the L1C6 antibody
(University of Oxford, Oxford, UK).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kennedy, P.G.E.; Rodgers, J. Clinical and Neuropathogenetic Aspects of Human African Trypanosomiasis. Front. Immunol. 2019,
10, 39. [CrossRef] [PubMed]

2. Available online: https://www.who.int/news-room/fact-sheets/detail / trypanosomiasis-human-african-(sleeping-sickness)
(accessed on 25 April 2022).

3. Yaro, M,; Munyard, K.A ; Stear, M.].; Groth, D.M. Combatting African Animal Trypanosomiasis (AAT) in livestock: The potential
role of trypanotolerance. Vet. Parasitol. 2016, 225, 43-52. [CrossRef] [PubMed]

4. Babokhov, P.; Sanyaolu, A.O.; Oyibo, W.A.; Fagbenro-Beyioku, A.F.; Iriemenam, N.C. A current analysis of chemotherapy
strategies for the treatment of human African trypanosomiasis. Pathog. Glob. Health 2013, 107, 242-252. [CrossRef] [PubMed]

5. Garcia-Salcedo, J.A.; Unciti-Broceta, ].D.; Valverde-Pozo, J.; Soriano, M. New Approaches to Overcome Transport Related Drug
Resistance in Trypanosomatid Parasites. Front. Pharmacol. 2016, 7, 351. [CrossRef] [PubMed]

6. Unciti-Broceta, ].D.; Arias, J.L.; Maceira, J.; Soriano, M.; Ortiz-Gonzalez, M.; Hernandez-Quero, J.; Muiodz-Torres, M.; de
Koning, H.P.; Magez, S.; Garcia-Salcedo, J.A. Specific Cell Targeting Therapy Bypasses Drug Resistance Mechanisms in African
Trypanosomiasis. PLoS Pathog. 2015, 11, €1004942. [CrossRef] [PubMed]

7.  Deeks, E.D. Fexinidazole: First Global Approval. Drugs 2019, 79, 215-220. [CrossRef] [PubMed]

8. Mesu, V.; Kalonji, WM.; Bardonneau, C.; Mordt, O.V.; Blesson, S.; Simon, F.; Delhomme, S.; Bernhard, S.; Kuziena, W.; Lubaki, ].E;

et al. Oral fexinidazole for late-stage African Trypanosoma brucei gambiense trypanosomiasis: A pivotal multicentre, randomised,
non-inferiority trial. Lancet 2018, 391, 144-154. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23116107/s1
https://www.mdpi.com/article/10.3390/ijms23116107/s1
http://doi.org/10.3389/fimmu.2019.00039
http://www.ncbi.nlm.nih.gov/pubmed/30740102
https://www.who.int/news-room/fact-sheets/detail/trypanosomiasis-human-african-(sleeping-sickness)
http://doi.org/10.1016/j.vetpar.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27369574
http://doi.org/10.1179/2047773213Y.0000000105
http://www.ncbi.nlm.nih.gov/pubmed/23916333
http://doi.org/10.3389/fphar.2016.00351
http://www.ncbi.nlm.nih.gov/pubmed/27733833
http://doi.org/10.1371/journal.ppat.1004942
http://www.ncbi.nlm.nih.gov/pubmed/26110623
http://doi.org/10.1007/s40265-019-1051-6
http://www.ncbi.nlm.nih.gov/pubmed/30635838
http://doi.org/10.1016/S0140-6736(17)32758-7

Int. ]. Mol. Sci. 2022, 23, 6107 150f 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lutje, V,; Probyn, K,; Seixas, ].; Bergman, H.; Villanueva, G. Chemotherapy for second-stage human African trypanosomiasis:
Drugs in use. Cochrane Database Syst. Rev. 2021, 12, Cd015374. [CrossRef]

