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The genome of trypanosomatids rearranges by using
repeated sequences as platforms for ampli� cation or deletion
of genomic segments. These stochastic recombination event
have a direct impact on gene dosage and foster the selection o
adaptive traits in response to environmental pressure. We
provide here such an example by showing that the phospho-
enolpyruvate carboxykinase (PEPCK) gene knockout (� pepck)
leads to the selection of a deletion event between two tandemly
arranged fumarate reductase (FRDg and FRDm2) genes to
produce a chimeric FRDg-m2 gene in the � pepck* cell line.
FRDg is expressed in peroxisome-related organelles, name
glycosomes, expression of FRDm2 has not been detected t
date, and FRDg-m2 is nonfunctional and cytosolic. Re-
expression of FRDg signi� cantly impaired growth of the
� pepck* cells, but FRD enzyme activity was not required for
this negative effect. Instead, glycosomal localization as well a
the covalent � avinylation motif of FRD is required to confer
growth retardation and intracellular accumulation of reactive
oxygen species (ROS). The data suggest that FRDg, similar
Escherichia coliFRD, can generate ROS in a� avin-dependent
process by transfer of electrons from NADH to molecular ox-
ygen instead of fumarate when the latter is unavailable, as in
the � pepck background. Hence, growth retardation is inter-
preted as a consequence of increased production of ROS, an
rearrangement of the FRD locus liberates � pepck* cells from
this obstacle. Interestingly, intracellular production of ROS has
been shown to be required to complete the parasitic cycle in
the insect vector, suggesting that FRDg may play a role in this
process.
ing
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Trypanosomatids, including the human infectiveLeish-
mania and Trypanosomaspecies, present several biologic
singularities in comparison with classical eukaryotic mod
organisms. For instance, genes are transcribed constitutivel
part of long polycistronic units where the precursor mRNA
molecules are matured by coupled trans-splicing and po
adenylation (1). As a consequence, gene regulation occu
mostly at the posttranscriptional, translational, and pos
translational levels with no control at the level of transcriptio
initiation. Changes in gene copy number can also modula
gene expression and are therefore seen when selective pres
is applied. They usually arise from homologous recombinati
events between repeated sequences and are particularly c
mon in Leishmania spp (2). In Leishmania, small repetitive
sequences are widespread throughout the genome a
recombination events appear stochastically with a frequency
the order of 10� 6/10� 7 per cell generation. They result either i
the production of extrachromosomal DNA sequences or in th
deletion of the DNA fragment located between the tw
recombinogenic repeats. Under selection pressure, such
exposition to drugs, a subpopulation with an advantageo
amplicon conferring drug resistance can emerge (3–9). The
genome ofTrypanosoma bruceialso contains a large numbe
of sequence repeats (773) potentially leading to 1848 gen
recombination events, some of them already experimenta
validated (2). So far, no DNA ampli� cation (except for change
in ploidy and in gene copy number) has been observed up
speci� c selection, suggesting that deletions are more comm
(10–12). We report here the selection of such a stochas
deletion in the genome ofT. bruceimutants, which is driven by
metabolic constraints.

