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Deep mutational scanning of the
RNase III-like domain in
Trypanosoma brucei RNA editing
protein KREPB4
Suzanne M. McDermott1,2*, Vy Pham1, Brian Oliver1†,
Jason Carnes1, D. Noah Sather1,2 and Kenneth D. Stuart1,2*

1Center for Global Infectious Disease Research, Seattle Children’s Research Institute, Seattle,
WA, United States, 2Department of Pediatrics, University of Washington School of Medicine, Seattle,
WA, United States
Kinetoplastid pathogens including Trypanosoma brucei, T. cruzi, and Leishmania

species, are early diverged, eukaryotic, unicellular parasites. Functional

understanding of many proteins from these pathogens has been hampered by

limited sequence homology to proteins from other model organisms. Here we

describe the development of a high-throughput deep mutational scanning

approach in T. brucei that facilitates rapid and unbiased assessment of the

impacts of many possible amino acid substitutions within a protein on cell

fitness, as measured by relative cell growth. The approach leverages several

molecular technologies: cells with conditional expression of a wild-type gene of

interest and constitutive expression of a library of mutant variants, degron-

controlled stabilization of I-SceI meganuclease to mediate highly efficient

transfection of a mutant allele library, and a high-throughput sequencing

readout for cell growth upon conditional knockdown of wild-type gene

expression and exclusive expression of mutant variants. Using this method, we

queried the effects of amino acid substitutions in the apparently non-catalytic

RNase III-like domain of KREPB4 (B4), which is an essential component of the

RNA Editing Catalytic Complexes (RECCs) that carry out mitochondrial RNA

editing in T. brucei. We measured the impacts of thousands of B4 variants on

bloodstream form cell growth and validated the most deleterious variants

containing single amino acid substitutions. Crucially, there was no correlation

between phenotypes and amino acid conservation, demonstrating the greater

power of this method over traditional sequence homology searching to identify

functional residues. The bloodstream form cell growth phenotypes were

combined with structural modeling, RECC protein proximity data, and analysis

of selected substitutions in procyclic form T. brucei. These analyses revealed that

the B4 RNaseIII-like domain is essential for maintenance of RECC integrity and

RECC protein abundances and is also involved in changes in RECCs that occur

between bloodstream and procyclic form life cycle stages.
KEYWORDS

deep mutational scanning, Trypanosoma brucei, RNase III, parallel mutagenesis, RNA

editing, RNA editing catalytic complex
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1 Introduction

Trypanosoma brucei species are early diverged eukaryotic,

unicellular, kinetoplastid parasites that cause Human African

Trypanosomiasis (also known as African Sleeping Sickness) in

humans, and Nagana in domestic animals. They are closely

related to T. cruzi and Leishmania parasites that cause Chagas

disease and leishmaniases respectively. Studies in T. brucei have

advanced the understanding of many fundamental biological

processes and eukaryotic evolution. Indeed, a number of these

processes, such as trans-splicing, polycistronic transcription,

antigenic variation, glycosylphosphatidylinositol anchoring, and

mitochondrial RNA editing, were first described in trypanosomes

and provided novel paradigms for eukaryotic biology. However,

functional studies of many proteins in T. brucei and related

parasites have been hampered by limited sequence homology to

proteins from other model organisms, which inhibits our ability to

identify the amino acids most critical for function. We previously

described mutagenesis and complementation screens that we used

to measure the effects of different randomly generated substitutions

on T. brucei cell fitness (McDermott et al., 2015a; Carnes et al., 2022;

Davidge et al., 2023). However, these earlier screens restricted

analysis to a relatively small number of substitutions due to low

stable cell transfection efficiencies, in addition to complex and time-

consuming cell handling procedures. Here, we report the

development and application of a higher-throughput deep

mutational scanning experiment in T. brucei. The approach

enables the parallel and unbiased examination of the effects of

many possible amino acid substitutions in an essential protein on

cell growth and identifies amino acids with critical functions.

We applied this method to KREPB4 (B4) which is an essential

protein required for mitochondrial RNA editing in T. brucei for

which no specific function has been identified. This RNA editing

process generates functional mitochondrial mRNAs via post-

transcriptional insertion and deletion of uridines (Us) at

numerous editing sites using guide RNA (gRNA) templates

(Aphasizhev and Aphasizheva, 2011; Read et al., 2016; Cruz-

Reyes et al., 2018; Aphasizheva et al., 2020). Editing reactions are

catalyzed by large ~1 MDa RNA Editing Catalytic Complexes

(RECCs) that contain the enzymes that perform numerous

coordinated catalytic cycles of mRNA endonucleolytic cleavage, U

insertion or deletion, and mRNA ligation, as well as proteins that

lack known or apparent catalytic capabilities (Aphasizheva et al.,

2020). Editing sites are recognized by at least three different RECCs

that contain a common set of 12 proteins but differ with respect to

paralogous apparently dimeric RNase III endonucleases made up of

either KREN3 (N3)/KREPB6 (B6), KREN2 (N2)/KREPB7 (B7), or

KREN1 (N1)/KREPB8 (B8) (Panigrahi et al., 2006; Carnes et al.,

2008, 2011; McDermott et al., 2016; Carnes et al., 2022). Several

other proteins that are common to the three RECC isoforms also

contain single RNase III domains that lack residues essential for

catalysis and are paralogs of B6-B8 and N1-N3 (Wang et al., 2003;

Carnes et al., 2012; Lerch et al., 2012; McDermott et al., 2015a, b;

McDermott and Stuart, 2017; Carnes et al., 2018; McDermott et al.,

2019). These include B4 which we showed is essential for editing

and RECC integrity (Babbarwal et al., 2007; Carnes et al., 2012;
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McDermott and Stuart, 2017). However, the precise roles of B4 and

its RNase III-like domain in editing remain unclear. Because B4

lacks catalytic residues, understanding which amino acids are

critical for its function are particularly difficult to predict, and

identifying them would shed significant light on the nature of its

role in editing.

Here, we used our deep mutational scanning approach to

illuminate how the amino acid sequence of the B4 RNase III-like

domain impacts on B4 function and bloodstream form (BF) T.

brucei cell growth. We identified thousands of B4 variants including

hundreds with single amino acid substitutions, that had various

effects on cell growth and validated those with the most deleterious

effects. There was no correlation between cell growth phenotypes

and residue conservation, demonstrating that sequence

conservation cannot reliably be used to predict function, thus

highlighting the value of our deep mutational scanning method.

We combined B4 structural prediction using a Discoba-specific

version of AlphaFold2 (Wheeler, 2021) with modeling of RNA

substrate to extend our previous homology models (McDermott

et al., 2016; McDermott and Stuart, 2017). We mapped the

substituted residues, their cell growth phenotypes, and our

previous intra- and inter-protein amino acid proximity data

(McDermott et al., 2016) onto the resulting B4-RNA structural

model. This analysis revealed B4 RNase III-like domain

substitutions that could potentially interfere with protein-protein

interactions within RECCs, which were validated via

immunoprecipitation of selected B4 variants. Finally, we show

that several substitutions identified by our screen as detrimental

to BF cell fitness do not affect procyclic form (PF) cell growth or

RECCs. Thus, the B4 RNase III-like domain is also involved in the

differences in RECCs that occur between BF and PF life cycle stages

(McDermott et al., 2015a, b, 2019; Carnes et al., 2022; Davidge

et al., 2023).
2 Materials and methods

2.1 Transfection and growth of T. brucei
cells in vitro

BF cells were grown in HMI-9 (Hirumi and Hirumi, 1989) with

10% FBS at 37°C, 5% CO2. PF cells were grown in SDM-79 (Brun

and Schonenberger, 1979) with 10% FBS at 27°C. Transfections of

BF cell lines with the Amaxa Nucleofector (Lonza), and of PF cell

lines with the BTX transfection device (Harvard Apparatus, Inc.),

were carried out as described (Merritt and Stuart, 2013), with the

exception that Tb-BSF buffer (90 mM sodium phosphate buffer

(Na2HPO4/NaH2PO4), 5 mMKCl, 0.15 mM CaCl2, 50 mMHEPES

pH 7.2) was used for BF nucleofection instead of the Human T Cell

Nucleofector Kit (Schumann Burkard et al., 2011). Unless otherwise

stated, concentrations of drugs used for selection and tetracycline

(tet)-regulated expression of transgenes are as follows. For BF: 2.5

µg/mL G418, 5 µg/mL hygromycin, 2.5 µg/mL phleomycin, 0.5 µg/

mL tet, 0.1 µg/mL puromycin, 5 µg/mL blasticidin, 12 µg/mL

nourseothricin, 29 µg/mL trimethoprim. For PF: 15 µg/mL G418,
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25 µg/mL hygromycin, 2.5 µg/mL phleomycin, 0.5 µg/mL tet, 1 µg/

mL puromycin, 10 µg/mL blasticidin.
2.2 Mutant B4 T. brucei library
development and generation

2.2.1 Error-prone PCR for mutant domain
library generation

Error-prone PCR mediated mutagenesis of 249 bp spanning the

B4 RNase III-like domain was performed using the GeneMorph II

EZClone Domain Mutagenesis kit (Agilent Technologies). The

template plasmid was the Gateway entry clone pDONR221-B4

which contains the wild-type (WT) B4 open reading frame (ORF)

without the stop codon. Briefly, 100 ng of the target domain DNA

(15.2 mg template plasmid) was mutagenized by 30 cycles of PCR

according to the manufacturer’s protocol using the following

primers: 5’-TTCCTGGGCGAAAGCTTT-3’ and 5’-GAGAACA

TTTGCAACTCCCC-3’ (Supplementary Table 1). The PCR

products were separated by gel electrophoresis and purified using

a gel-extraction kit (Qiagen). The purified mutagenized PCR

products were then used as megaprimers for amplification (25

cycles) of pENTR-Express-B4 plasmid which contains the WT B4

ORF without the stop codon flanked by attL sites, and in frame with

the neomycin phosphotransferase sequence that confers resistance

to kanamycin (Gray et al., 2007).

