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Abstract

We have conducted a protein interaction study of components within a specific sub-compartment of a eukaryotic flagellum.
The trypanosome flagellum contains a para-crystalline extra-axonemal structure termed the paraflagellar rod (PFR) with
around forty identified components. We have used a Gateway cloning approach coupled with yeast two-hybrid, RNAi and
2D DIGE to define a protein-protein interaction network taking place in this structure. We define two clusters of interactions;
the first being characterised by two proteins with a shared domain which is not sufficient for maintaining the interaction.
The other cohort is populated by eight proteins, a number of which possess a PFR domain and sub-populations of this
network exhibit dependency relationships. Finally, we provide clues as to the structural organisation of the PFR at the
molecular level. This multi-strand approach shows that protein interactome data can be generated for insoluble protein
complexes.
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Introduction

Trypanosomatid protozoan parasites are the causative agents of a
number of diseases responsible for the death of thousands of people
in developing countries. There is currently little hope for a vaccine
and existing treatment regimes are associated with high toxicity. All
trypanosomes produce a single flagellum which is involved in
numerous aspects of parasite biology including motility, cytokinesis,
environment sensing, attachment to the host [1,2,3,4,5,6] and in the
case of the African trypanosome Trypanosoma brucei, correct
generation and function of the flagellum is essential for the survival
of the mammalian bloodstream stage [7]. The flagellum incorpo-
rates the canonical 9+2 microtubular eukaryotic axoneme and, as
with the flagella of many species, has several additional lineage
specific features. One of these additional features is an extra-
axonemal para-crystalline structure termed the paraflagellar rod
(PFR). The PFR of 7. brucei has a complex subdomain organisation
which includes proximal, intermediate, and distal domains as well as
links to specific doublets of the axoneme and the flagellum
attachment zone (FAZ) [8,9]. In addition to its role in motility
[10,11], the PFR serves as a platform for metabolic and signaling
enzymes [2,12,13] and is essential for the survival of the mammalian
infective form of the parasite in the host bloodstream [14].

The eukaryotic flagellum is a widely conserved organelle and
was a feature of the ancestor of all eukaryotes. The flagellum is
implicated in an ever growing spectrum of human genetic disease
[15] and is an attribute of many pathogenic organisms. It has been
the subject of a number of recent proteomic characterisations in
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several model organisms and this analysis of components has also
been extended to substructures of the axoneme such as the radial
spokes and basal bodies [16,17]. Our group has recently produced
a 1. brucei flagellar proteome [7] as well as a PFR proteome
generated using comparative proteomics that consists of 30 high
confidence proteins including 20 that were previously annotated in
the genome as hypothetical [18]. Although these studies have
mmproved our knowledge of the protein composition of the
flagellum, the contribution of many of these newly identified
components to structure and function remains to be determined.

A variety of functional genomics tools that have the potential to
complement these large-scale proteomic assays of the flagellum are
available. Yeast two-hybrid analyses have been extensively used to
systematically investigate interactions of proteins in many model
organisms [19,20,21,22] at genome scale. Although local studies of
flagellar functions have used the yeast two-hybrid approach to
interrogate specific protein-protein interactions [23,24,25,26], the
utility of this technique for high throughput investigation has yet to be
exploited for this organelle. A systematic interrogation of protein
interactions in the flagellum is likely to provide valuable insight into its
molecular architecture and functions. Another very powerful tool for
the analysis of protein function in 7. bruce is the ability to inducibly
ablate protein expression by RNAi [27]. This has been done for
individual proteins involved in a variety of cell processes as well as
systematically as part of the Trypanofan project [28]. We have
recently demonstrated that combining inducible RNAi with compar-
ative proteomics techniques is a very powerful approach for the
mterrogation of dependent cohorts and sub-cohorts within complex
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protein structures [18]. We were able to identify an inter-dependent
subset of proteins within the PFR cohort and propose a role for
calcium signalling in the regulation of PFR adenylate kinases [18].
There is also evidence for either direct or indirect interactions between
the major PFR components and calmodulin [13], strengthening the
hypothesis for a major role for calcium in PFR function. We aim to
provide evidence of interactions within the flagellum by a systematic
yeast two-hybrid screen and to employ the above biochemical analyses
to further elucidate the nature of the interactions.

