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Abstract

Dynamins and dynamin-like proteins (DLPs) belong to a family of large GTPases involved in

membrane remodelling events. These include both fusion and fission processes with differ-

ent dynamin proteins often having a specialised function within the same organism. Trypa-

nosoma brucei is thought to have only one multifunctional DLP (TbDLP). While this was

initially reported to function in mitochondrial division only, an additional role in endocytosis

and cytokinesis was later also proposed. Since there are two copies of TbDLP present in the

trypanosome genome, we investigated potential functional differences between these two

paralogs by re-expressing either protein in a TbDLP RNAi background. These paralogs,

called TbDLP1 and TbDLP2, are almost identical bar a few amino acid substitutions. Our

results, based on cell lines carrying tagged and RNAi-resistant versions of each protein,

show that overexpression of TbDLP1 alone is able to rescue the observed endocytosis and

growth defects in the mammalian bloodstream form (BSF) of the parasite. While TbDLP2

shows no rescue in our experiments in BSF, this might also be due to lower expression lev-

els of the protein in this life stage. In contrast, both TbDLP proteins apparently play more

complementary roles in the insect procyclic form (PCF) since neither TbDLP1 nor TbDLP2

alone can fully restore wildtype growth and morphology in TbDLP-depleted parasites.

Introduction

Trypanosoma brucei is an important single-celled parasite that causes African trypanosomiasis

in humans and the wasting disease nagana in cattle. The flagellate is transmitted between

mammalian hosts by an insect vector, the tsetse fly. During its development and transmission

cycle, T. brucei goes through a variety of morphological and metabolic changes that largely

depend on its environment [1]. Whereas the mammalian-dwelling long slender bloodstream

form (BSF) flagellates rely solely on glycolysis for energy generation, the main energy source of

the insect procyclic form (PCF) are amino acids, such as proline [2]. This metabolic adjust-

ment requires activation of the mitochondrion, with which PCF cells generate most cellular

ATP via oxidative phosphorylation, thus making the organelle more essential for this life cycle

PLOS ONE | https://doi.org/10.1371/journal.pone.0177200 May 8, 2017 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Benz C, Střı́brná E, Hashimi H, Lukeš J
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stage [3]. Mitochondrial morphology is also dramatically altered during this inter-stagial trans-

formation, changing from a simple tube-like appearance in BSF to an elaborate and highly

branched structure with multiple cristae in PCF [4,5].

While the advantages of living in a nutrient-rich environment are obvious, the mammalian

bloodstream also presents BSF parasites with a number of challenges. The highly active, adap-

tive immune response of the host produces specific antibodies against the prevalent variant

surface glycoprotein (VSG) of the parasite, and only periodic switching to another variant

from the vast VSG reservoir present in its genome allows T. brucei to survive [6,7]. Another

mechanism to escape immunological detection is the dramatic upregulation of endocytosis in

BSF as compared to PCF, which facilitates surface coat recycling [8]. This rapid recycling

mechanism has potentially evolved to clear VSG-bound host antibodies from the cell surface

[9] and is crucial for trypanosome survival. Any disturbance of the endocytic process, such as

caused by depletion of the major endocytic vesicle coat protein clathrin [10] or the cytoskeletal

protein actin [11] is rapidly lethal in BSF. In trypanosomes, all exo- and endocytosis occurs

through a single invagination of the plasma membrane located at the posterior end of the cell,

the flagellar pocket, and hence endocytosis defects are rapidly manifested as a visible swelling

of this pocket [12]. This so-called ‘big eye’ phenotype or flagellar pocket enlargement has also

been observed in PCF upon depletion of clathrin [10]. However, it does not appear to be the

primary or most important defect in this stage because an accumulation of intracellular vesi-

cles and a general rounding up of the cells was also observed [10].

Endocytosis in BSF and mitochondrial division in PCF parasites belong to the most impor-

tant cellular processes for the respective life stage and both are generally regulated by a GTPase

of the dynamin family. Dynamins and dynamin-like proteins (DLPs) belong to a group of well

conserved large GTPases with important functions in endocytosis and in the division of organ-

elles such as mitochondria and peroxisomes. The group also includes fusion GTPases, such as

the inner mitochondrial membrane protein optic atrophy 1 (OPA1) and the outer mitochon-

drial membrane GTPases mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) [13]. Upon contact with

membranes, dynamin oligomerizes and forms spirals, the constriction of which eventually

leads to fission [14]. Structurally, dynamins and DLPs consist of an N-terminal GTPase

domain, a middle stalk domain which is important for dimerization and a C-terminal GTPase

effector domain (GED) (Fig 1A). In contrast to dynamins, DLPs have no transmembrane or

lipid-interacting Pleckstrin homology (PH) domains and the proline-rich domain near the C-

terminus is also missing (Fig 1A). Instead, DLPs have an additional insert “B”, which might be

important for interaction with adaptors that specifically target them to a certain organelle [14].

Moreover, insert B is a hotspot for post-translational modifications [15] and splice variants

[16]. Lacking any transmembrane or lipid-interacting domains, DLPs are soluble cytosolic

proteins that have to be recruited to mitochondria and peroxisomes by certain adaptor pro-

teins [17]. Whereas dynamins are extremely well conserved, their adaptor proteins are not,

and differ significantly from organism to organism. Mitochondrial fission 1 (Fis1), mitochon-

drial fission factor (Mff), mitochondrial dynamics proteins of 49 kDa (Mid49) and 51kDa

(Mid51) are DLP adaptors found in mammalian cells [18], while Fis1, mitochondrial division

protein 1 (Mdv1) and Caf4 play the same role in yeast [19]. The role of Fis1 in mitochondrial

division in mammals remains controversial [18], and it might only be needed for mitochon-

drial targeting of DLP in certain stress situations and/or specific tissues [20].

