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S| Materials and Methods

Trypanosomes. Bloodstream-form T. b. brucei, Lister 427, MiTat 1.2, clone 221a and
derivatives, including 2T1 cells (1), were cultured at 37°C in the presence of 5% CO, in HMI9
medium, as described (2). These cells were transfected using a Nucleofector (Lonza) with T-cell
Nucleofector solution. Transformants were cloned by limiting-dilution and selected with
phleomycin (1 pg.ml™), blasticidin (10 ug.ml™"; maintenance at 2 pg.ml™") or hygromycin (2.5
ug.ml™") for constructs integrated at the tagged rRNA locus (3). Cumulative growth curves were
generated from cultures seeded at 10* cells.ml™", counted on a haemocytometer every 24 h and
diluted as necessary. Overexpression and RNAi were induced with 1 ug.ml™ tetracycline. For
ECso assays, overexpression strains were pre-induced for 24 h and assays were carried out
using AlamarBlue as described (4). Data was processed using GRAFIT (version 5.0.4;
Erithacus software) and fitted to a 2-parameter equation to calculate ECsg.

OEX

pRPa°® overexpression plasmid assembly. The pRPa construct was assembled as

follows. A lacZ stuffer fragment, amplified using OEX5 and OEX3, was used to engineer Bbsl
and Fsel restriction sites (italics) on either side of the stuffer in pRPa™" (3). Next, NSAS5 and
NSAS3 oligonucleotides, containing I-Scel sites and an Ascl site (italics) were annealed and
cloned in pBluescript digested with Notl. The entire Ascl cassette from the pRPa’" derivative
above was then moved to the new Ascl-digested vector, thereby placing I-Scel sites on either
side of the assembly. Finally, a blasticidin (BLA) resistance cassette was synthesised
(Genscript) and, following digestion with Nsil/Mlul, was inserted upstream of the EP procyclin
promoter.
OEX5:GATCGGTACCGGCCGGCCGAAGACGATGATGAGATAGGGTTGAGTGTTGT
OEX3:GATCGGGCCCGCTTACGGCGTACACCCTATCAATGATAGAGTGGCCGGCCGAAG
CGATGATAAACCCTGGCGTTACCCAA

NSAS5:GGCCTAGGGATAACAGGGTAATGGCGCGCCTAGGGATAACAGGGTAAT
NSAS3:GGCCATTACCCTGTTATCCCTAGGCGCGCCATTACCCTGTTATCCCTA



pRPa°™ plasmid overexpression library assembly. pRPa%%*

was digested with Bbsl and
‘semi-filled’ with Klenow and dTTP, followed by dephosphorylation with Antarctic phosphatase
(New England Bioloabs). 25 ug of T. b. brucei genomic DNA was digested with 0.04 U
Sau3Al/ug gDNA for 1 h at 37°C. The partially digested DNA was separated on an agarose gel
(1x TAE, 120V, 35 min). The gel slab containing 3-10 kbp fragments was excised, set in a new
gel and concentrated in the gel by reversing the direction of electrophoresis (1x TAE, 120V, 35
min). The T. b. brucei DNA was then purified from the gel and ‘semi-filled’ with Klenow and
dGTP. The resulting pRPa°* plasmid and T. b. brucei insert DNA were then ligated overnight at
16°C, purified, electroporated in MegaX DH10B Electrocomp T1R cells (Thermo Fisher), added
to 500 ml LB-amp media and grown overnight at 37°C. A series of dilutions were also grown on
agar plates in order to estimate library complexity; plasmids from 30 colonies were digested with

Fsel to determine whether inserts were present. The plasmid library was purified from the 500

ml culture using a Qiagen Plasmid Maxi Kit.

