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Summary

Summary

Trypanosoma bruceis the causative agent of the African sleepingkrass. Between
mammalian hosts it is transmitted by the tsetseDlye to the different environments of the
hosts the parasite has to adapt its metabolisnkigui€. bruceiRNA polymerase Il lacks
transcriptional control; therefore the control @ng expression is exerted mainly at the level
of mMRNA stability and translation. RNA stability isfluenced by the binding of RNA
binding proteins (RBPs), which thereby can playuial role in gene expression.

This work focused on the characterization of theARMNhding protein RBP10. A polyclonal
antibody was raised which showed that RBP10 is erfyressed in the BS of the parasite. A
knockdown of RBP10 by RNAI in the bloodstream fof88) of the parasite was lethal after
four days. Microarray studies comparing RBP10 kdogkn RNA to BS WT RNA revealed a
widespread effect on the transcriptome with manysB&cific mMRNAs decreased, including
many mRNAs encoding proteins involved in glucosdatnelism. Further, the effect of the
inhibition of glucose uptake by phloretin treatmemt the transcriptome was explored and
compared to the effect of RBP10 RNAI.

The ectopic expression of RBP10-myc in the PC teduh a defect in proliferation and also
in the expression of endogenous RBP10. Microartagiess showed that in the PC the
artificial expression of RBP10 lead to a strongéase of many BS specific mMRNAs and a
simultaneous decrease of PC specific mRNAs. It c¢also be shown that the forced
expression of RBP10 inhibited differentiation of BSPC trypanosomes.

Putative direct RNA targets were identified by IRhwsubsequent purification of bound RNA
and deep-sequencing. However, these results dovaotap with the mRNAs affected after
RPB10 RNAI. Also using IP probable protein interagtpartners were detected revealing
among others RBP29, which is known to be on polysyrand PABP2. In a sucrose gradient
RBP10 was not found in the fractions of the heaweyygomes but could be detected in
fractions of the free proteins to the fractionguadteins in trisomes.

These findings show that RBP10 is necessary foretkgression of many BS specific
MRNAs.



Zusammenfassung

Zusammenfassunq

Trypanosoma brucast der Erreger der Afrikanischen SchlafkrankhBie Parasiten werden
von der Tsetse Fliege zwischen den menschlichenteWiiibertragen. Deshalb ist es
notwendig, dass sie ihren Stoffwechsel schnell anenUmgebungen anpassen koénnen.
Allerdings verfiigen diese Parasiten Uber keinestktaptionelle Kontrolle der Genexpression,
weshalb die Kontrolle tber Translation und die #itdb der RNA sehr wichtig sind. Die
Lebensdauer einer RNA wird bestimmt durch RNA-birdke Proteine, die daher eine
entscheidende Rolle in der Genexpression einnehmen.

In dieser Arbeit wird das RNA bindende Protein RBRdharakterisiert. Mit Hilfe eines
polyklonalen Antikorpers konnte gezeigt werden, sdeRBP10 ausschliel3lich in der
Blutstromform (BS) des Parasiten exprimiert wirddwgine Reduktion der Proteinmenge fur
den Parasiten letal ist. Microarray Analysen ergalimss RBP10 notwendig fur die
Expression vieler BS spezifischen mRNAs ist, dausind viele mRNAs die fur Proteine
der Glykolyse kodieren. Deshalb wurde der Effekh \Rhloretin, das die Aufnahme von
Glukose in die Zellen verhindert, ebenfalls mittblgkroarray Analyse untersucht und mit
den Daten der RBP10 Reduktion verglichen.

Eine Expression von RBP10 in Zellen im prozyklectStadium hatte eine Verringerung der
Wachstumsrate zur Folge. Zudem wurden viele BSispadze mRNAS verstarkt exprimiert.
Eine Expression von RBP10 in BS Trypanosomen vddrie zudem die Differenzierung in
das prozyklische Stadium.

Durch die Isolierung von an RBP10 gebunden RNAs decen Sequenzierung konnten
potentielle Ziele von RBP10 identifiziert werdenllekdings konnte keine Ubereinstimmung
mit den Ergebnissen der Mikroarray Analyse gefundemden. Mdgliche Bindungspartner
von RBP10 konnten mittels Massenspektroskopie &lniverden. Unter anderem wurde
RBP29, welches in Polysomen gefunden wurde, wib 84&BP2 identifiziert.

Die Ergebnisse zeigen, dass RBP10 fur die Expnesiio viele BS spezifische mRNAs
bendtigt wird.



1. Introduction

1. Introduction

1.1 Kinetoplastids

Trypanosoma brucas an extracellular parasite which belongs todlass of Kinetoplastida.
As seen by the analysis of the 16S rRNA, Kinetdmlashave branched early from the
eukaryotic lineage [1]. They have developed severafjue features not seen in other
eukaryotes like the kinetoplast from which theyivkt their name. The kinetoplast is a
microscopically visible structure containing theteshondrial DNA. It is unique in terms of
structure and replication [2], [3]. Research hasu$sed on three different species of
Kinetoplastida:Trypanosoma bruceleishmania majoand Trypanosoma cruziT. cruziis
transmitted by the reduviid bug and causes the &hdigease mainly in Mexico, Central and
South Americaleishmania majoiis responsible for leishmaniasis and is transfeby the
sandfly. Trypanosoma bruceas transmitted by the tsetse fly vector and hasetlsubspecies:
T. b. brucej T. b. gambiensandT. b. rhodesiensd. b. gambienseauses a chronic infection
and can be found mainly in central and West Afrigar. these parasites humans are thought to
be the reservoir [4] since the infection may beatiwed for a long time. An infection with.

b. rhodesiensen contrast causes a quite rapid illness and isagpin southern and east
Africa. Here animals and livestock are thought ® the reservoir [4]T. b. gambiense
accounts for 95% of the reported cases of sleepokmess. Currently there are 30,000 people
infected (www.who.int)T. b. bruceion the other hand causes animal African trypanassim
and is not infectious for humans because it is epifde to lysis in human blood by the
human apolipoprotein L1 [5]. Since b. bruceiis both not pathogenic to humans and also
accessible to genetic manipulations it servesras@el organism for other kinetoplastids and
is commonly studied in laboratories.

1.2 Life cycle of T. brucei

Trypanosomes undergo a full life cycleebler! Verweisquelle konnte nicht gefunden
werden.) when they are transmitted between humans bysted fly,Glossinaspp. After a
bloodmeal of the fly from an infected person theapdaes accumulate in the midgut as a
proliferative form. Here the parasites are calledcpclic trypanosomes (PC). Then they
arrest their cell cycle and migrate to the salivgignds where they continue their replication
as epimastigotes. At last the parasites differemtieto metacyclin trypomastigotes, which are
non-proliferative and have adapted their surfacat ¢to the mammalian host by expressing
Variant Surface Glycoproteins (VSGs). Then they bartransmitted to the mammalian host
after a bite of the fly. During their life cycleyppanosomes have to change both their
morphology and their metabolism drastically in ertdeadapt to the different environments of
their hosts. PC trypanosomes have a fully functiom@ochondrion which is larger than in
trypanosomes of the bloodstream form (BS). PC maitilize proline as the energy source
[6] but are also able to use glucose if available The surface of PC trypanosomes is
covered by acidic and proline-rich EP/GPEET prateirhese are linked to the cell surface by
a glycosylphosphatidylinositol (GPI) anchor [8].iF lprotects the parasite from proteolysis in
the midgut of the tsetse fly [9].
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In the BS the surface coat consists of a dense EHYESGs. VSGs are massively expressed
and constantly recycled [10]. Additionally, thene a 1000 different copies of VSG in the
genome, from which only one is expressed from thie@ expression site [11]. By antigenic
variation of the expressed VSG, trypanosomes caapesthe human immune system [12]
since the few parasites, that have
V56 posiive switched the surface protein are
=y ] EP/GPEET negative not recognized by the existing

Repressed mitochodrion

@e{/ ‘ . Tonminel knskoplast antibodies. BS trypanosomes
depend on the glucose of the
/ R \ host’s blood and generate all ATP
by glycolysis. The mitochondrion
is not fully functional in this life
stage. As the number of parasites
increases in the human blood the
trypanosomes start to differentiate
into the stumpy form. Stumpy
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Fig. 1: Life cycle ofT. brucej from [13].