The procyclic form (PCF) ofT. brucei has an elaborate
energy metabolism based on glucose or proline, depend
on carbon source availability (13). In the glucose-free envi
ronment of its insect host (tsetse� y), the parasite depend
on proline for its metabolism (14, 15) and needs to produce
J. Biol. Chem.(2021) 296 1005481
ociety for Biochemistry and Molecular Biology. This is an open access article under the CC
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Selective advantage of gene rearrangement in the FRD locus
hexose phosphates through gluconeogenesis from prolin
derived phosphoenolpyruvate(PEP) to feed essential path
ways (16). Two phosphoenolpyruvate-producing enzyme
PEP carboxykinase (PEPCK, EC: 4.1.1.32, Tb927.2.4210
pyruvate phosphate dikinase (PPDK, EC 2.7.9
Tb927.11.3120) have a redundant function for the essen
gluconeogenesis from proline (17). In glucose-rich condi-
tions, PPDK and PEPCK work in the opposite direction
produce pyruvate and oxaloacetate, respectively, in addit
to ATP. This pathway is also essential to maintain the gl
cosomal redox balance (18). Glycosomes are peroxisome
related organelles using the same machinery for prote
import and harbor the 6 or 7 � rst glycolytic steps (19).
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Figure 1. Schematic representation of the central metabolism of the wild-typ
highlights the catalytic steps from glucose and proline metabolism in the wi
have been considerably simpli� ed, in particular the respiratory chain (RC) r
and proline are in agraybackground anddashed linesrepresent enzymatic st
to the enzymatic steps investigated. The rates of glucose and proline consu
deduced fromTables S1and are consistent with previous data (18). Thedouble
cell line. Enzymes: 1, hexokinase; 2, glucose-6-phosphate isomerase; 3, ph
phosphate dehydrogenase; 7, glycosomal NADH-dependent glycerol-3-p
phosphate dehydrogenase (GPDH); 9, glycerol kinase; 10, phosphoglyce
pyruvate phosphate dikinase (PPDK); 15, phosphoenolpyruvate carboxykin
NADH-dependent fumarate reductase (FRDg); 19, cytosolic malic enzym
reductase (FRDm1); 22, pyruvate dehydrogenase complex; 23, acetate
enzyme; 26, proline dehydrogenase (PRODH); 27, pyrroline-5 carboxylate
complex; 30, succinyl-CoA synthetase; 31, succinate dehydrogenase. 1,3B
1,6-bisphosphate; FUM, fumarate; G3P, glyceraldehyde 3-phosphate; Gly
uvate; PYR, pyruvate; RC, respiratory chain.

2 J. Biol. Chem.(2021) 296 100548
-

,
and
1,
l

n
-

n

Because of the impermeability of the glycosomal membra
to bulky metabolites, such as cofactors and nucleotides, A
molecules consumed by the� rst glycolytic steps (steps 1 an
3 in Fig. 1) need to be regenerated in the glycosomes
PPDK and PEPCK (step 14 and 15) (18). Similarly, NAD+

molecules consumed in the glycosomes during glycoly
(step 6) have to be regenerated within the organelle by t
succinic fermentation pathway composed of PEPCK, mal
dehydrogenase (EC: 1.1.1.37, Tb927.10.15410, step
fumarase (EC: 4.2.1.2, Tb927.10.15410, step 17), and NA
dependent fumarate reductase (FRDg, EC: 1.3.1.
Tb927.5.930, step 18) (20). Alternatively, the glycosoma
redox balance can be maintained by the glycerol 3-phosph
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e and � pepckmutant PCF cell lines in glucose-rich medium. This� gure
ld-type (WT) (A), � pepckand � pepck*(B) cell lines. The mitochondrial pathways
epresented by agray box. Excreted end products from degradation of glucose
eps not used or used at a background noise level.Boxednumbers correspond
mption (nmol h� 1 mg� 1 of protein) indicated above the carbon source names are
boxinside the glycosomes including the FRDg step is missing in the� pepck*
osphofructokinase; 4, aldolase; 5, triose-phosphate isomerase; 6, glyceraldehyde-3-
hosphate dehydrogenase (GPDH); 8, mitochondrial FAD-dependent glycerol-3-
rate kinase; 11, phosphoglycerate mutase; 12, enolase; 13, pyruvate kinase;14,
ase (PEPCK); 16, glycosomal malate dehydrogenase; 17, fumarase; 18, glycosomal
e; 20, mitochondrial fumarase; 21, mitochondrial NADH-dependent fumarate