T. b. brucei overexpression library assembly. 500 ug of overexpression plasmid library was
digested with [-Scel. Plasmid linearization prior to transfection increases transfection efficiency
and the use of I-Scel that specifically cleaves an 18 bp sequence, not present in T. brucei,
ensures that linearization will not reduce library coverage; a restriction enzyme that cleaves a
shorter sequence would have fragmented our library constructs; approximately 10% of them in
the case of an enzyme that recognises an 8 bp sequence. 2T1 T. b. brucei cells were

transfected with pSce* as described (2). A puromycin-sensitive 2T15%

clone was expanded (2.5
x 10 cells), induced with tetracycline (1 ug/ml) for 3 h and transfected with the I-Scel digested
overexpression library: forty replicates with 10 ug DNA and 5 x 10’ cells in each replicate. After

6 h, phleomycin (1 ug/mil; for the tetracycline operator cassette) and blasticidin (10 ug/ml; for the



library) selection was applied. A series of dilutions were also grown in 96-well plates in order to
estimate library complexity; genomic DNA was extracted from 22 clones from these plates to
assess the presence of library inserts, amplified using a long-range PCR reaction (see below).
Ten inserts were then Sanger sequenced using OEseq1
(GTAAAGTCAATACAACACACAATAGG) and OEseq2 (CTGGCACAGAGAGCGAGC),

revealing that they were derived from random sites across the genome, as expected.

Overexpression library screening and data analysis. The T. b. brucei overexpression library
was maintained at or above 2 x 10’ cells to maintain complexity, in medium containing
phleomycin (1 pug/ml) and blasticidin (1 ug/ml). Overexpression was induced with tetracycline (1
ug/ml) for 24 h and 2 x 10" cells in 150 ml media were used to initiate each screen. Cells were
passaged as required and genomic DNA was extracted after 8-9 days using a Qiagen DNeasy
Blood & Tissue Kit. Overexpressed fragments were amplified using the OEseqA primer
(CGGCGTACACCCTATCAATGA) in a ‘long-range’ PCR reaction using LongAmp polymerase
(1 cycle: 30 s at 94°C; 30 cycles: 30 s at 94°C, 30 s at 60°C and 9 min at 65°C; 1 cycle: 10 min
at 65°C) and purified using a QlAquick PCR Purification Kit. The products were sequenced
using an lllumina HiSeq platform at the Beijing Genomics Institute. Reads were aligned to the T.
brucei 927 reference genome (v9.0, tritrypdb.org) with Bowtie 2 software (5) using the
conditions: very-sensitive-local-phred33. The subsequent alignment files were manipulated with
SAMtools (6) and a custom script (2) to identify reads with barcodes
(GATAGAGTGGTACCGGCCGG or CAATGATAGAGTGGCCGGCC), which also revealed
insert orientation. Total and barcoded reads were then quantified using the Artemis genome

browser (7) and Excel.



Construction of other plasmids. For knockdown of Tb927.4.1340 (CPSF3) using RNA
interference, we used CPSF-RF and CPSF-RR primers, incorporating Bsp1201/Acc651 and
Xbal/BamHI sites, respectively (italics) and cloned the resulting amplified 606 bp fragment in the
pRPas" construct (3). The construct was introduced into 2T1 T. b. brucei cells (1), which were
selected with hygromycin (2.5 ug/ml) and phleomycin (1 ug/ml); only puromycin sensitive clones
were analysed further. For tagging a native Tb927.4.1340 allele with GFP at the C-terminus, we
used CPSF-TF and CPSF-TR primers, incorporating Hindlll and Xbal sites, respectively (italics)

and cloned the resulting amplified 654 bp fragment in the pNAT**""

construct (3). The construct
was linearised with Xhol prior to transfection and introduced into 2T1 T. b. brucei cells (1) with
the RNAI construct. These cells were selected with hygromycin and phleomycin as above and
also blasticidin. For inducible overexpression of Th927.4.1340 with GFP at the C-terminus, we
used the CPSF-OF primer, incorporating a Pacl site (italics), and CPSF-TR and cloned the
resulting amplified complete coding sequence (2,332 bp) in the pRPa*®"" construct (3). The
construct was introduced into 2T1 T. b. brucei cells (1), selected with hygromycin and
phleomycin as above; again, only puromycin sensitive clones were analysed further. pRPa-
based constructs were linearised with Ascl prior to transfection. Cas9-based editing of T. brucei
CPSF3 Asn®*? was carried out as described (8). Briefly, an sgRNA construct was assembled
using the cpsfgF and cpsfgR primers. The resulting construct was linearised with Notl prior to
transfection into 2T17°°®9 cells. The cpsfN***T oligonucleotide was used as the single-stranded
repair template and acoziborole selection was applied at 2 x EC5, for eight days. A negative
control lacking the repair template failed to yield acoziborole-resistant cells. Resistant clones
were isolated, from which a segment spanning the editing site was PCR-amplified and
sequenced.

