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Summary

Inorganic_polyphosphate (polyP) is a polymer of three to hundreds of phosphate units
boundsby higkenergy phosphoanhydride bonds and present from bacteria to humans.
Most polyP in trypanosomatids is concentrated in acidocalcisomes, acidic calcium stores
that passess a number of pumps, exchangers, and channels, and are important for their
survival=inithis work, usinggyP as bait we identified 25 putative protein targets in

cell lysates” ofboth Trypanosoma cruzi and T. brucei. Geneontology analysis of the
binding partners found a significant ovwepresentation of nucleolar and glycosomal
proteins. Wing the polyphosphatdinding domain (PBD) of Escherichia coli
exopolyphosphatase we localized long chain polyP to the nueedl glycosomes of
trypanosomesA competitive assay based on the-preubation of PPBD with exogenous
polyP and-subsequent immunofleecence assay of procyclic formsTobrucei showed

polyP concentratiotependent and chain lengllependent decrease in the fluorescence
signal, Subcellular fractionation experiments confirmed the presence of polyP in
glycosomes off. brucel procyclic fams (PCF).Targeting of yeast exopolyphosphatase

to the glycosomes oPCF resulted inpdyphosphate hydrolysisalteration in their
glycolytiesflux and increase in tivesusceptibility to oxidative stress.

I ntroduction

African trypanosomiasis, caused by theypanosoma brucei group of parasites, and
Chagas disease, causedTbyruz, are neglected tropical diseases that affect millions of
peoplesxcausing thousands of deaths and affecting the ability of people tolearg. a
Vaccines are not available and drug treatments have serious side effects or are not
completely effective. The study of metabolic pathways in these parasites that may be

essential for their survival could provide information on potential new tatiggt€ould
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be exploited for development of new therapeutic approaches.

Trypanosomatids are characterizgdthe compartmentation of the first six or seven
enzymes of the glycolytic pathway in a peroxisdike organelle, which for this reason
was named_th glycosome(Opperdoes & Borst, 1977), and liyeir high content of
inorganie-polyphosphate (polyP) that accumulates in acidocalcisomes, acidic calcium
stores also«ich in other organic and inorganic cations (Docampo & Huang, 2016). PolyP
is & 'polymer of three tohundreds of high-energy phosphanhydride-bonded
orthophosphate units, and is universally conserved (Kornberg, 1995).

Although polyP accumulates in acidocalcisomes and acidocalcikengacuoles
(Docampoet al., 2005) of eukaryotes,it has also been fou in most cellular
compartments including mitochondrillynn & Brown, 1963) cytosol (Kulaev &
Kulakovskaya, 2000), endoplasmic reticul@worisek et al., 1982), nucleugGriffin et
al., 1965) nucleolus (JimenezNunez et al., 2012), plasma membran@umble &
Kornberg, 1995and lysosome¢Pisoni & Lindley, 1992) Rat liver nuclei and plasma
membranes have several times gudyP concentration found in cytosol, mitochondria
and microsomegKumble & Kornberg, 1995) Early work proposed that polyP is
covalently bound to nehistone nuclear proteins (Offenbacher & Kline, 19&4oncept
that was'revived by the demonstration in yeast that nucleolar proteins Nsrl and ifopl ca
be polyphosphorylated in lysine residuédszevedoet al., 2015) Interestingly, recent
work reported the polyphosphorylation of 15 target proteins in yeast, including a
conservedwnetwork of proteins of nucleolar localization involved in ribosome leisigen
(BentleyDeSouseet al., 2018) Nucleolar polyP was also found in myeloma cells and
proposed to regulate RNA polymerase | actifliynenezNunezet al., 2012)

Several studies have shown that bacteria or unicellular eukaryotes lacking polyP are
more sensitive to different stress conditions, including heat shock, osmotic stress,
starvaton,.and reactive oxygen species (ROS), among others (Moreno & Docampo, 2013,
Rao et al"2009) The reason for this was never clearly understood until recent studies
shed light.on one possible mechanism behind this phenomenon (Kampinga, 2014). PolyP
was inifally shown to suppress glyceraldehydept®sphate dehydrogenase thermal
aggregation without noticeable loss in enzymatic actii@ymenyuket al., 2013) and
was recently identified in bacteria as a global, highly effective chaperone, that stabilizes
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88  proteins, prevents protein aggregation batkitro andin vivo, and maintains proteins in

89 a refoldng-competent form(Gray et al., 2014). These results help to explain the long
90 known but largely unexplained role of polyP in protecting éx@a&t against stress

91 conditions,and suggest that polyP may have served as one of nature’s first chaperones
92 (Gray et.al, 2014) On the other handolyP was also shown to have a remarkable
93 efficacy.in<accelerating amyloid fibril formatiprserving as an effective nucleation
94  source“for~different amyloid proteins, increasing fibril stability and redudhng

95 formation‘oftoxic oligomeric speci¢€remeset al., 2016).

96 In this work we used biotinylated polyP to identifglyP-binding proteins in lysates

97  from Tecruzi and T. brucel and were able to idenyif> 25 proteins in each parasite as
98 putative”polyP interaction partners. Among these proteins there was a aignific
99 enrichmentiin nucleolar and glycosomal proteins, which correlated with thdacellu
100 localization of polyP in these organelleSargeting of Saccharomyces cerevisiae

101 exopolyphosphatast® the glycosomes of. brucei procyclic formsresulted in polyP

102  hydrolysisyincrease of their glycolytic rate and increased susceptibility to oxidative stress.
103

104 Results

105

106 Lysates ofT. brucei procyclic formsand T. cruzi epimastigotesvere incubated with

107  biotinylated,polyP after which the polyfotein complexes were pulled down using
108 magnetic streptavidisoatedbeads, followed by washing and elution of bound proteins
109 with high™salt buffer. The proteins were idengd by mass spectrometry. Two
110 independenexperiments for each parasite were doie report the proteinthat were

111 identified inthe twoexperiments from each parasite (Table 1 and 2), as well as all the
112  proteins=identified inat least oneexperiment (Tales S1 and SR Proteins found in

113 samplessusing biotinylated hepafanother anionic polymegs control for norspecific

114  binding'were subtracted as described under Materials and Methods.

115

116  T. bruce polyP-binding protein identification

117

This article is protected by copyright. All rights reserved



118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

A Mascot search again3t brucei Lister 427 database led to the identification36f
potential polyPbinding proteins identified ifoth experiments performed, from which
28 have been annotated as putative proteins with a predicted functioi, agpebar as
hypothetical proteins (Table 1). The largest groups of identified proteins corregond
nuclear/nucleolar/ribosomal proteins3(proteins), and proteins of other or unknown
locations (B proteins), followed by glycosomal protein® groteins). The protein with
highest'Mascot score in the second experimentN¥#82/RS6like protein,followed by
the glycesomal protein phosphoenolpyruvate carboxykinthsegytosolic RNAbinding
protein (TbAlba2)(Mani et al., 2011) a protein involved in signal transduction (high
mobility: greup proteil, and other ribosomal proteins (S15 and L10a), indicating a high
relativerabundance tiieseprateinsin this proteome

The list) of potential T. brucel polyPbinding proteins found in this study is
summarized in Table 1, where proteins were grouped by subcellular loocalizati
functional relatednessTable 1 also includes two additional glycosomal proteins
identifiedrinronly one of the experiments (labeled with an astedskpmplete list ofT.
brucei polyP-bindingproteins identified irat least onexperimentis in Table S1 The
distribution accorihg to gene ontology (GO) analysis of the proteins in Table 1 is shown
in Fig.S1

T. cruz polyP-binding protein identification

To identify<T. cruzi polyP-binding proteins a Mascot search was performed against
cruzi CL Brener (Esmeraldo and n&smeraldo like) databases, as the genseggience
of T. cruz Y strain is notyet available

This_search led to the identification 2% potential polyPbinding proteins found in
both experiments, from whict23 have been annotated as putative proteins with a
predictedfunction, and 2 correspond to hypothetical proteins (Table 2).

It isimportant to mention thatdditionalproteins(31 proteins)were found inT. cruz
pull downs but we are reporting here onlg thnesthat were found in botfl. cruz
experimentg25 proteins). A high number of proteinsTincruzi polyP-binding proteome
belong to the group of nuclear/nucleolar/ribosomal protei@pi(dteins),andproteins of
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other or unknown location {1proteins)followed by glycosomal proteins4( proteins).
Mascot scores indicate that the most abundant peoieithis proteome r@ histidine
ammonia lyase and nucleolar protein 56, followedrbgtosel,6-bisphosphatas@wo

other proteins of th@glucoreogenesiaind glycolysispathways exhibited a high score (>
300): malate dehydrogenase, aBehbhospho-Ifructokinase. Other highcore proteins
found in_this proteome were: ribosomal proteins L38 and S8, retrotransposon hot spot
(RHS)proteinand casein kinase Il (Table Homeof these higkscore proteins were also
found in"theT. brucei polyP-binding proteomgthreeof them being present in all foiit

brucei @andT. cruzi samples analyzegithosphofructokinase, fructode6-bisphosphatase,
and ribosemal protein S8The proteins lyceraldehyde-$hosphate dehydrogenase,
ribosomal protein L36, and fibrillarin were also foundTirbrucei andT. cruzi samples.
Table 2 alse includes one additional glycosomal protein identified in only one of the
experiments (labeled with an asteriskapble S2 shows the complete list df. brucel
polyP-binding proteins identified in at least one experiment. The distribution according to
gene ontolagy (GO) analysis of the proteins in Table 2 is shown IIBEig.

GOranalysis of the polyBinding partners found a significant overrepresentation of
nuclear/nucleolar/ribosomal and glycosomal proteins. We therefore investigadéuew
polyP.was localized in these organelles using the polyphospimatiagdomain(PPBD)
of E. coli exopolyphosphatase (PPXpaitoet al., 2005) This technique has been used
before to localize polyP in yea@aitoet al., 2005) fungi (Saitoet al., 2006), sea urchin
eggs(Ramaset al., 2010) and mast cell§MorenoSanchezt al., 2012)vacuolesand
myelomaseelinucleoli(JimenezNunezet al., 2012). The original technigy&aitoet al.,

2005) usedthe recombinant FBD of E. coli PPX containing an epitope tag at the N
terminal end. (Xpress) that was detected with antibodies against the tag. Instead af usi
tag and. antibodies we labeled BIP with Alexa Fluor 488and directly detected the
fluorescence signaif the polyP-bound FBD.

Localization. of polyP in T. brucei

We investigated the localization of polyP in procyclic (PCF) and bloodstfeams

(BSF) of T. brucei grown in cultureusing superesolution structured illumination
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microscopyFigs. 1Aand 1B show the staining with Alexa Fluor 488BD of numerous
intracellular vesicles randomly distributed in the cytosol.dirucei PCFand staining of

the nucleolus, the position of which was identified by the absence of DAPI staining
(Landeira & Navarro, 2007). PolyPo-localizes in vesicles with antibodies against
glycosomal phosphate pyruvate idiékse (PPDK) (FiglA andVideo S1) but not with
antibodies_against the acidocalcisome vacuolar proton pyrophosphatasgK\MP1B,
andVvideo"S2. There was also no docalization with the mitochondrial marker
MitoTracker, or the endoplasmic reticulum marker BiBs detected by
immunofluorescence analygisig. S3. The nucleolar localizatiowas also confirmed by
co-localization with an unknown nucleolgrotein recognized by monoclonal antibody
L1C6 (Devauxet al., 2007), which labels an area of the nucleolus distinct from those
labeled by DAPI or PBD (Fig. 1C).