1.3 Differentiation of T. brucei

During differentiation of BS to the PC, trypanosanteve to control their gene expression
tightly in order to adapt to the different enviroemts. Up to 25 % of all transcripts are
regulated during transformation from BS to PC [[1§] [16] [17]. The amount of mMRNAs
that are found to be regulated depends on the ispobnused and also on the applied
thresholds. Some of the gene regulation that is deeing differentiation is required in order
for the parasites to adapt to new energy souroethel human host, the bloodstream form of
the parasite derives its ATP from glucose cataboly glycolysis. The glucose is taken up
into the cell mainly by the glucose transporter THL8] and utilised in the glycosomes,
which are microbodies containing most of the glytiolenzymes. In vitro, the differentiation
from BS to PC can by triggered by the additiortisfaconitate to the medium [19] and a shift
from 37°C to 27°C; differentiation is facilitatedy lxis-aconitate transporters [20], and
involves a signalling pathway that includes prot@inophatases [21]. Interestingly, the
removal of glucose alone is also sufficient for ttedls to start differentiation [22] and a
similar effect is seen after inhibition of the ghse transporter using phloretin [23]. During
differentiation, the trypanosomes’ surface coatvafiant surface glycoprotein (VSG) is
replaced by EP and GPEET procyclins [24].
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1.4 Gene expression in trypanosomes

1.4.1 Transcription and splicing

Trypanosomes indeed are special in the way thesesgheir genes. Most of the mRNAs are
transcribed by RNA-polymerase Il (RNAP 1), butaontrast to higher eukaryotes the search
for promoters has been elusive so far. Furthernramgscription by RNAP Il leads to very
long polycistronic precursor RNAs including sometsrmore than 100 genes which are not
functionally clustered. Neighboring units of polsttonic transcription can be convergent or
divergent; the region between the units is callednsl switch region (SSR) [25]. Certain
histone variants are enriched at RNAP Il transmnptstart sites while other variants are
enriched at transcription termination sites [26¢l anark the boundaries of the transcription
units. It seems as if transcription initiation byWRP Il would be regulated by the histone
modifications instead by transcription factors. Tthenscribed precursors are subsequently
trans-spliced into the single mRNAs, whereupon a 39 eniille long spliced leader RNA is
added to the 5’ end of each mRNA. This spliced éeatself is transcribed by RNAP Il and
has a cap structur@ranssplicing also is the preceding step for polyadatigh; these two
reactions seem to be coupled [27], [28]. Howevet,all MRNAs are transcribed by RNAP
Il: The mRNAs encoding the surface proteins VSG BRdprocyclins are transcribed by the
RNA polymerase | [29], [30]. With a few exceptiomsRNAS in trypanosomes do not contain
introns: The gene encoding the poly-A polymerasH j8as found to have an intragenic
region which iscis-spliced. A further search for genes containingoin$é revealed only a
putative RNA helicase [32]. A characterization bk {T. bruceitranscriptome by RNA
sequencing showed no additional genes harboringrisit

1.4.2 RNA degradation if. brucei

The regulation of gene expression is cruciallfobruceiin order to adapt to the environments
of the different hosts. Since transcription seemwisto be regulated mRNA degradation and
translation exert the main control over gene exgoesas suggest by [33], but also mMRNA
localization, mRNA export, posttranslational mochfiion and the efficiency dfans-splicing
could have an influence. A lot of research hasdedwn the degradation on mRNASs. In yeast
and in mammalian cells, deadenylation is usually first and rate limiting step in RNA
decay. The degradation then can occur by two diffepathways: either in the 3’ to 5’
direction by the exosome [34], or in the 5 to 3Jredtion by XRN1. For the 5 to 3’
degradation the cap has to be removed first, wisiatone by the decapping enzymes Dcp2
[35] or, in mammalian cells, also Nudtl16 [36]. Tayppsomes don't differ very much in terms
of RNA degradation from mammalian cells: the firstep in RNA degradation is
deadenylation [37]. Then the exosome degrades RidAn fthe 3’ end [38]. It has an
exonuclease and an endonuclease activity and ugjtihdo be associated with unstable RNAs
like EP. The alternative pathway for degradation takesgpfeom the 5 end, which requires a
preceding decapping of the mRNA. However, the deicgpenzymes ofl .bruceihave not
yet been identified. Thd. brucei genome encodes for four homologs of the 5 to 3
exoribonuclease XRN1 named XRNA, XRNB, XRNC and XRNDnly XRNA it has been
shown to be important in mMRNA degradation [39], (Ma et al, unpublished data). XRNA
depletion also affects transcripts that are unsetaisl developmentally regulated & or
PGKC, but also seems to have a small effect on motdesmRNAs. In mammalian cells
RNA degradation via XRN1 is assumed to take placeytosolic granules called P-bodies
[40]. The presence of these structures have alsn bkeown in trypanosomes [41], but their
influence on MRNA degradation still needs to beestigated.

5
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1.4.3 Requlation of mMRNA stability by RNA bindinggteins via motifs in the 3’ untranslated
region

In mammals the stability of mMRNAs encoding for exdenfor cell cycle regulators or

cytokines is mediated by AU-rich elements in th&J3R (untranslated region) of the mRNA.
An estimated 5-8% of all human mRNAs contain Alirelements (ARE). Proteins that can
bind to these elements are called ARE-BPs and Ra&v& binding domains like the RNA

recognition motif (RRM), Zink finger motif or the Klomology (KH) domain. The bound

proteins can then determine the stability of theNARA well characterized protein is HUR,

which stabilizes its target [42] [43]. HUR is an RBontaining three RRMs, which mediate
the binding to single stranded RNA [44], [45]. Qtlpeoteins like TTP and BRF-1 [46][47]

have a destabilizing effect on mRNAs containingA®E sequence.

In trypanosomes proteins bearing these RNA bindnogjfs are present, too. Ih. brucei75
RNA binding proteins (RBPs) with at least one RREBVé been identified [48]. The RRM
motif contains about 90 amino acids, including¢baonical RNP1 motif. In a receintsilico
screen 48 RBPs with a Zinc finger motif have bemm@ [49]. At least 10 RBPs with PUF-
domains were identified if.brucei[50].

The sequences within the trypanosome mRNAs thatateedegradation are, at least in some
cases, present in form of U-rich elements (URE)iclvlare similar to AREs of mammalian
cells. InT. cruzithe RBP UBP1 has been shown to bind to UREs of GMitlicin mRNAsS
[51]. The binding of UBP1 is achieved by a compiesmation with the RBP UBP2 and the
Poly-A-binding protein TcPABP1 [52] and destabifizéne target. Homologues of TcUBP1
and TcUBP2 are also expressedrlinbrucej they bind to an mRNA encoding for an F-box
domain protein [53], although the binding to the N#R was proposed to have little
specificity. Also the expression of the human HuRTL. brucei had an effect: mRNAs
containing AREs likeEP and PGKB, which are normally unstable in the BS, showed an
increase in abundance [54]. In this case the AREegponsible for the stage-specific
degradation of mRNAs. Previously it already hadnbsbown by the usage of reporter
constructs that sequences in the 3'UTR are resplendor the strong developmental
regulation of the phosphoglycerate kinases mMRNAY. [Blso the mMRNAs encoding the
glucose transporters THT1 and THT2 are regulateddmyuences in their 3’ UTR [56]. It is
not yet known how RBPs influence the stability dfeit targets. It is possible that
destabilizing RBPs could interact with the mRNA d&ation machinery. Stabilizing RBPs
could in the opposite way compete with destabigiAectors.

Since the stabilities of MRNAs of all genes in gaome have to be regulated permanently
due to the lack of transcriptional control, it isitg unlikely that an RBP only acts on a single
MRNA. Rather it is probable that RBPs bind to asstitof RNAs which are regulated in the
same manner. Indeed transcriptome analysis ofrdiffating cells revealed clusters of RNAs
which are both functionally related and whose RNviradance is changed in the same way
[15], although they are not derived from the samecyrsor RNA. The mRNAs encoding
proteins involved in glucose metabolism could bevahto be similarly regulated, together
with the RNA binding protein RBP10. This would meaaims likely that those mRNAs may
have similar sequences in their 3’ or 5’ UTR, thé search for motifs has not been successful
so far. However, [57] showed that the RNA bindimgtpin DRBD3 binds to a subset of
developmentally regulated mRNAs encoding membrametejms. The protein-RNA
interaction could be narrowed down to a certainaregn the 3’ UTR of the mRNA. Also in
Leishmaniathe existence of two specific motiisnSiderl and_mSider2 was shown to be
responsible for stage-specific regulation [58].Tinbrucei Puf9, an RBP with a Puf RNA

6
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binding domain, has been shown to have a stalglieffect on mRNAs encoding for proteins
that are cell-cycle regulated, such as LIGKA [59].