2.2.2 Full-length B4 allele selection and pENTR-
Express allele library isolation

2 x 100 mL of ElectroMAX DH10B Electrocompetent cells

(ThermoFisher Scientific) were each transformed with 500 ng of

the pENTR-Express-B4-mutated domain library using a BTX ECM

630 electroporator (settings: 1700 V, 200 MW, 25 mF). Cells from
each transformation were recovered for 1 h in 1 mL SOB + 1 mM

IPTG at 37°C at 250 rpm. An aliquot of each transformation was

serially diluted, plated on LB plates containing 30 mg/mL

kanamycin and 1 mM IPTG, and incubated 30°C for 36 h to titer

the number of Kan+ colonies, while the remainder of each

transformation was stored as a glycerol stock. The optimal

kanamycin concentration of 30 mg/mL for selection of full-length

B4 in the pDONR-Express system was determined as previously

described (McDermott and Stuart, 2017). Glycerol stocks were

thawed on ice and plated out on 245 mm LB plates containing 30

mg/mL kanamycin and 1 mM IPTG at a density of ~20,000 colonies/

plate to produce an overall number of ~200,000 Kan+ colonies.

Plates were incubated at 30°C for 36 h, all colonies were scraped

from plates, and plasmid DNA was isolated using the QIAfilter

midiprep kit (Qiagen).

2.2.3 Transfer of the mutant allele library into a
plasmid for constitutive expression in T. brucei

500 ng of the destination vector pHD1344tub(PAC)GW-

Cterm3V5 (McDermott et al., 2015b), 250 ng of pENTR-Express

containing the mutated domain B4 allele library, 2 mL of LR Clonase

II enzyme mixture (Life Technologies), and TE to 10 mL were
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incubated at room temperature (25°C) for 20 h. The reaction was

stopped by adding 1 mL Proteinase K and incubating at 37°C for 10

min. 2 mL of the LR reaction was transformed into each of 5 x 100

mL of ElectroMAX DH10B Electrocompetent cells (ThermoFisher

Scientific) as described above. Cells were recovered for 1 h in 1 mL

of SOB at 37°C at 250 rpm. Serial dilutions were performed and

plated on LB plates containing 100 mg/mL ampicillin to titer, with

the remainder of the transformation stored as a glycerol stock.

Plates were incubated at 37°C for 20–24 h. After the titer was

determined, the glycerol stock was thawed on ice and plated on 245

mm LB plates containing 100 mg/mL ampicillin at a density of

30,000 colonies/plate to produce an overall number of 150,000

Amp+ colonies. Plates were incubated at 37°C for 24 h, all colonies

were scraped from plates, and plasmid DNA was isolated using the

QIAfilter midiprep kit (Qiagen). The resulting expression vector

library was designated pHD1344tub(PAC)-mutRIIIKREPB4-

Cterm3V5. This plasmid library contains the puromycin

resistance selectable marker and allows for constitutive expression

of C-terminally 3xV5 tagged mutant library alleles in the b-
tubulin locus.

2.2.4 Development of a trimethoprim-inducible
I-SceI meganuclease system to increase BF T.
brucei transfection efficiency

A b-tubulin-targeted construct containing 1) ddDHFR-tagged

I-SceI flanked by GPEET 5’ and ribosomal protein L4 3’UTRs, 2) an

embedded I-SceI cleavage site, and 3) nourseothricin resistance

(NAT) and herpes simplex virus-thymidine kinase (HSVTK)

flanked by aldolase 5’ and 3’UTRs, was sequentially generated

between the HindIII and Bsu36I sites in pHD1344tub(PAC)

(Carnes et al., 2012). The ddDHFR-tagged I-SceI sequence was

obtained by PCR amplification from pEVL3 (a gift from Phillip

Yates) and cloned into the HindIII and BamHI sites of pHD1344tub

(PAC). The NAT-HSVTK sequence was generated first by cloning

the NAT open reading frame from pYL16 (Werner BioAgents)

between the BglII and XbaI sites of pyrFEKO-BSD (pSM06)

(McDermott et al., 2015b). NAT-HSVTK was then amplified

from the resulting pyrFEKO-NAT plasmid and cloned between

the SpeI and Bsu36I sites within pHD1344tub(PAC)-SceI-

ddDHFR. A ribosomal protein L4 3’UTR, I-SceI cleavage site, and

aldolase 5’UTR cassette was generated by overlap extension PCR

and cloned between the BamHI and SpeI sites of pHD1344tub

(NAT-HSVTK)-SceI-ddDHFR. All primers are described in

Supplementary Table 1. 10 mg of the resulting pHD1344tub

(NAT-HSVTK)-Sce1CS-SceI-ddDHFR plasmid was linearized

with NotI and transfected into 3 x 107 BF B4 CN cells using the

Amaxa Nucleofector (McDermott and Stuart, 2017). Transgenic

lines were selected by nourseothricin resistance and correct

insertion of the I-SceI construct assessed by PCR. Three

independent cell lines were then transfected in triplicate with

pHD1344tub(PAC)-KREPB4 in the presence of 0, 10, and 100

µM trimethoprim added 6 h prior to transfection. Cells where the

B4 allele had replaced the I-SceI-ddDHFR cassette were selected by

puromycin and ganciclovir resistance for estimation of

transfection efficiency.
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2.2.5 RNA isolation and RT-qPCR analysis
Total RNA was harvested using TRIzol and treated with

TURBO DNase (Life Technologies) according to manufacturer’s

instructions. RNA integrity was confirmed using an RNA nanochip

on a BioAnalyzer (Agilent Technologies). 2 µg of total RNA was

reverse transcribed using TaqMan Reverse Transcription Reagents

and MultiScribe Reverse Transcriptase (Life Technologies). The

abundance of TERT reference and B4 transcript cDNAs were then

analyzed by realtime PCR (Carnes and Stuart, 2007) using the

QuantStudio 3 system (ThermoFisher Scientific). Primers are

described in Supplementary Table 1. Calculations of RNA levels

in samples following tet withdrawal (for 48 hours in BF), relative to

the presence of tet, were done using the 2 [-DDC(T)] method (Livak

and Schmittgen, 2001) using TERT as an internal reference.

Technical duplicates of each cDNA sample were assayed for each

target and internal reference per experiment and C(T) data

averaged before performing the 2 [-DDC(T)] calculation.

Experiments were repeated using three biological replicate

independent cell lines.
2.3 Protocols for conducting and
validating screen

2.3.1 Functional selection of library alleles
The minimum concentration of tet required for parental BF B4

CN cell survival was determined by growth in a range of tet

concentrations (0, 1, 2, 5, 10, 50, 500 ng/mL) (Supplementary

Figure 1). 5 ng/mL was determined to be the minimum required

for regulated WT B4 expression and was used throughout to ensure

full tet withdrawal by dilution during screening. Briefly, 5 x 107 BF

B4 CN cells containing pHD1344tub(NAT-HSVTK)-Sce1CS-SceI-

ddDHFR were treated with 100 µM trimethoprim for 6 h to induce

I-SceI-mediated cleavage of the target locus, then transfected with

12.5 mg of NotI-linearized pHD1344tub(PAC)-mutRIIIKREPB4-

Cterm3V5 plasmid containing the mutant library using the Amaxa

nucleofector. Following transfection, cells were diluted into 300 mL

HMI-9 medium containing 5 ng/mL tet. Cells were allowed to

recover for 6 h before addition of puromycin and ganciclovir for

selection. An aliquot of cells was also taken following transfection

and serially diluted in media containing puromycin and ganciclovir

to estimate transfection efficiency and library complexity. Two

separate transfections of the mutant library into independent I-

SceI expressing cell lines were carried out with an efficiency of ~2.3

x 10-3, yielding approximately 100,000 and 120,000 transfectants

per library. Following 6 days of selection and growth to a total of >1

x 108 cells, genomic DNA (gDNA) was harvested from 5 x 107 cells

per library transfection (>400x of each transfectant) as our input

samples. Another 5 x 107 cells were then washed to remove tet and

resuspended in 175 mL HMI-9 and grown for 4 days as described

above. During growth, the total cell numbers in our BF library pools

were always kept above 5 x 107, with density below 2 x 106 cells/mL

to maintain library complexity and growth in logarithmic phase.

gDNA was harvested from 5 x 107 cells on day 4 following tet

withdrawal, reflecting the time-point at which expression of tet-

regulated WT B4 is robustly repressed and growth defects are
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observed in the parental BF B4 CN cells (Supplementary

Figures 2A, B) (McDermott and Stuart, 2017).
2.3.2 PCR amplification and sequencing of
library alleles

gDNA extraction was carried out using the NucleoSpin Blood

kit (Macherey-Nagal), eluting in a volume of 100 µL. A total of 24

cycles of PCR amplification using Q5 High-Fidelity DNA

Polymerase (NEB) were used to amplify the mutated domain and

add sequencing primer binding sites, indices, and P5/P7 flow cell

attachment sites for Illumina sequencing. To ascertain the range of

linear amplification for specific primer sets (Supplementary

Table 1), real-time PCR using SsoAdvanced Universal SYBR

Green Supermix (BioRad) was performed (not shown). The final

amplicon size was 423 bp. PCR products were visualized and

purified by electrophoresis on FlashGel DNA cassettes (Lonza).

PCR amplicon concentrations were determined using a Qubit

Fluorometer (ThermoFisher Scientific), and molar concentrations

calculated using the final amplicon size. Equimolar amounts of all

indexed amplicons were then combined into a single library for

analysis on the Illumina MiSeq. All amplicons were sequenced

together on a single flow cell to eliminate the possibility of

uncontrolled variability between sequencing runs.