To further demonstrate that the BIP is detecting longer chain polyP, we pre
incubated it with different concentrations of polyl? and found aconcentration-
dependentwdecrease in nucleolar and glycosomal stainifgbinucei PCF (Fig 2A,B).
The nuecleolus labeling was abolished when PPBD wagptbated with 0.1 and 1 mM
(in phesphate units) of polyR. Preincubation of PPBD with 1 mM of polyk, reduced
overall=labeling by approximately 57% in relation to the caritr Similarly, pre
incubation withfixed concentrationgl mM) of longer chain polyP (polyg, polyPioo,
and especiallypolyPsq0), but notpolyPs, prevented labeling of PCF with BP (Figs.
S4A,B)«#The labeling of the nucleolus disappeared afteriqrebations of PPBD with
polyPso,mpolyPioo and polyBge. Most effectively, polyRy decreased overall PPBD
labeling by almost 78% compared to the control.

In contrast with the resultsbtainedwith PCF, there was no labeling of the BSF
nucleoli,with PBD and only partial cdocalization with the glycosomal marker PRD
(Fig. 3A)..However, as occurs with PCfhere was a colocalization of PBD with VP1
in BSE(Fig. 3B).

Localization of polyP in T. cruz

We also investigated the localization of polyPrircruzi using PBD. Figs. 4A,B showa
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strong nucleolar staining of epimastigotes wittBBRand a weak cytosolic staining that
did not colocalize wth antibodies against PPDK (FigA) or VP1 (Fig 4B). Although
cytosolic staining appesir punctate this isbecause supeesolution microscopy
eliminates the fluorescence coming fraegions occupied by organelldsutthis pattern

is not__apparent inregular fluorescent images (FidS5. In contrast, T. cruz
trypomastigotes (Figs4C,D) and amastigotes (FiglE,F) showed strong nucleolar
localization;” partial céocalization with the glycosomal marker PPDK, and ne co

localization"with VP1.

Detection efiong chain polyP in isolated glycosomes and acidocal cisomes

We isolatediglycosomes and acidocalcisomes by a modification of an isolation procedure
described previously (Huargjal., 2014) After grinding with silicon carbide to break the
cells, the lysates were fractionated by differential centrifugaidlowed by density
gradientwiltracentrifugation using higlensity solutions of iodixanol (Fig6).The crude
glycosomal‘fraction obtained from the first iodixanol gradieasapplied to the 27%

step ofithe second iodixanol gradient resulting in sdketions.Fig. 5 shows protein
abundance (Fig.A) as well as distribution of markers for glycosomes (hexokinase) (Fig.
5B) and acidocalcisomes (aminomethylenediphosphonate (AMBW®Sitive vacuolar
pyrophesphatase activityfbVP1) (Fig. 5C). Glycmsomes were entied in fractions 1

and 2 while,acidocalcisomes were enriched in fractions 3 alébalso evaluated our
purificatien”method by western blot analyses of the fractions using antibodiestagai
glycosomal marker (phosphate pyruvate dikinase, ToPPDK) and an acidocalcisomal
marker (TbVP1). The crude glycosomal fracti(@) showed contamimtion with the
acidocalcisome marker. However, fractions 1 araf the second gradientere free of
TbVP1 antibody reaction (Fig.5D). Some pyrophosphatase activity was detected in
fractions27(Fig. 5 C) but since no antibody reaction was detected (Fjgit ®an be
attributed ,to the soluble inorganic pyrophosphatase described in trypanosomatids
(GomezGarciaet al., 2004)or other norspecific pyrophosphatase activifyractions 1

and 2, or the acidocalcisome fractions obtaimethe first iodixanol gradient (Fig.6%

were pooled and extracted for polyP analydssng chain polyP assayed by0%
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242  polyacrylamide gel electrophoresis (PAGE), and staining with toluidine $hosved the
243  presence of long chain polyP in both glycosomal and acidocalcisomal fractionsHFig. 5
244

245  Expression of S cerevisiae PPX in the glycosomes and E. coli PPX in the nuclel of T.
246  brucei and.phenotypic changes detected

247

248 To decrease the amount of polyPHAGF glycosomes, we express&dcerevisiae PPXL
249  (ScPPXD),"which specifically hydrolyzes polyP to inorganic phosph@téurst &
250 Kornberg, 1994) fused to a glycosomal targeting sequencergxisome-targeting
251 sequencefPTS2]) andenhancedgellow fluorescenprotein €YFP) (Baueret al., 2013)
252  The plasmid integrates into the tubulin locus and the procyclin repetitive qcitiein
253  promoter (PARP) drives its constitutive expresgiBaueret al., 2013) Expression of
254 PTS2ScPPX.-eYFP in glycosomes was confirmed by fluorescence microscopy6Rig
255  shows celocalization of the green fluorescent signal from the expressed protein with
256 antibodiesmagainst PPDK, a glycosomal marker. Western blot analysis cahtinee
257  expressiorof the protein (Fig6B, Fig. &). We confirmed the activity of the expressed
258 enzyme,by measurinigvels ofP; of cell lysates from cells transfected with the plasmid
259 as compared to those of lysates from viyige cells PolyP is very abundant in the cells
260 and upon lysis it is released from different cellular compartments together with the
261 glycosomally targeted ScPPX. When the lysates were incubatedGiti38re was an
262 increase"imthe PPX activity of lysates frithS2-ScPPX1-eYFP-expressing cells when
263 comparedsto the endogenous PPX activity of lysates from WT cells E)gbut this
264  activity did not increase by adding exogenous pg@lyfdicating that there was enough
265  polyPin the medium to satut@the enzymeeleased from the glycosomes

266 To establish whether expression 8EPPXresulted in a decrease in polyP we
267 measuredtotal short and long chain polykfh wild type and PTS2-ScPPX1-eYFP-
268  expressing cells using a biochemical metthaged on the ;Prelease byrecombinant
269  ScPPX but we did not observe significant differendgsg. S§. However, when we
270 measured short chain polyy 35.5% polyacrylantie gel electrophoresis (PAGE
271 toluidine bluestaining reveale@ higheraccumulation of short chain polyP (lower than
272 60 R units) in PT2-ScPPX1-eYFP-expressing cells as compared to wild typescell
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Theseresults are ausistentwith the hydrolysis of long chain polyP by glycosdiya
targetedScPPX(Figs 6D, E).

T. brucei PCF expressing glycosomal PPX grew atdhme rate as control cells (Fig
6F, Fig. S9. However,glucose consumptionf PTS2-ScPPX1-eYFP-expressing cells
after 6 h.ef.incubation ioulture medium was higher (FigG), and these cells were more
sensitive to/oxidative stress than control cgtig. 6H).

To "decrease the levels of polyP in the nucleolustiesl to targetE. coli PPX
(EcPPX)tothe nucleolus using a nucleolar localization signal (NoLS) reportediytoise
target (GFP to this organelle ih brucel (Hoek et al., 2000).Expression of the protein
NoLS-EcRPPXGFP was confirmed by westerrids analysis (Fig 7A) and ithad nuclea
but not*nueleolar localization anhiled to decrease BP staining ofnucleolar polyP
(Fig. 7B).

Discussion

Inorganic polyP has multiple functions in both bacteria and eukaryotes. Some of these
functionsscan be attributed to its chemical properties, such as its ability to stopbatkos
in aprosmotically neutral form, to bind and store organic and inorganic cations, to store
energy in the form of a few to hundreds of phosphoanhydride bonds, to combine with
other polymers for the formation of channels and pumps, or to act as inorgani@®okaper
of proteins(Kornberg, 1995, Gragt al., 2014, Moreno & Docampo, 2013pther more
complex*functions, however, such as its role in transcriptional control.egudation of
enzyme activity, motility, or resistance to stress response might depend on itdiorera
with proteins and cell signalin@Raoet al., 2009) Howe\er, besides its interaction with
proteins=of=the blood coagulation casca@mith et al., 2006) or its ability to
polyphesphorylate proteirn®zevedoet al., 2015, BentleyDeSousat al., 2018) little is
knownsof other interactions with cellular proteins. Our proteomic studies are a first step
in the identification of polyP-interacting proteins in eukaryotes.

The proteomic studiesf @olyP-binding proteins revealed an overrepresentation of
nucleolar and glycosomal proteins in bofh cruzi and T. brucei and these results

correlated with the localization of the polymer to the nucleolus and glycgsome
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Interestingly, known polyfassociagd proteins such as the components of the VTC
complex involved in its synthes{tanderet al., 2013, Ulrichet al., 2014, Fangt al.,
2007a)and the exopolyphosphatase (PRKanget al., 2007b)and vacuolar soluble
pyrophosphatase (VSR).emercieret al., 2004, Yanget al., 2016) involved in its
degradationyere notidentifiedamong the interacting partners. This could be explained
because these enzymes are involved in short chain polyP synthesis and degradation while
we usedlong chain polyP bound to biotin for the pull downs.

Besides™ several glycolytic enzymes (phosphofructokinase, frubisgleosphate
aldolase, glyceraldehyde -ghosphate dehydrogenase) other glycosomal enzymes
(phosphoenolpyruvate carboxykinase, malate dehydrogenase, pyruvate phosphate
dikinase; fructose 1;bisphosphatase, glycerolpghosphate dehydrogenasglycerol
kinase, hypoxanthinguanine phosphoribosylansferase) were presentthe pull downs
Multiple_nuclear and nucleolar proteins (ribosomal subunits, snoRNP proteirl,GAR
small nucleolar ribonucleoprotein SmD3, fibrillarin, histones, high mobility group protein,
ca®in kinase 2) were also detected. These reardtén agreement with the localization
of polyP insthe nucleolus and glycosomes of the parasitexestingly, ot all PPDk
stained.glycosomes were detected by PPBD staining and m&D)-B#itive particles
were._not recognized by arRPDK suggesting the possibility of different populations of
glycosomes.

The.first report of the presence of PPDKIirbruce (Bringaudet al., 1998)showed
that the"enzyme was not detectable in long sleB& trypanosomes of Lister 423F
GUTat straingrown in rats and thahortstumpy formsof GUTat strain grown in mice
had low expression levelas detected by western blot analy$és PPDK was detected
by immunofluorescence analysis of BSF trypanoso@easresults suggest thattherthe
BSF trypanosomes grown in culture that we usee Baumpylike characteristicer that
the antibody we used was able to detect this enzygimg our standard IFA protocol.