Our PFR proteome forms a discreet subset of proteins within the
flagellum and here we have used this as a training set for
interrogating protein interactions and dependencies within the
insoluble structural fraction of the flagellum. We have generated an
open reading frame (ORF) library of 28 PFR proteins which is fully
compatible with Gateway® cloning technology. We have used this
library to perform a yeast two-hybrid screen and have identified
novel protein-protein interactions within the PFR cohort. We have
created a Gateway® compatible inducible RNAi vector based on
p2T7-177 [29]-p2T7-177-GTW - and have successfully used this to
ablate the expression of a number of PFR proteins. We have used
this new vector in conjunction with biochemical and proteomics
techniques to interrogate the nature of the interactions detected in
the yeast two-hybrid screen and have identified new dependency
networks and clues to the hierarchical nature of these interactions.

Methods

Cell Culture

Procyclic form Trypanosoma brucei brucei were cultured at 28°C in
SDM 79 medium supplemented with 10% v/v foetal calf serum
(Gibco) [30]. Cells were diluted as necessary to maintain the
culture in log-phase and RNAI induction was achieved by the
addition of doxycyclin to the culture medium to a final
concentration of 1 pg ml™ .

Vector Construction

The nucleotide sequence 5'-CTAGTGGGGACAACTTTGTA-
CAAAAAAGTTGGCtcttgaggttccaggettctcgagCCCAACTTTCT-
TGTACAAAGTTGTCCCCTTCGA-3",  containing  AttBl,
AttB2 and restriction enzyme recognition sites for Xbal, BamHI,
HindIII and Xhol was inserted into p217-177 between the
restriction sites for Xbal and Clal such that the sites were destroyed.
A BP reaction (Invitrogen) between this plasmid and pDNR223 was
performed to obtain p2T7-177-GTW.

ORFeome Construction

Open reading frames were amplified from 7. brucei (strain 927)
genomic DNA by PCR using primers containing AttB1 and AttB2
recognition sequences (Table S1) positioned relative to the ORF as
previously described [31]. Purified ORF fragments were trans-
ferred to pDNR223 using BP clonase (Invitrogen) and from there
to p2T7-177 GTW, pAD and pDB using LR clonase (Invitrogen).
pDNR223, pAD and pDB were kind gifts of Prof Marc Vidal,
Dana Farber Cancer Institute, Harvard University.

Transfection. 1015 pg of purified linearised plasmid DNA was
used to transfect 2.5 107 of logarithmically growing 29:13 procyclic
form 7. brucer [32] by electroporation (3x100 us pulses of 1700 V
at interval of 200 ms). Transfected cells were selected by the
addition of 5 ug ml~! Phleomycin to the growth medium.

Preparation of Flagella, Western Blotting and DiGE
Analysis

Cell fractionation, Western blotting and DiGE analyses were
conducted as previously described [18].
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Immunofluorescence

Cells were settled onto glass slides and extracted by the addition
of 1% Nonidet P-40 in PEME (100 mM PIPES, pH 6.9, 2 mM
EGTA, 1 mM MgSO,, 0.1 mM EDTA). Extracted cells were
fixed in methanol at —20°C and then labeled with BB2 [33] (o-Ty
epitope). Labeling was visualized with 488 fluor-conjugated o-
mouse IgG1 (Invitrogen). The slides were mounted in Vectashield
mounting medium with 4’, 6’ - diamino-2-phenylindole (Vector
Laboratories Inc) and examined on a Leica DM5500B.