2.3.3 Data analysis
Fitness estimates were computed with DiMSum v0.3.2.9000

(https://github.com/lehner-lab/DiMSum) (Faure et al., 2020),

which derives final fitness estimates as an error-weighted sum of

replicate fitness values, after computing wildtype-normalized fold

changes at the replicate level. DiMSum was run with the following

TRIM, ALIGN, and PROCESS arguments: cutadaptErrorRate=0.4

vsearchMinQual=28, indels=none, maxSubstitutions=9,

mixedSubstitutions=T, and fitnessMinInputCountAll=50. Data

were visualized and plotted onto a predicted and modeled B4

structure (see below) using dms-view (Hilton et al., 2020).

2.3.4 Screen validation via generation of
independent exclusive expression cell lines

The Gateway expression clone pHD1344tub(PAC)-KREPB4-

Cterm3V5 (McDermott and Stuart, 2017) was used as a template

for site-directed mutagenesis (QuikChange II kit; Agilent) using the

primers listed in Supplementary Table 1. NotI-digested plasmids

were transfected into the relevant BF and PF B4 CN cells

(McDermott and Stuart, 2017). Transfections of BF cell lines with

the Amaxa Nucleofector (Lonza) and of PF cell lines with the BTX

transfection device (Harvard Apparatus, Inc.) were carried out as

described above. Cell lines resistant to puromycin were selected, and

constitutive expression of B4-3×V5 was confirmed by Western

blotting. For standard growth curve analyses of independent cell

lines, cell density + and - tet were measured using a Coulter

Counter. BF were reseeded at 0.75 x 105 cells/mL in 10 mL every

day, whilst PF were reseeded at 1 x 106 cells/mL in 10 mL every two

days. To generate cell growth heat maps, cumulative growth

numbers for - tet and + tet cultures were calculated for each time

point. Next, the log2 of the ratio of - tet to +tet was calculated, and
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this number was converted to blue to orange scale using conditional

formatting in Microsoft Excel.
2.4 Structural predictions and protein
structure modelling

The structure of B4 was predicted using a ColabFold notebook-

based version of AlphaFold2/MMseqs2 that incorporates

modifications for analyzing proteins from organisms within the

Discoba clade that include Trypanosoma (Steinegger and Soding,

2017; Wheeler, 2021). Unstructured and disordered regions of very

low (AlphaFold pLDDT score < 50) and low (AlphaFold pLDDT

score < 70) confidence at the N- and C termini of B4 were removed

for clarity.

Predicted structures were modeled onto Saccharomyces

cerevisiae Rnt1p RNase III crystal structure (5T16) using the

Matchmaker function in Chimera (Pettersen et al., 2004).

Modeling parameters are described in Supplementary Data.

Prediction of contacts between B4 and modeled dsRNA, as well

as crosslink visualization and distance measurements on predicted

structures and models were also performed using Chimera.
2.5 Immunoprecipitation, SDS-PAGE, and
western blotting

Cleared lysate was prepared by lysis of 6 × 108 BF or 4 × 108 PF

cells in 1.0 mL IPP150 (10 mMTris-HCl, pH 8.0, 150 mMNaCl, 1%

Nonidet P-40) with 1% Triton X-100, followed by centrifugation at

10,000 × g and 4°C. For each immunoprecipitation, 0.5 mL cleared

lysate (3 × 108 BF or 2 × 108 PF cells) was incubated overnight with

2 mL of rabbit antibody specific for the V5 epitope tag (Rockland

Immunochemicals; #600-401-378). Magnetic beads (25 mL; Protein
G Mag Sepharose Xtra; GE Healthcare) were washed twice with 1

mL of 1× phosphate-buffered saline–0.1% bovine serum albumin

and once with 1 mL IPP150. The beads were then incubated for 4 h

with rotation at 4°C with cleared lysate/antibody. After incubation,

the supernatant was removed, and the beads were washed four

times with 1 mL of IPP150. Complexes bound to beads were eluted

by heating with 100 mL of 2× SDS sample buffer for 5 min at 95°C.

Samples containing purified protein complexes were resolved on

10% SDS-polyacrylamide gels (Criterion Tris-HCl; Bio-Rad). For

Western blotting, resolved proteins were transferred to Immobilon-

P polyvinylidene difluoride membranes (Millipore) and probed

using mouse monoclonal antibodies against KREPA1, KREPA2,

KREL1, and KREPA3 as previously described (Panigrahi et al.,

2001). Blots were sequentially stripped and reprobed using mouse

monoclonal primary antibody against the V5 epitope tag (Thermo

Fisher Scientific; #R960-25) at 1:5,000 with goat anti-mouse

immunoglobulin secondary antibody conjugated with horseradish

peroxidase at 1:5,000. Blots were developed with an enhanced

chemiluminescence kit (Thermo Scientific) per the manufacturer’s

instructions and imaged using X-ray film (Kodak).
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3 Results

3.1 Generation and high-throughput
screening of a mutated domain allele
library in T. brucei

We sought to establish a high-throughput complementation

assay for scoring the function of multiple protein variants in T.

brucei.We focused on the RNase III-like domain of B4 and used our

BF B4 CN cell lines, in which both endogenous B4 alleles have been

deleted, and in which a tet-inducible WT B4 allele has been inserted

into the rRNA locus (McDermott and Stuart, 2017) (Figures 1A–C).

First, we created a library of alleles in which 249 bases encoding 83

amino acids spanning the B4 RNase III-like domain were randomly

mutated using error-prone PCR (Figure 1A). The library was

enriched for full-length alleles in E. coli as previously described

(Gray et al., 2007; McDermott et al., 2015a), and subcloned into a

vector for constitutive expression from the tubulin array in T.

brucei. Approximately 150,000 plasmids were present in the final

T. brucei expression construct library. Thirty individual alleles were

sequenced which revealed an average of 2.3 amino acid

substitutions per encoded variant. Importantly, the plurality

(37%) contained just a single amino acid substitution, 50%

contained either one or two substitutions, and 30% encoded wild-

type (WT) variants that did not contain any substitutions (i.e., had

no or only silent mutations) (Figure 1B). All sampled alleles also

encoded full-length variants.

To increase the efficiency and reproducibility of transfection of

our large allele library into our BF CN cells, we developed an

inducible I-SceI meganuclease-based system to introduce double-

strand breaks at a single b-tubulin locus (Alsford et al., 2005; Glover

et al., 2007, 2008; Glover and Horn, 2009; Alsford et al., 2011;

Glover et al., 2015). Because our CN cell line already contained a

tet-regulated WT B4 construct, we used a trimethoprim (TMP)-

stabilized dihydrofolate reductase (DHFR) destabilizing domain

(ddDHFR) to regulate I-SceI expression (Iwamoto et al., 2010;

Rakhit et al., 2011; Ma et al., 2015; Podesvova et al., 2017).

Briefly, we integrated a construct containing ddDHFR-tagged I-

SceI, an embedded I-SceI cleavage site, and nourseothricin and

herpes simplex virus-thymidine kinase (HSVTK) selectable markers

into a b-tubulin locus of BF B4 CN cells (Figure 2A). The resulting

I-SceI construct containing cell lines respond to tet-withdrawal with

the same kinetics as the parental BF B4 CN cells (McDermott and

Stuart, 2017) i.e., levels of B4 mRNA are reduced by >97% 2 days

following tet withdrawal, resulting in growth inhibition that is

apparent 3 days following tet withdrawal (Supplementary

Figures 2A, B). To test the system, three independent BF B4 CN

cell lines containing the I-SceI construct were treated in triplicate

with increasing concentrations of TMP at 0, 10, and 100 µM for 6 h

prior to transfection of a second b-tubulin-targeted construct

containing a WT B4 allele and puromycin selectable marker.

Following transfection, cells were positively selected in puromycin

and negatively selected in ganciclovir. The approach increased

transfection efficiency in a TMP dose-dependent manner, and by

approximately two orders of magnitude from ~4.2 x 10-5 to ~2.1 x
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10-3 upon treatment with 100 µM TMP (Figure 2B), generating up

to ~70,000 unique cell lines in transfections of 3 x 107 cells

(Table 1). Sequence analysis and growth of the resulting cell lines

both in the presence and absence of tet (Supplementary Figure 2C)

showed that site-specific cleavage at the tubulin locus had promoted

the desired integration of the WT B4 allele, where it had replaced

the I-SceI construct.

The mutated RNase III-like domain allele library was transfected

into two independent I-SceI expressing BF B4 CN cell lines. Serial

dilution revealed that we obtained libraries containing approximately

100,000 and 120,000 transfected cells respectively. Each of the T.

brucei libraries were grown to logarithmic phase in the presence of tet

and then diluted into media that lacked tet. Since B4mRNA levels are

significantly reduced by 2 days, and cell growth is inhibited by 3 days,

following tet withdrawal (Supplementary Figures 2A, B) we collected

cells both before (input; plus tet) and after 4 days of growth minus tet.