It isqinteresting to note that many glycosomal proteins have the highest calculated
positive*charge within its family of homologous protefiiéierengaet al., 1987). These
observations led some authors to postulate the presence of “hot spots” of basic ami
acids about 40 Aapart that coulcbe important for the glycosomal import of these
proteins (Wierengat al., 1987). This idea was later discarded but the reason for the high

This article is protected by copyright. All rights reserved



335 positive charge of these proteins is still puzzling. It is tempting to speculate thRtgoly
336 the scaffold that maintairthe tight packing of the gtosomal enzyme@Vichelset al.,

337 2000) and could be involved irthe transfer of the negativelgharged glycolytic

338 intermediates between the enzymes

339 Another. potential reason for the highest glycolytic rate of parasites targéted w
340 ScPPX,to the glycosomeés an inhibitory effect of polyP oa stimulatory effect of its

341 hydrelytic'products (Pi and PPi) oglycolytic activities. Glycosomes contain enzymes
342 that can'be‘inhibited by PPi such as the hexokinas€scofizi (Caceret al., 2003)and

343 L. mexicana (Pabonet al., 2007) one of the hexokinases ®f brucel (Chamberst al.,

344  2008),andthe phosphoenolpyruvate carboxykindBePCK)of T. cruzi (Acostaet al.,

345  2004),but their inhibition by polyP has not been test®a the other hand binding of
346  glycosomalenzymes to polyP could be explained by the presence of binding domains to
347  polyP. Severalglycosomal enzymes found in our proteome analyses, like hypoxanthine
348 guanine phosphoribosylansterase(HGPRT)(Shihet al., 1998)and pyruvate phosphate
349 dikinasey(PPDK])Bringaudet al., 1998, Maldonado & Fairlamb, 2001, Sleihal., 1998)

350 produce or‘utilize PPiPhosphéructokinase (PFKis an ATRdependent enzymbut

351 shows=a high degred sequenceand structural similarity with PRlependent enzymes
352 (Rodriguez E., 2009, Michela al., 1997, McNaeset al., 2009) Thus, interaction with

353 potential PRi or polyRbinding sites could explain their pull down by polyPolyP

354 anions have been involved in stabilization of glyceraldehyde®phate dehydrogenase
355 (GAPDH)*(Semenyuket al., 2013), another glycolytic enzyme found in both pelyP
356 bindingwpreteomes. In #t work the authors demonstrated that polyP suppresses thermal
357 aggregation of the enzyme without affecting its activity. This could be a general
358 mechanism for polyfnediated regulation of glycolytienzymes and it could explain the
359 presence, 0opolyP in T. brucei and T. cruzi glycosomes.Our results indicate that a
360 detailed.analysis of the effect of polyP on glycosomal enzymatic activities is warranted.
361 PolyP'has been found in most subcellular compartments investggafacbut this is

362 the first'report of & presence in a peroxisomraated organelle. As glycosos®hare not

363 only similar biogenesis mechanisms, morphologiyd some metabolic processésit

364 also have in common a dense matrix of proteins with pl values on average 1 to 2 pH unit
365 higher than those in the cytogMichels & Opperdoes, 1991, Gabaldeiral., 2016) it is
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possible that polyP is present in peroxisomes of other organiismnisis regard, it has
been indicated that peroxisomes seem to entirely lack proteuchaperones and that
it will be intriguing to testhow the polyP pathway might play a role in the development
of stress resistance in these organékesnpinga, 2014).

Only,ene polyPsynthesizing activity has been described in trypanosomes, which is
catalyzed by the acidocalcisomal vacuolar transporter chaperone (VTC) cdirgoieber
et al’, "2013). However, conditional knockoof VTC4, the catalytic subunit of the
complex;“inT. brucei did not affect the levels of long chain polyP suggesting the
involvementof other enzymesn its synthesis(Ulrich et al., 2014). It is currently
unknown whether polyP is synthesized witlgtycosomes or reach the organelleg
piggy-acking on the glycosomal matrix enzymes that are synthesized in the cytosol and
postiranslationally importedria transient pasor by nonselective pores such as those
that have been detected Tn brucel glycosonal (Gualdron-Lopezt al., 2012) or in
different_organismgeroxisonal (Antonenkov & Hiltunen, 2012jnembranesOn the
other hangit has been reported that several NM[hydrolases in yeast and humans
(Lonetti® etwal., 2011) possesspolyP degradingactivity and at least two NUDIX
hydrolases (TbNH2 and TbNH3) have been detected in the glycosome prdt@ather
et al,,.2014) Work is in progress to investigate their activity.

The interaction of polyP with ribosomal proteins has been previously reporked in
coli for,two main processes: degradation of ribosomal proteiouth polyRLon
protease““complexKuroda et al., 2001) and as promter of translation fidelity
(Mclnerneyet al., 2006) The ATRdependent Lon protease fasia complex with polyP
that degrades most of the ribosomal proteins, thereby supplying the amino acids required
for response to starvatidiKurodaet al., 2001). On the other hand, polyP interacts with
ribosomes. to maintain optimal translation efficiency, as demonstrated in experiments
measuring.then vivo translation rate ipolyP kinase ppk) mutants(Mclnerneyet al.,

2006) These studies provide an explanation for the abundance of ribosomal proteins
observed il. brucei andT. cruz polyP-binding proteomes.

Transcription factors and RNA binding proteins represent another significant
functional group in thd. brucel andT. cruz polyP-binding proteomes. Arevious work
reported a role for polyP in macription of myeloma plasma cells, where they
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accumulatéhigher levels ohucleolarpolyP tran normal plasma cel(SimenezNunezet

al., 2012) In that work they confirmed thatucleolarRNA polymerase Was modulated

by polyP, opening up a broad spectrum of possibilities regarding the role of polyP as
regulator of gene expression at the transcriptional level. In fact, another auelenyme

that appeared with high scone T. cruzi, and also with a lower ece in the T. brucei
polyP-binding proteome, was the casein kinase II alpha subunit (CK2a). This enzyme has

been characterized i brucei andit accumulates in the nucleolus, which is the site of
ribosome“biogenesis and where many of the CK2 substredepresentPark et al.,

2002) (This isoform of the catalytic subunit prefers ATP over GTR agbstrate and
modulatorsyof its function are still unknown. It would be interesting to evaluate whethe
polyP regulates CK2 activity, as the anionic polymer and the enzyme localize to the
nucleolus and are involved in transcription regulatidhe report that many nucleolar
proteins can be polyphosphorylat@entleyDeSouseet al., 2018)supports the presence

of this polymer in the nucleoli.

MostypolyP in trypanosomatids Ve been proposed to beoncentrated in
acidocalcisome¢Docampo, 2016)Early *P-NMR studies of isolated acidocalcisomes
from Twbrucei PCF andT. cruzi epimastigotes found that the average chain lengths of
polyP.are 3.39 and 3.28Moreno et al., 2000), respectively, values that were in good
agreement with the average phosphate chain lengths determineddyymcroprobe
analysis _inT. cruzi (Scott et al., 1997, Morenoet al., 2000) This was considered
consistent'with the ability of the acidocalcisomal recombinant Vic4 to syrehsisart
chain pelyPin vitro (Landeret al., 2013) However, subcellular fractionation @f cruzi
epimastigotes detected both short and long chairPpolgcidocalcisome fraction&uiz
et al., 2001). In this work weonfirmedthat acidocalcisomesike glycosomespossess
considerable amounts of long chain polyP (Fig.. 9E)s apparentliscrepancy could be
explained_by the difficultyin detecting long chain polyP bY¥P-NMR because ofts
broad signal, and the potential need of a membrane potential to efficiently syntinesize a
translocate, long chain polyP in intact vacudldsthorn M, 2009) in contrast to thén
vitro synthesis by the recombinant enzyreidocalcisomes, howevenere not stained
by PPBD Onepotential explanatiors thatthis highly chargegolymeris known tobind
Mg?* and other cations iacidocalcisomeandform gels(Klompmakeret al., 2017)that
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could be inaccessible to BB. This might not occur in the glycosomes and nucleolus
where polyP could be associated withtpnas leaving free negatively charged residues
that could more easily bind to PPBDn vitro competitive binding assays previously
showed that PPBD binds stronglyftee long chainpolyP andhas been described as a
reliable_method for long chain polydetection(Saitoet al., 2005) Long chain polyP is
very abundant in different trypanosomatids wigportedvalues of 2.90.8 and 0.13 mM

in T cruzi“epimastigotes, trypomastigofemnd amastigotes, respectivglRuiz et al.,
2001) 57"mM inLeishmania major promastigotes (Rodriguesal., 2002) and 6 mM in

T. brucei procyclic forms(Lemercieret al., 2002).

We. were not able to detect significant differencessiort andlong chain polyP
content=ofstotal lysates from wild type aimIS2-ScPPX1-eYFP-expressingT. brucei
procyclic forms. Therefore, we assayed polyP by PAGE in total cell extradtsva
detected an increase in short chain palyfPTS2-ScPPX1-eYFP-expressing cellsThe
results.could be explained dnly the glycosomal long chain polyP is hydrolyzed
PTS2-PPX1-eYFP-expressing cellgesulting in the increase in polyP of less than 60 P
units, with'no apparent decreasesimort and long chain polyP levels in total cell extracts.

Ourwresults using thePBDof E. coli PPX suggest that the nucleolus and glycosomes
possess‘long chain polyP. Targeting of yeast exopolyphosphatgbedsomesof T.
brucel resulted in decreased cellular polyP levels, alteration in their glycolyticdhu,
increase_in the usceptibility to oxidative stresst is interesting to note thak. cruz
glycosemes, only possess a glutathione peroxidase |, which decomposes hydroperoxides
but not'HO, (Wilkinson, 2002), and that polyP has been shown to protect cells from
oxidative stres¢Grayet al., 2014).

The nucleoli are membratiless RNA/protein bodies within the nucleus where they
function.in_ribosome subunit biogenesis. Despite the knowledge gained on their function
there is_still'some lack of understanding of what holds the RNA and protein components
togetheras a physical structrangwynne, 201)1 Recent evidence suggests thmeyt
have liquidlike properties, with an effective surface tension that minimizes surface area
by viscous relaxation to a spherical shape and that may assemble by intracellular phase
separation(Brangwynne, 2011). The nucleation properties of palgiPemerset al.,

2016) could have a role in phase separation and Ridfein interactions.
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Targeting of E. coli exopolyphosphatase to the nucleolus did not reduce PPBD
staining suggesting that nucleolar polyP could not bediyzed because the enzyme
could not localize to the nucleolughe liquid dropletlike behavior of nucleolcould
make _them inaccessible to the enzymatic activity of EcPRX.this regard,
overexpression of ECPPX in yeast was also unableverse polyphosphorylation of
target proteingBentleyDeSousat al., 2018) Another possible explanation could be the
reportéd masking of some polyP chains, which makes them resistant to tbéytityd
action "of“exopolyphosphatasé@Rao et al., 2009) In this regard derivatization of the
terminal phasphates of polyP conferred resistance to exopolyphosphatase digdstion
et al., »2010). Furthermore,jt has been suggeste(Saiardi, 2012)that inositol
hexakisphosphate (4 could be at the edge of p#lyacting as a caplike the one
protecing mMRNA for degradation, and protect p#ly from the action of
exopolyphosphatases.