:succinate CoA-transferase; 24, acetyl-CoA thioesterase; 25, mitochondrialmalic
dehydrogenase; 28, alanine aminotransferase; 29,� -ketoglutarate dehydrogenase
PG, 1,3-biphosphoglycerate; DHAP, dihydroxyacetone phosphate; F1,6BP, fructose
3P, glycerol 3-phosphate; MAL, malate; OA, oxaloacetate; PEP, phosphoenolpyr-
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Figure 2. Altered expression of the FRD isoforms in the � ppdk/
� pepck/RNAiGPDH mutant cell line. A, compares the expression of glyco-
somal glycolytic enzymes and FRD isoforms obtained by label-fre
mass spectrometry proteomic analysis (n = 3) of total lysates and
glycosomal fractions of the parental (WT) and tetracycline-induced
� ppdk/� pepck/RNAiGPDH (� /� /RNAiGPDH.i) cell lines (see the PXD020185
data set in the PRIDE partner repository). The ratio between peptide count
in the parental and mutant cell lines is indicated in the WT/Mut column,
with those showing big differences being highlighted. The organization of
FRDgenes in theT. bruceigenome is shown in (B) with the glycosomal FRDg
and the putative mitochondrial FRDm2 isoforms tandemly arranged on
chromosome 5, while the mitochondrial FRDm1 isoform is located on
chromosome 10. Thewhite, black, andgray (light and dark) boxesrepresent
the ApbE-like, fumarate reductase, and cytochrome b5 reductase domain
respectively. Mitochondrial targeting signals present at the N-terminus ex
tremity of FRDm1 (experimentally con� rmed (22)) and FRDm2 (putative
signal corresponding to most of the hatchedbox) are indicated by asterisks,
and the PTS1 motif at the C-terminal end of FRDg is highlighted by a hash
The recombinant protein (� FRD) and peptides (� FRDg and� FRDm2) used
for immune sera production are indicated byblack bars. C, indicates amino
acid identity between the three domains shared by the FRD isoforms
expressed as percentage, with the value into brackets corresponding to
nucleotide identity. Expression of the FRD isoforms in the parental (WT) an
� /� /RNAiGPDH.i cell lines is shown in (D) by western blot, using antibodies
speci� c for FRDg (� FRDg), FRDm2 (� FRDm2), or the threeT. bruceiFRD
isoforms (� FRD).E, shows the analysis of the glycosomal localization of the
FRD isoforms performed bywestern blotwith the indicated immune sera on

Selective advantage of gene rearrangement in the FRD locus
(Gly3P)/dihydroxyacetonephosphate (DHAP) shuttle, a
observed for the PEPCK null mutant (� pepck) and illustrated
in Figure 1B (20).

The T. brucei genome contains threeFRD genes. Two are
tandemly arranged in chromosome 5: they encode the glyc
somal isoform (FRDg) and a potential FRD isoform for whic
expression has not been detected so far in trypanosom
(FRDm2, Tb927.5.940). The third gene, located on chrom
some 10, codes for the mitochondrial isoform (FRDm
Tb927.10.3650, step 21) (21, 22) (Fig. 2B). FRDg is a 120 kDa
protein composed of three domains, a N-terminal Apb
(Alternative pyrimidine biosynthesis protein)-like � avin
transferase domain (pfam: PF02424), a central FRD dom
(superfamily: SSF56425), and a C-terminal cytochrome
reductase (Cytb5R) domain (superfamily: SSF63380) (21). In
addition, FRDg has a conserved� avinylation motif at its
extreme N terminus, shown to be required for FRD activity
the related organismLeptomonas pyrrhocoris(23). We report
here that two independent PEPCK null mutant cell lines e
press a chimeric nonfunctional FRDg-m2 isoform resultin
from homologous recombination within theFRDg/FRDm2
locus. The selective advantage provided by the loss of theFRDg
gene in the context of the PEPCK null background depends
the glycosomal localization of FRDg and the presence of the
terminal putative � avinylation site. We propose that the
absence of metabolic� ux through the glycosomal succinic
fermentation pathway in PEPCK null mutants made the FAD
FMN cofactors of FRDg available to oxygen for production
reactive oxygen species (ROS) in the organelles.

Results

Expression of a chimeric FRD isoform in the� ppdk/
� pepck/RNAiGPDH mutant cell line

In order to study possible changes in gene expression
mutants missing key enzymes involved in the maintenance
the glycosomal redox and ATP/ADP balances, we ha
compared the total proteomes of the parental,� ppdk (24),
� pepck (20), � ppdk/� pepck (18), and � ppdk/� pepck/RNAi

GPDH.i (".i" stands for tetracycline-induced) cell lines, b
label-free quantitative mass spectrometry. The effectivenes
this approach was con� rmed by the 41.7–54.0-fold reduction
observed for the PPDK and/or PEPCK peptide counts in t
four mutant cell lines analyzed, compared with the parent
cell line (seeFig. 2A, for the parental and� ppdk/� pepck/RNAi