We extracted genomic DNA, PCR amplified the segment that had

been mutated, and carried out Illumina sequence analysis for each

time-point. We identified 75,879 distinct nucleotide sequences,

including the WT nucleotide sequence and sequences containing

between 1-10 nucleotide changes, across all time-point and replicate

samples. Of the 75,878 sequences that had nucleotide changes, 3,303

contained silent mutations which did not encode any amino acid

substitutions, 20,909 encoded sequences with a single amino acid

substitution (735 unique amino acid sequences), 34,907 had two

amino acid substitutions (27,619 unique amino acid sequences), and
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the remaining 16,759 had between three and nine amino acid

substitutions from WT sequence (15,708 unique amino acid

sequences) (Supplementary Table 2). After filtering variants based

on having a minimum read count of 50 in both replicate input

libraries generated from cells grown in the presence of tet

(Supplementary Figure 3), we calculated fitness scores based on

changes in frequency from input plus tet to minus tet cell

populations (Faure et al., 2020). These fitness scores serve as a

proxy for cell growth and thus function of each variant. Variant

fitness scores were highly correlated in our replicate experiments

(Supplementary Figure 4). The filtered dataset quantifies the effects of

350 single amino acid changes on cell growth with high

reproducibility, which we focused on to allow for easier

deconvolution of mutant phenotypes (Figure 3 and Supplementary

Table 3). Within this group we identified substitutions at every site in

the 83 amino acid mutated region, with on average ~4 different

substitutions at each position. Of these, 102 single substitutions at 61

of the 83 sites had a detrimental effect i.e., fitness score below -0.4 and

p value < 0.05, a further 183 single substitutions in 77 of the 83 amino

acids had no significant effect, and 65 single substitutions in 44 amino

acids appeared to result in a slight beneficial effect on cell fitness

(Figure 3A). We calculated a mean site-level fitness score using the

fitness scores for all individual substitutions per amino acid position

(Figure 3B and Supplementary Table 3). Perhaps unsurprisingly,

residues with the lowest i.e., most detrimental, mean fitness scores

were also sites of the lowest individual substitution fitness scores
A B

C

FIGURE 1

High-throughput identification of loss-of-function mutations in a protein domain of interest in BF T. brucei. (A) Diagram showing that the KREPB4
(B4) RNase III-like domain was mutagenized by error-prone (ep)PCR (represented by asterisks) and placed in frame within the B4 ORF. Nonsense
and frameshift mutations were eliminated by selection in E. coli using pDONR Express before transfer to a T. brucei vector for constitutive
expression from the tubulin locus (Gray et al., 2007; McDermott et al., 2015a; Carnes et al., 2022; Davidge et al., 2023). (B) 30 alleles were analyzed
following library generation to assess the distribution of number of amino acid substitutions per in silico translated ORF. Columns indicate
percentage of the 30 sampled alleles containing given numbers of amino acid substitutions. Numbers above the columns are the number of alleles
per number of amino acid substitutions. (C) Schematic of the genetic complementation assay used to identify the loss-of-function (LOF)
substitutions in BF T. brucei. The mutant plasmid library generated as shown in panels A and B was transfected at high frequency for constitutive
expression in BF B4 CN cells. The population of transformed cells was grown in the presence of tet for expression of regulatable WT B4, and in the
absence of tet for repression of regulatable WT B4 and exclusive expression of the mutant variants. Cells containing LOF variants do not grow and
therefore decrease in frequency in the population in the absence of tet. High-throughput DNA sequencing is used to measure the frequency of
each variant in the absence vs. presence of tet.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1381155
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


McDermott et al. 10.3389/fcimb.2024.1381155
(Figures 3A, B). We confirmed that selected single substitutions were

responsible for the growth defects observed in our high-throughput

complementation screens by recreating WT and site-directed V5-

tagged mutant constructs and transfecting them into the parental BF

CN cell line (Figure 3C and Supplementary Figure 5). Expression of

the WT or mutant alleles was confirmed by Western analysis that

probed for the V5 tag (Supplementary Figure 5). Growth analyses

confirmed the fitness phenotypes of selected detrimental loss-of-

function (LOF) substitutions, as well as of control substitutions that

did not result in growth defects in our screens (Figure 3C,

Supplementary Figure 5, and Supplementary Data).
3.2 Comparison of variant fitness scores to
evolutionary conservation

Conservation analysis is a widely used method for prediction of

sites that are important for protein function, as mutational

sensitivity and evolutionary conservation are often strongly

correlated (Stone and Sidow, 2005). To study the correlation

between B4 RNase III-like domain conservation and function as

defined by our screen, we quantified the degree of conservation for
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each B4 amino acid position across a wide range of orthologs from

42 kinetoplastid species including T. cruzi and L. major (Figure 4A

and Supplementary Figure 6). We then calculated a conservation

score for each site as the mean pairwise identity over all pairs per

column in an alignment of all orthologs (Supplementary Table 3).

Calculation of the Pearson correlation coefficient between

conservation and site-level fitness scores revealed no appreciable

linear correlation (Figure 4B), demonstrating that B4 sequence

conservation cannot be solely used to predict function.

Considerable variation in correlation between conservation and

variant effects has been observed across previous deep mutational

scanning experiments in other model systems and is protein

dependent (Hoie et al., 2022), further highlighting the power of

this mutational scanning approach.
3.3 Mapping detrimental substitutions onto
a predicted B4 structure

The release of AlphaFold2 and Discoba-specific improvements

(Wheeler, 2021) together provide powerful resources to predict T.

brucei B4 structure and to understand the effects of our amino acid
A

B

FIGURE 2

Stabilization of I-SceI with the dihydrofolate reductase destabilization domain (ddDHFR) by trimethoprim increases BF transfection efficiency. (A) An
I-SceI-ddDHFR expression construct with an embedded I-SceI site was transfected for constitutive expression into the tubulin locus of BF B4 CN
cells, providing a genomic target site for high frequency homologous recombination of mutant library constructs (recombination sites shaded gray)
(Glover and Horn, 2009). The I-SceI-ddDHFR protein is stabilized only upon addition of trimethoprim leading to I-SceI site cleavage and double
strand break (DSB) induction, which in turn stimulates repair via homologous recombination using the mutant construct. NAT and PAC genes allow
for positive cell selection in nourseothricin and puromycin respectively. Herpes simplex virus-thymidine kinase (HSVTK) allows for negative selection
in ganciclovir. (B) I-SceI and DSB induction in the cells described in (A) by trimethoprim increases transfection efficiency of mutant library constructs
in a dose-dependent manner. Experiment was carried out in triplicate with three independent clonal cell lines containing the I-SceI-ddDHFR
expression construct.
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substitutions on B4 RNase III function (Supplementary Figure 8).

For clarity, we removed low confidence regions at the N and C-

termini of the modelled B4 that were unstructured i.e., pLDDT

score < 70 (Figure 5A, Supplementary Table 3, and Supplementary

Figure 7). These low confidence regions also correlate with regions

of predicted disorder, particularly in the mutated RNase-like

domain (Supplementary Table 3 and Supplementary Figure 8)

(Horvath et al., 2020; Miskei et al., 2020; Hatos et al., 2022, 2023).

Comparison with the crystal structures of archetypal eukaryotic

(Saccharomyces cerevisiae Rnt1p; PDB 5T16) (Figure 5A) and

bacterial (Aquifex aeolicus RNase III; PDB 2NUF) (not shown)

RNase III proteins confirmed the presence of the RNase III domain-

like fold in B4, as expected from our previous sequence searches and

homology modelling (22,46,47). Furthermore, comparisons with

the AlphaFold predicted structures of other RECC RNase III

paralogs that all contain an RNase III Associated Motif (RAM)
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flanking their RNase III or RNase III-like domains (Carnes et al.,

2022), revealed that B4 also has a RAM. We modelled the Discoba

AlphaFold2 predicted structure for B4 onto the S. cerevisiae Rnt1p

RNase III crystal structure and built a dsRNA substrate-containing

model (Figures 5A, B). We further validated our model using our

previous BS3 crosslinking mass spectrometry data (22). BS3 has a

linker arm of 11.4 Å when fully extended and can crosslink two

residues whose Ca atoms are up to 30 Å apart (48). We measured

the distances between the B4 residues that could be mapped onto

the predicted structure and model. We were able to measure the

distances for three intralinks (Figure 5C and Supplementary

Table 4). The distances between crosslinked residues were <30 Å,

indicating that the model is consistent with available experimental

data and provides a reasonable representation of the structure. We

also highlighted B4 residues that crosslinked with other RECC

proteins on our model (Figure 5C and Supplementary Table 5).

These analyses did not identify crosslinks to other proteins in the

vicinity of the modelled dsRNA but did identify several crosslinks to

other RECC RNase III and OB-fold proteins in other regions.

To assess fitness and protein function in the context of structure,

we mapped the mean site-level fitness scores onto our structural

model (Figures 6, 3B, and Supplementary Table 3) (Hilton et al.,

2020). Comparison with the previous protein-protein crosslinking

data (Supplementary Figure 9) (McDermott et al., 2016) revealed

detrimentally substituted residues that are proximal to regions

implicated in RECC protein binding, and therefore that potentially

interfere with B4 protein-protein interactions within RECCs. We

tested this via immunoprecipitation of V5-tagged detrimental K211I

and control R174H mutant B4 (Figure 6B and Supplementary

Figure 5). K211 is close to sites of B4 interlinks with other RECC

proteins (K129 and K110) and intralinks within B4 (Supplementary

Figure 9). As observed previously for cells that lack B4 (McDermott

and Stuart, 2017), cells that exclusively expressed the K211I B4

variant had much-reduced signals for other RECC components in

input and co-immunoprecipitation compared to cells exclusively

expressing WT B4 or the control R174H variant (Figure 6C). We

interpret the reductions in total levels of RECC components as due to

turnover of proteins that cannot be incorporated into RECCs without

functional B4.
3.4 Life-cycle stage differences in fitness of
cells containing substitutions in B4

Several RECC protein mutagenesis studies, including of B5-B8

that contain RNase III-like domains, have identified single amino

acid substitutions with different consequences on BF vs. PF cell

growth and RECC integrities (Carnes et al., 2011; McDermott

et al., 2015a, b; McDermott and Stuart, 2017; McDermott et al.,

2019; Carnes et al., 2022; Davidge et al., 2023). Therefore, we

hypothesized that we might also observe life cycle stage differences

in the growth of cells containing substitutions that were identified

in our BF B4 deep mutational scan. To test this hypothesis, we

transfected selected site-directed V5-tagged LOF mutant

constructs into our parental PF B4 CN cell line (McDermott
TABLE 1 Stabilization of I-SceI with the DHFR destabilization domain
(ddDHFR) by trimethoprim increases BF transfection efficiency.