In conclusion, our work reveals a novel localization of polyP to the glycosomes and
nucleolus=af trypanosomatids and that hydrolysis of glycosomal polyP results in an

increasedglycolyt rate and increased susceptibility to oxidative stress.

Experimental procedures

Chemicals.and reagents

Monoclonal antibody L1CGDevaux et al., 2007) was provided byDr. Keith Gull
(Oxford University, UK), polyclonal antibody against ThB{Bangset al., 1993)was
provided byDr. Jay Bangs (University at Buffalo, NY), polyclonal rabbit antibody
against=ThVP1(Lemercier et al., 2002) was provided by Dr. Norbert Bakalara
(University=of Montpellier, France)monoclonal antibody againdt. brucei pyruvate
phosphatedikinase (TbPPDK)Bringaud et al., 1998) was provided byDr. Frédéric
Bringaud (Wniversity of Bordeaux, France), {w¢S2AldoPTS2eYFP vectoBaueret

al., 2013)was provided by Dr. Meredith T. Morris (Clemson University, NEJrc-
PPBD plasmid (Saito et al., 2005) was provided by Dr. Katsuharu Saito (Shinshu
University, NaganeKen, Japan), andLEW100v5bldBSD plasmid was provided by Dr.
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490 George CrossPolyRs, was provided by Dr. ToshikaZhiba (RegeneTiss Inc., Okaya,
491  Japan)PolyP; (NasPs010) was fromSigmaAldrich (St. Louis, MO) and polyRy and
492  polyP;oo were from Kerafast (Boston, MAAminomethylenediphosphona{&MDP)
493  was synthesized by Michael Martin (University of lllinois at Urb&reampaign)Slide-
494  A-Lyzer.Dialysis CassetteHisPur NENTA Chromatography Cartridgand Slide-A-
495 Lyzer Dialysis Cassette were fromihermo Scientific (Themo Fisher Scientific,
496  Walthman,"MA) Alexa Fluor 488 Microscale Protein Labeling,kMitoTracker Red
497  CMXRos,andrabbit aniGFP antibody wer&om Invitrogen Molecular Probes (Eugene,
498 OR). Rabbit antHA was from Abcam (Cambridge, MA)Dynabeads MyOne
499  Streptavidin, T1 beaddblasticidin S HCIL. and hygromycin Bwere from Invitrogen
500 (Carlsbad,“CA) Biotinylated heparin (Cat. No.375054) was from Merck (Millipore
501 Sigma, Burlington, MA).BCA Protein Assay kiand ECL Western Blotting Substrate
502 werefrom PierceProtein Biology (hermo Fisher Scieific, Walthman, MA. Phusion
503 High-Fidelity DNA polymeraseand restriction enzymes wefeom New England Biolabs
504  (Ipsichgy*MA). In-Fusion HD Cloning kitandE. coli Stellar Competent Cellwere from
505 Clontech LaboratoriefMountain View, CA) Zymo 5u Mix & Go competent cells was
506 from Zymo Researclfirvine, CA). LigaFast Rapid DNA Ligation Systemas from
507 Promega (Madison, WIG418was fromKSE Scientific(Durham, NG. Fluoromounts
508 mounting mediumwvas from Southern BiotecfiHomewood, AL) Benzonaseavas from
509 Novagen(Merck Millipore, Burlington, MA) Mini-PROTEAN TGX Precast Protein Gel
510 was fremBioRad (Hercules, CA) MagicMark XP Western Protein Standard was from
511 Life Teehnologis (Carlsbad, CA D-GlucoseAssayKit (GOPOD Forma) was from
512 Megazyme Inc. (Chicago, IL)Proteaseinhibitor cocktail for use in purification of
513 histidinetagged proteins (Cat. No. P884%rotease inhibitor cocktaifor use with
514 mammalian-cell and tissue extra¢@at. No.P8340),polyclonal rabbit anttubulin and
515 antidgG.antibodiesandall other reagents of analytical grade were from Sigktdxich
516 (St. Louis, MO)

517

518 Caell cultures

519

This article is protected by copyright. All rights reserved



520 For most studie3. brucei PCF and BSF (Lister 427) were grown as repopi@vyiously
521 (Landeret al., 2013, Huangt al., 2014) Cell density was verified by counting parasites
522 in a Neubauer chambePTX2-ScPPX1-eYFP-expressing PCF were grown in the
523 presence of 10 ug/ml blasticidiNoLS-EcPPX-GFP-expressing PCkere grown in the
524  presencesof 15 pg/ml G418, 50 pg/ml hygromycin, and 10 pg/ml blasticidin. For
525  proteomic_studiesl. brucei PCF (2913 strain) weregrown at 28°C in SM medium
526 (Cunningham & Honigberg, 1978upplemented with 10% heiaiactivated fetal bovine
527  serum (FBS); 8 pg/ml hemin, 15 pg/ml G418 and 50 pg/ml hygromycin. Cultures were
528 scaleup in glass sterile bottles under shaking until reaching a final volume &f &0
529  culturesinexponential phase-{15 x 10 cells/ml).T. cruzi epimastigotes (Y strain) were
530 grown at 28°C in LIT mediuniBone & Steirrt, 1956)supplemented with 10% heat
531 inactivated FBS. Cultures were scale in glass sterile bottles under shaking until
532 reaching a final volume of approximately 1.0cell culture in exponential phase (~4 x
533 10’ cells/m). T. cruz trypomastigotes ana@mastigotegY strain)were collected from the
534  culturesmedium of infected Vero cells, using a modification of the method oh&zh
535 and Murray as described befdidorenoet al., 1994) Vero cells were grown in RPMI
536  supplemented with 10% FBS and maintained at 37°C with 5% CO

537

538 Cdll lysisfor proteomic studies

539

540 Approximately 4 x 1¢ cells (T. brucei PCF andT. cruzi epimastigotes) were harvested
541 separatelysby centrifugation af000 xg for 15 min at room tempeture (RT) and then
542  washed twice with buffer A with glucog8AG: 116 mM NaCl, 5.4 mM KCI, 0.8 mM
543 MgSO,, 50 mM Hepes, pH 7.2, and 5.5 mM glucogeglls were resuspendéd 5 mi
544  hypotonic lysis buffer plus protease inhibitors (50 mM Hepes, pHprd@easeanhibitor
545  cocktail (P8340, 1:250 dilution) mM PMSF, 2.5 mM TPCK and 100 uM E64) and then
546 incubatedfor 1 h on ic&hree rounds of freezthaw were applied to the cells (5 min on
547  dry icefethanol bath, 5 min at 37°C in water bath). Then cells were sonicated 3otimes
548 30 s at 40% amplitude, keeping them on ice for at least 1 min between pulses. Cell lysis
549  was verified under light microscope and lysates were filtered through a 5 um pore

550 nitrocellulose membrane to remove cell ghosts. Protein concentration wasideteby
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BCA Protein Assaykit. Cell lysates were stored a80°C until processed for polyP
binding protein pull down within a week after lysis.

PolyP biotinylation

Biotinylated polyP was prepared as previously descrifé&bi et al., 2010) Briefly,
medium size polyP (<1000 mers) was daloeled by the covalent linkage of a primary
biotinylated“amine (amirPEG,-biotin) to the terminal phosphates of polyP in the
presence of ‘ethyl3-[3-dimetyhlaminopropyl]carbodiimide (EDAC)Choi et al., 2010)

PolyP-binding protein pull down

Twenty _mg_streptaviditoated magnetic beads (Dynabeads MyOne Streptavidin T1
were washed three times with dynabeads wash buffer (1 M &@hM Tris-HCI, pH

7.4) insdar®5’ miube using a DynaMag™ magnet. Beads were incubated with 7°x 10
moles biotinylated polyP (resuspended5 ml dynabeads wash buffer) for 1 &t RT
underwretation. Then, beads were washed twice with I®ash buffer and once with 10

ml 50.mM TrisHCI, pH 7.4. Ten pull down rounds were performed as follows: 10 mg
protein fromT. cruz (or T. brucei) total lysate were diluted in 10lwash buffer (50 mM
Tris-HCl pH 7.4, 5 mM EDTA, 0.1% polyethylenglycol (PEG), 0.01% sodium azide)
plus phesphatase inhibitors (2 mM imidazole, 1 mM sodium fluoride, 1.15 mM sodium
molybdatey1 mM sodium orthovanadate and 4 mM sodium tartrate) and filtered through
a 0.22 um pore nitrocellulose membrane. Diluted/filtered protein extracts were incubated

with 10 mg polyP-coated beads on a rotator for 30 min at RT. Beads were washed 5 times
with 10.nd wash buffer and polyBinding proteins were eluted with 500 pl elution buffer

(2 M NaCl,.50 mM TrisHCI, pH 7.4). Eluates from 100 magiiial protein extract were
combined™and precipitated with trichloroacetic acid (TCA). Finally, pdlyfling
proteins “were resuspended in 500 ul 50 mM TrisHCI pH 7.4 and quantified by BCA
Protein Assaykit. As a control of binding specificity, biotinyled reparin was bound to

streptavidincoated magnetic beads following the same protocol, and then used for
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protein pull down fromT. cruzi and T. brucei total protein extracts, as performed with
polyP-coated beads.

Sample preparation

Samples_containing. brucei andT. cruzi polyP-binding proteins frontwo independent
experiments were processed at the Protein Sciences Facility of University of lllinois
(Urbana; IE) for liquid chromatography tandem mass spectrometry analysiglQ/K2S).
Sample cleanup wagerformed using Perfect Focus according to manufacturer’s
instructiorssProtein samples were reduced in 10 mM DTT at 56°C for 30 min and
alkylation was performed using 20 mM iodoacetamide for 30 min in the dark. Samples
were digested with trypsin (Biosdences, St. Louis, MO) at a ratio of 1:2@:50 using

a CEM_ Discover Microwave Digestor (Mathews, SC¥ d&br565 min. Digested

peptides were extracted with 50% acetonitrile, 5% formic acid, dried under vaoulm

resuspended in 5% acetonitrile, 0.1% formic acid forNAEAMS analysis.

Mass spectrometry

LC-MS/MS was performed using a Thermo Dionex Ultimate RSLC3000 operating in
nano mode at 300 microliters/min with a gradient from 0.1% formic acid to 60%
acetonitrileyplus0.1% formic acid in 120 minThe trap column used was a Thermo
AcclaimsPepMap 100 (100 um x 2 cm) and the analytical column was a Thermo Acclaim
PepMap RSLC (75 um x 15 cm).

Data analysis

Xcalibursraw files were converted by Mascot Distiller interface (Matrix Science) into
peak lists that were submitted to Mascot Server to search against specific protein
databasesI. brucei Lister 427 andr. cruzi CL Brener (Esmeraldo and Ndfsmeralde

like) on TiTrypDB (Aslettet al., 2010). Proteins found in control samples froneruz

andT. brucel pull downs using heparooated beads, with Mascot scores higher than 50,
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were considered unspecific binding proteins and subtracted from -pwigliihg
proteomes of. cruzi andT. brucei, respectively.