EMA. Available online: https://www.ema.europa.eu/en/fexinidazole-winthrop-h-w-2320 (accessed on 26 April 2022).
Annang, F,; Perez-Moreno, G.; Garcia-Hernandez, R.; Cordon-Obras, C.; Martin, J.; Tormo, J.R.; Rodriguez, L.; de Pedro, N.;
Gomez-Perez, V.; Valente, M; et al. High-throughput screening platform for natural product-based drug discovery against 3
neglected tropical diseases: Human African trypanosomiasis, leishmaniasis, and Chagas disease. J. Biomol. Screen. 2015, 20, 82-91.
[CrossRef]

Pena, I.; Pilar Manzano, M.; Cantizani, J.; Kessler, A.; Alonso-Padilla, J.; Bardera, A.l; Alvarez, E.; Colmenarejo, G.; Cotillo,
I.; Roquero, I; et al. New compound sets identified from high throughput phenotypic screening against three kinetoplastid
parasites: An open resource. Sci. Rep. 2015, 5, 8771. [CrossRef]

Rodrigues, T.; Reker, D.; Schneider, P.; Schneider, G. Counting on natural products for drug design. Nat. Chem. 2016, 8, 531-541.
[CrossRef] [PubMed]

Stiles, M.; Winkler, R.R.; Chang, Y.-L.; Traynor, L. Stereochemical Assignments for 3-Ketols Formed by Aldol Addition of Three
Simple Ketones to p-Nitrobenzaldehyde. J. Am. Chem. Soc. 1964, 86, 3337-3342. [CrossRef]

House, H.O.; Crumrine, D.S.; Teranishi, A.Y.; Olmstead, H.D. Chemistry of carbanions. XXIII. Use of metal complexes to control
the aldol condensation. J. Am. Chem. Soc. 1973, 95, 3310-3324. [CrossRef]

Heathcock, C.H.; Pirrung, M.C.; Sohn, J.E. Acyclic stereoselection. 4. Assignment of stereostructure to beta.-hydroxycarbonyl
compounds by carbon-13 nuclear magnetic resonance. J. Org. Chem. 1979, 44, 4294-4299. [CrossRef]

Che, Y.; Gloer, ].B.; Wicklow, D.T. Curvicollides A—C: New Polyketide-Derived Lactones from a Sclerotium-Colonizing Isolate of
Podospora curvicolla (NRRL 25778). Org. Lett. 2004, 6, 1249-1252. [CrossRef]

von Kiedrowski, V.; Quentin, F; Hiersemann, M. Total Synthesis and Structural Assignment of Curvicollide C. Org. Lett. 2017, 19,
4391-4394. [CrossRef]

Unciti-Broceta, ].D.; Maceira, J.; Morales, S.; Garcia-Pérez, A.; Munéz-Torres, M.E.; Garcia-Salcedo, J.A. Nicotinamide inhibits the
lysosomal cathepsin b-like protease and kills African trypanosomes. . Biol. Chem. 2013, 288, 10548-10557. [CrossRef]

Devaux, S.; Kelly, S.; Lecordier, L.; Wickstead, B.; Perez-Morga, D.; Pays, E.; Vanhamme, L.; Gull, K. Diversification of function by
different isoforms of conventionally shared RNA polymerase subunits. Mol. Biol. Cell 2007, 18, 1293-1301. [CrossRef]

Boulon, S.; Westman, B.J.; Hutten, S.; Boisvert, EM.; Lamond, A.l. The nucleolus under stress. Mol. Cell 2010, 40, 216-227.
[CrossRef]

Cestari, L; Stuart, K. Transcriptional Regulation of Telomeric Expression Sites and Antigenic Variation in Trypanosomes. Curr.
Genom. 2018, 19, 119-132. [CrossRef]

Silva Pereira, S.; Jackson, A.P.; Figueiredo, L.M. Evolution of the variant surface glycoprotein family in African trypanosomes.
Trends Parasitol. 2022, 38, 23-36. [CrossRef] [PubMed]

Michaeli, S. Trans-splicing in trypanosomes: Machinery and its impact on the parasite transcriptome. Future Microbiol. 2011, 6,
459-474. [CrossRef] [PubMed]