Since RBPs seem to influence mRNAS on a large rimgeegulation of the RBPs themselves
is crucial. A fast response, for example to envmental changes, can be achieved by
posttranslational modifications like phosphorylatidn humans a well-studied protein is
HuR: upon phosphorylation it is transported frora tiucleus to the cytoplasm and stabilizes
several target mRNAs [60]. In trypanosomes regoatof RBPs by phosphorylation is
possible: According to [61]. bruceihas 182 predicted protein kinases which is twise a
many as in mammalian cells in relation to percemtaf the proteome. In this study the
phosphoproteome of BS trypanosomes has been igatsdi It revealed a significant number
of phosphorylated proteins involved in DNA/RNA pessing. This makes it likely that
phosphorylation might play a role in the regulatafrthe activity of RBPs. For other events
phosphorylation has already been shown to be eskefe differentiation from the BS to
PC, which is triggered bgis-aconitate [19], is mediated by the transporter RAZD] and the
tyrosine phosphatase PTP1 [62], which regulatexarsl phosphatase named PIP39 [21].

1.5 Glucose metabolism in BS trypanosomes

BS trypanosomes rely on glucose taken up from t&'$ blood to generate ATP [63].
Glucose is taken up by the glucose transporter Thhbse expression is increased in the BS
compared to the PC [64], [18]. Utilization of gleeotakes place in the glycosomes, which are
peroxisome like organelles only found in trypanossmand related Kinetoplastida [65].
Glycosomes are enclosed by one phospholipid bilagdrcurrently it is not known how the
glucose is transported into the organelle. In tBenBore than 90% of glycosomal proteins are
involved in glycolysis, this percentage is decréasehe PC [66, 67]. However, only the first
seven steps of glycolysis take place in the glysws) the stepwise degradation of 3-
phosphoglycerate to pyruvate, which is the only pratluct under aerobic conditions, takes
place in the cytosol [68]Jnder anaerobic conditions a small amount of glylcer produced
and excreted. The last enzymatic step in the gbyoesdiffers between BS and PC: In the BS
the phosphoglycerate kinase PGKC is expressed hwhitocalized to the glycosome, while
PC express PGKB, which is found in the cytosol. éspression of the wrong isoform is
lethal in BS trypanosomes [69]. The control overcglytic flux depends on the concentration
of glucose in the blood: At the normal blood glue@®ncentration of 5 mM the flux control
coefficient of the glucose transporter is betweed @d 0.5 [70], leaving the remaining
control to aldolase, glyceraldehyde-3-phosphate/dielyenase, phosphoglycerate kinase, and
glycerol-3-phosphate dehydrogenase [71]. The floxtol coefficient of the transporter
increases with decreasing glucose concentratidnbition of glycolytic flux is feasible by
either 2-deoxy-D-glucose (2-DOG) [72] or phlor€fri®]. 2-DOG acts as inhibitor of glucose
import and also on Hexokinase activity if inside tflycosome. Phloretin is not imported into
the cell and inhibits the uptake of glucose bytthasporter. It has been shown that a decrease
of the glycolytic flux of 30 - 50% is sufficient tllock growth of trypanosomes [23].
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1.6 Aims of the thesis

The objective of this thesis is the characterizatad the RNA binding protein RBP10.

Furthermore | want to assess its impact on the RiAabolism in the cell, to identify the

direct mRNA targets, possible protein interactioartpers and investigate a possible
phosphorylation detected by [61].

2. Materials and M ethods

2.1 Trypanosome culture

Except for two experiments all cells used in thiglg were derived from the Lister 427 strain.
BS Trypanosomes which were kept in culture forreglome have lost the ability to undergo a
complete differentiation and are called monomorpliior the differentiation experiment
(chapter 3.6) and the investigation of the effettpbloretin on RBP10 (chapter 3.7),
EATRO1125 (clone AnTat 1.1) pleomorphic trypanosemere used which still have the
ability to undergo complete differentiation. All Bse kept in modified HMI9 medium [73] at
37°C, PC in MEM [74] at 27°C. For stable transfect 2x10 cells were transfected by
electroporation with 10-12 pg of Notl linearizedgrhid. After addition of the drug the cells
were diluted to obtain single clones. Antibioticerey used in the following concentrations:
phleomycin 0.2 pug/ml (BS) and 0.5 pg/ml (PC); hygyain B 10 pg/ml (BS) and 50 pg/ml
(PC). The induction of RNAI or overexpression gbratein was started 24 h before the cells
were collected using 100 ng/ml tetracycline. Durprgliferation assays cells were diluted
every day to 2x10cells / ml. For differentiation assays pleomorpbétls were used. 24 h
before beginning the differentiation the overexpi@s of RBP10 was induced. Ag i cells
were at a density of 1.5x48ells / ml or higher. Then 6 mkls-aconitate was added and cells
were shifted to 27°C. At ncells were centrifuged at 2000 g for 10 min andpsuged in
preheated MEM medium without tetracyclinectg-aconitate.

2.2 Inhibition of glucose uptake

Phloretin was purchased from Sigma. It was dissblire 70% ethanol and added in a
concentration of 100 pM to cells at a density gfragimately 5x18 cells / ml. This resulted
in a slow but reproducible growth to ~8%lls / ml in 24 h.

2.3 Cell fractionation, Western blotting and immunofluorescence

Cell fractionation was performed as described iB].[For standard Western blot analysis
3x1@ cells were harvested by centrifugation at 2000rgLD min, washed with 1ml PBS and
suspended in 13 pl 2x protein loading buffer. Whestelots were probed with RBP10
antibody (1:500¢ rat), EP repeat (Cedar Lane, 1:20@0nouse), XRND (1:100Qy rabbit),

V5 (1:1000,a mouse) and Tubulin (1:200@, mouse). Immunofluorescence was done as
described in [75]. Additionally z-stacks with a tdisce of 0.14 um were taken for 3d-
deconvolution using the wiener filter.
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2.4 Pulse labeling with 35S-methionine

2 x 10 BS cells were grown to a density of ~5%H&lls /ml, centrifuged and suspended in
400 pl labeling medium. After one hour 126i of [35S]-methionin&S was added and was
incorporated into newly synthesized proteins foe twour. Then cells were washed twice in
PBS, lysed in 20 pl protein loading buffer and aima SDS gel. Afterwards the gel was fixed
for 45 min in a mix of 10% acidic acid, 30% methaod 60% HO and incubated in
erthance solution (Perkin Elmer) for 45 min. The gelswwashed with 0 and dried for 3
hours at 65 °C. The gel then was exposed to ay fitna at -80 °C.

2.5 RNA preparation and Nothern blotting

RNA was prepared from cells not exceeding 1.5 %cHlls/ml (BS) or 2 x 10cells/ml (PC).
Cells were harvested and either suspended in Pdq@diast (Peglab) or the RNA was
extracted using the RNeasy mini kit (Qiagen). FothHérn blot analysis 10 pug of total RNA
were separated by formaldehyde gel electrophoassdescribed in [59], blotted onto a nylon
membrane (GE Healthcare) and hybridized witff°P] radioactive DNA probes (Prime-IT
RmT Random Primer Labelling Kit, Stratagene), whietere made according to
manufacturer’s protocol. The signals were measutidda phosphoimager and normalized to
the signal of th&SLprobe (signal recognition particle RNA).

2.6 Microarray analysis

cDNA synthesis and slide hybridisations were penfed as described in [15] with the
following changes: 12 ug of total RNA were used Ipgoridisation; the cDNA synthesis was
performed with 400 U RevertAid™ H Minus Reverse naeriptase (Fermentas), the
appropriate reaction buffer and 40 U Ribolock (Femtas). The reaction was incubated for 2
hours at 43 °C. DNAse treatment, cDNA purificateomd scanning of the slides were done as
in [15]. The microarray slides (version 3 dfypanosoma brucgiwere obtained from the
Pathogen Functional Genomics Resource Center raij Zenter Institute.

Data analysis was done using ExpressConverter aitASI software (freely available at
http://www.tm4.org). Files obtained from the scarerg&v background-substracted and
transformed into .mev — files using ExpressConveltising MIDAS the signal intensities
were normalized by locally weighted linear regressand duplicate spots on each slide were
merged. Log transformed data were exported to SAM as desciiBéH All RNAs with a
change of 1.5 fold or higher and a p-value<oD.5 were considered to be significantly
regulated.