PPBD conjugation to Alexa Fluor 488

E. coli TOP10 F’harboring pTrePPBD plasmidSaitoet al., 2005)was grown in 550 ml

of LuriasBertani (LB) broth with 50 pg/ml ampicillin at 37°C until reachghan OQyo of

0.6. The“fécombinant PPBD expression was induced with 1 mM isopropyl B-D-1-
thiogalact@yranoside (IPTG) at 37°C for 3 h. Cells were harvested by centrifugation at
10,000.xgsfor 10 minat 4°C and resuspended in 30 ml of binding buffgrosplate
buffered’saline (PBS: 20 mM MNdPO,, 300 mM NaCl), pH 7.4, plus 10 mM imidazqle)
containing poteaseanhibitor cocktail (P8849,50 ul perg of pelley, 100 pg/ml lysozyme,

and 75 U benzonase. The sample was incubated on ice for 30 min and then cells were
lysed on ice for 2.5 min with 18mulses(20 s between pulsesj aBranson Sonifier Cell
Disrupterwith Microtip.Cell debris were removed by centrifugation at 20,0@0or 20

min at #Cw»The supernatant was filtered through a -QuéiSmembrane filter and loaded.
PPBD=purification was performed 4®C using 1 ml HisPur NNTA Chromatography
Cartridge” coupled to aAKTA Prime Plus chromatography system (GE Heaith)
selecting the standard program His Tag Purification His Trap. The column wiasdvas
with binding buffer and PPBD was eluted with elution buffer (R#%$,7.4, plus300 mM
imidazeleyxBoth buffers were previously filtered through Gua2membrane filter. The
purity ofsPPBD in the FPLC fractions was determined by $FIA&E and the gel was
stained with Coomassie BlueZ50. The purest PPBD fractions were combined and the
buffer was exchanged to PBS, pH 7.4, using1® 31 10 kDa SlideA-Lyzer Dialysis
Casette. at. 4°C (a total of four buffer exchanges, including an overnight exchange). After
dialysis, . the sample was concentrated using an Amicon-UirE0K device (Millipore)

until reaching a volume of-1.5 ml. Protein concentration was quantified by ugimg

BCA Protein Assay kit. Fluorescent labeling of PPBD (100 pg) was done using the Alexa

Fluor 488 Microscale Protein Labeling kit as recommended by the manufacturea. Ale
Fluor 488labeled PPBD was kept in 10% glycerol20°C and protected from lighar
further experiments. Alexa Fluor 4&&bded PPBD concentration (in mg/mwas
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determined byabsorbanceat 280 nm (Azsg) and at 494 nm (A494) according to the

manufacturer's manual.

Localization of polyP and co-localization with cellular markersin T. brucei and T. cruz

Alexa Fluor 488labeled PPBD was usedfor localization of polyP andco-localization
with™ cellular markers in PCF and BSF of T. brucei, and in epimastigotes,
trypomastigotes,and amastigotesof T. cruz. Incubationswith PPBD were always
performedn tris-bufferedsaline(TBS: 100mM Tris-HCI, 150mM NacCl).

For.caloacalizationof PPBD and ntochondria, PCF and BSlive cellswerelabeled
for 30 min with 50 nM MitoTrackerRedCMXRosin the correspondingulture medum
before themmunofluorescence assay

PCFE (Lister 427, and Y strain epimastigotes and trypomastigataastigotesvere
washedtwice with BAG and then fixed with 4% paraformaldehyde in TBS, pH 7.4
(TBS1)atRT for 1 h.BSF (Lister 427 werewashed with icecold TBSL containing 1%
glucose'and thefixed with 1% paraformaldehyde the same buffeat 4°C for 1 hAfter
fixationy.all cells were washed twice with TR&nd allowed to adhere to pelylysine-
coated-coverslips for 30 min. The coverslips were washed three times withahB$he
fixed parasites were permeabilized with 0.3% Tritc100 in TBS for 3 min for PCF,
epimastigotes, and trypomastigdtesastigoésor 0.1% Triton %100 in TBS. for 3 min
for BSE#Coverslips were washed twice with TB&d blocked withTBS1 containing
5% goatsserum, 50 mM NI, 3% BSA, 1% fish gelatin at 4°C overnight.

After blocking, for celocalization with mitochondria, cellsiich were prancubated
with MitoTracker were then incubated with AleXduor 488labeled PPBD (8ig/ml)
diluted.in, 1% BSA in TBS, pH 8.0rBS2), for 1 h, atRT in the dark.

For_calocalization with other cellular compartments, after blockoglls were
concomitantlyincubated with AlexaFluor 488labeled PPBD (8ig/ml) and one of the
following primary antibodies diluted in 1% BSA in TBSor 1 h atRT in the dark:
monoclonal mouse arlibPPDK antibody (glycosomal marker, 1:30 dilution),
polyclonal rabbitant- TbVP1 antibody (acidocalcisomal marker, 1:500 dilution for PCF,
1:1,000 dilution for BSF, epimastigotes, and trypomastigantesstigotels or polyclonal
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674  rabbit antiBiP antibody (endoplasmic reticulum marker, 1:500). All these coverslips
675 were washedhree times with 1% BSA in TBSand then incubated with Alexa Fluor
676 546-<conjugated goat antabbit or Alexa Fluor 546conjugated goat anthouse

677  secondary antibodies (1:1,000 dilution) diluted in 1% BSA in ZB8 1 h at RTin the

678  dark.

679 For\the/celocdization of PPBD and a nucleolus marker in PCF, following the
680 blocking step, an immunofluorescence assay with three incubation steps feaseedr

681 due to"PPBD works well in TBS but not in PBfd L1C6 antibody works well in PBS

682 (1) incubation withmonoclonal mouse L1C6 antibody (1:200 dilution in PBH 8.0

683 plus 1% BSA followed by three washes with the same buyft) incubation with the

684  secondary@antibody Alexa FludA6-conjugated goat anthouse (1:1,000 dilution in 1%

685 BSA in PBSpH 8.0) inthe dark followed by three washes with TB&hd (3) incubation

686  with Alexa Fluor 488labeled PPBD (2 pg/ml in TBS2 plus 1% BSA) in the dark; all

687 incubations for 1 h aRT. In this case PPBD was used at a lower concentration to
688  minimizeyglycosomal labelingnd showmnainly the nucleolus labeling.

689 FortalhFAs cited above following the final incubation step with either PPBD or
690 antibody, cells were washed three times with 1% BSA inZTlB&shed once witiBS2

691 and_ceunterstained with DAPI (3g/ml) in FluoromourtG mounting medium oithe

692 slides. Differential interference contrast and fluorescent optical images were taken with a
693 100X oil_immersion objective (1.35 aperture) under nonsaturating conditions with a
694  Photometrix, CoolSnapHQ chargeupleddevice camera driven by DeltaVision software
695 (Applied=Precision, Issaquah, WA) and deconvolved for 15 cycles using SoftWoRXx
696 deconvolution softward=or supeiresolution microscopy images were taken with a 100X
697 oil immersion objective, a highower solidstate 405 nm laser and ERICD camera

698 (Andor.iXon) under nonsaturating conditions in a Zei¢&¥'EA S1 (SRSIM) super

699 resolution_microscope. Images were acquired and processed with ZEN 2011 esoftwar
700  with SIMsanalysis modulé/ideos weredonewith Imaris Versim 8.0softwareusing the

701  Surface*Reconstructicand Animationfunctiors. For conventional fluorescent images of
702 T. cruzi epimastigotes showing cytosolic and nucleolar PPBD labeling, images were

703 acquired using a 100X oil immersion objective, with an Olympus BX60 fluorescence
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microscope coupled to Olympus DP70 digital camera, and processed with DP aontrolle

software.

Effect of polyP in PPBD labeling

T. brucel PCF Lister 427 parasiteswere washedtwice with BAG and fixed with 4%
paraformaldehyden TBS1 for 1 hatRT. After fixation, cellswerewashedwice with the
samebuffer-and allowed to adhereto poly-L-lysine-coatedcoverslipsfor 30 min. The
coverslipswerewashedhreetimeswith TBS1 and incubateavith 0.3%Triton X-100in
TBS1 for 3min. Permeabilizeatellswerewashedwice with TBS1 and blockedvith the
samebuffery’containing 5% goaterum,50 mM NH4ClI, 3% BSA, and1% fish gelatinat
4°C overnight. In separatetubes, Alexa Fluor 4884abeled PPBD (8 ug/ml) was pre-
incubatedn theabsencer the presencef polyP dilutedn TBS2 containing 1%8SA at
RT for 1 hin the dark. Three independent experimentswvoftypes ofassaysveredone:
(1) Varyingithe concentration of polygy: 1, 10, 100, and 100eM (in phosphateinits),
and (2)"Varying the polyRhain length: 1mM polyP (in phosphateunits) of polyPs,
polyPssmpolyPioo, and polyRg. Thesesampleswere then incubatedavith the parasites
coatedeoverslipsfor 1 h at RT in the dark.In both cases,a controlwas done by
incubation of thecoverslipswith Alexa Fluor 488labeled PPBD that was not pre-
incubaedwith polyP.The cellswerewasedthreetimeswith 1% BSA in TBS2, washed
oncewith"TBS2, andcounterstainedavith DAPI (3 pg/ml) in Fluoromount-G mounting
mediumenrtheslides. Differential interferencecontrastand fluorescentoptical images
were taken as above Cells were imaged and fluorescencentensity of eachcell was
guantifiedafter subtractingoackgroundluorescenceusinganimageprocessingoftware
(Fidi, Image.J, University of WisconsinMadison, WI). The averagesof fluorescence
intensitieswere calculatedand the relative fluorescencgin comparisonto the control,
using PPBD that was not pre-incubateavith polyP)was plotted using GraphPa&rism
softwarer For the assay with variation of polyPioo concentration,we examined
fluorescenceantensity of at least42 cells from at least 10 fields per replicate,totalizing

471 cellsfor threebiological replicates For the assaywith different polyP chainlengths,
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at least 56 cells from at least 20 fields per replicate, totalizing 664 cells for three

biologicalreplicates.