CPSF-RF: GATCGGGCCCGGTACCACAGACACGCGACTTCATCC

CPSF-RR: GATCTCTAGAGGATCCTCTCGTGCTCTGCTGAACAT

CPSF-TF: GATCAAGCTTACAGACACGCGACTTCATCC

CPSF-TR: GATCTCTAGATGCGCCCTCGTCAATGGG
CPSF-OF: GATCTTAATTAAATGTTTTCACACGCGGCGTA



cpsfgF: AGGGTACAAATGGTATACGCGAAC

cpsfgR: AAACGTTCGCGTATACCATTTGTA

cpsfN?2T:
CGATATTCTCATTGCAGAGAGTACATATGGAATTAGGGAGTTAGAGTCACGTGAAGAGCGG
GAATCCC

Protein blotting. T. brucei parasites were grown with or without tetracycline for 24 h and
harvested. Samples were then resuspended in Laemmli buffer and boiled for 5 min. Lysates (4 x
10° cells/well) were separated on 8% acylamide gels and transferred to nitrocellulose
membrane. The top half of the membrane (above 70 kDa) was blocked with 5% BSA in TBS
(GFP) and the bottom half (below 70 kDa) was blocked in 5% skimmed milk in PBS (EF1a;
control) for 1 h. Blots were then incubated with either a-GFP (1:1000; D5.1XP, Cell signalling
Technology) or a-EF1a (1:20000; Merck Millipore) primary antibodies overnight. Membranes
were then incubated with either rabbit HRP (For GFP, 1:5000; BioRad) or mouse HRP (For
EF1a, 1:5000; BioRad) secondary antibodies for 1 h. Blots were developed using ECL plus

(with enhanced chemiluminescence; GE Healthcare).

Microscopy. Fluorescence microscopy was carried out according to standard protocols. Briefly,
1 x 10° cells were fixed in 2% formaldehyde in PBS, washed in PBS and allowed to dry onto
coverslips. Cells were mounted in Vectashield (Vector Laboratories) containing the DNA
counterstain DAPI. GFP fluorescence images were captured using a Zeiss Axiovert 200M

fluorescence microscope and processed in ZenPro (Zeiss).

Phylogeny and domain analysis. The sequences were retrieved from TritrypDB, PlasmoDB,
ToxoDB and NCBI: T. b. brucei (Tb927.4.1340); T. b. gambiense DAL972 (XP_011772702.1,
Tbg972.4.1170); T. congolense I[L3000 (CCC90000.1, TcIL3000_4 840.1); Leishmania
donovani (LdBPK 343210.1); T. cruzi sylvio X10/1 (TCSYLVIO_003775); Trichomonas
vaginalis G3 (TVAG_437970); Thermus thermophilus (YP_143518.1); Toxoplasma gondii

6



(TGME49_285200); Plasmodium falciparum (PF3D7_1438500) and Homo sapiens
(AAF00224.1). Alignment and tree generation were performed using Clustal X and viewed using

TreeView X. Domains figures were generated using InterPro and Prosite MyDomains.

In silico docking studies. To identify suitable template structures, the T. brucei CPSF3
sequence (UniProtkB - Q581U7) was used to query the PDB using “BLAST” as implemented in

the NCBI blastp suite (https://blast.ncbi.nim.nih.gov/). Endonucleases from three different

species; human CPSF73 (PDB code 2I7T — sequence identity 56%), Pyrococcus horikoshii
CPSF (PDB code 3AF5 — sequence identity 29%) and T. thermophilus TTHA0252 (several
structures available exemplified by PDB code 3IEM — sequence identity 31%) were identified as
close analogues that could be used as template structures. The T. thermophilus structure is
complexed with a stable RNA analogue bound to the catalytic site located at the interface
between the metallo-B-lactamase and B-CASP domains whereas both human and P. horikoshii
structures are apo forms in which the Zn containing binding site is inaccessible. Thus, the T.
thermophilus structure was selected as template. The alignment (Fig. S4A) indicates the typical
sequence motifs associated to metallo-B-lactamase (9) and B-CASP (10) catalytic activity. The

presence of His*®

is associated with specificity for RNA substrates (11).