2.7 Immunoprecipitation (IP)

4 x1C BS cells expressing RBP10-myc were harvested avithaximal density of 1.5 x£0
cells/ml. The same amount of BS WT cells was usedoatrol. The cells were lysed in 1ml
lysis buffer consisting of 10 mM NaCl, 10 mM TRISI 7.5, 0.1% Igepal and 1 Complete
Inhibitor (Roche; 1 minitablet was dissolved in T buffer). Cell debris was pelleted at
17.000g for 20 min and supernatant was adjustetD@mM NaCl. 50 ul of myc-agarose
beads (Sigma) were added and incubated for 90 esnétfterwards the beads were washed
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4x 10 min in lysis buffer adjusted to 100 mM NaThen 30 pl of NaCl adjusted lysis buffer
and 30 pl protein loading buffer were added andstraples boiled for 5 min.

2.8 RNA-TIP

4x1@ cells expressing RBP10- myc were grown to a dereitl.2 x16 cells/ml, washed
once in ice-cold PBS, UV crosslinked with 400 md anwavelength of 254 nm, centrifuged
again and snap-frozen. All following steps wereiedrout at 4°C or on ice. Cells were lysed
in 400 pl lysis buffer containing 10 mM NaCl, 10 mMRIS pH 7.5, 0.1% Igepal, 8 mM
Ribonucleoside-Vanadyl Complexes and 1000 U RN@iomega). Cell debris was pelleted
at 17.000 g and supernatant was adjusted to 150NaMl. 50 pl of myc-agarose beads
(Sigma) were added, and incubated for one hourerftirds beads were separated by
centrifugation and washed three times with cold PB®teinase K (Sigma) was added and
degradation of proteins occurred at room tempegator 15 min. Then RNA was extracted
using the Trifast FL (Peglab) according to manufests protocol.

2.9 Expression of recombinant RBP10 for polyclonal antibody

Full length open reading frame (ORF) of RBP10 (Th82780) was cloned into the vector
pPQE-38 (Qiagen). The resultant plasmid pHD1990 usesl for transformation of tHe coli
strain BL21(DE3)pLysS (Stratagene). Bacteria weevg to OQyoo of 0.6 and induced with
1 mM isopropyl -B - D — thiogalactopyranoside for two hours at 377@e recombinant
protein was purified using Ni-NTA agarose (Qiagaogording to the manufacturer’s protocol
(Qiagen expressionist) for purification under denat conditions. RBP10-HIS was eluted
once with pH 5.9 and four times with pH 4.5 (Figl)2 The “elution 2 pH 4.5”, in total 2 mg,
was dialyzed against 1xPBS at 4°C over night amd &e Charles River Laboratories for
inoculation of a rat.

©)

o i G
25 . - T A
kDa , = )

— e ————————

Fig. 2: Purification of recombinant HIS-tagged RBP10 urdismatured conditions.

The obtained serum recognized both the recombimartéin and the endogenous RBP10 of
T. bruceiwith a dilution of 1: 500 in 5% (W/V) milk powdém PBS-T (Fig. 4 and Fig. 19)
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2.10 Dephosphorylation assay

The dephosphorylation was performed with lambdasphatase and the respective buffers
from New England Biolabs (NEB). All steps were @surout at 4°C or on ice. 2x1BS cells
were lysed in 47 ul lysis buffer (50 mM TRIS, 50 nNCI, 2 mM MgC} and 0.1% Igepal).
For 7 ml of lysis buffer 1 minitablet of completeofease inhibitor (Roche) was added. Cells
were centrifuged for 10 min with 17.000g, and thtie® supernatant was transferred to a new
tube. Afterwards 6 pl 10x reaction buffer (NEB),u6 MnCl, (NEB) and 1 pl lambda
phosphatase were added and incubated on ice foni2OReaction was terminated by the
addition of 60 ul protein loading dye and heatiog®5°C prior to separation of proteins by
SDS-PAGE.

2.11 Used plasmids and primers

Primers and Plasmids used in this thesis are liat&dble 1landTable 2, respectively.

Table 1. Primers used for cloning the vectors listed lride.

Primer Sequence 5' to 3'

cz3309 ATC CAA GCT TAT GCG TAA CGT TTA TGTC

cz3309 ATC CAA GCT TAT GCG TAA CGT TTATGTC

cz3312 ATA TGG ATC CGG CGT CTG CTA TTC GT

cz3313 ATA TGG ATC CGT GAA TTG GCG CTT GCA

23389 TAT AGG ATC CTC ACT CCA TTC GAA CCG GA

cz3469 GCA ATC AGC AGC GGA AGC GGT CCT CTC GAC A

cz3470 AGC ATC GCA AGC GGA AGC GGT CCT CTC GAC A

cz3471 AGC ATC AGC GCA GGA AGC GGT CCT CTC GAC A

cz3472 AGC ATC AGC AGC GGA GCA GGT CCT CTC GAC A

cz3473 GCA ATC GCA GCA GGA GCA GGT CCT CTC GAC A

cz3474 TGC TCC TGC TGC GAT TGC TGC GCC AAG CTG T

cz3475 GCTTCCGCTGCTGATTGCTGCGCCAAGCTGT

cz3476 GCTTCCGCTTGCGATGCTTGCGCCAAGCTGT

cz3477 GCTTCCTGCGCTGATGCTTGCGCCAAGCTGT

cz3478 TGCTCCGCTGCTGATGCTTGCGCCAAGCTGT

cz3481 TAG CAA GCT TTC ACT CCA TTC GAA CCG G

cz3746 TAT AGG ATC CCT CCA TTC GAA CCG GA

cz4110 GCG CAA GCT TAT GGG AGA CTC GATATCACC T

cz4111 ATA TGG CGC GCC CTC CAT TCG AAC CGG AGG ATA
RBP10 Stem for | GAG AAG ATC TCT CGA GGG AGA CTC GAT ATC ACC TTC
RBP10 Stem rev|]AGA GGA ATT CGT CGA CTT TCA TTC CCT GAC GCG TG

Table 2: Properties of the cloned vectors

Construct |Used for Promoter _[Integration target |Selection _ [Parent construct [Insert forward primer| reverse primer
2098 expression RBP10-2x-myc PARP Tet Op |rDNA intergenic |Hygromycin [pHD 1700 RBP10 ORF cz4110 cz3746
1984 RBP10 RNAI PARP Tet Op [rDNA intergenic _|Hygromycin |pHD 1445 RBP10 ORF fragment | RBP10 stem for| RBP10 stem rev
1945 expression RPB10-TAP PARP Tet Op [rDNA intergenic _|Hygromycin [pHD 918A RBP10 ORF cz4110 cz4111
2104 expression 4x mutated RBP10 PARP Tet Op |rDNA intergenic |Hygromycin [pHD 1700 4x mutated RBP10 cz3473 cz3474
2105 expression RBP10 S159G PARP Tet Op [rDNA intergenic _|Hygromycin [pHD 1700 RBP10S159G cz3469 cz3475
2106 expression RBP105161G PARP Tet Op [rDNA intergenic _|Hygromycin [pHD 1700 RBP10S161G cz3470 cz23476
2107 expression RBP10 5162G PARP Tet Op [rDNA intergenic |Hygromycin [pHD 1700 RBP10S162G cz3471 cz3477
2108 expression RBP10 $164G PARP Tet Op |rDNA intergenic _|Hygromycin [pHD 1700 RBP10S164G cz3472 cz3478
1990 expression of recombinant RBP10iin E.coli Ampicillin_[pQE 38 (Quiagen) [RBP10 ORF cz4110 cz3481
2053 expression Fragment 1 of RBP10-2x-myc _ |PARP Tet Op |rDNA intergenic _|Hygromycin |pHD 1700 RBP10 ORF fragment 1 cz3309 cz3312
2054 expression Fragment 2 of RBP10-2x-myc__ |PARP Tet Op |rDNA intergenic _|Hygromycin |pHD 1700 RBP10 ORF fragment 2 cz3309 cz3746
2055 expression Fragment 3 of RBP10-2x-myc  [PARP Tet Op [rDNA intergenic _|Hygromycin [pHD 1700 RBP10 ORF fragment 3 cz4110 cz3313
2056 expression Fragment 4 of RBP10-2x-myc _ |PARP Tet Op |rDNA intergenic _|Hygromycin |pHD 1700 RBP10 ORF fragment 4 cz4110 cz3312
1514 expression RBP10-myc (N-term) PARP Tet Op [rDNA intergenic _|Hygromycin [pHD 1484 RBP10 ORF cz4110 cz3746
1518 expression RPB10-myc (C-term) PARP Tet Op [rDNA intergenic _|Hygromycin [pHD 1485 RBP10 ORF cz4110 cz3746

The plasmids pHD 2104-2108 are cloned using siectid mutagenesis. The mutations were
introduced using the specified primers, the segoider pair was cz4110 and cz3389.