Cell
line

[Trimethoprim]
mM

Transfection
efficiency
(proportion

of
cells

transformed)

Number of
transformed
cells per

transfection
of 3x107 cells

CN 0 3.1 x 10-5 930

CN 100 3.0 x 10-5 900

CN +
SceI
a R1

0 4.1 x 10-5 1230

CN +
SceI
a R2

10 2.6 x 10-4 8100

CN +
SceI
a R3

100 2.3 x 10-3 69995

CN +
SceI
b R1

0 4.1 x 10-5 1230

CN +
SceI
b R2

10 2.8 x 10-4 8400

CN +
SceI
b R3

100 2.3 x 10-3 69625

CN +
SceI
c R1

0 4.6 x 10-5 1390

CN +
SceI
c R2

10 2.4 x 10-4 7400

CN +
SceI
c R3

100 1.8 x 10-3 54000
CN = conditional null cells; CN + SceI a, b, or c = independent CN cell lines a, b, and c,
containing the I-SceI-ddDHFR expression construct with an embedded I-SceI site; R1, 2, or
3 = experimental replicate.
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A

B

C

FIGURE 3

Identification of LOF substitutions in B4 by mutational scanning. (A) Volcano plot showing substitution-level fitness scores for variants containing
single amino acid substitutions. Fitness scores are based on changes in frequency from input cell populations grown in the presence of tet to
selected cell populations grown in the absence of tet and serve as a proxy for the function of each variant. Red lines and colored variants indicate
fitness scores above or below 0.4 or -0.4 respectively, corresponding to wildtype-normalized fold changes of 1.5, and p values < 0.05. The ten
substitutions with the most negative fitness scores i.e., most detrimental to BF growth, are labeled. (B) Mean site-level fitness scores for all single
amino acid substitutions at each mutated site. Color on plot reflects score value, with positive scores yellow/green, and negative scores blue/purple.
Sites where individual variants had the most detrimental fitness effects in (A) are labeled. (C) Alleles encoding selected single amino acid LOF or
control R174H substitutions identified by mutational scanning were recreated by site-directed mutagenesis and transfected into the BF B4 CN cell
line for growth phenotype validation. The log2 ratio of the effect on cumulative growth in absence versus presence of tet is indicated by the scale
showing reduction in blue, increase in orange, and no effect on growth in white.
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and Stuart, 2017), where expression of the WT or mutant alleles

was confirmed by Western analysis that probed for the V5 tag

(Supplementary Figure 9). Exclusive expression of several

B4 variants with BF LOF substitutions in the RNase III-

like domain residues did not affect PF cell growth (Figure 7A

and Supplementary Data). This included K211I, which

in contrast to BF (Figure 6C), did not affect total levels or co-

immunoprecipitation of RECC components in PF. The exception
Frontiers in Cellular and Infection Microbiology 10
was the F207V variant that caused strong growth defects in both

BF and PF cells (Figures 3B, 7A), reduced total levels of RECC

components in BF, and reduced co-immunoprecipitation of

RECC components in PF (Figure 7B) compared to WT B4. In

conclusion, as hypothesized, our screen identified single amino

acid substitutions in the B4 RNase III-like domain that

have different consequences on BF vs. PF cell growth and

RECC integrities.
A

B

FIGURE 4

Site-level fitness score is not correlated with the level of conservation in B4. (A) Clustal Omega alignment of T. brucei B4 with representative
orthologs from T. cruzi and L. major. Mutated region of RNase III-like domain underlined with dark blue. Other regions are underlined as follows: full
RNase III-like domain boundaries with light blue, zinc finger (ZnF) with yellow, and RNase III Associated Motif (RAM) with orange. Positions of
mutated or control sites identified as having validated detrimental or no fitness effects are indicated by bars colored to indicate mean fitness score as
in Figure 3. (B) Scatterplot matrix depicting correlations between mean site-level fitness and conservation scores per site in the mutated region
(labelled site score and conservation respectively). Conservation score was calculated for each amino acid as mean pairwise identity over all pairs per
column in the full alignment of T. brucei B4 with 41 orthologs from a range of kinetoplastid species including T. cruzi and L. major (see
Supplementary Figure 6 for full alignment). Upper-right and lower-left matrix cells show Pearson correlation coefficient and scatterplot respectively.
Lower-right and upper-left matrix cells are density plots showing the distribution of values used in the analysis for conservation score and mean
site-level fitness score respectively.
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4 Discussion

Functional annotat ion of evolut ionari ly divergent

trypanosomatid proteins with limited sequence homology to

other eukaryotic proteins can be advanced by mutagenesis

combined with novel high-throughput functional analyses
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(McDermott et al., 2015a; Carnes et al., 2022; Davidge et al.,

2023). Here we describe the development of a deep mutational

scanning approach for T. brucei, which makes use of tet-conditional

expression of a wild-type gene of interest and constitutive

expression of a library of mutant variants (McDermott et al.,

2015a; McDermott and Stuart, 2017), a high-throughput
A

B

C

FIGURE 5

Model of predicted B4 structure and comparison with known RNase III structures. (A) B4 structure was predicted using AlphaFold2 with
modifications for analyzing proteins from organisms within the Discoba clade (Wheeler, 2021) and shown alongside the crystal structure of S.
cerevisiae Rnt1p RNase III monomer with bound RNA (PDB structure 5T16; shown in tan). Mutated region of RNase III-like domain is shown in dark
blue, full RNase III-like domain boundaries shown in light blue, ZnF shown in yellow, and RAM shown in orange. Universally conserved RNase III
signature motif glycine is highlighted in magenta. The B4 and Rnt1p structures were overlaid using the Matchmaker function in Chimera, colored as
described above. (B) Three views rotated by 90° of the model of B4 monomer with RNA based on the predicted B4 Discoba AlphaFold2 structure
and the crystal structure of the S. cerevisiae Rnt1p RNase III dimer with RNA substrate (PDB structure 5T16). Model colors as in (A). (C) Mapping of
intra- and inter- crosslink positions within B4 and between B4 and other RECC proteins, onto the predicted B4 structure. Model colors as in (A).
Crosslinked residues from (McDermott et al., 2016) are shown in green.
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sequencing readout for cell growth upon exclusive expression of

mutant variants (Wei and Li, 2023), and freely available

computational tools to estimate variant fitness (Faure et al., 2020).

The method has improved upon our previous random mutagenesis

and complementation approach (McDermott et al., 2015a; Carnes

et al., 2022; Davidge et al., 2023) by increasing the number of

substitutions that can be phenotypically screened by two orders of

magnitude. This was enabled by both the high-throughput

sequencing readout, and the generation of larger variant libraries

in BF T. brucei via TMP/ddDHFR-induced I-SceI meganuclease

stabilization and cleavage at the mutant library target locus. Guide

RNA-mediated Cas cleavage at a target locus could also potentially

be used in place of I-SceI target site cleavage (Liu et al., 2018; Zhang

et al., 2020). Our approach uses T. brucei fitness and growth for

functional selection and as a surrogate measure of protein function.

Importantly, we expect that this method will also further contribute

to our ability to screen for substitutions associated with phenotypes

beyond straightforward effects on cell fitness. For example, these

could include screening for substitutions that impact target protein

stabilities via tagging with fluorescent reporters, or interactions with

binding partners via display methods (Wei and Li, 2023).

Furthermore, since homologous proteins of other important

trypanosomatid parasites, including T. cruzi and Leishmania, can

sometimes complement for loss of protein function in T. brucei

(Rusconi et al., 2005; Carnes et al., 2012; Cestari et al., 2016), the

method may be extended to the high-throughput study of certain T.

cruzi and Leishmania proteins. We anticipate that this could be

particularly important for assessment and prediction of mutations

in trypanosomatid drug targets or prodrug activators that lead to

altered drug efficacies or drug resistance (Hall et al., 2011; Collett

et al., 2019; Altmann et al., 2022).

Here we used our deep mutational scanning method to query

the functions of 83 residues in the B4 RNase III-like domain in BF

T. brucei. The screen covered all 83 residues and analyzed the fitness
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effects of multiple substitutions at most positions. We identified 102

single amino acid substitutions at 61 of the 83 mutated sites that

resulted in loss of B4 function in BF T. brucei. The results of the

screen were validated using independently generated clonal BF B4

CN cell lines that constitutively expressed B4 variants with selected

single substitutions. All these substitutions recapitulated the growth

phenotypes observed in the deep mutational scanning screen. The

results extend those of previous T. brucei B4 studies that analyzed

the effects of site-directed substitutions in the RNase III-like domain

(Carnes et al., 2012; McDermott and Stuart, 2017). The prior studies

showed that a relatively conservative change in a conserved glycine

residue (G163V) had a deleterious effect on cell growth and RECC

integrity and protein abundances (McDermott and Stuart, 2017).

However, several substitutions in other highly conserved residues,

including at E164 in the RNase III-like domain, which is required

for catalysis in other RNase III enzymes (Meng and Nicholson,

2008; Nicholson, 2014), did not prevent function or impact RECCs

(Carnes et al., 2012; McDermott and Stuart, 2017). We previously

interpreted this data as showing that the B4 RNase III-like domain

does not have RNase III catalytic activity but is essential for

maintaining RECC integrity, perhaps via an ability to interact

with other RECC proteins, including via heterodimerization with

other RNase III and RNase III-like domains in RECCs (McDermott

and Stuart, 2017; McDermott et al., 2019). The multiple detrimental

substitutions identified in this study and their position in the

predicted B4 structure are consistent with this interpretation,

particularly K211I, that maps to a region in proximity to other

RECC proteins including N and B RNase III domain proteins, and

severely impacts RECC integrity and protein abundances in

BF cells.