With a shared function in membrane remodelling, dynamins are found in all kingdoms of

life including bacteria. Most prokaryotes encode at least two dynamin or DLP variants, which

can be arranged in an operon [21]. If two paralogs are present, they most likely result from a

gene duplication event and in some bacterial species have even fused into a single protein [21].

While the function of bacterial dynamins has not been investigated in great depth, Bacillis
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Fig 1. Bioinformatics analyses of TbDLP1 and TbDLP2. A) Domain structure of a typical dynamin and DLP.

Dynamin consists of five different domains, an N-terminal GTPase domain (light blue), a middle domain or stalk

(yellow), a PH domain (orange), a GTPase effector domain (GED, red) and the C-terminal proline-rich domain (PR,

green). DLPs lack the PH and PR domains, but have additional inserts A and B (black). B) Scheme of the genomic

locus of TbDLP1 and TbDLP2 on chromosome 3 (not to scale). TbDLP1 and TbDLP2 are in blue. Paralogous

genes are indicated by the same colour and gene names were abbreviated to the final 4 numbers. Tb927.3.4730

and Tb927.3.4770: LRTP, purple boxes; Tb927.3.4740 and Tb927.3.4780: conserved hypothetical protein, pink

boxes; Tb927.3.4750 and Tb927.3.4770: putative aminopeptidase M1, green boxes. C)Clustal Omega alignment of
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subtilis DynA was found to promote membrane fusion and was localised to the site of septation

[22]. If present, both bacterial dynamin variants have to cooperate to be active, which is remi-

niscent of the outer mitochondrial membrane fusion dynamins Mfn1 and Mfn2 in mammals.

These proteins are highly related, but functionally non-redundant [23].

Previous work on trypanosome DLP initially suggested that it was involved solely in mito-

chondrial division [24]. Here, it is important to note that T. brucei cells invariably carry a single

mitochondrion, which therefore needs to be properly replicated and faithfully segregated dur-

ing cytokinesis to generate viable progeny [25, 26], hence rendering mitochondrial fission

essential for parasite survival. TbDLP remains the only identified mitochondrial fission protein

in T. brucei to date, and nothing is known about the mechanism and/or regulation of this

highly important process. How exactly mitochondrial fission is coordinated with the rest of

the cell cycle has also not been explicitly investigated. It was shown, however, that the depletion

of TbDLP in PCF also causes a rather dramatic disruption of endocytosis and flagellar pocket

enlargement in addition to effects on mitochondrial division and cytokinesis [27]. These

authors also suggested that the cytokinesis defects arise as a consequence of a specific cell cycle

checkpoint rather than a mechanistic cytokinesis block caused by the undivided and hence

trapped mitochondrion. So is TbDLP indeed a multifunctional dynamin as suggested or is

there more to the story than meets the eye?

From an evolutionary point of view, the last eukaryotic common ancestor (LECA) is

thought to have had a bifunctional dynamin responsible for both endocytosis and organelle

division, which further diversified during evolution [28]. According to this analysis, functional

specialization of dynamins and the development of different isoforms occurred at least on

three independent occasions. This may also be the case—at least to some extent—in the highly

diverged excavate T. brucei and related trypanosomatid protists. Reminiscent of the situation

in bacteria, the trypanosome DLP locus appears to have been duplicated and, given the differ-

ence in amino acid sequence between the TbDLP1 and TbDLP2 paralogs, we wondered

whether they already functionally diversified.

Proteomic evidence for the specific expression of TbDLP1 and TbDLP2 is readily available

in the literature (summarized in Table 1) and suggests a potentially differential expression of

TbDLP1 and TbDLP2 between BSF and PCF stages, as well as specific post-translational modi-

fications [29–34]. To more easily compare the different studies, we arbitrarily set the expres-

sion of either TbDLP to 100% in the proliferative long slender BSF and calculated the other

values accordingly. In summary, TbDLP1 was consistently less abundant in the PCF (with val-

ues varying between 22 and 74% in different studies; Table 1). Interestingly, this isoform

appears to be slightly upregulated in the other short stumpy BSF stage, a quiescent form that is

competent for uptake by the tsetse fly to complete the parasite’s life cycle [1].

In contrast, TbDLP2 levels increased around 5-fold during differentiation from long slen-

der to short stumpy BSF and remained high in PCF in two studies [30, 31], while three other

studies reported that the level of TbDLP2 remained either unaltered [30] or upregulated to a

minor extent [33, 34] (Table 1). However, it should be noted that in the reports in which no

TbDLP2 upregulation was observed in PCF, these cells were grown in SDM79 media contain-

ing 6 mM glucose [35], which is a preferred energy source over the amino acids that are

variable regions of TbDLP1 and TbDLP2. An alignment of TbDLP1 and TbDLP2, highlighting the 19 amino acid

variants. Colours indicate the domain these variants are found in and are the same as in A). Serine residues

highlighted in pink mark phosphorylation sites in TbDLP1. D) Phylogenetic tree of trypanosomatid DLP proteins.

Genus and species names identify organisms from which a single DLP ortholog was identified, while the paralog

names append T. brucei subspecies names. The free-living kinetoplastid B. saltans is included as an outgroup.