11



3. Results

3. Results

3.1 Expression of RBP10 in BS

RBP10 was found in th&€. bruceigenome in a screen for proteins with the RRM nidi.
RBP10 is a protein of 32 kDa with one RRM from amixcid 49 to 121 close to its C-
terminus. | found that RNAI against RBP10 was leihathe BS of the parasite while no
effect of its depletion could be seen in the PQ.[Fvthis screen the vector for RNAI had two
opposing T7- promoters. Since cell lines transtiketéh these vectors tend to show unstable
RNAI phenotypes | cloned an RNAI vector for an intile expression of an RNA stemloop,
which is generally a more stable system. A 400bgrfrent from the ORF of RBP10, which
was blasted against the bruceigenome to ensure the absence of off-target effecs
amplified by PCR and cloned into pHD 1146. The hesy vector was transfected into BS
1313 cells, which constitutively express the tg@ressor protein. The BS 1313 cell line will
be referred to as BS WT in the subsequent texitifRay transfected clones were selected
using hygromycin B. The knockdown of RBP10 was oetliwith 100 ng/ml tetracycline.
The decrease dRBP10was monitored by Northern blot analysis and, when antibody
against RBP10 was available, the depletion of tiéepr was measured by Western blot. The
decrease o0RBP10is shown inFig. 3, for the loading control the rRNA levels are desgd.
The mRNA of RBP10 has a length of approximately @kl to its very long 3'UTR.
Fortunately the uninduced RNAIi sample does not shawduction oRBP1Q the cell line
could be maintained in culture without an unintehaheluction of RNAI.
BS
WT  RPB10v
tet - + -

Fig. 3: Northern blot ‘owing the RNAI against RBP10 inB& The staining of the rRNA serves as loading céntro

The depletion of the protein can be seekio 4. RBP10 is almost completely removed after
24 h of RBP10 RNAI while in the BS WT it can eadily detected at the expected size of ~32
kDa. Interestingly RBP10 protein was not expressethe PC WT in a detectable amount,
which could explain the ineffectiveness of RBP10ARM the PC seen in [77]. However,
attempts to knock out the RBP10 gene in PC weresmotessful (work done by B. Seliger).
This could either be due to technical problems auld indicate a residual function of the
protein in the PC.

BS PC
RBP10v WT|W
tet - + - -

50— M—-—--

37—
KDa '™ _ <« RBP10
: - - R

Fig. 4. Western blot probed with RBP10 antibody showing éixpression of RBP10 in BS WT, BS RBP10 RNAi and PC
WT.
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The knockdown of RBP10 in the BS had a strong effecproliferation of the parasit&iQ.
5). A decline in growth could be seen after the sdcday, two days later the RNAI induced
cells were dead.

-
o
©

-O-BS RBP104 - tet
-@-BS RBP104 + tet

-
o
o

cumulative cell number / ml
3,

o 1 2 3 4 5

time [days]
Fig. 5: Cumulative growth curve of BS RBP10 RNAI +/- tetrelaye. Open circles - tet, filled circles + tet.élbells were
diluted to 2x16 cells/ml every day.

3.2 Localization of RBP10

To investigate in which step of RNA metabolism RBP&ould be involved in, the
localization of the protein was important. Two di#nt approaches were used to address this
question. First, subcellular fractionation was d¢R®. 6) and showed RBP10, which has
been myc-tagged at its C-terminus, in the cytosibéiction. XRND, which is known to be
localized to the nucleus, served as control [39) ifnmunofluorescence the TAP-tagged
RBP10 was used because two cross-reactions prelcugléom using the RBP10 antibody.
Attempts at purification to purify the antibody led. RBP10-TAP was detected with the
protein A antibody Fig. 7), BS WT cells served as control. Here RBP10 caldt be seen
excluded from the nucleus and in distinct partiatethe cytosol.

- === myc- RBP10

B B " XRND
Fig. 6: Western blot showing subcellular cell fractionatiprobed with myc and XRND antibody in BS trypanogem
XRND serves as a nuclear marker protein.

ProteinA DAPI Overlay D

RIB’P‘IOTND. . . .‘
: . . .

Fig. 7. Immunofluorescence against RBP10 TAP in BS usimgeifir A Antibody for the detection of RBP10-TAP an4d®)
for staining the DNA. Z-stacks were taken and deobirtion was done using the wiener filter.
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3.3 Effect of RBP10 on translation

Since RBP10 is localized to the cytosol it was fmssthat the protein acts as a factor
required for global translation. To investigate Wiee this is the case | performed a pulse-
labelling assay usind’S- methionine. Exponentially growing cells were cered from the
medium and put into labelling medium for one hoAfterwards they were suspended in
medium containing the®S methionine which would then be incorporated im@wly
synthesized proteins. The knockdown of RBP10 wdaaad 24 hours before. The uninduced
RBP10 RNAI strain served as negative contfFof. 8 shows that after RBP10 RNAI the
translation of a few abundant proteins was decteégee proteins 2-4), while others were
unaffected (for instance number 1). The proteingeweot experimentally characterized
probably protein 1 was HSP70 and 2-4 were VSG, lakl and GAPDH because those
proteins are very abundant in the cell and migeatthe corresponding sizes. This outcome
ruled out the possibility that RBP10 was a gentaetor needed for translation, but it didn't
reveal whether it acts on the level of translatiorany other step of gene regulation such as
RNA degradation.

BS RBP10}
tet - +

— 25
— —
Fig. 8: SDS- gel autoradiogram showing t%8 labelled extracts of RBP10 knockdown cells -/+ Rit/Ai against RBP10
was induced for 24h; after one hour in labeling imed the radioactively labelled®S-methionine was added and
incorporated into newly synthesised proteins.

3.4 Effect of RBP10 RNAi on the BS transcriptome

To examine the effect of RBP10 RNAIi on the whobnscriptome, microarray analysis was
used. RNA samples of BS cells depleted of RBP10 @indS WT cells were reverse

transcribed into cDNA using Cy3 or Cy5 labeled dCTRe mixture of both RNA samples

was hybridized onto an oligonucleotide microarrdiges after several washes the bound
cDNA on the slide could be measured by excitatibthe fluorophores. 5 slides including 3
biological replicates and dye-swap were analyzdsnges of a minimum of 1.5-fold with a

p-value of< 0.5 were considered to be significantly regulated.

595 RNAs were affected by RBP10 RNAi: 275 increased 320 decreased. The most
striking changes in mRNA level were observed fanageinvolved in sugar metabolism and
transport Fig. 9 and supplementary Table S1). 21 mRNAs encodingoglymal proteins or

proteins involved in glucose metabolism, and als® major glucose transporter of the BS,
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THT1, were decreased. Also broadly affected wereegeencoding proteins of the flagellum
and the cytoskeleton. A few of the obtained resukse confirmed by Northern blottingi@.

10 A-C). Additionally an increase of the mRNA encagliBP and a decrease W6GmRNA
could be seen after induction of RBP10 RNAI.

A. BS - RBP10 RNAI B. BS - Phloretin C. PC - RBP10 expression

DOWN
%
DOWN
uP

[ Chaperones [0 Not annotated el 4 mRNA
. : Increased m s
[ Cytoskeleton & flagellum O Nuclear & r.u_xcleotldes under specified condition
OESAG O Other activities DOWN: Decreased mRNAs
[ Glucose metabolism, glycosome [ Protein synthesis under specified condition
[ Kinases, phosphatases Il Redox
[ Lipids & Sterols ORNA
[l Membrane W Transport
O Mitochondrial O Vesicular transport & sorting
D. BS - RBP10 RNAI E. BS - Phloretin F. PC - RBP10 expression

DOWN

DOWN

upP
DOWN

[ increased in BS

[ increased in PC UP: Increased mRNAs under
specified condition

DOWN: Decreased mRNAs under
specified condition

O up during differentation
@ down during differentation
[Onot regulated

Fig. 9 A-F: Effects of RBP10 RNAI and phloretin treatmemt the BS transcriptome and of RBP10 expression ofP@e
transcriptome. Exponentially growing bloodstreammfdrypanosomes (2x%6nl for BS RNAi and PC RBP10 expression;
6x1C°/ml for phloretin treatment) were treated with 10§/ml tetracycline or 100 mM phloretin, respectivefor 24 h.
Subsequently their RNA was prepared for microarmeglysis using untreated cells as a control. Theefrexpression of
RPB10 in PC was induced for 24 h with 100 ng/mlttet; RNA was compared to PC WT cells.