Gilinger, G.; Bellofatto, V. Trypanosome spliced leader RNA genes contain the first identified RNA polymerase II gene promoter
in these organisms. Nucleic Acids Res. 2001, 29, 1556-1564. [CrossRef]

Giinzl, A.; Ully, E.; Dorner, M.; Fragoso, S.P.; Hoffmann, K.F,; Milner, ].D.; Morita, Y.; Nguu, E.K.; Vanacova, S.; Wiinsch, S.; et al.
Transcription of the Trypanosoma brucei spliced leader RNA gene is dependent only on the presence of upstream regulatory
elements. Mol. Biochem. Parasitol. 1997, 85, 67-76. [CrossRef]

Tse, W.C.; Boger, D.L. Sequence-selective DNA recognition: Natural products and nature’s lessons. Chem. Biol. 2004, 11, 1607-1617.
[CrossRef] [PubMed]

Lewis, M.A,; Long, E.C. Fluorescent intercalator displacement analyses of DNA binding by the peptide-derived natural products
netropsin, actinomyecin, and bleomyecin. Bioorganic Med. Chem. 2006, 14, 3481-3490. [CrossRef] [PubMed]

Del Villar-Guerra, R.; Gray, R.D.; Trent, ].O.; Chaires, ].B. A rapid fluorescent indicator displacement assay and principal
component/cluster data analysis for determination of ligand-nucleic acid structural selectivity. Nucleic Acids Res. 2018, 46, e41.
[CrossRef]

Sanchez-Martin, V.; Schneider, D.A.; Ortiz-Gonzalez, M.; Soriano-Lerma, A.; Linde-Rodriguez, A.; Perez-Carrasco, V.; Gutierrez-
Fernandez, J.; Cuadros, M.; Gonzalez, C.; Soriano, M.; et al. Targeting ribosomal G-quadruplexes with naphthalene-diimides as
RNA polymerase I inhibitors for colorectal cancer treatment. Cell Chem. Biol. 2021, 28, 1590-1601.e4. [CrossRef]

Firn, R.D.; Jones, C.G. Natural products—A simple model to explain chemical diversity. Nat. Prod. Rep. 2003, 20, 382-391.
[CrossRef]

Fleming, A. On the antibacterial action of cultures of a penicillium, with special reference to their use in the isolation of B.
influenzae. Bull. World Health Organ. 2001, 79, 780-790. [CrossRef]

Behie, S.W.; Bonet, B.; Zacharia, V.M.; McClung, D.].; Traxler, M.F. Molecules to Ecosystems: Actinomycete Natural Products In
Situ. Front. Microbiol. 2017, 7, 2149. [CrossRef]

Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. J.
Nat. Prod. 2020, 83, 770-803. [CrossRef] [PubMed]

Ribeiro da Cunha, B.; Fonseca, L.P.; Calado, C.R.C. Antibiotic Discovery: Where Have We Come from, Where Do We Go?
Antibiotics 2019, 8, 45. [CrossRef] [PubMed]