Subcellular fractionation

Fractions enriched in glycosomes were isolated and purified using two iodgr@aadant
centrifugations as described previoughuanget al., 2014), with some modifications

(Fig. S6)=PCF trypanosomes43y wet weight) were washed twice with Buffer A with
glucose (BAG), and once with cold isolation buffer (125 mM sucrose, 50 mM KClI, 4
mM MgClz;,0.5 mM EDTA, 20 mM Hepes, 3 mM dithiothreitol (DTT9upplied with
Complete, (EDTAfree, protease inhibitor cocktail (Roche) prior to lysis with silicon
carbide in isolation buffer. Silicon carbide and cell debris were eliminated by a series of
low speed centrifugations (100gx<for 5 min, 300 xg for 10 min, and 1,200 g for 10

min). The supernatant was centrifuged at 17,009 far 10 min, and the pellet was
resuspended in 2.2 ml isolation buffer and applied to the 20% step of a discontinuous
gradient with 4 ml steps of 20, 24, 28, 34, 37 and 40% iodix@hloited in isolation
buffer)..I'he gradient was centrifuged at 50,800 a Beckman J24.38 rotor for 60 min

at £C,#and fractions were collected from the top. The fractions containing crude
glycosomes or acidocalcisomes (Fig. S6) were combined andvidsdred twice with 25

ml isolation buffer by centrifugation at 17,000 g for 15 min @@.4The washed pellet
containingsacidocalcisomes was used for polyP extraction and analysis. The washed
pellet ‘containing crude glycosomes was resuspended in 700 ul isolation buffer and
applied to the 27% step of another discontinuous gradient of iodixanol, with 1.4 ml of
isolation buffer containing 10% w/v sucrose clagrered on the top and 1 ml steps of 27,

62 and 80% iodixanol, which were diluted from 90% w/v iodixanol with isolation buffer.
To prepare 90% wl/v iodixanol, 60% w/v iodixanol solution (Optiprep) was dried
completely”at 7% and resuspended with isolation buffer. After the second gradient
centrifigation at 50,00Q for 60 min at 4C, fractions were colleatefrom the top,
washed twice with isolation buffer by centrifugation at 20,000 g for 15 mifiCytahd
analyzed by glycosome or acidocalcisome marker enzyme assays. The protein

concentration was quantified by Bradford assay using a SpectraMax MicropkderR
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The fractions 1 and 2, containing approximately 70% (Fig. 5A) of total proteins with the
highest hexokinase activity (Fig. 5B), were combined and used for polyP extraction and
analysesHexokinase (glycosome marker) and pyrophosphatase (PPaseréagbme
marker)activities andmmunaoblots wereassayeds described previous{jHuanget al.,

2014). Mouse antibodies against ToPPDK (1:200) or rabbit antibodies against TbVP1
(1:3,000. were used as indicated

Mol ecular eonstructs and transfection

For thesamplification ofScPPX1 (Saccharomyces cerevisiae exopolyphosphatase) gene
(GeneBank'ID L28711.1) by PCR, the following primers were designed: SePRX1
TACCCAACTCGCTAGCTCGCCTTTGAGAAAGACGGTTCCTGS3'), and ScPPX4
R (5-CCITGCTCAGSCTAGCCTCTTCCAGGTTTGAGTACGCTTCE3’), (Nhel
restriction_sites are in bold), and pTrcHiSBPPX1 plasmidWurst et al., 1995)was
used assDNA template. PCR analysis was done in a reaction volume of 100 pl using
Phusion HighFidelity DNA polymerase with20 ng of DNA, as follows: initial
denaturation for 30 s at 98°C, followed by 30 cycles of 10 s at 98°Cat3858C, 1 min
at 72°C7and then a final extension for 10 min at 72°C. The #¥&PTS2eYFP vector
(Baueret al., 2013), which provides resistance to htadin, was digested witiNhel-HF.
The 1.2 Kbinsert SCPPX1 was then cloned intdlhel-digested pXSAldoPTS2eYFP
vector wisingthe In-Fusion HD Cloning kit, generating theXS2-PT-ScPPX1-eYFP
plasmidwThe recombination product was transformedintoli Stellar Competent Cells
following the manufacturer’s instructions. The recombinant construct wasmedfby
digestion with restriction enzymes, and sequencing. TFdorucei transfection,pXS2-
PTS2-CPPX1-eYFP plasmid was linearized wittMlul and puified with QIAGEN's
DNA purification kit.

To_attempt to deliver ECPPX to the nucleolusTobrucel, we designed the primers
NoLS-EePPXF (5-
CCCAAGCTTAAACCACCATGCGTATCGGAGGGAGACGGAAGGCTAACCCTC
ACCTTTTGCGTGAGATAGCTGATGTGACGATGGAGTTGAAAAGATATAGGAA
GGGTCGTAGTGGTCAATACACGATAAATCCCCTCGTG3) and EcPPXR (5-
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GCTCTAGAAGCGGCGATTTCTGGTGTACTTTCTTE3’); respective Hindlll and

Xbal restriction sites are in bold and a reportagtleolar localization signal (NoLS)
sequence is underlindtioek et al., 2000) NLS-EcPPXHA plasmidwas used as DNA
template PCR analysis was done in a reaction volushd00 pl using Phusion High-
Fidelity DNA polymerasevith 20 ng of DNA as follows:initial denaturation for 30 s at
98°C, fellowed by 30 cycles of 10 s at 98°C, 30 s at 55°C, 1 min at 72°C and then a final
extensionfor 10 min at 72°Che 1.6 KhinsertNoLS EcPPX and the vector pLEW100
MCS-GFP*were digested witHindlll -HF andXbal. The ligation of NoLS EcPPX and
pLEW100MCS-GFPwas done with_igaFast Rapid DNA Ligation System, originating
NoLS-EcPPXGFP plasmidThe recombination product was transformed into Zymo 5
Mix & Go"competent cells according to manufacturer’'s instructions. The recombinant
constructs were confirmed by digestion with restriction enzymes, and sequenciig. For
brucel transfection, NoLI=cPPXGFPplasmidwas linearized witiNotl-HF and purified

with QIAGEN’s DNA purification Kit.

T. brucel. PCF Lister 427 was usedfor transfectionof the plasmid PTS2-ScPPX1-
eYFP plasmid T. brucel PCF 29-13 was usedfor transfectionof the plasmid NoLS-
EcPPXGEP.Cell transfectionsveredoneasreportedpreviously(Huanget al., 2014).In
briefyparasitesn exponential phaseere harvestedy centrifugationat 1,000 xg for 7
min at RT, washedoncewith 10 ml of Cytomix buffer (2 mM EGTA, 5 mM MgCl,, 120
mM KCl,;.0.15mM CaCk, 10 mM K;HPQO,, 25 mM Hepes,0.5 %glucose,0.1 mg/m
bovineserumalbumin, and InM hypoxanthine, pH 7.6dndresuspendeadh 0.45 ml of
the samebiiffer at a cell density of 1.5 x 1Dcells/m (7 x 10 cells per cuvette).The
washedcells were mixed with 10 ug of plasmidin a 4 mm electroporatiorcuvette and
subjectedo two pulsesfrom a Bio-Rad GenePulserXcell electroporatosetat 1,500V,

25 uF, 200€; with restingonice for 1 min betweerpulses.Negativecontrolswereflasks
containing-cells without plasmid DNA, submittedto the electroporationand flasks
containing cells without plasmid DNA that were not submitted to electroporation.
TransfectanPTS2ScPPXteYFPwere culturedin SDM-79 mediumsupplementedavith

15% heatinactivatedFBS plus 10ug/ml blasticidinuntil stablecell lines were obtained.
The protein PTS2ScPPX1eYFP is constitutively expressedin these parasites.
TransfectantNoLS ECPPX-GFP-expressingcells were cultured in SDM-79 medium
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supplementedwith 15% tetracyclinefree and heatinactivated FBS plus 50 pg/ml
hygromycin, 15pg/ml G418, and 10ug/ml blasticidin until stable cdl lines were

obtained.

Western blet analyses

To confirm the expression of the protdTS2ScPPX1eYFP, mid log phase parasites
from PCFwild type and PTS2-SCPPX1-eYFP-expressing cells were harvested by
centrifugation at 1,000 g for 7 min and washed twice WiBAG at RT. The pelletwas
resuspendedyin 200 pl of RIPA buffer (150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 1% sodium dodecylsulphate, and 0.1% Triton100) plus 2 mM
phenylmetharsgulfonyl fluoride (PMSF), and protease inhibitor cockt@t8340, 1:250
dilution). The sampls wereincubated on ice for 1 &nd then homogenized with a 1 mL
syringé.The lysates were kept &0 °C until further use. The protein concentration in the
lysatesswas determined using the BCA Protein As$&ayApproximately 20 ug of each
lysate veresubmitted to electrophoresis using@ Mini-ProteanTGX Precast Protein
Gel. Magic Mark XP Western Protein Standavds applied on the gdtlectrophoresed
proteins™were transferred to nitrocellulose membranes using &Rd&lotransblot
apparatus for 1 hour at 100 V at 4°C. Following transfer, the membrane blots were
blocked with 5% notiat dry milk in PBS containing 0.1% (v/ijween20 (PBST) at
4°C overnight. Blots were probed with polyclonal rabbit-&%P antibody (1:2,000
dilutionin=PBST) or polyclonal rabbit anttubulin antibody (1:20,000 dilutiom PBS
T) for 1 h atRT. After washing three times with PBES the blots were incubated with
horseradish peroxidase conjugated-aaibbit IgG antibody (1:20,000 dilutian PBST)
for 1 h.atRT. The membranes were washed three times with-PB&d western blot
images. were processed and analyzed using ECL Western Blotting Substrate according to
the manufacturer’s instructions.

For'expression ofthe proteinNoLS-EcPPXGFP, the culture wasinduced wih 1
ug/ml tetracyclinefor 48 h Lysates fromnon induced and induced culturegere
analysed by western blttat wereperformed as above with the following modifications

Approximately 50 pg of each lysate were submitted to electrophoresis using 10% SDS
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PAGE Blots were probed with polyclonal rabbit a@FP antibody (1:10,000 dilution
PBST) or polyclonal rabbit anttubulin antibody (1:20,000 dilutiom PBST) for 1 h at
RT.

For loading controbf Fig. @, the western blotvas performedising rabbit ant
tubulin _antibody (1:10,000 dilution) and IRDye 680RD goat antirabbit (1:20,000
dilution).andwas analyzed withi-Cor Odyssey CLx Imaging System.

| mmunofluerescence analyses

For immunefluorescence assayf PCFexpressing?TS2ScPPX1eYFP, the cells were
washed-twice witlBBAG and fixed with 4% paraformaldehyde in PB# 7.4 (PBS1)
for 1 hat RTy After fixation, cells were washed twice witie same buffer and allowed to
adhere_to polt -lysine-coated coverslips for 30 min. The covershpsre washed three
times ‘with PB3 and incubated with 0.3% Triton -X00 in PB3 for 3 min.
Permeabhilized cells were washed twice with PBS8d blocked with PBEcontaining 5%
goat serum, 50 mM NICI, 3% BSA, and 1% fish gelatin at £C overnight. After
blocking,, cells were incubated with the primary antibodpsyclonal rabbit antGFP
antibody*(1:1,000 dilution), and monoclonal mouse-BRDK antibody (1:30 dilution)
diluted in 1% BSA in PBSpH 8.0(PBS2)for 1 h atRT. The coverslips were washed
threetimes with 1% BSA in PB&and then incubated with Alexa Fluor 488njugated
goat antirabbit and Alexa Fluor 546onjugated goat anthouse secondary antibodies
(1:1,000:dilution) diluted in 1% BSA in PBSor 1 h atRT in the dark. The cells were
washedthree times with 1% BSA in PESwashed once with PEBSand counterstained
with DAPI (3 pg/ml) in FluoromourtG mounting mediunon theslides. Two negative
controls . weralone,wild type PCF Lister 427according to thenptocol described above,
and PTS2ScPPX1transfected PCHn the absence of primary antibodies. Differential
interference contrast and fluorescent optical images were takemeltaVisionsystem
as described abovBearson’s correlation coefficient waslculated using the SoftWaR
software by measuring the whatel images.