Transmission Electron Microscopy

For thin-section electron microscopy cells were fixed in culture
by addition to the growth medium of glutaraldehyde to a final
concentration of 2.5% (w/v). Cells were collected by centrifuga-
tion and fixed again in 4% (w/v) formaldehyde, 2% (w/v)
glutaraldehyde in 100 mM sodium phosphate buffer, pH 7.0
before post-fixation with 1% (w/v) osmium tetroxide in 100 mM
sodium phosphate buffer. After several washes, cells were en bloc
stained with 1% (w/v) aqueous uranyl acetate before dehydration
and embedding in epoxy resin. Sections were stained with aqueous
uranyl acetate and Renyold’s lead citrate, and viewed in an FEI
Tecnai-F12 electron microscope operating at 80 kV.

Yeast Two-Hybrid Assay

Yeast two-hybrid plasmids (pDB-ORF and pAD-ORF) were
transformed in yeast cells (MaV103 (MATa) and MaV203
(MATa) respectively) and selected on medium lacking the
leucine or tryptophan amino acid respectively. Auto-activation
of each transformed MaV103 strain was tested on four selective
media [34]. For the beta-galactosidase assay, patches of cells
were plated on a nitrocellulose membrane placed onto a YPD
plate and incubated overnight. Cells present on the nitrocellu-
lose membrane were frozen in liquid nitrogen for 10 seconds
and placed on Whatman paper filters pre-incubated with Z-
buffer (8.52 g/L Na2HPO4, 5.5 g/L NaH2PO4, 0.75 g/L KCl
and 0.12 g/L MgSO4) containing 0.18% (v/v) of 2-mercapto-
ethanol and 0.07% of bromo-4-chloro-3-indolyl B-D galacto-
sidase (X-gal). Membranes were incubated at 37°C and
photographed after 1 h, 4 h and 24 h. Pairs of interactions
were examined by individually mating each MaV103-DB-ORF
with MaV203-AD-ORF in 96 well plates containing 100 uL/
well of YPD. Multi-well plates were incubated overnight at 30°C.
with shaking and then plated on selective medium lacking both
leucine and tryptophan. After the generation of diploid cells,
patches representing single potential interaction pairs were
examined using the four yeast two-hybrid assays as previously

described [34].

Results

A Yeast Two Hybrid Screen Identifies Eight Novel
Interactions

We screened a number of PFR proteins identified in our
comparative proteomics analysis [18] for interactions using a yeast
two-hybrid assay. We successfully amplified 28 open reading
frames by PCR and subsequently cloned them into the Gateway®
compatible library vector pDNR223 using the BP clonase. This
‘ORFeome’ serves as a foundation for subsequent functional
genomic analyses and we employed the Gateway® technology to
transfer these open reading frames into the yeast two-hybrid
plasmids pAD (prey) and pDB (bait).

To identify protein-protein interactions in the PFR, we designed
a matrix yeast two-hybrid assay by mating strains containing each
bait to strains containing each prey and subsequently testing all
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700 resulting pair-wise combinations (after removing auto-
activators which are discussed later). Interactions were visualised
using the one colorimetric and three auxotrophic assays described
previously [34]. Resulting interactions were ranked according to
the number of assays in which they were observed; 4 interactions
were detected in all four assays, 3 interactions were detected in
three assays, one interaction in two assays and two interactions in
one assay. The interactions of PFC3-PFR5 and PFC4-PFC16
reciprocate in both bait and prey configurations and both PFC3
and PFC6 interact with themselves. All other interactions were
seen in only one configuration (Figure SI). In total, 8 non-
redundant interactions were detected in the yeast two-hybrid
screen (Figure 1) and these can be divided into two clusters: PAR1-
PFC3-PFR5-PFC20-PFC6-PFR6 and PFC4-PFC16. In the first of
these clusters, PFC3, PFC6 and PFC20 all interact with PFR5
while PFC3 also interacts with PARI.

Importantly, each of the bait constructs has been tested for
self-activation in the four yeast two-hybrid assays (Figure S2).
PFC2, PFC11 and PFC20 appear to be strong self-activators (in
all four assays) preventing any further investigation of these in
the bait configuration. PFC3 and PIFR5 are weak auto-activators
only in the colorimetric beta-galactosidase assay allowing the
interactions of these proteins to be screened using the other
three assays.