Whether B4 is important for binding RNA substrates in

addition to other RECC proteins is currently unknown and has

not been tested directly. Our B4 structural model based on Rnt1p

includes a bound double-stranded (ds)RNA, which we hypothesize
A B C

FIGURE 6

Mapping of substitutions onto the B4 structure model. (A) All amino acids that were substituted in the mutational scanning screen are shown as
space-filled residues on the predicted B4 Discoba AlphaFold2 structure and colored according to mean fitness score as in Figure 3B. (B) As (A), but
only residues with the five most detrimental mean fitness scores in the mutational scanning screen are shown as space-filled residues. (C) BF cells
that exclusively expressed V5-tagged WT or mutant B4, or untagged WT B4 control following two days of repression of the regulatable WT B4 allele
were used for anti-V5 tag immunoprecipitation of B4-bound protein complexes. Cleared input cell lysates (5%) and anti-V5 immunoprecipitates
(10%) were analyzed by Western blotting. Blots were probed with monoclonal antibodies against RECC proteins KREPA1, KREPA2, KREL1 and
KREPA3, and anti-V5 antibody.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1381155
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


McDermott et al. 10.3389/fcimb.2024.1381155
A

B

FIGURE 7

Life-cycle stage differences in fitness of cells containing LOF substitutions in B4. Alleles encoding single amino acid substitutions at selected residues
(resulting in both LOF and no phenotype) identified by mutational scanning in BF cells were recreated by site-directed mutagenesis and transfected
into the PF B4 CN cell line (McDermott and Stuart, 2017) for growth phenotype and RECC analysis. (A) The log2 ratio of the effect on cumulative
growth in absence versus presence of tet is indicated by the scale showing reduction in blue, increase in orange, and no effect on growth in white.
(B) BF or PF cells that exclusively expressed V5-tagged WT or mutant B4 following two or four days of repression of the regulatable WT B4 allele
respectively were used for anti-V5 tag immunoprecipitation of B4-bound protein complexes. Cleared input cell lysates (5%) and anti-V5
immunoprecipitates (10%) were analyzed by Western blotting. Blots were probed with monoclonal antibodies against RECC proteins KREPA1,
KREPA2, KREL1 and KREPA3, and anti-V5 antibody.
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could be a proxy for a gRNA-mRNA duplex e.g., in the anchor

region, or following editing directed by the guiding region of the

gRNA. Indeed, recent structural studies revealed that anchor and

guiding region gRNA-mRNA duplexes protrude out from bound

RNA editing substrate complexes (RESCs), presumably making

them available for binding by RECC proteins (Liu et al., 2023).

Our model predicts that B4 directly contacts bound dsRNA,

specifically via its matrin-type zinc finger. This is also observed in

models of other RNase III and RNase III-like domain-containing

RECC proteins, including of their heterodimers. In these models, a

zinc finger from each protein in the heterodimer is in contact with

opposite sides of the dsRNA (Carnes et al., 2022), playing the role of

dsRBD domains observed in other classical RNase III proteins

(Meng and Nicholson, 2008; Nicholson, 2014). We previously

showed that B4 likely interacts with N1, N2, and N3 (McDermott

et al., 2016; McDermott and Stuart, 2017). It is therefore possible

that a B4:N1/2/3 heterodimer binds gRNA-mRNA substrate during

or following the catalytic steps of editing. Our previous protein-

protein crosslinking studies are somewhat consistent with this since

they did not identify crosslinks to other proteins in the vicinity of

the modeled dsRNA (McDermott et al., 2016).

The current work adds to several RECC protein mutagenesis

studies (McDermott et al., 2015a, b; Carnes et al., 2022; Davidge et al.,

2023) that have identified single amino acid substitutions resulting in

different consequences on BF vs. PF cell fitness and RECCs, despite

RECCs apparently having the same protein compositions in BF and

PF (Carnes et al., 2011). In all cases, BF RECCs and RECC

components appear to generally be more sensitive to perturbation

such as protein knockdown or mutation than those in PF. We

previously interpreted this phenomenon as indicating numerous

structural and functional differences between BF and PF RECCs,

which could occur in response to changes in external and internal

stimuli, e.g., temperature, surface protein expression, metabolites, and

other soluble factors, that occur during the trypanosome life cycle.

Interestingly, several B4 substitutions identified here, including

K211I, have BF but not PF growth defects. Multiple of these are in

a loop (N215-P234; Supplementary Table 3) that is predicted to be

unstructured or disordered based on AlphaFold pLDDT and Fuzdrop

pDP scores (Steinegger and Soding, 2017; Wheeler, 2021; Hatos et al.,

2022). K211 is also close to this loop and the sites of these other

substitutions. Thus, the life cycle stage specificity in the phenotypes of

these substitutions might be explained by the ability of this region to

fold and adopt alternative conformations depending upon stage

differences in the extra- and intracellular environment. In contrast,

substitutions that impact cell growth and RECC integrity in both BF

and PF cells such as F207V may have broader impacts on B4

structure or stability. For example, in our predicted structure, F207

is in a position where B4 helices are potentially contacting each other,

and we speculate that sequence disruption in this region may instead

influence gross B4 structure regardless of life cycle stage.

Overall, this study demonstrates the utility of an unbiased deep

mutational scanning approach to generate and assay many possible

amino acid substitutions within a protein of interest on T. brucei cell
Frontiers in Cellular and Infection Microbiology 14
growth. Our previous B4 site-directed mutagenesis studies were

limited to just six total residues that were chosen based on their

sequence conservation in B4 orthologs across kinetoplastid species

(Carnes et al., 2012; McDermott and Stuart, 2017), and only

substitutions at one of these sites resulted in detrimental

phenotypic effects on cell growth and RECC integrity. Here, the

ability to agnostically screen multiple substitutions at many residues

allowed us to verify that there is no correlation between cell fitness

phenotypes and residue conservation in the B4 RNase III-like

domain, which demonstrates that sequence conservation cannot

be used to predict B4 function and highlights the power of our deep

mutational scanning method. We foresee that the approach could

also be further improved, for example by using site saturation

mutagenesis via gene synthesis or oligo pools instead of error-prone

PCR to generate variants, which would increase the proportion of

variant sequences with single substitutions and decrease the

proportion of those with multiple substitutions. Variant

barcoding (Starr et al., 2020; Kuiper et al., 2022; Wei and Li,

2023) would also remove the amplicon sequencing-based size

constraint for the protein domain to be screened, thus enabling

screening of larger protein domains and full-length proteins. This

relatively straightforward mutagenesis approach can therefore be

used to further our understanding of structure-function

relationships in any essential trypanosome protein.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra/?

term=PRJNA1071277, PRJNA1071277.
Author contributions

SM: Conceptualization, Data curation, Formal analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Supervision, Validation, Visualization, Writing –

original draft, Writing – review & editing. VP: Investigation,

Writing – review & editing. BO: Investigation, Writing – review

& editing. JC: Conceptualization, Writing – review & editing. DS:

Supervision, Writing – review & editing. KS: Funding acquisition,

Project administration, Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by National Institutes of Health Grant R01 AI014102

to KS and National Science Foundation 2140153 and a Seattle

Children’s Career Development Award to SM.
frontiersin.org

https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1071277
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1071277
https://doi.org/10.3389/fcimb.2024.1381155
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


McDermott et al. 10.3389/fcimb.2024.1381155
Acknowledgments

The authors thank Phillip Yates for his pEVL3 construct

containing ddDHFR-tagged I-SceI, and Thomas Siewert for

technical assistance.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Cellular and Infection Microbiology 15
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fcimb.2024.1381155/

full#supplementary-material
References
Alsford, S., Kawahara, T., Glover, L., andHorn, D. (2005). Tagging a T. brucei RRNA locus
improves stable transfection efficiency and circumvents inducible expression position effects.
Mol. Biochem. Parasitol. 144, 142–148. doi: 10.1016/j.molbiopara.2005.08.009

Alsford, S., Turner, D. J., Obado, S. O., Sanchez-Flores, A., Glover, L., Berriman, M.,
et al. (2011). High-throughput phenotyping using parallel sequencing of RNA
interference targets in the African trypanosome. Genome Res. 21, 915–924.
doi: 10.1101/gr.115089.110

Altmann, S., Rico, E., Carvalho, S., Ridgway, M., Trenaman, A., Donnelly, H., et al.
(2022). Oligo targeting for profiling drug resistance mutations in the parasitic
trypanosomatids. Nucleic Acids Res. 50, e79. doi: 10.1093/nar/gkac319

Aphasizhev, R., and Aphasizheva, I. (2011). Uridine insertion/deletion editing in
trypanosomes: a playground for RNA-guided information transfer. Wiley. Interdiscip.
Rev. RNA 2, 669–685. doi: 10.1002/wrna.82

Aphasizheva, I., Alfonzo, J., Carnes, J., Cestari, I., Cruz-Reyes, J., Goringer, H. U.,
et al. (2020). Lexis and grammar of mitochondrial RNA processing in trypanosomes.
Trends Parasitol. 36, 337–355. doi: 10.1016/j.pt.2020.01.006

Babbarwal, V. K., Fleck, M., Ernst, N. L., Schnaufer, A., and Stuart, K. (2007). An
essential role of KREPB4 in RNA editing and structural integrity of the editosome in
Trypanosoma brucei. Rna 13, 737–744. doi: 10.1261/rna.327707

Brun, R., and Schonenberger, (1979). Cultivation and in vitro cloning or procyclic
culture forms of Trypanosoma brucei in a semi-defined medium. Short
communication. Acta Trop. 36, 289–292.