Numbers adjacent to nodes indicate calculated Bayesian posterior probabilities. Scale bar: substitutions per site.

https://doi.org/10.1371/journal.pone.0177200.g001
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normally consumed in the wild [36]. The proteomic studies demonstrating pronounced

TbDLP2 upregulation in PCF utilized media in which glucose was absent, thus requiring an

active mitochondrion for the catabolism of proline [36], and potentially also components of its

fission machinery.

Minor differences in amino acid sequence could potentially change the specificity of

TbDLP interactions with corresponding adaptor proteins or the availability for post-transla-

tional modifications and hence affect stability of either paralog in a given life stage. Alterna-

tively, targeting to either the flagellar pocket or the mitochondrion could thus be regulated.

Our results show that while TbDLP1 alone is essential and sufficient for BSF trypanosomes,

their PCF counterparts depend on both TbDLPs for normal growth, endocytosis and mito-

chondrial morphology.

Materials and methods

Cell lines, cultivation and growth curves

BSF single marker (SM) and PCF 29–13 cells [37] were cultured essentially as described else-

where [38]. BSF and PCF clones bearing p2T7-177 derived RNAi constructs [39] and pT7V5-

based overexpression constructs [40] were induced with 1 μg/ml tetracycline. For growth mea-

surements, BSF and PCF cell lines were induced at a density of 1 x 105/ml and 1 x 106/ml,

respectively, counted daily and diluted back to the initial density as appropriate.

Plasmids, transfections and selection

For creating the TbDLP RNAi plasmid, a fragment of the N-terminal part of the open reading

frame (ORF) (nts 75–512) was amplified with primers CB36 and CB38 (S1 Table), digested

with BamHI and XhoI and cloned into p2T7-177 [39] to create plasmid pCR56. It should be

noted that the amplified fragment lies within the part of TbDLP1 and TbDLP2 that is exactly

identical at the nucleotide level. To specifically add a tag to the N-terminus of either TbDLP at

Table 1. Summary of available TbDLP proteomics data.

TbDLP1 (Tb927.3.4720) TbDLP2 (Tb927.3.4760) Reference

Abundance LS:100%

SS:153%

PCF:40%

LS:100%

SS:457%

PCF:310%

[31]

LS:100%

SS:140%

PCF:74%

LS: 100%

SS: 560%

PCF: 500%

[30]

BSF: 100%

PCF: 40%

Not regulated* [29]

BSF:100%

PCF: 30%

BSF: 100%

PCF: 126%*
[33]

BSF: 100%

PCF: 22%

BSF: 100%

PCF: 116%*
[34]

Post-translational modifications S537-P

S540-P (BSF)

- [32]

[33]

Proteomics data as available through www.tritrypdb.org was analysed according to the specificity of the observed peptides for TbDLP1 or TbDLP2. Only

specific peptides were considered for the abundance changes and the values for the long slender (LS) BSF stage arbitrarily set to 100%. SS indicates short

stumpy BSF;

* denotes PCF grown in SDM79 medium containing glucose.

Both phosphorylation sites on TbDLP1 were identified in both studies mentioned.

https://doi.org/10.1371/journal.pone.0177200.t001
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their endogenous locus, a fragment of the N-terminal part of the ORF (nts 3–612) was ampli-

fied from T. brucei 427 genomic DNA using primers CB48 and CB29 (S1 Table), digested with

BglII and HpaI and cloned into compatible BamHI-EcoRV sites of p2678 [41], thus creating

plasmid pCR19. These sites were chosen because the TbDLP ORF contains multiple sites for

the most commonly used restriction enzymes, thus necessitating shortening of the protein C

part of the PTP-tag in the vector. This modification hinders detection of the tagged protein

with anti-protein C antibody as well as tandem affinity purification of the tagged TbDLPs,

while still allowing single-step purification using IgG-Sepharose, which binds to the protein A

part of the tag. The construct was linearized with HindIII (cutting after nt 67), thus creating a

tagged protein without interfering with the specific parts of either TbDLP. For the TbDLP res-

cue constructs, a recoded and hence RNAi-refractory N-terminal part of the protein (nts

1–572) was synthesised by ShineGene Molecular Biotech (China). This N-terminal part was

amplified with primers CB69 and CB70 (S1 Table) from the provided plasmid (the created

fragment encompassed nts 1–512), and then digested with HindIII and EcoRV. Next, it was

ligated together with a C-terminal fragment of TbDLP (nts 513–1983) amplified with primers

CB67 and CB68 (S1 Table) and digested with EcoRV and BglII into HindIII-BamHI sites of

pT7V5 [40]. The identity of the amplified TbDLP was verified by sequencing of the entire con-

structs (pCR40 = TbDLP1-V5; PCR55 = TbDLP2-V5).

Both overexpression plasmids and the RNAi plasmid were digested with NotI for lineariza-

tion, while pCR19 for endogenous tagging was linearized utilising an internal HindIII site. All

constructs were transfected into BSF SM or PCF 29–13 cells using the Amaxa Nucleofector II

electroporator and programs X-001 (BSF) and X-014 (PCF), respectively. Selection was with

5 μg/ml phleomycin (pCR56 [TbDLP RNAi]), 0.5 μg/ml puromycin (pCR19 [PTP- TbDLP],

pCR40 [TbDLP1-V5] and pCR55 [TbDLP2-V5]) for PCF and 0.2 μg/ml phleomycin (pCR56

[TbDLP RNAi]), 0.2 μg/ml puromycin (pCR19 [PTP- TbDLP], pCR40 [TbDLP1-V5] and

pCR55 [TbDLP2-V5]) for BSF.