http://doi.org/10.1002/14651858.cd015374
https://www.ema.europa.eu/en/fexinidazole-winthrop-h-w-2320
http://doi.org/10.1177/1087057114555846
http://doi.org/10.1038/srep08771
http://doi.org/10.1038/nchem.2479
http://www.ncbi.nlm.nih.gov/pubmed/27219696
http://doi.org/10.1021/ja01070a027
http://doi.org/10.1021/ja00791a039
http://doi.org/10.1021/jo01338a015
http://doi.org/10.1021/ol0498186
http://doi.org/10.1021/acs.orglett.7b02126
http://doi.org/10.1074/jbc.M112.449207
http://doi.org/10.1091/mbc.e06-09-0841
http://doi.org/10.1016/j.molcel.2010.09.024
http://doi.org/10.2174/1389202918666170911161831
http://doi.org/10.1016/j.pt.2021.07.012
http://www.ncbi.nlm.nih.gov/pubmed/34376326
http://doi.org/10.2217/fmb.11.20
http://www.ncbi.nlm.nih.gov/pubmed/21526946
http://doi.org/10.1093/nar/29.7.1556
http://doi.org/10.1016/S0166-6851(96)02816-2
http://doi.org/10.1016/j.chembiol.2003.08.012
http://www.ncbi.nlm.nih.gov/pubmed/15610844
http://doi.org/10.1016/j.bmc.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/16439138
http://doi.org/10.1093/nar/gky019
http://doi.org/10.1016/j.chembiol.2021.05.021
http://doi.org/10.1039/b208815k
http://doi.org/10.1093/clinids/2.1.129
http://doi.org/10.3389/fmicb.2016.02149
http://doi.org/10.1021/acs.jnatprod.9b01285
http://www.ncbi.nlm.nih.gov/pubmed/32162523
http://doi.org/10.3390/antibiotics8020045
http://www.ncbi.nlm.nih.gov/pubmed/31022923

Int. ]. Mol. Sci. 2022, 23, 6107 16 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

Cragg, G.M.; Newman, D.J. Natural products: A continuing source of novel drug leads. Biochim. Biophys. Acta 2013, 6, 18.
[CrossRef] [PubMed]

Zuma, A.A; Santos, J.O.; Mendes, 1.; de Souza, W.; Machado, C.R.; Motta, M.C.M. Chaetocin-A histone methyltransferase
inhibitor-Impairs proliferation, arrests cell cycle and induces nucleolar disassembly in Trypanosoma cruzi. Acta Trop. 2017, 170,
149-160. [CrossRef]

Vodnala, S.K.; Ferella, M.; Lundén-Miguel, H.; Betha, E.; van Reet, N.; Amin, D.N.; Oberg, B.; Andersson, B.; Kristensson,
K.; Wigzell, H.; et al. Preclinical assessment of the treatment of second-stage African trypanosomiasis with cordycepin and
deoxycoformycin. PLoS Negl. Trop. Dis. 2009, 3, e495. [CrossRef]

DNDI. Available online: https:/ /dndi.org/scientific-articles /2009 / drug-screening-for-kinetoplastid-diseases-a-training-manual-
for-screening-in-neglected-diseases/ (accessed on 25 April 2022).

Mukherjee, A.; Sasikala, W.D. Drug-DNA intercalation: From discovery to the molecular mechanism. Adv. Protein Chem. Struct.
Biol. 2013, 92, 1-62. [CrossRef]

Figgitt, D.; Denny, W.; Chavalitshewinkoon, P.; Wilairat, P.; Ralph, R. In vitro study of anticancer acridines as potential antitry-
panosomal and antimalarial agents. Antimicrob. Agents Chemother. 1992, 36, 1644-1647. [CrossRef]

Roy Chowdhury, A.; Bakshi, R.; Wang, J.; Yildirir, G.; Liu, B.; Pappas-Brown, V.; Tolun, G.; Griffith, ].D.; Shapiro, T.A.; Jensen, R.E.;
et al. The killing of African trypanosomes by ethidium bromide. PLoS Pathog. 2010, 6, €1001226. [CrossRef]

da Silva Oliveira, G.L.; de Freitas, R.M. Diminazene aceturate—An antiparasitic drug of antiquity: Advances in pharmacology &
therapeutics. Pharmacol. Res. 2015, 102, 138-157. [CrossRef]

Wu, N.; Wu, XW.; Agama, K.; Pommier, Y.; Du, J; Li, D.; Gu, L.Q.; Huang, Z.S.; An, L.K. A novel DNA topoisomerase I
inhibitor with different mechanism from camptothecin induces G2/M phase cell cycle arrest to K562 cells. Biochemistry 2010, 49,
10131-10136. [CrossRef] [PubMed]

Schonn, I; Hennesen, J.; Dartsch, D.C. Cellular responses to etoposide: Cell death despite cell cycle arrest and repair of DNA
damage. Apoptosis 2010, 15, 162-172. [CrossRef] [PubMed]