For each condition the results shown are for figes including three biological replicates, indhugl dye-swap, with all
spots showing significant £0.05 differences of at least 1.5-fold. The colkey is in the figure.

A./B.IC. Regulated RNAs of BS RBP10 RNAI/ phloretin / PC RBIRkfression classified according to regulation rayri
differentiation, as seen in [15].

D./E./F. Regulated mRNAs of BS RBP10 RNAI/ phloretin /RBP10 expression classified according to the funaticthe
encoded protein [automated and manual annotatsoim, [45]].
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A B. C
BS PC
WT RBP104 WT BS WT
BS RBP10+ tet - + - BS BS 100 uM
tet - - RBP10 WT RBP104 phloretin
RBP10 \ 1.0 0.0 0.16 tet - + - -
1.0 00  AQUA- B W RBP10 W —_———
PORIN 10 025 13 12
Th927.3.4070 W 10 27 5.3 PGKC-
1.0 05 EP3.2 PGKA~— -
VSG222 PGKB-
1.0 03 10 52 64 PGKC 10 027 12 0.28

7SL . e 7SL TR R I p—

Fig. 10 A-C: Northern blots showing the effect of RBP10 RNAi different mMRNAs. RNAi was induced for 24 h before
RNA was extracted from exponentially growing cellSLserves as loading control for quantification facte membrane.

A: RBP10 RNAi sample was compared to RNA from uninduB®P10 knockdown cells. The membrane was probed
against the Th927.3.4070 and the currently expdegS&222

B: The RNA of RBP10 knockdown cells was compared to BEakkd PC WT RNA. The membrane was probed against
Aquaporin andP3-2

C: The RNA of BS WT cells was compared to RPB10 RNAI phlbretin treated cells. The membrane was prolga¢hat

the 5’ end of the ORF of PGKC which recognizes the mRINall PGK isoforms.

Several of the effects seen after RBP10 RNAI in Bf# can also be seen after in the
beginning of differentiation or after an inhibitiaf growth. To evaluate whether there was an
overlap with the changes in the transcriptome shamg differentiation, | compared the
results of RBP10 RNAI to the dataset of [15]. Thetmodology used in this analysis is very
similar to mine and allows a quantitative comparisbhe effect of inhibition of glucose
uptake by phloretin also had certain similaritiesthe effect of RBP10 RNAI. Hence the
effect of phloretin treatment on the transcriptomas evaluated (published in [23]) and
compared to the effect of RBP10 RNAI. For an eadistussion | will use the “PC specific”
to mean that an mRNA is more abundant in the P@ ith#éhe BS, but not that this according
MRNA is only present in PC.

320 mRNAs are decreased after RBP10 RNAi. Amongthee 85 BS and only eight PC
specific (Fig. 9D). The treatment with phloretinsha smaller effect with 153 mRNAs
decreased. Some mMRNAs also show a developmentalateq: 44 were BS and 13 PC
specific (Fig. 9E). A subset of 71 mRNAs was deseglafter both phloretin treatment and
RBP10 RNAI. Here, 18 mRNAs encoding proteins of ghecose metabolism or glycosomal
proteins and 16 mRNAs encoding proteins of the sikateton or the flagellum could be
found. This is most likely a result of a decline growth which can also be seen in the
beginning of differentiation where mRNAs encodingoskeletal and flagellar proteins are
down-regulated [15].

275 mRNAs increased after RBP10 RNAI (Fig. 9A).tkdse, 84 were PC specific and 15 BS
specific. In this group several mMRNAs encoding wfitendrial and transmembrane proteins
were found. The mRNA encoding the transporter PABYich is known to be increased in
the stumpy form of the parasite [20], was also eased. This also accounts for the
developmentally regulated phosphatase PIP39 (TBMDB0) [21]. However, the increase of
the mRNA under both conditions, RBP10 RNAI and pétim, was lower than 1.5 fold and
thereby filtered out. A total of 44 mRNAs were ieased after phloretin treatment; 20
MRNAs were PC- and 8 BS specific (Fig. 9E). Overall mRNAs were affected by both
RBP10 RNAi and phloretin; the correlation coeffidie within this subset is 0.9
(Supplementary table 1). Thus this subset of mRMAsaffected very similarly under both
conditions.
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3.5 Expression of RBP10 induces BS specific mRNAs in PC

RBP10 protein was not detectable in PC. | therefowestigated a possible effect of an
ectopic expression of myc-tagged RBP10 in thatestieRBP103'UTR has a length of ~8
kilobases (kb), while the 3'UTR of the transgeniBNA was only ~ 500 nucleotides short.
Therefore the two transcripts could be distinguishg Nothern blottingKig. 11A). It could
be seen that ectopic expression of RBP10-myc caagsemhcrease in endogenoR8P10
MRNA and protein Kig. 11B). Moreover, a defect in proliferatiorfrig. 11C) was seen; in
several experiments the effect was ranging fromvtjr@rrest to cell death.

A C
BS PC 10°
WT WT RBP10 —
tet - - + E
RBP10, 9kb — o 10° 1
1.0 0.36 1.35 i
-~ o 17
10" 4
RPB10 myc, 1.5, 1.8kb - §
>
7SL R . E o
3 i
B
10° T T . .
BS PC 0 1 2 3 4 5
WT | WT C-term myc* N-term myc time [days]
RBP10-myc tet - ) * B * ) - WT + glucose
36 kDa \_, -0- WT - glucose
-  — —
RBP107 - —— -+ RBP10%+ tet - glucose

33 kDa = RBP10%- tet - glucose

Tubulin A G ——, — = RBP10}+ tet + glucose

Fig. 11: A. Nothern blot showing the forced expressionRBEfB10-myc in PC which can be detected at 1.5/1.8 kie. T
endogenous RBP10 mRNA has a length of ~9®L was used as loading control for quantification. VBestern blot
showing the forced expression of RBP10-myc in the €, membrane was probed with the RBP10 antibodybifgo
against Tubulin served as loading control. C. Cutiudagrowth curve of PC RBP10 expression. The figegend is
displayed below the graph.

It was of interest whether the anomalous expressidRBP10 had an effect on the mRNAs
that were affected by RBP10 RNA: in the BS. Thedp8cificTHT1 mRNA was decreased to
about 30% by RBP10 RNAI in BS trypanosomEry(12A). In PC WT cells,THT1is hardly
detectable by Northern blotting. Here, the ecta@pipression of RBP10-myc raised the amont
of THT1to the abundance of the BS WIHTZ2, which is normally higher expressed in the
PC compared to the BS, decreased after the expnesSRBP10 in PCHKig. 12B). A similar
effect could be seen for the developmentally regdBGKB andPGKC mRNAs Fig. 12C).
Usually, BS trypanosomes express PCKC and displagleer level ofPGKC thanPCKB. In
PC, PGKB is expressed aR§GKB is more abundant thadGKC. The expression of RBP10
in PC led to an increase BCKC and a decrease PCKB. However, the effect ohnHT1was
stronger than on tHeRGK mRNAs.

17



3. Results

A B
BS PC BS PC
WT RBP10+¥ WT C-term?t N-term? WT RBP10} WT RPB10%*
tet -+ -+ -+ - tet - + - +
THT1 THT2
1.0 027 0.14 0.77 0.16 1.1 0.2 0.07 0.01 1.0 03
7SL wewn WD T e 7SL
C BS PC
WT | WT N-term*t C-term?t
tet - - o+ - o+ -
PGKC-~
PGKA-
PGKB— e
7SL

PGKC 1.0 0.07 0.2 0.05 0.18 0.04

PGKB 006 10 04 13 046 1.0
Fig. 12: Nothern blots showing the effect of the forcegression of RBP10 in PC on different mRNAs. Expressibn
RBP10 was induced with tetracycline 24 h before RNA Wwarvested7SL served as loading control for quantification. A.
RNA of PC expressing RBP10 with a myc-tag at the NherC-terminus was compared to RNA of PC WT, BS WTRB&d
RBP10 RNAi. The membrane was probed against a speegion of the 3'UTR of THT1 [56]. B. PC RBP10 expressi
RNA was compared to RNA of PC WT, BS WT and BS RBP10 RNAé membrane was probed agaifidiT2 C. RNA of
PC expressing RBP10 bearing a myc-tag at the N- o€Ctterminus was compared to RNA of PC WT and BS WT. The
membrane was probed against the 5’ end of the PGRE which is able to detect mMRNAs of all PGK isoforms.