Identification of endogenously tagged TbDLPs

The endogenous tagging construct (pCR19) was designed to integrate into either of the

TbDLP loci without changing the coding sequence of the targeted protein. To identify which

protein was tagged with PTP, genomic DNA was isolated from all BSF and PCF clones

expressing a tagged protein of the correct size as shown by western blot analysis, using the Qia-

gen DNA extraction kit and following the manufacturer’s instructions. PCR amplification was

then performed using forward primer CB30 (binding within the PTP tag) and reverse primers

CB31 (specific for the TbDLP1 intergenic region 3’ of the ORF) and CB32 (specific for the

TbDLP2 intergenic region 3’ of the ORF). Clones expressing PTP-TbDLP1 and PTP-TbDLP2

were thus identified in both life cycle stages (S1 Fig; details of oligos in S1 Table).

Northern and western blot analysis

Ten μg per sample of total RNA was isolated from BSF or PCF cells, resolved on a formalde-

hyde gel that was blotted onto nitrocellulose membrane by overnight capillary transfer. This

membrane was hybridized as previously described [42], using a 5’-end, 32P-labelled antisense

probe generated from the CB36 and CB38 amplicon template.

Trypanosome cell lysates were prepared by boiling in 1x Laemmli buffer and the equivalent

of 2 x 106 cells was loaded per lane onto an SDS PAGE gel. Proteins were transferred to nitro-

cellulose or PVDF membranes using wet transfer. Following a blocking step in 5% milk-phos-

phate-buffered saline (PBS) for 1 hr at room temperature, blots were incubated in primary

antibody overnight at 4˚C. After two 5 min washes in PBS, blots were incubated with the
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appropriate horse radish peroxidase (HRP)-coupled secondary antibody (α-mouse or α -rab-

bit; used at 1:2,000 dilution; Sigma) at room temperature for 1 hr before two further washes in

PBS. Signals were developed using the Clarity ECL substrate (BioRad, USA). The following

primary antibodies were used in this study: α -protein A (produced in rabbit; used at 1:20,000;

Sigma-Aldrich), α -V5 (produced in mouse; used at 1:1,000; Invitrogen), α -enolase (produced

in rabbit; used at 1:2,000; gift from Paul A.M. Michels), α -HA (produced in mouse, used at

1:1,000, Sigma-Aldrich). Band intensities were quantified using Image J software [43].

Immunofluorescence

BSF and PCF parasites were incubated with 100 nM MitoTracker Red CMXRos (Molecular

Probes) for 30 min at 37 and 27˚C, respectively, washed and spread onto glass slides. After 10

min of drying, slides were put into methanol at -20˚C for 1 hr before rehydration in PBS. Slides

were then incubated in α -protein A antibody (used at 1:50,000; Sigma-Aldrich) for 1 hr at

room temperature. Following two 5 min washes in PBS, the secondary antibody (goat α -rabbit

AlexaFluor488; used at 1:200; Molecular Probes) was added to the slides which were incubated

in the dark for 1 hr at room temperature. After two 5 min washes in PBS, DAPI (used at 1 μg/

ml; Sigma-Aldrich) was added for 5 min and washed off again with two 5 min incubations in

PBS. Coverslips were applied to the slides and fixed with nail polish. Slides were examined

using an Axioscope 2 fluorescent microscope (Zeiss).

Electron microscopy, DAPI staining and big eye counts

For transmission electron microscopy (TEM), pelleted BSF and PCF cells were processed as

described elsewhere and observed in a JEOL 1010 TEM at an accelerating voltage of 80 kV

[42].

Slides were prepared at the same times as growth was recorded and stored in -20˚C metha-

nol for further analysis. Following rehydration in PBS, a DAPI solution (final concentration

1 μg/ml) was applied and slides were immediately examined under a fluorescent microscope.

At least 200 cells per slide were counted and scored according to their number of nuclei and

kinetoplasts. From the same slides, at least 200 phase contrast images were scored as to

whether or not they had a big eye phenotype (enlargement of the flagellar pocket area). Experi-

ments were performed in triplicate for every cell line and time point analysed. Error bars are

standard deviations from three biological replicates.

Bioinformatics

TbDLP (Tb927.3.4720 and Tb927.3.4760) sequences were retrieved from the TriTrypDB web-

site (www.tritrypdb.org) and aligned using Custal Omega [44]. The cartoon version of the

TbDLP locus was generated in PowerPoint (Microsoft) and information within obtained from

the TriTrypDB website (www.tritrypdb.org).

Kinetoplastid DLP homologues were identified and retrieved from the TriTrypDB website

(www.tritrypdb.org) using the T. brucei sequence as a query. The Bodo saltans sequence, which

was used as an outgroup, was obtained from the Sanger Institute database (http://www.sanger.

ac.uk/resources/downloads/protozoa/bodo-saltans.html). A list containing the accession num-

bers of the kinetoplastid DLPs is provided in S2 Table. The full dataset was then aligned in

MAFFT [45] using the localpair algorithm. The alignment was visually inspected and ambigu-

ously aligned regions were removed in Seaview 4 [46]. The maximum likelihood phylogenetic

topology was inferred using RAxML 8.28 [47] under the LG+G model. The best-scoring tree

as well as non-parametric bootstrap support was estimated using the fast-bootstrap algorithm

(-f a) from 1000 replicates. Bayesian posterior probabilities as another mean of branching
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support were computed in MrBayes 3.2 [48]. Four independent MCMC chains were run for

3x106 generations under the above mentioned model and default chain parameters, then

checked for convergence and after omitting the first 5x105 generations as burn-in, topology

and posterior probabilities were reconstructed.