NoLS-EcPPXGFP culture was inducedwith 1 ug/ml tetracyclinefor 24 h andFA
wasperformedasabovewith somemodificationsrelatedto antibody incubations. Awo-
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steplFA waschoserfor NoLS EcPPX-GFP-expressingells dueto PPBDworkswell in
TBS but notin PBS, and rabbitant-rGFP antibody workswell in PBS until incubation
with primary antibodies,PBS1 was used Cells were then incubatedvith polyclonal
rabbitantrGFP antibody (1:2,000 dilutiondlilutedin 1% BSA in PBX2. Afterwardscells
were washed three times with TBS2 and then concomitantly incubatealith the
secondaryantibody Alexa Fluor 546-conjugated goaantirabbit, andPPBD (8 pg/ml),
dilutedin™@% BSA in TBS2. Fromthis stepall washesveredonein TBS2. The negative

controleconsistedn non-inducedells.

PPX activity:determination

Parasiteg4.5x 10 cells)from wild type (ister 427) andPTS2-ScPPX1-expressind®CF
wereharvestedy centrifugationat 1,000 xg for 7 min at RT, washedwice with BAG at
RT, and resuspended 1 ml ofresuspensiobuffer (150mM NacCl, 20mM Tris-HCI pH
7.5, ImMFEDTA, 2 mM PMSF,and proteasmhibitor cocktail (1:250 dilution, P8340)).
Cells werelysed by 7 cyclesof freeang andthawing (for freezing steps,the tubesvere
incubatedin dry ice/ethanolbath,and for thawing steps,in waterat RT) and then the
lysateswere homogenized using a 1 ml-syrindga.a 96well plate, 20 ul of eachlysate
wereincubatedn the presenceor the absencef 10 uM polyPioo (in phosphate unitgh
activity.buffer (50 mM Tris-HCI pH 7.4, and 2.5mM MgSQ,) at 30°C for 10 min,
totalizing™2Q0 pul of reactionvolume. Negative controls were reaction buffers without
lysates “(blank) andysateskept on ice (samplenamed“ice” on the graph)After the
incubationtime, the reactionswere stopped by addition of 100l of freshly prepared
malachitegreensolution (three parts of 0.045%malachitegreenand one part of 4.2%
ammopniummolybdate/4MHCI) (Lanzettaet al., 1979).Releaseof phosphatéom polyP
dueto the PPXactivity wasmeasuredn triplicate wells by reading the absorbanat660
nm immediatelyon theplatereaderBiotek SynergyH1. Threeindependent experiments
were done.In all biological replicates,a standardcurve of potassium phosphatsas

includedin triplicate wells.

Short and long chain polyP extraction and analysis
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Short chain polyP was extractedfrom wild type (Lister 427) andPTS2-ScPPX1-
expressingPCF using a protocol reported previouglRuiz et al., 2001). Longchain
polyP was extractedfrom cells or from subcellularfractions accordingto a published
protocol(Ault-Richeet al., 1998).

Quantification of short and longchain polyP (bothextractedfrom 1 cells) was
determinedby measuringthe amount ofP; releasedupon addition of recombinant
ScPPX1tothe plate wells. For both short andong chainpolyP quantification, 1@ of
polyPwereincubatedvith 90 ng of recombinar8cPPX1in activity buffer (50 mM Tris-
HCI pHs7 45and 2.5M MgSQO,) at 30°Cfor 1 h,in afinal volumeof 100ul. A negative
control'was'reactionbuffer without enzyme.The rest of the protocolwas followed as
citedin the previousection.Threeindependent experimenigere performed.

ShortchainpolyPwasalsoresolved byPAGE.PCF(2 x 10’ cells)wereharvestedy
centrifugationat 1,000 xg for 7 min andwashedwice with BAG. For loading controls,
we collectedfrom eachsample1@® cells that wereimmediatelylysedwith RIPA buffer,
the protein® concentratiomeasuredusing BCA Protein Assay kit (see methodsfor
Western,blot analysis) and used for western blot analysis with rabbit antirtubulin
antibodiesSThe otherpart of thecell cultures (1.9 x 1Dcells) was centrifugedat 1,000 x
g for 7 min andresuspendeh 100ul of ice-cold 1 M perchloricacid (HCIO,) for polyP
analysis.The samplesvereincubated once for 5 min andcell debriswere removedby
centrifugationat 18,000 xg for 5 min at 4°C. The supernatantsvere transferrecto new
tubes andreutralizedwith 20 ul of neutralizingsolution (0.6 MKHCOs3, 0.72 MKOH).
The pH was checkedwith pH strips and neutralizedto 7.0-7.5,if necessary.The
precipitatedsalt was removed bycentrifugationat 18,000 xg for 5 min at 4°C. An
additional.centrifugationstep was carried out to eliminate remaining precipitates.The
supernatant®ereimmediatelysubmittedto electrophoresis or kept -80°C until further
use. Shertchain polyP was resolvedby PAGE using 35.5%acrylamide/bisacrylamide
19:1 gelsin_Tris/Borate/EDTA(TBE) buffer. Gels were stainedwith toluidine blue.
PolyP densityin eachgel lanewas quantified usingFiJi software.Four independent

experimentsveredone.
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950 Analysis of longchainpolyPin subcelular fractionsfrom wild type PCFwasdone by
951 PAGEusing a 30%crylamide/bisacrylamidel9:1 gelstainedwith toluidine blueThree
952 independent biological experimentgredone.

953

954  Effect of exidative stress

955

956  Wild" type™(Lister 427) andPTS2-ScPPX1-expressingPCF (1.2 x 18 cells) were
957 harvested by centrifugation at 1,00@ for 7 min and resuspended in 4 af SDM-79
958 medium plus 10%eatinactivated FBSwWith addition of 10 pg/ml blasticidinto PTS2-
959  SPPXl-expressing®CH. Hydrogen peroxide ($0,, 50 pM)was added and theells
960 were incubatedit 2&C for 1 h. Cultures werethen diluted 10 timegwith addition of
961 blasticidin to the mediuraf PTS2-ScPPX1-expressind®CH and incubated at 28 for 24
962 h. The_cell density after 24 h was determined by tiagnparasites in a Neubauer
963 chamber. Thee independent experimanivere done.

964

965  Glucoseconsumption

966

967  Wild_typ€ (ister 427) andPTS2-ScPPX1-expressing®CF (10° cells/ml) wereincubated
968 in a modifiedSDM-79 medium(without phenoked andheminplus 10%heatinactivated
969 FBSand addition of 1@g/ml blasticidinto the PTS2-ScPPX1-expressingells)for 6 hat
970  28°C. 200wl of both culturesat time O andafter 6 h of incubatiorwere centrifugedat
971 14,000xg-for 1 min. Two ul of eachsupernatantvere usedto quantify glucosen
972 triplicate platewells, usingthe D-GlucoseAssayKit. After addition of200 ul of glucose
973  oxidase/peroxidasGOPOD reagentto eachwell, the plate was incubatedat 48°C for
974 20 min. . Ihe absorbancevas readat 510 nm on theBiotek Synergy Hlplate reader.
975 Threeindependent experimemgere done.In all biological replicates,a standaraurve
976  of glucosewasincludedin triplicate wells. The glucose consumptioplottedin the graph
977  wascaleulatedby thedifferencein the amount of glucosé the supernatantat time O
978 andafter6 h of incubation.

979

980 Satistical analyses
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Values are expressed as means *MjEor means =SD, as indicated Significant
differences between treatments weoenpared using unpairetudent’st-test and one
way and tweway ANOVA tests Differences were considered statistically significant
atP < 0.05;, . anch refers to the number @Xxperiments performed. All statistical analyses
were conducted using GraphPad Prism 6 (GraphPad Software, San Diego, CA).
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Table 1. Polyphosphate-binding proteinsidentified in Trypanosoma brucei.

M ascot Protein name GenelD" aa’ | P
scor e®
Glycosomal enzymes
214/473==glycosomal phosphoenolpyruvate carboxykin: Tb427.02.4210 525 8.75
145/106 hypoxanthineguanine phosphoribosyl Th427.10.1390 234  9.77
transferase, putative
165/47, 'ATP-dependent phosphofructokinase Th427.03.3270 487 9.77
69/100  glycerol 3phosphate dehydrogenase [NAD+], Th427.08.3530 354 8.75
glycosomal
78178 fructosel,6-bisphosphatase Th427tmp.211.0540 350 9.46
75175 glyceraldehyde3-phosphate dehydrogenase, Thb427.06.4280 359 9.74
glycosomal
74* pyruvate phosphate dikinase Th427tmp.02.4150 913 8.82
59* glycerol kinase, glycosomal Th427tmp.211.3540 512 8.36
Nuclear/nucleolar/ribosomal proteins
247/660=NHP2/RS6like protein Tb427tmp.160.3670 126  7.37
56/453 ““ALBA2 Tb427tmp.02.2030 117 9.80
94/401  40S ribosomal protein S15, putative Th427.07.2370 172  10.56
22/338  60S ribosomal protein L10autative Th427tmp.01.1470 214 10.22
741287 40S ribosomal protein S24E, putative Th427.10.7330 137 11.74
138/269 ribesomal protein L36, putative Th427.10.1590 109 12.17
133/230 60S ribosomal protein L6, putative Th427.10.11390 192 11.05
51/217  40Sribosomal protein S10, putative Th427.10.5360 172 10.83
243/162 40S ribosomal protein S8, putative Th427.08.6160 220 11.66
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187/80  histone H2B, putative Th427.10.10460 112 12.29

58/69 histone H3, putative Tbh427.01.2430 133 11.60
60/64 ATP-dependenDEAD/H RNA helicase, Tbh427.04.2630 843 10.02
putative
49/18 fibrillarin, putative Tb427.10.14750 304 10.44
Proteins of other or unknown locations
155/426 high mobility group protein, putative Th427.03.3490 271 10.24
197/162 cyclophilin, putative Th427.08.2000 301 10.32
44/118 » nascent polypeptide associated complex Th427tmp.01.1465 101  10.07
alpha subunit, putative

92/80 kinetoplast DNAassociated protein, putative  Th427.10.8950 126 11.46
88/88 kinetoplast DNAassociated protein, putative  Th427.10.8890 209 11.33
77188 acylCoA binding protein, putative Th427.04.2010 93 10.82
67/67 kinetoplastassociated protein, putative Th427.08.7260 1028 10.33
62/62 calmodulin Th427tmp.01.4621 149 3.86

42/50 trichohyalin, putative Th427tmp.01.3320 658 10.55
69/222" . 'hypothetical protein, conserved Th427.03.1820 246  12.03
55/182===hypothetical protein, consen/ed Th427tmp.02.3560 206 12.39
53/64 hypothetical protein, conserved Th427tmp.03.0720 174 11.16
60/101===hypothetical protein, conserved Th427tmp.01.2800 348 9.99

41/72 hypothetical protein, conserved Th427tmp.160.1100 198 11.07
34/53 hypothetical protein, conserved Th427tmp.211.4200 337 10.97
94/18 hypothetical protein, conserved Th427.10.10030 100 5.04

1263  ®Mascot Scores obtained from search udingrucei Lister 427 database on TriTrypDBslett et al.,
1264  2010)in two independent experiments

1265  "Gene identifier from TriTrypDB.