To investigate the effect of RPB10 on the transorie, microarray analysis was used to
compare RNA samples of PC WT with RNA of PC whicipressed RBP10. It showed that
the expression of RBP10 in PC had, in many waysp@posite effect compared to RBP10
RNAI in the BS. In total 346 mRNAs were changddg( 9C), and again there was a
correlation with developmental regulatidfid. 9F). | could not only confirm the increase of
the glucose transportdiHT1, but also increases in mMRNAs encoding for 5 pnsténvolved

in glucose metabolism: glucose-6-phosphate isaseerglycerol kinase, ATP-dependent
phosphofructokinase, fructose-bisphosphate aldolasd aquaglyceroporin. Additional
MRNAs encoding glycosomal proteins were also iregdébut had a p-value higher than the
cut-off. Several mMRNASs that encoded for transpesréard other transmembrane proteins were
also increasedHg. 9C and Supplementary table 1), indicating that thange in glucose
transport was not the only effect on metaboliteaket

Of the 190 mRNAs that decreased during RBP10 egmes79 were normally PC-specific,
while none was BS-specifi¢-i(g. 9F). A broad decrease of mMRNAs encoding mitochohdria
components Kig. 9C) was the inverse of the increase seen during BB&iRThere were
seven mMRNAs encoding glycosomal components, beetlof them were not BS but PC
specific. For HK2, which mRNA also was found todexreased upon RBP10 expression, it
was proposed that the protein might not have a Kieaese activity [78]. The decrease in
MRNASs involved in protein synthesis was most likalysecondary effect of the growth
inhibition.

Since the expression of RBP10 in PC caused marecteffin energy metabolism it was
possible that the proliferation defect was duernarability of the cells to generate energy
from the sources present in the medium. Hencedl o rescue the growth defect by adding
4.6 g/l glucose to the medium. However, this ha@fhect (Fig. 11C).
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3.6 Inhibition of differentiation by forced expression of RBP10

Expression of RBP10 correlated with the expressioBS-specific transcripts. Therefore it
was interesting to know whether BS trypanosomes dbastitutively express RBP10 would
be able to differentiate into PC. | therefore tfanted pleomorphic, differentiation-competent
AnTat 1.1 cells with the RBP10 overexpression pidsiRBP10 expression was induced with
tetracycline 24 hours before | induced differempiatby addingcis-aconitate and decreasing
the temperature to 27°C. Since RBP10 expressiondaoll PC, the medium was changed to
MEM without tetracycline ocis-aconitate 24 hours later. The amount of RBP10 edesgd
during differentiation in the WT, while in the oexpression strain the endogenous protein
level remained stable up test (Fig. 13). After tetracycline removal both RBP10 proteins
disappeared in the overexpression strain. As aicatat that the cells were transforming into
PC the expression of EP procyclin was monitoredhnWT cell population, 24h afteis-
aconitate addition, EP procyclin expression hadubethough not to the full procyclin level,
while RBP10 had decreased but was still detectdbls. nevertheless possible that RBP10
and EP procyclin expression were mutually exclusissace this was an asynchronous
population, in which cells differentiated at vanyinates [15]. Indeed, forced expression of
RPB10 during the first 24h of differentiation coraly prevented induction of EP procyclin.
Moreover, the parasites overexpressing RBP10 digédldys after the change of the medium
even though tetracycline and RBP10 were absentinAgddition of glucose to the procyclic
medium didn’t rescue the parasites (data not shown)

WT RBP10* + tet RBP10% - tet

hoursafter o 4 g 10 24 48 72 0 1 6 10 24 48 72 O 1 6 10 24 48 72
cis-aconitate .

P

RBP10-myc —» P —
RBP10 > #w s s s s —— e N ——
P

Fig. 13: Western blots showing the levels of EP, RBP10 RB&10-myc of AnTat 1.1 cells during differentiatidrorced

expression of RBP10-myc was induced 24 h before efadifferentiation. Differentiation was performes described by
[15]. The membranes were probed with RBP10 and EPRaalyt Staining of total protein with Ponceau S &jved as
loading control.

Since PIP39 is known to be an important switch mimg differentiation [21] | used
immunoprecipitation to look for an interaction beem RBP10 and PTP1; no interaction was
detected (data not shown).

3.7 Can RBP10 override the effect of phloretin?

The treatment of BS cells with phloretin is knownnduce changes in RNA metabolism also
seen in the beginning of differentiation [23]. lontrast to this it could be seen that the
expression of RBP10 correlated with a BS phenotyberefore it was important to know if
phloretin treatment has an effect on the expressfoRPB10. | also wanted to investigate
whether BS trypanosomes with a forced expressioRR®10 still respond to phloretin and
start to expreskP. After the addition of phloretin the cells growryeslowly due to the lack
of available energy, | therefore induced the exgoesof RBP10-myc 24 h before phloretin
treatment.
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A B
BS BS
WT | RBP10 WT | RBP10

tet - - [+ + - - tet - - [+ + - -
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RBP10-myc, - - THT1 - .-
RBP 10— I — 1.0 0.34045 0.3 0.3 0.2
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Fig. 14 A: Western blot showing the levels of RBP10 and RBR{@ after treatment of phloretin with precedingustion
of RBP10-myc forced expression. The membrane wasepretith the RBP10 antibody. Detection of tubulinveer as
loading control. B: Northern blot showing the levefsSTHT1 andEP mRNA of the same cells as in 14ASL mRNA was
used as loading control for quantification.

The expression of RBP10-myc was detected by Westetting (Fig. 14A) using the RBP10
antibody. After phloretin treatment it could be sabat the level RBP10-myc decreased
slightly. This could be due to the reduced prossinthesis after phloretin treatment or due to
other regulatory mechanisms. Phloretin is knowrethuce the level 6fHT1and increase the
amount ofEP in the BS.Fig. 14B shows a Northern blot with the levels of both nA&&NIt
can be seen that in the WT the levelTéfT1 decreases after phloretin treatment. This was
also the case for the BS RBP10 forced expressitis. ¢¢otably the overexpression strain
showed a reduced level ®HT1 even in the absence of phloretin. However, thelte$or EP
MRNA were clear: Both BS WT and the RBP10 forcegresgsion cell lines displayed a
strong increase &P, indicating that the treatment with phloretin vedode to overrule RBP10
expression.

3.8 Direct mRNA targets of RBP10

To address the question of possible direct mRNAetiar of RBP10 the myc-tagged protein
was expressed in the BS. After harvesting the ,cettstein — DNA or RNA interactions were
cross-linked by UV radiation, followed by the pugétion of the protein using myc-agarose.
The bound proteins were degraded by a Proteinasedfment, afterwards the RNA was
extracted using Trifast FL (Peqglab). Aliquots o tiotal cell lysate, the flow-through and the
eluate were collected for Western blottirigg. 15 shows the pull-down of RBP10-myc.
There is a strong decrease in the level of RBP10-mythe flow-through compared to the
input, indicating that most of the tagged protessviboound to the beads.

I FT E
JR— I: Input
-—— FT: Flow-through
E: Eluate
RBP10 myC — wm Ead

RBP10 — e
Fig. 15: Western blot showing the levels of RBP10 and RBP$6-turing the IP. The membrane was probed with the

RBP10 antibody. Cell lysates of the input and flowetlgh corresponded to 316ells, the eluate corresponds to 5%10
cells.

The isolated eluate RNA and the flow-through RNAish was depleted of rRNA using the

Ribominus kit (Invitrogen), were sent for deep-saueing using the lllumina sequencing

system. However, the sequencing results were ammbggurhere were only few reads for the
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eluate, which might not be surprising and be exyalaie by the little amount of RNA found in

the eluate. However, the number of average readseirflow-through RNA was also quite

low.