Kim, H.S.; Lee, Y.S.; Kim, D.K. Doxorubicin exerts cytotoxic effects through cell cycle arrest and Fas-mediated cell death.
Pharmacology 2009, 84, 300-309. [CrossRef] [PubMed]

Staker, B.L.; Hjerrild, K.; Feese, M.D.; Behnke, C.A.; Burgin, A.B., Jr.; Stewart, L. The mechanism of topoisomerase I poisoning by
a camptothecin analog. Proc. Natl. Acad. Sci. USA 2002, 99, 15387-15392. [CrossRef]

Sheader, K.; Vaughan, S.; Minchin, J.; Hughes, K.; Gull, K.; Rudenko, G. Variant surface glycoprotein RNA interference triggers a
precytokinesis cell cycle arrest in African trypanosomes. Proc. Natl. Acad. Sci. USA 2005, 102, 8716-8721. [CrossRef]

Musso, L.; Mazzini, S.; Rossini, A.; Castagnoli, L.; Scaglioni, L.; Artali, R.; Di Nicola, M.; Zunino, F,; Dallavalle, S. c-MYC
G-quadruplex binding by the RNA polymerase I inhibitor BMH-21 and analogues revealed by a combined NMR and biochemical
Approach. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 615-629. [CrossRef]

Drygin, D.; Siddiqui-Jain, A.; O’Brien, S.; Schwaebe, M.; Lin, A; Bliesath, J.; Ho, C.B.; Proffitt, C.; Trent, K.; Whitten, ].P; et al.
Anticancer activity of CX-3543: A direct inhibitor of rRNA biogenesis. Cancer Res. 2009, 69, 7653-7661. [CrossRef]

Xu, H.; Di Antonio, M.; McKinney, S.; Mathew, V.; Ho, B.; O'Neil, N.J.; Santos, N.D.; Silvester, J.; Wei, V.; Garcia, J.; et al. CX-5461
is a DNA G-quadruplex stabilizer with selective lethality in BRCA1/2 deficient tumours. Nat. Commun. 2017, 8, 14432. [CrossRef]
Kerry, L.E,; Pegg, E.E.; Cameron, D.P; Budzak, J.; Poortinga, G.; Hannan, K.M.; Hannan, R.D.; Rudenko, G. Selective inhibition of
RNA polymerase I transcription as a potential approach to treat African trypanosomiasis. PLoS Negl. Trop. Dis. 2017, 11, e0005432.
[CrossRef]

Bills, G.F.; Christensen, M.; Powell, M.; Thorn, G. Saprobic Soil Fungi; Elsevier Academic Press: Amsterdam, The Netherlands,
2004; pp. 271-302.

Gonzalez-Menendez, V.; Martin, J.; Siles, J.A.; Gonzalez-Tejero, M.R; Reyes, E; Platas, G.; Tormo, J.R.; Genilloud, O. Biodiversity
and chemotaxonomy of Preussia isolates from the Iberian Peninsula. Mycol. Prog. 2017, 16, 713-728. [CrossRef]

NITE. Available online: http://www.nbrc.nite.go.jp/ (accessed on 25 April 2022).

Blaxter, M.; Mann, J.; Chapman, T.; Thomas, F.; Whitton, C.; Floyd, R.; Abebe, E. Defining operational taxonomic units using
DNA barcode data. Philos. Trans. R Soc. B Biol. Sci. 2005, 360, 1935-1943. [CrossRef] [PubMed]