A Gateway® Compatible RNAi Vector Facilitates a
Functional Genomics Analysis

The availability of our PFR ORFeome in a Gateway®
compatible format provides the opportunity to perform relatively
high-throughput studies of PFR component function using
genomics tools such as RINA interference. To facilitate this
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Figure 1. A yeast two-hybrid interaction map for the PFR. A.
Summary table of all yeast two-hybrid interactions. For each pair, the
number of assays in which an interaction was observed is shown. B.
Cartoon representation of the yeast two-hybrid interactions described
in A. The number of assays in which an interaction was detected is
shown.

doi:10.1371/journal.pone.0007685.g001
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analysis, we modified the p2T7-177 inducible RNA1 vector [29] to
make it Gateway® compatible. We inserted the Gateway® cassette
containing the ¢edB toxic gene and the chloramphenicol resistance
gene flanked by two attR recognition sequences necessary for LR
recombination between the two tetracycline operators of p2T7-
177 (Figure 2A). We named this plasmid p2T7-177-GTW and
assessed its suitability by using it to generate a 7. brucei procyclic
form cell line (sn/4) in which inducible RNAI is targeted against
PFR2. We compared the phenotype of snl¢ with the previously
described sn/2 PFR2 knock down mutant [35]. After RNAi
induction, the level of PFR2 protein is reduced as revealed by
Western blotting with the anti-PFR2 antibody L8C4 (Figure 2B).
Defective motility is clearly apparent and cells are completely
paralysed. At the structural level, EM analysis shows that the PFR
structure is greatly reduced (Figure 2C) as seen in snl2 [35,36]
demonstrating the utility of p2T7-177-GTW for future RNAi
studies.

A

pRTTATT . . _p2T7-T7

T ) S e TR - |

L7 pIno e p2T7-177-GTW (7446 bp)
& Tetracylcine repressor

Gateway cassette

B 24h 48h 72h
-+ -+ - +

PFR2 - -~ e

= 75 kDa
Ponceau
= 50 kDa

(&= snl4 non-induced snl4 72h induced

Axoneme

PFR

Figure 2. A Gateway® compatible vector for RNAi analysis in T.
brucei. A. p2T7-177-GTW. The Gateway® cassette containing the
chloramphenicol resistance gene and the toxic ccdB gene was inserted
into the inducible expression site of the p2T7-177 plasmid. B. Western
blotting analysis of whole cell lysates of sn/4 (procyclic form T. brucei
containing p2T7-177-GTW-PFR2) over an RNAi induction time course.
PFR2 protein (visualised with L8C4 antibody) is undetectable after
24 hours of RNAi induction. Ponceau stained membrane is shown as a
loading control. C. Transmission electron micrographs of non-induced
and 72 hour induced snl4 flagellar cross-sections reveal the absence of
a large part of the PFR structure. Bar 100 nm.
doi:10.1371/journal.pone.0007685.g002
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Biochemical Analysis Provides Insight into the Nature of
the PFC4-PFC16 Interaction

The interaction observed between PFC4 and PFC16 is
particularly intriguing as we have previously shown that these
otherwise dissimilar proteins share a small motif of 21 amino acids
[18]. In order to interrogate whether this motif was responsible for
this interaction, we constructed additional yeast two-hybrid vectors
containing the domain of PFC4 and PFC16 alone in each bait/
prey configuration and assayed the interactions of these with each
of the full length open reading frames. No interaction was detected
by any of the four yeast two-hybrid assays suggesting that this
motif alone is not sufficient to maintain this protein interaction
(data not shown).