Results

Genomic organisation

Within the genomic locus of the two trypanosome DLPs (TbDLP1:Tb927.3.4720 and TbDLP2:

Tb927.3.4760), there are three additional genes that are also duplicated (Fig 1B). Comparing

all of these ORFs at the nucleotide level as annotated in TriTrypDB (www.tritrypdb.org) shows

100% conservation for the other three ORFs (Tb927.3.4730/Tb927.3.4770: LRTP,

Tb927.3.4740/Tb927.3.4780: conserved hypothetical protein, Tb927.3.4750/Tb927.3.4790:

putative aminopeptidase M1) and even the intergenic regions between them are well con-

served. The only differences within the entire locus are found in the coding sequences of

TbDLP1 and TbDLP2, resulting in 19 amino acid variations in the final proteins (Fig 1C).

These differences are real and were corroborated by us when sequencing the rescue and over-

expression constructs produced in this study (data not shown). The three variations found

within the GTPase domain are either conserved (I199L, A200G) or not found in residues

important for activity when compared to human dynamin 1 (E196L) [49]. Most other varia-

tions are also conserved with the notable exception of the G531V and I538A substitutions

which are found within the insert B region. TbDLP1-specific phosphosites were found adjacent

to these in two independent studies [32, 33]. The two serine residues concerned (S537 and

S540) are also present in TbDLP2 but were not found to be post-translationally modified in

this protein.

Duplication of TbDLP appears to have only occurred in the T. brucei subclade, as evidenced

by other sequenced trypanosomatids and the free-living kinetoplastid Bodo saltans having only

one copy of the full DLP ORF within their respective genomes (Fig 1D).

Evidence of expression

To specifically localize TbDLP1 and TbDLP2 in our immunofluorescence assays (Fig 2A and

2B), we introduced an N-terminal in situ PTP tag into the genome of both BSF and PCF cells.

The N-terminus was chosen because it encompasses the invariable region of TbDLP1 and

TbDLP2, thus precluding the accidental generation of a hybrid protein as might have occurred

with either a TbDLP1 or TbDLP2- specific construct. This strategy also allowed easy identifica-

tion of the tagged protein by PCR analysis of the genomic DNA (S1 Fig). Both TbDLP1 and

TbDLP2 showed a punctate cytosolic distribution in either life cycle stage with a more concen-

trated signal at the posterior end of the cell in the flagellar pocket region (Fig 2A and 2B),

which is consistent with the previous results using overexpressed TbDLP-HA for localization

in PCF [27]. These results, however, do not correlate with those obtained using an antibody

generated against recombinant TbDLP that localized the protein to the mitochondrion [24].

Making use of the available PTP-tagged TbDLP bearing BSF and PCF cell lines (S1 Fig), we

performed a western blot, loading equal cell numbers and showing a lower abundance of

TbDLP1 (about 58%) and a higher abundance of TbDLP2 (about 150%, Fig 2C) in PCF. While

we cannot exclude that these expression levels were influenced by the additional presence of

the PTP tag, they correlate with mass spectrometry data from numerous studies [29–31, 33,

34] (Table 1). Moreover, the addition of an epitope tag was necessary to discern the two

TbDLP isoforms in this study.
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Fig 2. Localization and differential abundance of TbDLP1 and TbDLP2. A) Localization of TbDLP1in BSF and PCF.

Immunofluorescence analysis of endogenously PTP-tagged TbDLP1. DAPI, mitotracker (red) and anti-protein A antibody

(green), an overlay of the three and a phase contrast image is shown for each cell line and life cycle stage. Scale

bar = 5μm. B) Localization of TbDLP2 in BSF and PCF. Immunofluorescence analysis of endogenously PTP-tagged

TbDLP2. DAPI, mitotracker (red) and anti-protein A antibody (green), an overlay of the three and a phase contrast image is

shown for each cell line and life cycle stage. Scale bar = 5μm. C) Abundance of endogenously tagged TbDLP1 and

TbDLP2 in BSF and PCF. Equivalent numbers of cells were loaded and PTP-tagged TbDLP1 and TbDLP2 protein was

detected with anti-protein A antibody. Anti-enolase was used as a loading control. Band intensities were measured in

ImageJ, TbDLP levels in BSF were set to 1.0 and the PCF levels were calculated accordingly.

https://doi.org/10.1371/journal.pone.0177200.g002
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Characterisation of RNAi and rescue cell lines in BSF cells

To analyze the function of the TbDLPs separately, we decided to express RNAi-resistant ver-

sions of each protein in the background of a TbDLP-RNAi cell line. We designed our RNAi

construct to target a region within the very first 512 nucleotides, since these are exactly identi-

cal between the two paralogs. We had the same nucleotides recoded to be refractory to RNAi

and cloned these together with the remainder of either TbDLP1 or TbDLP2 into a vector

designed for protein overexpression with an additional C-terminal V5-tag [40].