GPDH.i cell lines and the PXD020185 data set on the P
teomeXchange Consortium repository for the other cell lines
Similarly, the GPDH signal was strongly reduced (20.4-fo
in the � ppdk/� pepck/RNAiGPDH.i mutant. This analysis
also showed that expressions of FRDg and FRDm2 were
fold decreased and tenfold increased, respectively, in

e

s

s,
-

.

d
total trypanosome lysates (left panel) and puri� ed glycosomes (central
panel) of the parental and� ppdk/� pepck/RNAiGPDH.i cell lines. The glyco-
somal isocitrate dehydrogenase (IDHg) antibodies were used as a loading
control. The right panel is a Coomassie staining of puri� ed glycosomes,
which highlights the absence of PPDK, PEPCK, GPDH, and FRDg in the
glycosomes of the mutant cell line.

J. Biol. Chem.(2021) 296 1005483
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Selective advantage of gene rearrangement in the FRD locus
� ppdk/� pepck/RNAiGPDH.i cell line, while expression o
FRDm1 was not affected (Fig. 2A). In contrast, expression o
the three FRD isoforms remained unaffected in the three oth
mutant cell lines (PXD020185 data set on the Prote
meXchange Consortium). This FRD expression pattern w
con� rmed by western blotting using immune sera speci� c to
FRDg (� FRDg) and FRDm2 (� FRDm2), in addition to the
� FRD immune serum produced against the conserved FR
central domain, which is 100% and 71% identical with FRDm
and FRDm1, respectively (Fig. 2, B and C). The � FRD anti-
bodies recognized two proteins in both the parental an
� ppdk/� pepck/RNAiGPDH.i cell lines, including the� 130 kDa
FRDm1 isoform (Fig. 2, D and E). As previously reported
the second isoform expressed in the parental cell li
(� 120 kDa) was recognized by the� FRDg, while no signa
corresponding to FRDm2 was detected using� FRDm2 (24).
In contrast, the � 115 kDa protein expressed in th
� ppdk/� pepck/RNAiGPDH.i cell line was recognized b
� FRDm2, but not� FRDg. This suggests that the mutant ce
line switched from FRDg to FRDm2 expression, although t
apparent size of the detected FRDm2 isoform was higher th
the theoretical one (� 115 versus94.8 kDa). Coomassie stain
ing, western blotting (Fig. 2E), and proteomic analyse
(Fig. 2A) of puri� ed glycosomal fractions con� rmed the gly-
cosomal localization of FRDg expressed in the parental c
line. In contrast, none of the FRD isoforms were detectable
� $

�&

Figure 3. Recombination inside the FRDg/FRDm2locus in the � ppdk/� pepc
and � ppdk/� pepck/RNAiGPDH mutant (M) genomic DNA after digestion with
FRDm2central domain, homologous to theFRDm1gene (weak signals prese
FRDm1; 2, FRDm2; g, FRDg; *, FRDg-m2. The restriction maps presentepa
from the genome sequence of the 927 strain available in TriTrypDB, while th
fragment by homologous recombination (dot lines) in the � ppdk/� pepck/RNAiGP
kb and the black barsrepresent the DNA fragment used to probe theblot. S
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western blot in the glycosomal fractions of the mutant cell lin
which is consistent with the proteomic analyses.

To determine whether the mutually exclusive expression
FRDg and FRDm2 was related to genomic rearrangement
side the FRDg/FRDm2 locus, a Southern blot analysis wa
conducted using as probe the conserved FRDg/FRDm2 cen
domain, which hybridizes with theFRDm1gene ("1" inFig. 3A)
but gives a much stronger signal for theFRDgand FRDm2
genes ("g" and "2" inFig. 3A). The restriction pattern obtained
with the NcoI-, PvuII-, NdeI-, and XhoI-digested parenta
genomic DNA (Fig. 3A) was consistent with the restriction
map of the FRDm1 (Fig. 3B) and FRDg/FRDm2 (Fig. 3C) loci
deduced from theT. bruceiTriTrypDB database (strain 927)
Although the FRDm1 locus was identical in the� ppdk/
� pepck/RNAiGPDH genome, the pattern observed for th
FRDg/FRDm2locus differed markedly (Fig. 3A). For instance,
the 6.4 kb PvuII-fragment containing the two FRD genes in th
parental genome was converted into a 2.3 kb PvuII-fragme
in the mutant genome, suggesting that 4.1 kb had be
deleted from theFRDg/FRDm2locus. Analysis of the three
other restriction pro� les led to the same conclusion. The siz
of the deleted DNA fragment (4.1 kb) was consistent with th
size of the theoretical DNA fragment (4074 bp) resulting from
homologous recombination between the central 1450 bp FR
domains, which are 100% identical in theFRDgand FRDm2
genes.
� %