We then asked whether ablation of one component had an
effect on the other. We generated a cell line with a Ty epitope
tagged copy of PFC4 [18] at one of the endogenous alleles and
inducible RNAI (via p217-177-GTW) against PFC16. Whole cells
lysates of non-induced, 24, 48 and 72 hours RNAi induced
samples were compared by Western blotting using BB2 antibody
which recognises the epitope tag. As expected, in the non-induced
sample, a single band with apparent molecular weight consistent
with the predicted molecular weight of Ty-PFC4 protein was
observed. Interestingly, a second band with higher mobility in the
gel was observed in samples made 24 hours after RNAi induction.
This second band persisted until at least 72 hours after induction
(Figure 3A). We performed a reciprocal analysis generating a cell
line with Ty epitope tagged PFC16 in a PFC4 inducible RNAi1
background. Again, Western blotting of non-induced whole cell
lysate with BB2 antibody revealed a single band consistent with the
predicted molecular weight of Ty-PFC16 protein. Intriguingly, as
before, a second band was observed after 24 h of RNAi induction
that persisted until at least 72 h after RNAi induction (Figure 3B).
Importantly, the RINA1 induced bands in the two cell lines are of
different apparent molecular weight and are therefore likely to be
modified forms of the Ty epitope tagged protein in question and
not an artefact of the RNAi. Western blotting of detergent and salt
dissections of non-induced and induced Ty-PFC4/PFC16 RNAi
cells revealed that both Ty-PFC4 bands are present in the same
cell fractions (Figure 3C) suggesting that the localisation of this
modified version of the protein is not altered.

In order to determine possible post-translational modifications
of PFC4 and PFC16, we analysed the protein sequences using
NetPhos [37] which suggests that PFC4 and PFC16 contain
thirteen and eleven possible phosphorylation sites respectively.
Further analysis using Phobius [38] Glycosylation predictor [39]
and Myristoylator [40] predicts no glycosylation or myristoylation
sites in either protein (Fig 3D).

Proteomic Analysis Reveals Dependencies Supporting
the Identified Interactions

We have recently demonstrated the power of combining RNAi
ablation of key proteins with comparative proteomics techniques
to identify dependent sub-groups of proteins within the larger
complex of the PFR [18]. This methodology can be used to detect
changes in protein composition as a result of RNAi1 directed
against specific components. We tested interactions detected in
our yeast two-hybrid screen (PFC3/PAR1) using a combination
of inducible RNAI, purification of flagella and 2D-DiGE analysis.
Resulting spot patterns were matched using Decyder software to
a reference 2D gel map of PFR proteins within the context of
purified flagella. Samples prepared 72 hours after RNAi
induction against PFC3 showed a number of spots with a twofold
or greater decrease in volume when compared to non-induced
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Figure 3. Analysis of PFC4 and PFC16 after induction of RNAi.
A. Ty-PFC4 after RNAI ablation of PFC16. B. Ty-PFC16 after RNAi ablation
of PFC4. In both cases a second band with higher mobility in the gel
appears as soon as 24 hours after RNAi induction. C. Western blotting
analysis of various cell fractions showing Ty-PFC4 after RNAi ablation of
PFC16. Both bands are present in all cell fractions. Ty epitope tagged
PFR proteins were detected using BB2 antibody. Loading control was
performed using L8C4. D. Cartoon representation of predicted post-
translational modification sites and conserved motifs for both PFC4 and
PFC16.

doi:10.1371/journal.pone.0007685.g003

samples (consistent with criteria applied previously— [18])
(Figure 4A). As expected a group of five spots of approximately
80 kDa that correspond to PFC3 showed two- to four-fold
reduction in volume (3.8, 3.7, 3.1, 2.8 and 2.3-fold reductions).
Interestingly the volume of a spot of approximately 65 kDa that
corresponds to PAR1 also showed a 2.1-fold decrease. This result
shows that PAR1 is not stably incorporated into the structure of
the flagellum in the absence of PFC3 protein and supports the
interaction of these two proteins observed in our yeast two-hybrid
screen. Greater than twofold reductions in spot volumes
following PFC3 RNAIi were also observed for three other spots.
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Figure 4. Two-dimensional DiGE analysis of PFC3, PAR1 and PFC5 non-induced and RNAi induced flagella. The gels were analyzed
using Decyder software (GE Healthcare), which was used to generate three-dimensional representations of the spots that show a change in volume
after induction. Reductions in volume were seen for spots corresponding to PFC3, PAR1, PFC5 and PFC17 in both PFC3 and PAR1 RNAi induced
environments. Reduction in volume was seen only for spot corresponding to PFC5 following RNAi ablation of PFC5.