As previously mentioned for BSF cells [24], induction of RNAi against TbDLP caused a

rapid effect on parasite growth, with proliferation starting to decrease after 24 hours of induc-

tion and cells slowly escaping the RNAi around day 3 post induction (Fig 3A). When RNAi

against TbDLP was induced in a cell line that also expressed a recoded version of TbDLP1,

both induced and non-induced cultures grew at a comparable rate (Fig 3A), proving efficiency

of the selected strategy. In contrast, expression of a recoded version of TbDLP2 in the same

RNAi background cell line was not able to rescue the observed growth defect of TbDLP deple-

tion (Fig 3A). Depletion of the endogenous TbDLP transcript was verified by northern blot

analysis and was comparable in all cell lines analyzed (Fig 3B), thus ruling out a rescue simply

caused by inefficient depletion of TbDLP mRNA. In addition, western blot analysis showed

expression of the recoded, V5-tagged proteins in both analyzed cell lines with the expression

of TbDLP2 being about 2 fold lower than TbDLP1 in this experiment (Fig 3C). Expression lev-

els of TbDLP2 were consistently lower than for TbDLP1 in different inductions and for several

clones (data not shown) and we cannot exclude that this prevented rescue of the observed phe-

notypes. Currently, we have no explanation for this observation since both proteins are

expressed using the same parental construct, which gives similar expression levels in the PCF.

Since the depletion of TbDLP had previously been shown to cause endocytosis defects in the

PCF flagellates [27], we also quantified the so-called ‘big eyes’ in all cell lines described above

over the first 24 hours of RNAi induction. As expected, TbDLP RNAi caused a rapid appear-

ance of these cell types, reaching a plateau of about 20% after 16 hours of the addition of tetra-

cycline (Fig 3D). Similar to the effects on growth, this phenotype was also rescued by the

presence of TbDLP1, where a minor initial increase of endocytosis defects after 10 hours of

RNAi induction was mostly overcome by 16 and 24 hours (Fig 3D). This was not the case with

the expression of TbDLP2, where the amount of cells with the ‘big eye’ phenotype increased

steadily over the course of induction to reach a similar percentage as the TbDLP RNAi-only

cell lines (Fig 3D). No cell cycle defects were observed in any of the cell lines investigated and

described in this study (S2A Fig). Moreover, overexpression of either TbDLP in a wildtype

background did not affect growth (S3A and S3B Fig), the cell cycle (S3C Fig), or endocytosis

(S3D Fig).

Characterization of RNAi and rescue cell lines in PCF cells

The same TbDLP RNAi and rescue experiments performed in PCF parasites gave rather differ-

ent results. RNAi against the TbDLP transcript caused a rapid growth defect in agreement

with previous studies [24,27], but neither the expression of recoded TbDLP1 nor TbDLP2

could fully rescue this growth defect (Fig 4A). Instead, the growth of both induced cell lines

was somewhere in-between the induced and non-induced TbDLP RNAi-only cell lines, with

all analyzed cell lines eventually escaping the RNAi response after day 4 post-induction. Effi-

ciency of TbDLP RNAi was monitored by northern blot and shown to be similar in all ana-

lyzed lines (Fig 4B). Expression of the V5-tagged rescue proteins was also similar and

consistent over several days of induction (Fig 4C).
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Performing the ‘big eye’ analysis on these cell lines at days 2, 3, 4 and 5 post RNAi-induc-

tion showed a steady increase in endocytosis defects in the TbDLP RNAi-only cells until it

reached about 12% at day 4 (Fig 4D). Subsequently, the percentage of visibly altered flagellates

decreased again concomitant with a restart of their wild type growth (Fig 4A and 4D). TbDLP1

expression did not affect the development of endocytosis defects initially until day 3; the num-

ber of big eyes then decreased a day earlier than in the TbDLP RNAi-only cell line (Fig 4D).

TbDLP2 expression on the other hand mimicked TbDLP RNAi only in this experiment (Fig

4D). None of the cell lines showed any cell cycle defects in our study (S2B Fig) in contrast to

what has been reported previously [27]. We cannot exclude that this is a consequence of differ-

ent RNAi vectors used (i.e. an intramolecular stem-loop RNAi construct in the study of Cha-

nez et al. versus double T7 promoters yielding two complementary RNA strands in our study)

and the resulting differences in RNAi efficiency.

To analyze any potential defects in mitochondrial division, such as an accumulation of

undivided mitochondria, transmission electron microscopy (TEM) analyses were performed

for all three cell lines (Fig 5). Over several days of induction of TbDLP RNAi, an accumulation

Fig 3. Characterization of TbDLP RNAi and rescue cell lines in BSF. A) Cumulative growth of a TbDLP RNAi (squares), TbDLP RNAi + TbDLP1

rescue (TbDLP1r; dots) and TbDLP RNAi + TbDLP2 rescue (TbDLP2r; triangles) cell line. The presence of tetracycline is indicated by open symbols and

dashed lines, while the absence is indicated by solid symbols and unbroken lines. B) Northern blot of the respective cell lines shown in A). Cell lines were

induced for 24 hours with tetracycline before sample preparation. The blot was probed with the TbDLP RNAi fragment and the ethidium bromide stained

gel is shown as a loading control. C) Western blot of TbDLP1 and TbDLP2 rescue cell lines. Recoded, RNAi-resistant TbDLP1/2 was detected with an

anti-V5 antibody. Anti-tubulin antibody was used as a loading control. D) Quantification of endocytosis defects in all three cell lines. Example images of

wildtype and ‘big eye’ cells are shown, scale bar = 5μm. Arrows point at the enlarged flagellar pocket. At least 200 cells per time point and cell line were

scored according to the size of their flagellar pocket by light microscopy. The experiments were performed in triplicate.

https://doi.org/10.1371/journal.pone.0177200.g003
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of vesicles within the mitochondrion (Fig 5B and 5C) in addition to visible constrictions (Fig

5; arrows) became apparent (Fig 5A–5C). The appearance of vesicles was rescued by the

expression of either TbDLP1 or TbDLP2 as in these cell lines no such morphological alter-

ations could be observed at any time point post RNAi-induction (Fig 5D–5I). In contrast, visi-

ble mitochondrial constrictions were still present in both rescue cell lines (Fig 5; arrows)

potentially slowing down but not completely abolishing mitochondrial division, a phenome-

non reported previously [24].