k/RNAiGPDH cell line. A, shows a Southernblot analysis of the parental (WT)
the NcoI, PvuII, NdeI, or XhoI restriction enzymes and probing with theFRDg/
nt in both cell lines). Abbreviations used to identify the labelled fragments: 1,
d innels(B) (FRDm1) and theupper partof (C) (FRDg/FRDm2locus) are deduced
e lower part of (C) represents the FRDg/FRDm2 locus after deletion of the 4.1 kb
DH mutant cell line (� /� /RNAiGPDH). The size of the fragments is indicated in

eeFigure 2B legend for the color code of the genes.
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Selective advantage of gene rearrangement in the FRD locus
In conclusion, these data showed that a recombination eve
occurred between theFRDgand FRDm2genes in the� ppdk/
� pepck/RNAiGPDH mutant to generate aFRDg-m2chimeric
gene coding for a FRD chimeric protein slightly smaller tha
FRDg (theoretical molecular weights: 120.6versus123.5 kDa,
�$

� &

Figure 4. PCR analysis of the recombination event in the FRDg/FRDm2loc
FRDg/FRDm2locus is described in (A). This schematic representation shows t
which can be circularized by ligation, as well as the position of the primersarr
(m5-m3; 1611 bp), and the chimericFRDg-m2(g5-m3; 1577 bp), as well as t
legend for the color code of the genes.B, shows a PCR analysis of the E
additional African trypanosome strains, using 100 ng of genomic DNA
EATRO1125.T7T,� pepck*, � pepck, and� ppdk/� pepck/RNAiGPDH cell lines is pr
analysis using antibodies speci� c for enolase (� ENO), FRDg (� FRDg), FRDm2
� ppdk/� pepck/RNAiGPDH and� pepck* cell lines (boxed), which have selecte
obtained in 2009 contains the parentalFRDg/FRDm2locus, which became re
trespectively). This DNA rearrangement event was present
both alleles of the locus, since the wild-type FRDg a
FRDm2-ampli� ed DNA fragments (Fig. 3C) and the endoge-
nous FRDg protein (Fig. 2D) were not detectable in the mutan
cell line.
� ' � (

�%

us. The PCR strategy developed to detect a recombination event within the
he DNA recombination event leading to the deletion of the FRDm2-g fragment,
(ows) designed to amplify the FRD domains ofFRDg(g5-g3; 1583 bp),FRDm2
he recircularized deleted FRDm2-g fragment (g3-m5; 1608 bp). SeeFigure 2B
ATRO1125.T7T parental and� ppdk/� pepck/RNAiGPDH cell lines, as well as four

(10� g ml� 1). In panels Cand D, a comparative analysis of the parental
esented, using the PCR approach described inpanel A(C) and thewestern blot

(� FRDm2), or the threeT. bruceiFRD isoforms (� FRD) (D). The history of the
d the recombinantFRDg/FRDm2locus, is shown in (E). The� pepckcell line
combined later after long-termin vitro culture (� pepck* cell line, 2014).

J. Biol. Chem.(2021) 296 1005485
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Figure 5. Quantitation of recombined locus frequency . A, shows PCR
analyses of the parental (WT) and� ppdk/� pepck/RNAiGPDH cell lines using
primers designed for DNA ampli� cation of the chimeric FRDg-m2gene
(upper panel) or the FBPasegene for normalisation (lower panel). The frac-
tion of recombined loci was determined by calculating the relative differ-
ence between the two linear regressions of FRDg-m2 PCR signal (gel scan)
as a function of the amount of input genomic DNA (B) (mean of three in-
dependent experiments). The value obtained for the FRDg-m2 PCR signal
with 10 � g ml� 1 of � ppdk/� pepck/RNAiGPDH genomic DNA, highlighted by
an asterisk, was excluded from the trendline.