1266  “Protein length in amino acids.

1267  “Isoelectric point.

1268  °The proteinsis annotated as “mitochondrial RNidding complex 1 subunit (Tb927.3.182@)"the
1269 reference strain TREU927 database.

1270  'The protein is annotated as “surfeit locus protein 6 (Th927.11.5810)” in the referantd REU927
1271  database.

1272  °The protein is annotated as “Fcf2 yRINA processing, pative (Th927.11.420)” in the reference
1273  strain TREU927 database.
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1275
1276

1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292

*Glycosomal proteins detected in only one experiment.

Table 2. Polyphosphate-binding proteinsidentified in Trypanosoma cruz.

M ascot Protein name GenelD" aa’ | P
scor ¢
Glycosomal enzymes
643/719 fructosel,6-bisphosphatase, putative TcCLB.506649.70 344 8.01
108/592 glycosomal malate dehydrogenase, putat TcCLB.506503.69 323 8.88
148/479 ATP-dependentfhosphofructokinase, = TcCLB.508153.340 485 9.29
glycosomal
71/108 glyceraldehyde3-phosphate TcCLB.506943.50 359 9.20
dehydrogenase, putative
36* fructosebisphosphate aldolase, glycosom TcCLB.510301.20 372 8.78

putative

Nuclear/nucleolar/ribosomal proteins
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516/1179  nucleolar protein 56, putative (fragment) TcCLB.511573.58 387 8.44

527/380 casein kinase Il, putative TcCLB.510761.60 345 8.53
30/553 ribosomal protein L38, putative TcCLB.503575.34 82 11.09
22/462 40S ribosomal protein S8, putative TcCLB.511903.110 221 11.41
80/291 snoRNP protein GARJputative TcCLB.510687.120 239 11.92
85/164 fibrillarin, putative TcCLB.509715.40 316 10.37
78/92 60S ribosomal protein L22, putative TcCLB.504147.120 130 10.79
56/95 ribosomal protein L36, putative TcCLB.509671.64 114  12.07
79/76 ribosomal proteir§20, putative TcCLB.508823.120 117 10.52
73/41 small nuclear ribonucleoprotein sm d3 TcCLB.508257.150 115 10.72
Proteins of other or unknown locations
7900/1379 "histidine ammonidyase, putative TcCLB.506247.220 534 8.00
438/503 retrotransposon hapot (RHS) protein, TcCLB.503483.9 916 8.40
putative
288/180 tripartite attachment complex protein 102 TcCLB.509207.40 1136 5.36
182/53 eukaryotic translation initiation factor 5, TcCLB.504105.20 379 8.24
putative
68/125 serine carboxypeptidase SPBitative TcCLB.506425.10 631 6.52
76/66 ARP2/3 complex subunit, putative TcCLB.508737.194 180 7.90
30/85 actinrelated protein 2/3 complex subunit 1TcCLB.504215.40 383 7.61
putative
27/17 ARP2/3 complex subunit, putative TcCLB.506865.10 328 9.57
63/52 Mu-adaptin 1, putative TcCLB.510533.40 432 7.84
33/102 hypothetical protein, conserved TcCLB.506857.30 508 7.53
83/28 hypothetical protein TcCLB.511439.40 455 8.95

1293  ®Mascot scores obtained from search usingruzi CL Brener Esmeraldbke and NorEsmeralde
1294  like databases on TriTrypD@slettet al., 2010)in two independent experiments

1295  "Gene identifier from TriTrypDB.

1296  “Protein length in amino acids.

1297  “Isoélectric point.

1298  *Glycosomal protein detected in only one experiment.

1299
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Figure Legends

Fig. 1. Super-resolution images of PPBD-labeledbrucel PCF.

(A) PPBD green) (8 ug/ml) localizes in the nucleolus, which is identified as the nuclear
region net,stained with DAPIbl(ue) and celocalizes (Mergeyellow) with antibodies
againstithepyruvate phosphate dikinase (PRB#,in the glycosomes.

(B) PPBD"does not ctocalize with antibodies against TbVPE(), the acidocalcisome
marker.

(C) PRBD nucleolar localization coincides but does not superimpose to the labeling by
nucleolar antibody L1C6réd). The concentration of PPBD used (@) was lower (2

pg/ml)te show only nucleolar labelin§cale lars =5 pum.

Fig. 2. Fluorescence microscopy analysis of the effect of different concentrations of
polyPigp.0n PPBD staining ifi. brucel PCF.

(A) PPBD=@reen) was preincubated with 0 to 1.0 mM poly® (in phosphate units) for

1 h and then cell labeling was analyzed by fluorescence microscopy. Nucleoligylabe
is indicated bywhite arrows. Differential interference contrast (DIC) images are shown
on thedeft panel. DAPI staining is bhue. Scale lars =5 pm.

(B) Quantification of the fluorescence of cells labeled with PPBD previously incubated
with polyP;o0 as compared with control cells. A total of 471 cells were examined in three
biological'experiments. Values are means + SEM (n = B)<*0.05, OneNay ANOVA
testwithumultiple comparisons

Fig. 3-Super-resolution images of PPBD-labeledbrucel BSF.

(A) PPBD @reen) does not label the nucleolus and partialljazalizes (Mergeyellow)
with antibodies against PPDKe{l).

(B) PPBD does not ctiocalize with antibodies against ToVPEd). DAPI staining is in
blue. Scale lars =5 pm.

Fig. 4. Super-resolution images of PPBD-labeledruz.
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1331 (A, B) In epimastigotes PPBDOyeen) labels the nucleolus and shows diffuse cytosolic
1332 labeling that does not docalize (Mergeyellow) with antibodies against PPDKe(l)

1333 (A) or with antibodies again3tbVP1 (ed) (B). Scale lars =5 pum.

1334 (C, D) In trypomastigotes PPBD labels the nucleolus and partialpaadizes (Merge,

1335  yellow) with antibodies against PPDKefl) (C) but not with antibodies against TbVP1
1336  (red) (D). Scale bars =5 pum.

1337 (E, B "In"amastotes PPBD labels the nucleolus and partiallylocalizes (Merge,
1338  yellow)"with antibodies against PPDKe{l) (E) but not with antibodies against TbVP1
1339 (red) (F). DAPI staining is irblue. Scale bars =5 pum.

1340

1341 Fig. 5. Distribution on iodixanol gradients of organellar markers fnoitd type PCF

1342  trypanosomes and detection of long chain polyP.

1343  (A) Protein distribution.

1344  (B) Glycosomal marker (hexokinase) distribution.

1345 (C) Acidacalcisomal marker (pyrophosphatase) distigiou

1346 In (A-C) the y-axis indicates relative distribution; theaxis indicates fraction number
1347  from wild-type T. brucei PCE bars show means + SD from three independent
1348 experimentsin (B-C) the values are expressed as a percentage of thedotakered

1349  activity.

1350 (D) Western blot analyses done with aliquots of fractions from-tyje T. brucei PCF,

1351 using antibedies against the glycosomal protein marker TOPPDK or the acidocalcisomal
1352  protein'marker TbVP1, as described under Materials and Methods. C, crude glycosomes
1353  from the first iodixanol gradient. F1 to F7, fractions from the second iodixanolegtadi
1354 as indicated, in Fig. S6. Molecular weight markers (M) and antibodies are shown at left
1355 and atright, respectivelArrows showthe bands corresponding ToPPDK and TbVP1.

1356 (E) Long.chain polyP as detected by PAGE. Long chain polyP was extracted from
1357  glycosome(Gly) and acidocalcisom@Acc) subcellular fractions (Fig. S6). Polyfgwas

1358 used astaumarkeArrowheads indicate the oran@edye used in the sample buffer.

1359

1360 Fig. 6. Glycosomal expression of ScPPX Tn brucei PCF and resulting phenotypic
1361 changes.
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(A) PTS2ScPPX1eYFP @reen) colocalizes (Mergeyellow) with antibodies against
PPDK (ed) (Pearson’s correlation coefficient = 0.5726). DIC, differential interference
contrast. DAPI staining is iblue. Scale lar =5 pum.

(B) Western_ blot analysis of PCF WT aRd2-ScPPX1-eYFP-expressing cells using
polyclonal.antibody against GFP. Moleculaeight markers are &&ft andarrow shows

the band cerresponding to PFS2PPX1eYFP (expected size: ~ 73 kDa). Tubuivas
used as'a‘loading control. Full gel in shown in Fig S7.

(C) Exopelyphosphatase assays in lysates. Lysates (4.5cell@quivalents) of WT or
PTS2-ScPPX1-eYFP-expressing cells were incubated in ice or at 30°C for 10 min in the
absence or, presence of 10 UM palgRin phosphate units)ScPPX mean$T2-
SPPX1=eYFP-expressing cells. Values are means £ SEM (n =*3}P < 0.0001. Twe

way ANOVA testwith multiple comparisons

(D) Exopolyphosphatase activity as detected by PAGE. Short chain polyP was extracted
from WI and PTS2-ScPPX1-eYFP-expressing cells. PolgpPwas used as a marker.
Arrowheadindicates orang& dye. Tubulin was used adoading control.

(E) Densitometry of toluidine stained polyP from WT aii2-ScPPX1-eYFP-
expressing cedl Values are means + SEM (n )z #** P < 0.0001. Student’s t test.

(F) Grewth of WT orPTS2-ScPPX1-eYFP-expressing cells at 24 and 48 h. No significant
differences observed, n = 3.

(G) Glucose consumption in WT aiflf S2-ScPPX1-eYFP-expressing cells after 6 h of
incubationrin culture medium at high cell density®@élis/ml). Values are means + SEM
(n = 3),%P.<0.05. Student’s t test.

(H) Percentage of live cells following 24ihcubation after treatment with 50 uM@,

for 1 h.at 28°C. Values are means + SEM (n 8)P < 0.001. Student’s t test.

Fig. 7. Western blot analysis and fluorescence microscopyNaifS EcPPX-GFP-

expressing’. brucei PCF.

(A) Western blot analysis of uninducedl'£T) and induced (+TET). brucei PCF

transfected with an expression vector containing EcBFR with a nucleolar

localization signal (NoLS) using polyclonal antibody against GFP. Molecutaghtv
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1392 markers are ateft and arrow shows the band corresponding to NeESPPXGFP

1393  (expected size+ 89 kDa). Tubulin was used as a loading control.

1394 (B) Uninduced {TET) and induced (+TET). brucei PCF transfected with Nol-S

1395 EcPPXGFP plasmid were subjected to immunofluorescence analysis. Parasites were
1396 labeled.with PPBD dreen), antibodies antGFP ¢ed), and DAPI blue). Differential

1397 interference contrast (DIC) images are shown on the left panel. Merged images are shown
1398 on the“right'panel. In induced cellEcPPX (ed) exhibits nuclear localization and does

1399 not cofocalize with nucleolar PPBDOyfeen). Scale lars =5 um. TET: tetracycline.
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