doi:10.1371/journal.pone.0007685.g004

These correspond to PFC5 (two spots—2.1-fold and 2.7-fold
reductions in volume) and PFC17 (one spot—2.1-fold reduction in
volume). PFC3 or PAR1 interactions with either PFC5 or PFC17
were not observed by yeast two-hybrid analysis. Reciprocal
experiments showed that RNAI induction for 72 hours against
PARI1 phenocopies the PFC3 result with spot volume reductions
for PAR1 (3.7-fold reduction), PFC3 (3.1, 4.9, 4.5, 3.2 and 2.2-
fold reductions), PFC5 (2.1 and 2.7-fold reductions) and PFC17
(2.1-fold reduction) (Figure 4B). RNAI1 against PFC5, however,
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only resulted in a reduction in volume of the two spots
corresponding to PFC)5 itself (1.5 and 2.0 -fold reductions)
(Figure 4C). Taken together these data suggest a hierarchical
dependency sub-network whereby PAR1 and PFC3 are both
necessary for the incorporation of all four proteins into the PFR.
RNAi/DiGE analyses were also carried out on the potential hub
interactor, PFR5 but no protein composition phenotype, other
than ablation of the RNAI target protein, were observed (data not
shown).
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Ablation of the PFC3/PAR1 Complex Does Not Affect
Structural Morphology of the PFR

Using immunofluorescence light microscopy of detergent
extracted cells, we analysed cell lines containing a Ty epitope
tagged copy of PFC3 at one of the endogenous alleles (18) and
inducible RNAi against PFC3, PAR1 or PFC5 with the BB2
antibody. Comparison of cells 72 hours after RNAi induction with
non-induced controls showed no gross morphological changes
(Figure 5). In addition, consistent with our previous results, PFC3
signal was absent in the majority of cells following PFC3 RNAi
and was greatly reduced following PAR1 RNAi. Furthermore,
RNAI against PFC5 did not affect PFC3 localisation. In order to
determine if loss of the PFC3/PAR1 complex has any effect on the
structure of the PFR, we analysed PFC3 and PAR1 RNAi mutants
72 hours after RNAI induction by thin section electron micros-
copy. To enable us to determine efficacy of the RINA1 induction,
we used cell lines containing an allele of the RNAI target tagged
with the Ty epitope at the endogenous locus. Interestingly, despite
the loss of two relatively high abundance proteins from the PFR

Phase contrast

. ‘w\..f \-\q}.

TyPFC3/DAPI

No RNAi

PFC3 RNAI (72h)

| i\;:) C—)\ﬁ
,I f 4

0 G

PAR1 RNAI (72h)

PFC5 RNAi (72h)

Figure 5. Immunofluorescence light microscopy of detergent
extracted cells. BB2 antibody was used to detect Ty-PFC3 (flagellar
signal) in PFC3, PAR1 and PFC5 RNAi environments (72 hours
induction). Without RNAi induction, Ty-PFC3 is present in all flagella.
After RNAi against PFC3 or PAR1, the majority of flagella no longer stain
for Ty-PFC3 (it is likely that flagella that do stain represent those present
prior to RNAi induction). After RNAi against PFC5, all flagella retain Ty-
PFC3. DNA is visualised with DAPI. Bar-5 pm.
doi:10.1371/journal.pone.0007685.9005
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(Figure 4), no observable changes could be detected in the PFR
structure (Iigure 6A). Western blotting analysis of samples taken
from the cultures prior to fixation confirmed that the RNAi
induction was successful as target proteins were ablated (Figure 6B).