Discussion

We started our investigations with the following simple hypothesis: If both highly similar

TbDLP proteins fulfil identical functions, why would there be any variation in sequence?

Given the extremely rapid endocytosis in BSF and the much higher reliance on the process for

survival in the context of antigenic variation, upregulation of a TbDLP involved in scission of

endocytic vesicles can be envisaged. And vice versa, with the PCF mitochondrion so much

more metabolically active and morphologically complex than its BSF counterpart, the upregu-

lation of machinery involved in mitochondrial division in this life stage seems appropriate.

Fig 4. Characterization of TbDLP RNAi and rescue cell lines in PCF. A) Cumulative growth of a TbDLP RNAi (squares), TbDLP RNAi + TbDLP1

rescue (TbDLP1r; dots) and TbDLP RNAi + TbDLP2 rescue (TbDLP2; triangles) cell line. The presence of tetracycline is indicated by open symbols

and dashed lines, while the absence is indicated by solid symbols and unbroken lines. B) Northern blot of the respective cell lines shown in a). Cell

lines were induced for 24 hours with tetracycline before sample preparation. The blot was probed with the TbDLP RNAi fragment and also with beta-

tubulin as a loading control. C) Western blot of TbDLP1 and TbDLP2 rescue cell lines. Recoded, RNAi-resistant TbDLP1/2 was detected with an

anti-V5 antibody. Anti-tubulin antibody was used as a loading control. D) Quantification of endocytosis defects in all three cell lines. Example images

of wildtype and ‘big eye’ cells are shown, scale bar = 5μm. Arrows point at the enlarged flagellar pocket. At least 200 cells per time point and cell line

were scored according to the size of their flagellar pocket by light microscopy. The experiments were performed in triplicate.

https://doi.org/10.1371/journal.pone.0177200.g004
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And indeed, proteomic evidence seemed to corroborate our ideas with different abundances

noted for the two proteins in different life stages (Table 1 and references therein).

The family of dynamins and DLPs is huge, and members found within any one organism

are usually highly specialised, at least when it comes to higher eukaryotes. Organ- and tissue-

specific expression of the three mammalian dynamins has been observed, with dynamin 1

Fig 5. Transmission electron microscopy (TEM) analysis of PCF TbDLP RNAi, TbDLP1 and TbDLP2 rescue cell lines. A)-C): TbDLP RNAi cell

line, induced for 2 (A), 3 (B) and 4 (C) days, D)-F): TbDLP1 rescue cell line, induced for 2 (D), 3 (E) and 4 (F) days, G)-I): TbDLP2 rescue, induced for 2

(G), 3 (H) and 4 (I) days. Scale bar = 500nm, arrows point to mitochondrial constrictions observed in all three cell lines.

https://doi.org/10.1371/journal.pone.0177200.g005
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mostly found in neuronal cells, dynamin 2 being ubiquitously expressed and dynamin 3 pres-

ent in the brain and testes in addition to some other tissues [50]. Differential splicing of these

three dynamin isoforms generates an even bigger diversity of the expressed proteins and can

also result in differential localisation within the cell [50].

The ancestral situation as is predicted for LECA, postulating one bifunctional protein for

both mitochondrial and vesicle scission is supposedly also found in T. brucei and other exca-

vate protists, as well as in some species or strains of red algae and stramenopiles [28]. However,

at this point we cannot rule out that a heterodimer of the two TbDLPs is responsible for both

endocytosis and mitochondrial division, at least in the PCF stage. This notion is consistent

with our finding that the two paralogs exhibit an apparently identical localization throughout

the cell, both concentrating at the posterior end of the cell in the region of the flagellar pocket

and in punctate cytosolic foci. However, our results in which RNAi-refractory TbDLP1 was

expressed upon simultaneous silencing of both paralogs indicate that this paralog is indeed

vital and sufficient for proper endocytosis in BSF cells, regardless of its oligomeric state.

Interestingly, TbDLP1 was found to be phosphorylated on two serine residues within a

motif that differs between the two TbDLPs [32, 33], and both studies found this post-transla-

tional modification in BSF cells. Specific interactions with potential adaptors or the activity of

the DLP-containing machinery could depend on post-translational modifications present or

absent from the TbDLP oligomer in question, as has been reported for phosphorylation of the

mitochondrial scission protein Drp1 and the endocytic activity of dynamin 1 in human neu-

rons [51, 52]. Since different DLP adaptor proteins are used according to specific circum-

stances or environmental conditions in mammalian cells [53, 54], maybe a homo- or

heterodimer of TbDLP could also function differently in long slender BSF versus PCF, depend-

ing on specific post-translational modifications occurring at one of these T. brucei life cycle

stages. Our RNAi and rescue experiments in PCF strongly suggest that neither TbDLP alone

can fulfil all functions essential for wild type cell growth, which is slowed down in both rescue

cell lines and severely inhibited in the TbDLP RNAi line. The main morphological defects

observed upon depletion of TbDLP, namely an increase in mitochondrial constrictions and

endocytosis defects, still persist to some extent in both rescue cell lines. If we assume that a

TbDLP heterodimer is important for all DLP functions in PCF, the absence or depletion of

one TbDLP would force the remaining protein to form mostly homodimers. These might only

partially fulfil the essential functions of TbDLP in the cell and thus compromise growth, endo-

cytosis and mitochondrial fission. Since endocytosis is not such an important process in PCF,

the parasite might be able to handle a certain amount of downregulation without any detri-

mental effects on cellular functions. In contrast, the BSF flagellates generally rely on extremely

rapid endocytosis and hence even minor disturbances can lead to rapid cell death. A rounding

up of the BSF TbDLP RNAi cells has been observed following longer induction times (data not

shown), a general phenotype arising from systemic distress to the cell upon interference of

essential pathways. Thus, we cannot exclude that this result could potentially mask additional,

long-term effects to the mitochondrion that are specific to TbDLP-depletion.