Peldez, E.; Cabello, A.; Platas, G.; Diez, M.T.; Gonzalez del Val, A.; Basilio, A.; Martan, L.; Vicente, F.; Bills, G.E.; Giacobbe, R.A.;
et al. The discovery of enfumafungin, a novel antifungal compound produced by an endophytic Hormonema species biological
activity and taxonomy of the producing organisms. Syst. Appl. Microbiol. 2000, 23, 333-343. [CrossRef]

del Castillo, T.; Marales-Sanfrutos, J.; Santoyo-Gonzalez, F.; Magez, S.; Lopez-Jaramillo, EJ.; Garcia-Salcedo, ].A. Monovinyl
sulfone B-cyclodextrin. A flexible drug carrier system. ChemMedChem 2014, 9, 383-389. [CrossRef] [PubMed]

Garcia-Salcedo, J.A.; Nolan, D.P.; Gijén, P.; Gomez-Rodriguez, ].; Pays, E. A protein kinase specifically associated with proliferative
forms of Trypanosoma brucei is functionally related to a yeast kinase involved in the co-ordination of cell shape and division.
Mol. Microbiol. 2002, 45, 307-319. [CrossRef] [PubMed]

Stanne, T.M.; Rudenko, G. Active VSG expression sites in Trypanosoma brucei are depleted of nucleosomes. Eukaryot. Cell 2010,
9, 136-147. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbagen.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23428572
http://doi.org/10.1016/j.actatropica.2017.02.007
http://doi.org/10.1371/journal.pntd.0000495
https://dndi.org/scientific-articles/2009/drug-screening-for-kinetoplastid-diseases-a-training-manual-for-screening-in-neglected-diseases/
https://dndi.org/scientific-articles/2009/drug-screening-for-kinetoplastid-diseases-a-training-manual-for-screening-in-neglected-diseases/
http://doi.org/10.1016/b978-0-12-411636-8.00001-8
http://doi.org/10.1128/AAC.36.8.1644
http://doi.org/10.1371/journal.ppat.1001226
http://doi.org/10.1016/j.phrs.2015.10.005
http://doi.org/10.1021/bi1009419
http://www.ncbi.nlm.nih.gov/pubmed/21033700
http://doi.org/10.1007/s10495-009-0440-9
http://www.ncbi.nlm.nih.gov/pubmed/20041303
http://doi.org/10.1159/000245937
http://www.ncbi.nlm.nih.gov/pubmed/19829019
http://doi.org/10.1073/pnas.242259599
http://doi.org/10.1073/pnas.0501886102
http://doi.org/10.1016/j.bbagen.2017.12.002
http://doi.org/10.1158/0008-5472.CAN-09-1304
http://doi.org/10.1038/ncomms14432
http://doi.org/10.1371/journal.pntd.0005432
http://doi.org/10.1007/s11557-017-1305-1
http://www.nbrc.nite.go.jp/
http://doi.org/10.1098/rstb.2005.1725
http://www.ncbi.nlm.nih.gov/pubmed/16214751
http://doi.org/10.1016/S0723-2020(00)80062-4
http://doi.org/10.1002/cmdc.201300385
http://www.ncbi.nlm.nih.gov/pubmed/24339407
http://doi.org/10.1046/j.1365-2958.2002.03019.x
http://www.ncbi.nlm.nih.gov/pubmed/12123446
http://doi.org/10.1128/EC.00281-09
http://www.ncbi.nlm.nih.gov/pubmed/19915073

	Introduction 
	Results 
	Isolation and Structural Characterization of Curvicollide D 
	Curvicollide D Inhibits the Growth of T. brucei Bloodstream Forms and Causes Cell Cycle Arrest at G2/M Phase 
	Curvicollide D Induces Morphological Changes and Nucleolus Disassembly in T. brucei 
	Curvicollide D Inhibits T. brucei RNA Polymerases I and II 
	Curvicollide D Binds to Duplex DNA and Displaces Ethidium Bromide 

	Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Isolation and Characterization of the Producing Strain 
	Fermentation Process 
	Isolation of Curvicollide D 
	Cell Culture 
	Resazurin-Based Assay 
	Analysis of Cell Cycle 
	Confocal Microscopy 
	RNA Isolation and Reverse Transcription 
	q-PCR Experiments 
	Fluorescence Intercalator Displacement Assay (FID) 

	References