Discussion

Studies in 7. brucei benefit from the availability of a completed
and well annotated genome [41] as well as a wealth of functional
genomics tools. This organism is an excellent model for the study
of many eukaryotic cell processes, such as flagellar function, as well
as being an important parasite in its own right. The almost total
lack of introns in the genome and the poly-cistronic method of
transcription employed by trypanosomatids greatly facilitate the
prediction of open reading frames and thus aid in proteomic and

72h RNAi induced

A non-induced

B 24h 48h 72h
RNAL o 4 = 6 o &
PFC3 100 kDa — | e = S
75kDa —
POnceau 100 kDa — =
7500 — I
24h 48h 72h
RNAL s 0 ves @ e @
100 kDa —
PART 75kDa — (RN ;
Ponceau 100 kDa — .
75kDa — t -~
M constete sl o . s

Figure 6. Analysis of PFC3 and PAR1 after induction of RNAi. A.
Thin-section electron microscopy of whole cells reveals no detectable
structural change in the PFR organisation after RNAi ablation of either
PFC3 or PART. B. Western blotting analysis shows ablation of both PFC3
and PAR1 protein levels by 24 hours after induction of RNAI. Ty epitope
tagged PFR proteins were detected using BB2 antibody. Ponceau
stained membranes show loading of protein samples.
doi:10.1371/journal.pone.0007685.9g006
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functional genomics studies such as mass spectrometry, RNAI,
overexpression and epitope tagging.

Historically, large scale forward genetic analyses have met with
limited success in 7. brucei [42,43], and hence the need for
systematic phenotype analysis remains paramount. To this end we
have exploited cutting edge high-throughput Gateway® cloning
strategies to produce an ORFeome library of PFR components.
This ORFeome constitutes a platform for functional genomics
studies to investigate protein interactions, sub-cellular localisation
and mutant analyses.

We have developed a new vector utilising the well characterised
RNAI reverse genetics techniques available for 7. bruce: that is fully
compatible with the Gateway® technology. We have demonstrated
the utility of this vector by ablating five distinct PFR proteins
including PFR2 and in this last case have reproduced a phenotype
consistent with the well characterised sn/2 mutant cell line. Taken
together, these tools constitute a first step towards a high
throughput functional genomics system in 7. bruce: that we have
used here in conjunction with yeast two-hybrid and proteomics
techniques to generate a protein-protein interaction network for
the paraflagellar rod.

We have identified eight novel protein-protein interactions
within the PFR using a yeast two hybrid screen of 28 PFR
components. Our subsequent reverse genetics analysis of the
protein set provided supporting evidence for a number of these
interactions and also identified several novel protein dependencies
not detected in our initial screen. It is perhaps surprising that,
given the central role of PFR1 and PFR2 in the PFR, no
interactions were detected between these two proteins and any of
the others in this study. Yeast two-hybrid analyses typically suffer
from a high frequency of false negative results and this may be a
particular problem when dealing with very insoluble proteins such
as PFR components. There is also the distinct possibility that many
interactions within the PFR do not occur on a one-to-one basis. It
may be that PFR1 and PFR2 must be part of a complex in order
to interact with other PFR proteins or that less abundant
components interact with PFR1 or PFR2 only as cohorts. Another
possibility is that a chaperone-assisted folding process that is not
present in yeast is required for some PFR component interactions.
Finally, there is also the very likely possibility that we have not yet
identified all of the PFR components and may be missing key
mediators between PFR1/2 and the other PFR proteins. All of the
interactions and dependencies that we identified fall into two
clusters. The smaller cluster involves two proteins that share a
motif, and the larger cluster involves eight proteins (one fifth of all
identified PFR proteins) of which several contain a PFR domain.

The smaller cluster consists of PFC4 and PFC16 which show
consistent interactions with each other in all yeast two-hybrid
assays in both bait and prey configurations. We previously showed
that PFC4 and PFC16 share a 21 amino acid motif [18], although
this domain is not sufficient for maintaining the yeast two-hybrid
interaction. RNAi/epitope tagging analyses reveal an intriguing
relationship between these two proteins in that absence of one
results in an additional higher mobility band for the other by
Western blotting. We cannot currently exclude a role for
degradation in this process; however the direct interaction of
these two proteins suggests that the additional bands are the result
of differential post-translational modifications although we have so
far been unable to determine the nature of these modifications.