A homology model for the TOCPSF3 structure was built using the knowledge-based
method in Prime (12). The Zn atoms were modelled in the structure but not the substrate. Due
to its empty p-orbital, the B atom in acoziborole is a strong electrophile (Lewis acid) that can
react with solvent water molecules. The nucleophilic attack of an activated water molecule on
the trigonal boron atom leads to the formation of a tetrahedral negatively charged boron species
(Fig. S4B) (13). The three-dimensional structure of the hydroxylated form of acoziborole was
built in Maestro (12), minimized with the OPLS3 force field and docked in the catalytic site of the
TbCPSF3 model using GLIDE. In the template structure, the Arg®’® side-chain interacts with an

RNA phosphate unit such that it adopts a folded conformation. In the absence of the pre-mRNA
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phosphate or a phosphate mimic, we considered additional side-chain conformations. The
acoziborole binding mode was further investigated by induced-fit docking (12) that accounts for

the flexibility of the binding site residues.
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Fig. S1. Assessment of T. b. brucei genomic DNA inserts in pRPa®* library and in the T. b.
brucei library. (A) Representative gel showing DNA from sixteen bacterial colonies from the
plasmid library digested with Fsel; 30 colonies were analysed in total. Backbone, ~6.5 kbp;
inserts, 3-10 kbp. (B) Representative gel showing PCR products between 3-10 kb from eleven

T. b. brucei clones from the library; 22 clones were analysed in total.
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Fig. S2. Acoziborole and SCYX-6759 ECs5, and library screening. (A) Dose-response curve for
acoziborole: ECso = 0.49 + 0.02 uM. (B) The growth curves indicate expansion of the induced
library in the absence (open circles) or presence (closed circles) of acoziborole. For the drug-
treated culture, black arrows indicate the addition of Tet plus drug. (C) Dose-response curve for

SCYX-6759: ECs, = 0.18 £ 0.01 pM. (D) As in B but for SCYX-6759.
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Fig. S3. Cells overexpressing CPSF3°™ are resistant to oxaborole-1 and AN3057. (A)
Chemical structures of AN11736, oxaborole-1 and AN3057. (B) Dose-response curves for
oxaborole-1 with (open circles) and without (closed circles) CPSF3°" overexpression: ECs, no
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Fig. S4. CPSF3 alignment and benzoxaborole species to support docking studies. (A) Alignment
of CPSF3 orthologues. Domains: grey, metallo-B-lactamase; green, B-CASP; blue, Zn-

%83 are highlighted in red, see Fig. 4B;

dependent metallo-hydrolase see Fig. 4A; Arg?’® and Tyr
other residues defining the binding site are in pink and yellow (Asn?*? and equivalent residue in
other species), see Fig. 4B-E and text for more details. (B) The equilibrium between the neutral

non-hydroxylated form of acoziborole (i) and the tetrahedral negatively charged hydroxylated

form (ii).
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[] Protospacer-adjacent motif

o % AS%C / Asn232His edit
Hsz:;z ® Templated synonymous edits
Asn G | R E L

wild-type == — = _—

S S8 8 =88
AGCTGAAGTTCCACCGTACTCGCCCGATATTCTCATTGCAGAGAGTACAAATGGTATACG CG.-\.-\C-&GT CACGTGAAGAGCGGGAATCCCTGTTTACGACGTGGGTGCACGAT

Y e L T L e

Edited sequence 1 T

AGCTGAAGTTCCACCGTACTCGCCCGATATTCTCATTGCAGAGAGTACACATGG AATTAGGGAGTTAGAGTCACGTGAAGAGCGGGAATCCCTGTTTACGACGTGGGTGCACGAT

Do g hﬂmﬂ o iy h e hm&

Edited sequence 2
AGCTGAAGTTCCACCGTACTCGCCCGATATTCTCATTGCAGAGAGTACACATGGAATTAGGGAGTTAGAGT CACGTGAAGAGCGGGAAT CCCTGTTTACGACGTGGGTGCACGAT

T

Fig. S5. Cas9-based editing of T. brucei CPSF3. The repair template included seven synonymous changes, including one that disrupted the
protospacer-adjacent motif, and a non-synonymous change designed to replace Asn232 with Tyr. Both acoziborole-resistant cultures
analysed (three clones from each) incorporated all of the synonymous changes and an Asn232His edit, suggesting that the Tyr edit was not
tolerated. The non-templated A%%4C edit may be readily obtained due to error-prone repair (14). The Asn and His side-chains are also
shown.
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