Carnes, J., McDermott, S. M., Lewis, I., Tracy, M., and Stuart, K. (2022). Domain
function and predicted structure of three heterodimeric endonuclease subunits of RNA
editing catalytic complexes in Trypanosoma brucei. Nucleic Acids Res. 50:10123–10139.
doi: 10.1093/nar/gkac753

Carnes, J., McDermott, S. M., and Stuart, K. (2018). RNase III domain of KREPB9
and KREPB10 association with editosomes in trypanosoma brucei. mSphere 3:e00585–
17. doi: 10.1128/mSphereDirect.00585-17

Carnes, J., Schnaufer, A., McDermott, S. M., Domingo, G., Proff, R., Steinberg, A. G.,
et al. (2012). Mutational analysis of Trypanosoma brucei editosome proteins KREPB4
and KREPB5 reveals domains critical for function. Rna 18, 1897–1909. doi: 10.1261/
rna.035048.112

Carnes, J., Soares, C. Z., Wickham, C., and Stuart, K. (2011). Endonuclease
associations with three distinct editosomes in Trypanosoma brucei. J. Biol. Chem.
286, 19320–19330. doi: 10.1074/jbc.M111.228965

Carnes, J., and Stuart, K. D. (2007). Uridine insertion/deletion editing activities.
Methods Enzymol. 424, 25–54. doi: 10.1016/S0076-6879(07)24002-9

Carnes, J., Trotter, J. R., Peltan, A., Fleck, M., and Stuart, K. (2008). RNA editing in
Trypanosoma brucei requires three different editosomes. Mol. Cell. Biol. 28, 122–130.
doi: 10.1128/MCB.01374-07

Cestari, I., Haas, P., Moretti, N. S., Schenkman, S., and Stuart, K. (2016).
Chemogenetic characterization of inositol phosphate metabolic pathway reveals
druggable enzymes for targeting kinetoplastid parasites. Cell Chem. Biol. 23, 608–
617. doi: 10.1016/j.chembiol.2016.03.015

Collett, C. F., Kitson, C., Baker, N., Steele-Stallard, H. B., Santrot, M. V., Hutchinson,
S., et al. (2019). Chemogenomic profiling of antileishmanial efficacy and resistance in
the related kinetoplastid parasite trypanosoma brucei. Antimicrob. Agents Chemother.
63:e00795–19. doi: 10.1128/AAC.00795-19

Cruz-Reyes, J., Mooers, B. H. M., Doharey, P. K., Meehan, J., and Gulati, S. (2018).
Dynamic RNA holo-editosomes with subcomplex variants: Insights into the control of
trypanosome editing. Wiley. Interdiscip. Rev. RNA 9, e1502. doi: 10.1002/wrna.1502
Davidge, B., McDermott, S. M., Carnes, J., Lewis, I., Tracy, M., and Stuart, K. (2023).
Multiple domains of the integral KREPA3 protein are critical for the structure and
precise functions of RNA Editing Catalytic Complexes in Trypanosoma brucei. Rna.
29:1591–1609. doi: 10.1261/rna.079691.123

Faure, A. J., Schmiedel, J. M., Baeza-Centurion, P., and Lehner, B. (2020). DiMSum:
an error model and pipeline for analyzing deep mutational scanning data and
diagnosing common experimental pathologies. Genome Biol. 21, 207. doi: 10.1186/
s13059-020-02091-3

Glover, L., Alsford, S., Baker, N., Turner, D. J., Sanchez-Flores, A., Hutchinson, S.,
et al. (2015). Genome-scale RNAi screens for high-throughput phenotyping in
bloodstream-form African trypanosomes. Nat. Protoc. 10, 106–133. doi: 10.1038/
nprot.2015.005

Glover, L., Alsford, S., Beattie, C., and Horn, D. (2007). Deletion of a trypanosome
telomere leads to loss of silencing and progressive loss of terminal DNA in the absence
of cell cycle arrest. Nucleic Acids Res. 35, 872–880. doi: 10.1093/nar/gkl1100

Glover, L., and Horn, D. (2009). Site-specific DNA double-strand breaks greatly
increase stable transformation efficiency in Trypanosoma brucei. Mol. Biochem.
Parasitol. 166, 194–197. doi: 10.1016/j.molbiopara.2009.03.010

Glover, L., McCulloch, R., and Horn, D. (2008). Sequence homology and
microhomology dominate chromosomal double-strand break repair in African
trypanosomes. Nucleic Acids Res. 36, 2608–2618. doi: 10.1093/nar/gkn104

Gray, P. N., Busser, K. J., and Chappell, T. G. (2007). A novel approach for generating
full-length, high coverage allele libraries for the analysis of protein interactions. Mol.
Cell Proteomics 6, 514–526. doi: 10.1074/mcp.T600023-MCP200

Hall, B. S., Bot, C., and Wilkinson, S. R. (2011). Nifurtimox activation by
trypanosomal type I nitroreductases generates cytotoxic nitrile metabolites. J. Biol.
Chem. 286, 13088–13095. doi: 10.1074/jbc.M111.230847

Hatos, A., Teixeira, J. M. C., Barrera-Vilarmau, S., Horvath, A., Tosatto, S. C. E.,
Vendruscolo, M., et al. (2023). FuzPred: a web server for the sequence-based prediction
of the context-dependent binding modes of proteins. Nucleic Acids Res. 51, W198–
W206. doi: 10.1093/nar/gkad214

Hatos, A., Tosatto, S. C. E., Vendruscolo, M., and Fuxreiter, M. (2022). FuzDrop on
AlphaFold: visualizing the sequence-dependent propensity of liquid-liquid phase
separation and aggregation of proteins. Nucleic Acids Res. 50, W337–W344.
doi: 10.1093/nar/gkac386

Hilton, S. K., Huddleston, J., Black, A., North, K., Dingens, A. S., Bedford, T., et al.
(2020). dms-view: Interactive visualization tool for deep mutational scanning data. J.
Open Source Softw. 5:2353. doi: 10.21105/joss.02353

Hirumi, H., and Hirumi, K. (1989). Continuous cultivation of Trypanosoma brucei
blood stream forms in a medium containing a low concentration of serum protein
without feeder cell layers. J. Parasitol. 75, 985–989.

Hoie, M. H., Cagiada, M., Beck Frederiksen, A. H., Stein, A., and Lindorff-Larsen, K.
(2022). Predicting and interpreting large-scale mutagenesis data using analyses of protein
stability and conservation. Cell Rep. 38, 110207. doi: 10.1016/j.celrep.2021.110207

Horvath, A., Miskei, M., Ambrus, V., Vendruscolo, M., and Fuxreiter, M. (2020).
Sequence-based prediction of protein binding mode landscapes. PloS Comput. Biol. 16,
e1007864. doi: 10.1371/journal.pcbi.1007864

Iwamoto, M., Bjorklund, T., Lundberg, C., Kirik, D., and Wandless, T. J. (2010). A
general chemical method to regulate protein stability in the mammalian central
nervous system. Chem. Biol. 17, 981–988. doi: 10.1016/j.chembiol.2010.07.009

Kuiper, B. P., Prins, R. C., and Billerbeck, S. (2022). Oligo pools as an affordable
source of synthetic DNA for cost-effective library construction in protein- and
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2024.1381155/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1381155/full#supplementary-material
https://doi.org/10.1016/j.molbiopara.2005.08.009
https://doi.org/10.1101/gr.115089.110
https://doi.org/10.1093/nar/gkac319
https://doi.org/10.1002/wrna.82
https://doi.org/10.1016/j.pt.2020.01.006
https://doi.org/10.1261/rna.327707
https://doi.org/10.1093/nar/gkac753
https://doi.org/10.1128/mSphereDirect.00585-17
https://doi.org/10.1261/rna.035048.112
https://doi.org/10.1261/rna.035048.112
https://doi.org/10.1074/jbc.M111.228965
https://doi.org/10.1016/S0076-6879(07)24002-9
https://doi.org/10.1128/MCB.01374-07
https://doi.org/10.1016/j.chembiol.2016.03.015
https://doi.org/10.1128/AAC.00795-19
https://doi.org/10.1002/wrna.1502
https://doi.org/10.1261/rna.079691.123
https://doi.org/10.1186/s13059-020-02091-3
https://doi.org/10.1186/s13059-020-02091-3
https://doi.org/10.1038/nprot.2015.005
https://doi.org/10.1038/nprot.2015.005
https://doi.org/10.1093/nar/gkl1100
https://doi.org/10.1016/j.molbiopara.2009.03.010
https://doi.org/10.1093/nar/gkn104
https://doi.org/10.1074/mcp.T600023-MCP200
https://doi.org/10.1074/jbc.M111.230847
https://doi.org/10.1093/nar/gkad214
https://doi.org/10.1093/nar/gkac386
https://doi.org/10.21105/joss.02353
https://doi.org/10.1016/j.celrep.2021.110207
https://doi.org/10.1371/journal.pcbi.1007864
https://doi.org/10.1016/j.chembiol.2010.07.009
https://doi.org/10.3389/fcimb.2024.1381155
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


McDermott et al. 10.3389/fcimb.2024.1381155
metabolic pathway engineering. Chembiochem 23, e202100507. doi: 10.1002/
cbic.202100507

Lerch, M., Carnes, J., Acestor, N., Guo, X., Schnaufer, A., and Stuart, K. (2012).
Editosome accessory factors KREPB9 and KREPB10 in Trypanosoma brucei.
Eukaryotic. Cell 11, 832–843. doi: 10.1128/EC.00046-12

Liu, M., Rehman, S., Tang, X., Gu, K., Fan, Q., Chen, D., et al. (2018). Methodologies
for improving HDR efficiency. Front. Genet. 9. doi: 10.3389/fgene.2018.00691

Liu, S., Wang, H., Li, X., Zhang, F., Lee, J. K. J., Li, Z., et al. (2023). Structural basis of
gRNA stabilization and mRNA recognition in trypanosomal RNA editing. Science 381,
eadg4725. doi: 10.1126/science.adg4725