The larger cluster has two main hub interacting proteins, PFC3
and PFR5 which interact directly with each other. PFR5 interacts
with PFC20 and possibly also with PFC6, although the evidence
for this second interaction is weaker than that observed for other
interactions in this screen. PFC6 interacts with itself and may also
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interact with PFR6, although again, the evidence for this latter
interaction is relatively weak. It is interesting to note that PFC6
may interact with two proteins (PFR5, PFR6) that contain a PFR
domain as well as interacting with itself. Similarly, the hub protein
PFC3 interacts with two PFR domain containing proteins (PAR1,
PFRY5) as well as interacting with itself. We went on to investigate a
number of these interactions by RNAi/DiGE analysis which has
the power to provide context to the yeast two-hybrid data. While
yeast two-hybrid analysis showed an interaction between PFC3
and PARI1, RNAi/DiGE provided an insight into the nature of
this interaction in that PFC3 and PAR1 are mutually dependent
on each other for correct assembly into the PFR structure. RNAi/
DiGE analyses also reveal dependency relationships not detected
in the yeast two-hybrid screen with incorporation of both PFC5
and PFC17 being dependent upon the presence of PFC3/PARI.
RNAI ablation of PFC5 does not affect the assembly of PFC3,
PAR1 or PFC17 which suggests a hierarchical directionality to this
dependency network.

One surprising, and likely significant result from our analysis is
that a successful ablation by RNAi of the PFC3/PAR1 network
results in no gross changes in the morphology of the PFR polymeric
structure. This may represent evidence that the three major zones of
the PFR and their distinct morphologies are heavily reliant for their
formation on only a relatively few structural proteins, perhaps PFR1
and PFR2 (the only proteins that have been shown to localise to the
PFR whose ablation results in a failure of PFR assembly). A picture
then emerges of these few structural proteins being responsible for
the major PFR lattice structure onto which is built a cohort of
numerous other proteins with domain architectures suggesting a
role in metabolism, signalling and regulation [2,13,18]. Taken
together this supports the role of the PFR as an extra-axonemal
structure critically involved in trypanosome sensory, motility and
signalling cell biology [2,10,11,13,18]. It seems unlikely that
abundant proteins such as PFC3 and PAR1, that are important
enough to be conserved in the genomes of every sequenced
trypanosomatid, lack a function. In these terms we will have to await
the development of more sensitive phenotype tests before the
function of these network proteins emerges.

In this study, we have developed a number of genomics tools for
T. brucei and have used these to undertake the first large protein-
protein interaction study of the PFR. Using a combination of
technologies, we have identified eight novel protein-protein
mnteractions and five protein dependencies. By combining the
information presented in this study with the interactions and
dependencies previously identified, we can summarise the current
state of our knowledge of the PFR protein network (Fig. 7) to
provide a framework for the continuing effort to elucidate the
functions of this iconic structure. The position of PFR2 in the
scheme represents the fact that many of the proteins included in
this study were identified due to their dependence on PFR2, either
directly or indirectly, for incorporation into the PFR. It is likely
that PFR1 will occupy a similar position in such a network
although there are currently no data available on protein
components of the PFR that specifically depend on the presence
of PFR1. A number of studies in recent years have provided
insight into the PFR as a platform for regulatory and metabolic
functions. This study supports the notion of a dynamic structure
with a complex hierarchy of interacting and inter-dependent
components [12,13,18].

Supporting Information

Figure S1 Yeast 2-Hybrid screen. A. Summary table describing
the interactions detected in the PFR screen with the associated
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— Protein-protein interaction

X ==Y  After RNAi on protein X, the level of protein
Y is reduced in the flagellar fraction

Figure 7. Summary of protein-protein interactions and depen-
dencies of PFR components. Interactions drawn from this study and
available literature [13,18]; black bars represent interactions observed
by yeast two-hybrid or affinity pulldown. Gray arrows represent
dependencies detected by combined RNAi/comparative proteomics
techniques.

doi:10.1371/journal.pone.0007685.g007

protein-protein interaction network. B. The preys PFC1, PFR2
and PFC3 have been tested again all baits. The prey PFC3
interacts with both PFC3 and PFR) baits in 4 and 3 assays
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