Recently, another protein homologous to the fusion GTPase mitofusin, called TbMFNL

(Tb927.7.2410), has been identified and characterised in T. brucei [55]. Depletion of this pro-

tein by RNAi caused a mitochondrial fenestration phenotype in BSF, suggesting an involve-

ment in division and/or shaping the morphology of the organelle in this life cycle stage.

However, depletion of TbMFNL did not cause cell death, suggesting that BSF cells somehow

manage to generate viable progeny presumably containing parts of the mitochondrion. Logis-

tically, division of the BSF organelle should be a lot less challenging than that of its PCF coun-

terpart, for which extensive branching is characteristic. It is plausible that the thin connections

observed in the fenestration phenotype can be mechanically pulled apart by the ingressing
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cleavage furrow of the dividing cell [56]. If depletion of TbMFNL is sufficient to cause mito-

chondrial fenestration, TbDLP might play only a minor role in mitochondrial fission in BSF.

Moreover, it would be interesting to analyse the phenotype of TbMFNL depletion in PCF, the

stage in which the protein is upregulated as compared to long slender BSF [30], and its poten-

tial interplay with TbDLP in mitochondrial maintenance and inheritance.
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S1 Fig. Verification of PTP-tagged cell lines. A) PCR analysis to verify identity of tagged

TbDLP in BSF. Primers binding specifically within the 3’UTR of TbDLP1 (CB31) and TbDLP2

(CB32) were used in combination with a primer annealing to the PTP tag (CB30). 427: wild-

type cell line used as a negative control, c1, c2, c4, c5, and c6: clones obtained that expressed a

PTP-tagged protein of the right size on a western blot (not shown). B) PCR analysis to verify

identity of tagged TbDLP in PCF. Primers binding specifically within the 3’UTR of TbDLP1

(CB31) and TbDLP2 (CB32) were used in combination with a primer annealing to the PTP tag

(CB30). 427: wildtype cell line used as a control, B2: BSF clone 2 used as a positive control for

TbDLP1, B1: BSF clone 1 used as a positive control for TbDLP2, c1, c3 and c4: clones obtained

(not shown).

(TIF)

S2 Fig. Cell cycle analysis of TbDLP RNAi, TbDLP1 and TbDLP2 rescue cell lines. A) Cell

cycle analysis for all BSF cell lines. DAPI-stained slides were scored according to the number

of nuclei (N) and kinetoplasts (K). At least 200 cells per time point and cell line were analysed

in triplicate. B) Cell cycle analysis for all PCF cell lines. DAPI-stained slides were scored

according to the number of nuclei (N) and kinetoplasts (K). At least 200 cells per time point

and cell line were analysed in triplicate.

(TIF)

S3 Fig. Overexpression of TbDLP1 and TbDLP2 in BSF. A) Cumulative growth of a

TbDLP1-V5 (squares) and a TbDLP2-V5 rescue (dots) cell line. The presence of tetracycline is

indicated by open symbols and dashed lines, while the absence is indicated by solid symbols

and unbroken lines. B) Western blot of TbDLP1-V5 and TbDLP2-V5 expressing cell lines.

Overexpressed TbDLP was detected with an antibody against the V5 tag. Anti-enolase anti-

body was used as a loading control. C) Cell cycle analysis for both cell lines. DAPI-stained

slides were scored according to the number of nuclei (N) and kinetoplasts (K). At least 200

cells per time point and cell line were analysed in triplicate. D) Quantification of endocytosis

defects in both cell lines. At least 200 cells per time point and cell line were scored according to

the size of their flagellar pocket by light microscopy. The experiments were performed in tripli-

cate.

(TIF)
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Parasitology, Košice, Slovakia) for help with generating RNAi and expression constructs.

Author Contributions

Conceptualization: CB.

Formal analysis: CB HH JL.

Funding acquisition: HH JL.

Investigation: CB ES HH.

Supervision: JL.

Validation: CB HH ES.

Visualization: CB ES HH.

Writing – original draft: CB.

Writing – review & editing: CB HH JL.

References
1. Matthews KR. The developmental cell biology of Trypanosoma brucei. J Cell Sci. 2005; 118: 283–90.

https://doi.org/10.1242/jcs.01649 PMID: 15654017

2. Tielens AGM, Van Hellemond JJ. Differences in energy metabolism between Trypanosomatidae.

Trends Parasitol. 1998; 14: 265–271.

3. Bienen EJ, Saric M, Pollakis G, Grady RW, Clarkson ABJ. Mitochondrial development in Trypanosoma

brucei brucei transitional bloodstream forms. Mol Biochem Parasitol.; 1991; 45: 185–192. PMID:

1645458

4. Tielens AGM, van Hellemond JJ. Surprising variety in energy metabolism within Trypanosomatidae.

Trends Parasitol. 2009; 25: 482–90. https://doi.org/10.1016/j.pt.2009.07.007 PMID: 19748317
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