Livak, K. J., and Schmittgen, T. D. (2021). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Ma, Y., Weiss, L. M., and Huang, H. (2015). Inducible suicide vector systems for
Trypanosoma cruzi. Microbes Infect. 17, 440–450. doi: 10.1016/j.micinf.2015.04.003

McDermott, S. M., Carnes, J., and Stuart, K. (2015a). Identification by random
mutagenesis of functional domains in KREPB5 that differentially affect RNA editing
between life cycle stages of trypanosoma brucei. Mol. Cell. Biol. 35, 3945–3961.
doi: 10.1128/MCB.00790-15

McDermott, S. M., Carnes, J., and Stuart, K. (2019). Editosome RNase III domain
interactions are essential for editing and differ between life cycle stages in Trypanosoma
brucei. Rna 25, 1150–1163. doi: 10.1261/rna.071258.119

McDermott, S. M., Guo, X., Carnes, J., and Stuart, K. (2015b). Differential editosome
protein function between life cycle stages of trypanosoma brucei. J. Biol. Chem. 290,
24914–24931. doi: 10.1074/jbc.M115.669432

McDermott, S. M., Luo, J., Carnes, J., Ranish, J. A., and Stuart, K. (2016). The
Architecture of Trypanosoma brucei editosomes. Proc. Natl. Acad. Sci. United. States
America 113, E6476–E6485. doi: 10.1073/pnas.1610177113

McDermott, S. M., and Stuart, K. (2017). The essential functions of KREPB4 are
developmentally distinct and required for endonuclease association with editosomes.
Rna. 23:1672–1684. doi: 10.1261/rna.062786.117

Meng, W., and Nicholson, A. W. (2008). Heterodimer-based analysis of subunit and
domain contributions to double-stranded RNA processing by Escherichia coli RNase
III in vitro. Biochem. J. 410, 39–48. doi: 10.1042/BJ20071047

Merritt, C., and Stuart, K. (2013). Identification of essential and non-essential protein
kinases by a fusion PCR method for efficient production of transgenic Trypanosoma
brucei. Mol. Biochem. Parasitol. 190, 44–49. doi: 10.1016/j.molbiopara.2013.05.002

Miskei, M., Horvath, A., Vendruscolo, M., and Fuxreiter, M. (2020). Sequence-based prediction
of fuzzy protein interactions. J. Mol. Biol. 432, 2289–2303. doi: 10.1016/j.jmb.2020.02.017

Nicholson, A. W. (2014). Ribonuclease III mechanisms of double-stranded RNA
cleavage. Wiley. Interdiscip. Rev. RNA 5, 31–48. doi: 10.1002/wrna.1195

Panigrahi, A. K., Ernst, N. L., Domingo, G. J., Fleck, M., Salavati, R., and Stuart, K. D.
(2006). Compositionally and functionally distinct editosomes in Trypanosoma brucei.
Rna 12, 1038–1049. doi: 10.1261/rna.45506
Frontiers in Cellular and Infection Microbiology 16
Panigrahi, A. K., Gygi, S. P., Ernst, N. L., Igo, R. P. Jr., Palazzo, S. S., Schnaufer, A.,
et al. (2001). Association of two novel proteins, TbMP52 and TbMP48, with the
Trypanosoma brucei RNA editing complex. Mol. Cell. Biol. 21, 380–389. doi: 10.1128/
MCB.21.2.380-389.2001

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng,
E. C., et al. (2004). UCSF Chimera–a visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084

Podesvova, L., Huang, H., and Yurchenko, V. (2017). Inducible protein stabilization
system in Leishmania mexicana. Mol. Biochem. Parasitol. 214, 62–64. doi: 10.1016/
j.molbiopara.2017.03.008

Rakhit, R., Edwards, S. R., Iwamoto, M., and Wandless, T. J. (2011). Evaluation of
FKBP and DHFR based destabilizing domains in Saccharomyces cerevisiae. Bioorg.
Med. Chem. Lett. 21, 4965–4968. doi: 10.1016/j.bmcl.2011.06.006

Read, L. K., Lukes, J., and Hashimi, H. (2016). Trypanosome RNA editing: the
complexity of getting U in and taking U out. Wiley interdisciplinary reviews. RNA 7,
33–51. doi: 10.1002/wrna.1313

Rusconi, F., Durand-Dubief, M., and Bastin, P. (2005). Functional complementation
of RNA interference mutants in trypanosomes. BMC Biotechnol. 5, 6. doi: 10.1186/
1472-6750-5-6

Schumann Burkard, G., Jutzi, P., and Roditi, I. (2011). Genome-wide RNAi screens
in bloodstream form trypanosomes identify drug transporters.Mol. Biochem. Parasitol.
175, 91–94. doi: 10.1016/j.molbiopara.2010.09.002

Starr, T. N., Greaney, A. J., Hilton, S. K., Ellis, D., Crawford, K. H. D., Dingens, A. S.,
et al. (2020). Deep mutational scanning of SARS-coV-2 receptor binding domain
reveals constraints on folding and ACE2 binding. Cell 182, 1295–1310 e1220.
doi: 10.1016/j.cell.2020.08.012

Steinegger, M., and Soding, J. (2017). MMseqs2 enables sensitive protein sequence
searching for the analysis of massive data sets. Nat. Biotechnol. 35, 1026–1028.
doi: 10.1038/nbt.3988

Stone, E. A., and Sidow, A. (2005). Physicochemical constraint violation by missense
substitutions mediates impairment of protein function and disease severity. Genome
Res. 15, 978–986. doi: 10.1101/gr.3804205

Wang, B., Ernst, N. L., Palazzo, S. S., Panigrahi, A. K., Salavati, R., and Stuart, K.
(2003). TbMP44 is essential for RNA editing and structural integrity of the
editosome in Trypanosoma brucei. Eukaryotic. Cell 2, 578–587. doi: 10.1128/
EC.2.3.578-587.2003

Wei, H., and Li, X. (2023). Deep mutational scanning: A versatile tool in
systematically mapping genotypes to phenotypes. Front. Genet. 14. doi: 10.3389/
fgene.2023.1087267

Wheeler, R. J. (2021). A resource for improved predictions of Trypanosoma and
Leishmania protein three-dimensional structure. PloS One 16, e0259871. doi: 10.1371/
journal.pone.0259871

Zhang, F., Cheng, D., Wang, S., and Zhu, J. (2020). Crispr/Cas9-mediated cleavages
facilitate homologous recombination during genetic engineering of a large
chromosomal region. Biotechnol. Bioeng. 117, 2816–2826. doi: 10.1002/bit.27441
frontiersin.org

https://doi.org/10.1002/cbic.202100507
https://doi.org/10.1002/cbic.202100507
https://doi.org/10.1128/EC.00046-12
https://doi.org/10.3389/fgene.2018.00691
https://doi.org/10.1126/science.adg4725
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.micinf.2015.04.003
https://doi.org/10.1128/MCB.00790-15
https://doi.org/10.1261/rna.071258.119
https://doi.org/10.1074/jbc.M115.669432
https://doi.org/10.1073/pnas.1610177113
https://doi.org/10.1261/rna.062786.117
https://doi.org/10.1042/BJ20071047
https://doi.org/10.1016/j.molbiopara.2013.05.002
https://doi.org/10.1016/j.jmb.2020.02.017
https://doi.org/10.1002/wrna.1195
https://doi.org/10.1261/rna.45506
https://doi.org/10.1128/MCB.21.2.380-389.2001
https://doi.org/10.1128/MCB.21.2.380-389.2001
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1016/j.molbiopara.2017.03.008
https://doi.org/10.1016/j.molbiopara.2017.03.008
https://doi.org/10.1016/j.bmcl.2011.06.006
https://doi.org/10.1002/wrna.1313
https://doi.org/10.1186/1472-6750-5-6
https://doi.org/10.1186/1472-6750-5-6
https://doi.org/10.1016/j.molbiopara.2010.09.002
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1038/nbt.3988
https://doi.org/10.1101/gr.3804205
https://doi.org/10.1128/EC.2.3.578-587.2003
https://doi.org/10.1128/EC.2.3.578-587.2003
https://doi.org/10.3389/fgene.2023.1087267
https://doi.org/10.3389/fgene.2023.1087267
https://doi.org/10.1371/journal.pone.0259871
https://doi.org/10.1371/journal.pone.0259871
https://doi.org/10.1002/bit.27441
https://doi.org/10.3389/fcimb.2024.1381155
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Deep mutational scanning of the RNase III-like domain in Trypanosoma brucei RNA editing protein KREPB4
	1 Introduction
	2 Materials and methods
	2.1 Transfection and growth of T. brucei cells in vitro
	2.2 Mutant B4 T. brucei library development and generation
	2.2.1 Error-prone PCR for mutant domain library generation
	2.2.2 Full-length B4 allele selection and pENTR-Express allele library isolation
	2.2.3 Transfer of the mutant allele library into a plasmid for constitutive expression in T. brucei
	2.2.4 Development of a trimethoprim-inducible I-SceI meganuclease system to increase BF T. brucei transfection efficiency
	2.2.5 RNA isolation and RT-qPCR analysis

	2.3 Protocols for conducting and validating screen
	2.3.1 Functional selection of library alleles
	2.3.2 PCR amplification and sequencing of library alleles
	2.3.3 Data analysis
	2.3.4 Screen validation via generation of independent exclusive expression cell lines

	2.4 Structural predictions and protein structure modelling
	2.5 Immunoprecipitation, SDS-PAGE, and western blotting

	3 Results
	3.1 Generation and high-throughput screening of a mutated domain allele library in T. brucei
	3.2 Comparison of variant fitness scores to evolutionary conservation
	3.3 Mapping detrimental substitutions onto a predicted B4 structure
	3.4 Life-cycle stage differences in fitness of cells containing substitutions in B4

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