Selective advantage of gene rearrangement in the FRD locus
The homologous recombination event occurs in wild-type ce

To further study this DNA rearrangement event, we use
PCR with primer pairs designed for ampli� cation of the central
FRD domain of theFRDg(g5 and g3 primers),FRDm2(m5 and
m3 primers), andFRDg-m2(g5 and m3 primers) genes (se
Fig. 4A). As expected, the FRDg- and FRDm2-speci� c DNA
fragments were ampli� ed from the parental EATRO1125.T7T
cell line but not from the � ppdk/� pepck/RNAiGPDH genomic
DNA (Fig. 4, B and C), con� rming the loss of the wild-type
FRDg/FRDm2locus in the mutant cell population. Also in
agreement with the Southern blot data, the FRDg-m2-spec� c
fragment was ampli� ed from the mutant genomic DNA.
Interestingly, however, the FRDg-m2-speci� c fragment was
also very weakly PCR-ampli� ed from the parental
EATRO1125.T7T cell line, which suggests that the recomb
nation event stochastically occurred in the wild-type ce
(Fig. 4, B and C). Moreover, a 1.5 kb PCR product was o
tained using parental DNA and the g3 and m5 primers; w
suggest that the template was a circularized version of
deleted fragment (Fig. 4, A–C). No corresponding PCR prod
uct was detected in the mutant cell line, suggesting that t
circularized deleted DNA fragment was not replicated an
thus diluted during cell division to become undetectable. Th
same PCR analysis conducted on genomic DNA samp
showed that the rearrangement event occurred in other strai
of T. brucei(Trypanosoma equiperdum, T. b. brucei, andT. b.
rhodesiense) (Fig. 4B).

We took advantage of the� ppdk/� pepck/RNAiGPDH cell
line being homozygous for theFRDg-m2recombinant locus to
calculate the allele frequency of FRDg-m2 in the
EATRO1125.T7T parental cell line. We compared theFRDg-
m2 copy number in the two lines by semiquantitative PC
using different amounts of genomic DNA and the g5-m
primer pair. Primers speci� c for a control gene (fructose-1,6
bisphosphatase, Tb927.9.8720) were used for normaliza
(Fig. 5A). The results showed that theFRDg-m2gene copy
number is 3700-times higher in the� ppdk/� pepck/RNAiGPDH
homogeneous cell line relative to the heterogeneous paren
population (Fig. 5B), indicating that at the time of analysis on
in 1850 cells in the parental population had a hemizygo
recombined allele. This estimation is at best an upper lim
since we cannot exclude PCR artifacts due to prematu
termination of the PCR product in the conserved region of on
isoform followed by priming on the other isoform.

Altogether, this analysis suggested that the generation of
FRDg-m2chimeric gene occurs at low frequency by homolo
gous recombination in theT. bruceigenome, but was specif
ically selected in the� ppdk/� pepck/RNAiGPDH cell line.
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Selection of theFRDg-m2recombinant locus also occurred in
the � pepck mutant cell line

Analysis of the� pepckmutant obtained and frozen in 2008
(20), then thawed in 2013, and maintained for weeks in cultu
(seeFig. 4E, here named� pepck*), yielded more information
about selection of the homologous recombination event in th
FRDg/FRDm2 locus. It is noteworthy that this � ppdk/
6 J. Biol. Chem.(2021) 296 100548
e� pepck/RNAiGPDH cell line was not derived from the� pepck
cell line (seeFig. 4E). Indeed, the� pepckand the parental cells
showed the same PCR pro� le, while the� pepck*cells main-
tained for a long term in in vitro culture showed a pattern
similar to the � ppdk/� pepck/RNAiGPDH cell line. Therefore,
selection of the recombinant allele occurred independently in
second mutant cell line (Fig. 4C). However, the selection
process was probably less stringent or more recent in t
PEPCK null background compared with the � ppdk/
� pepck/RNAiGPDH background, as illustrated by the presen
of the wild-type locus in the� pepck* population (g5-g3 and
m5-m3 primer pairs inFig. 4C), even after months of growth
As expected from the PCR analysis, the FRDg-m2 chime
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