Therefore | applied several filters: First all mR&Ivith less than five reads were removed.
The remaining mMRNAs were sorted for a minimum dbl@ increase in rpkm (reads per

kilobase of gene length per million mapped readsh® eluate compared to the flow-through
for both the ORF and the 3'UTR. The result of thiering can be seen in supplementary
table 2. Several mMRNAs encoding RBPs are enrichethe eluate, but also the mRNAs
encoding for the large subunit of RNA polymerasé, IPEX11, a component of the

glycosomal membrane and an RNA helicase were isetka

A comparison with the microarray datasdtsg( 9) showed on overlap of 8 mMRNAs which

are also affected by RBP10 RNAiI in the BS and 5 mARNhat are changed after RBP10
expression in the PC. Only one mRNA encoding a thgiaal protein was increased after
RBP10 expression in the PC, decreased after RBR@6kkown in the BS and enriched in
the eluate of the RNA-IP. However, a knockdown NARshowed no effect in any life stage

[79].

3.9 Protein interaction partners

The knockdown of RBP10 in the BS has strong effeatsarious mRNAs, but we could not
find evidence for binding of those mRNAs by RBPItOwvas shown that RRM motives can
also function in protein-protein interactions [80jandem Affinity Purification (TAP) was
used as a first attempt to look for proteins intére with RBP10 but could not reveal any
specific interactions (data not shown). Howeverly atistinct bands of the eluate were
analysed by mass spectrometry. Potentially intergcbut less abundant proteins may have
been missed. For this reason an immunoprecipitat@as done; BS cells expressing RBP10-
myc and WT cells as control were lysed and incubatiéh myc-agarose beads. The binding
of RBP10-myc to the beads worked well since moghefprotein could be found not in the
flow through but in the eluate as seen in Fig. 188 .expected no protein can be detected by
the RBP10 antibody in the WT eluate. Fig. 16B shthwesimage of the gel from which the
samples were taken for mass spectrometry.

Table 3 shows the identified proteins which pothtiinteract with RBP10 but which were
not detected in the WT control. As expected, RBR&€If could also be identified in the
eluate of the RBP10-myc expression cell line.

A B
sample WT RBP10-myc sample
numbers numbers
250 f—  1— —8
BS RBP10t BS WT 150 Se— 2 9
100  S— TR
12345 123 45 4 nputt150 75 S— T
g -——— 2: Flowthrough 50 — 4 11
3: Wash 1 37 — 5 \12

RBP10-myc — — 4: Wash 4 Ry
RBP10 —> v e - : 25 . 13
“El — 7H
5: Eluate5 15 ‘ 14

kDa

Fig. 16 A: Western blot showing the control for the IPRBP10-myc. 4x1®cells of both RBP10-myc expression and WT
were used. Lanes 1 and 2 correspond to 8zélls; in lane 5 ~5x10cells equivalents are loaded. The membrane wasedro
with the RBP10 antibody. B: SDS gel analysed by masstsometry. For the analysis the lanes were diviai¢o the
specified sample.
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Table 3: Identified proteins potentially interacting wiRBP10. Gray highlighted proteins are considered las faositives.
“TAP” means that the proteins have previously bedgtected by Tandem-Affinity-Purification of RBP10-TAP

Identified Proteins Accession TAP [MW 8 9 10 11 12 13 14 le number
RBP10 Tb927.8.2780 YES|32 kDa 0 0 0 0 10 7 1

dynamin Tb927.3.4720 73 kDa 0 0 7 0 0 0 0 -
RBP29 Tb927.10.13720 |YES|41 kDa 0 0 0 4 0 0 0 =2
Polyadenylate-binding protein 2 Tb09.211.2150 62 kDa 0 0 5 0 0 0 0 g
U2 splicing auxiliary factor Tb927.10.3200 29 kDa 0 0 0 0 0 4 0 B
hypothetical protein Tb927.4.2030 23 kDa 0 0 0 0 0 2 1 E
SCD6 Tb11.03.0530 31 kDa 0 0 0 0 0 2 0 k=]
hypothetical protein Tb11.02.4300 YES|49 kDa 0 0 3 0 0 0 0 E
60S acidic ribosomal subunit protein | Tb11.46.0001 35 kDa 0 0 0 0 0 2 0 2
glucose-regulated protein 78 Tb11.02.5450 YES|71 kDa 0 0 1 0 0 0 0 §
alpha tubulin Tb927.1.2340 YES|50 kDa 0 0 0 7 0 0 0 z
40S ribosomal protein SA Tb11.01.2560 YES|28 kDa 0 0 0 0 0 5 0

Grey highlighted proteins were considered as falgsitive candidates since they appear
frequently in purifications of other proteins ane aot known to be related to RBPs. One
potential interaction partner, RBP29, has alreagBnbdetected in the TAP. RBP29 was found
to be on polysomes (Cornelia Klein, unpublishedadaBCD6, which is a quite abundant
protein in the cell and which is a part of P-bodiwas also found in other purifications, but
since it is involved in RNA metabolism it is douldtiwhether it should be considered as
contaminant. Verifications of the interactions leyverse IP or by yeast-two-hybrid test are
necessary for a reliable statement.

None of the putative interaction partners are dgwekentally regulated as RBP10. There is
also no change in the mRNAs encoding the protdies BS RBP10 RNAI.

3.10 Verification of RBP29-RBP10 interaction

To verify a result of the mass spectrometry, aRmawith RBP29 was done. RBP29, which
was endogenously expressed with a V5 tag (cell biained from C. Klein), was
immunoprecipitated using V5 agarose beads (BionB®) WT cells were used as controls. In
total 2x1@ cells were used for each experiment. Afterwardsraple of the input, the flow-
through and the whole eluate were analysed by Webletting. The membrane was probed
with the RBP10 and the V5 antibody.

A B
RBP29V5 WT
| FT E | FT E RBP29V5 WT
B | FT E | FT E
—— —— RBP2OV5—> == b
RBP10—> s s - RBP10—> = == ——
- — | ——
I: Input
long exposure ) FT: Flow-through
REP 10> E: Eluate

Fig. 17: Western blots showing the fractions of the Co-fPRBP29-V5 and WT cell lysates. Input and flow-thrbug
correspond to 4.4xfells; the eluate corresponds to ~1.9xddlls. The membrane was probed with A: RBP10 antibody
and B: V5 antibody.

Fig. 17A shows the pull-down of RBP29-V5 probed with thBARLO antibody. Most likely
the counting of the cells was imprecise, becauseemells seem to be loaded for the WT
control. However, a thin band can be detected BPER in the eluate of the RBP29-V5 cell
line. Also in the WT control this band can be sebough it was weaker despite the uneven
amount of cells used for the experimédfiy. 17B shows the same membrane probed with the
V5 antibody. It confirms that the pulldown of RBRYZ9 was successful. It could also be seen
that most of the RBP29-V5 was bound to the beattegihere was a decline of the RBP29-
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V5 signal in the flow-through compared to the inpthis experiment confirms the binding of
RBP10 to RBP29, though it could be that only a $prdttion of the proteins interact.

3.11 Structural analysis of RBP10

To gain insight in the important parts of the pnot®RBP10 | expressed four truncated
versions Fig. 18A) of RBP10 with a myc-tag at their C-terminus e tPC. Since RPB10 is
normally not present in PC and the artificial exgsien of the full protein has a strong effect
on several mRNAs likdHT1 (Fig. 12A), the functionality of the different fragmentsuid
easily be measured by an observatiomiaf 1

A
[ [ rRem_ | [mye] RBP10 (Tb927.8.2780): 306 AA, 32.1 kDa
F1: 80 AA, ~8 kDa
RRM [mye] F2: 260 AA, ~27 kDa
[ [ RRM Jmyc] F3: 126 AA, ~13 kDa
[ RRM [myc] F4: 218 AA, ~23 kDa
B BS PC C s PC
WT | WTRBP10 F1 F2 F3 F4 WT | WTRBP10 F1 F2 F3 F4
tet - - + + + + + tet - - + + + + +
37 — -— 37 —
- —— m—
_ - - — -
25 25 —
15 — —
5 15 “—F3
10 —
10 —
kD —
a kDa
D
BS PC
WT | WTRBP10 F1  F2 F3 F4
tet - - + + + + +
THT1 —

10 024 24 02 026 018 0.2

Fig. 18 A: lllustration of the five myc-tagged proteinspegssed in PC: Full length RBP10 and the four shedermrsions
bearing deletions at either the C- and / or thedinus. B and C: Western blots showing the exprassidhe proteins in
PC. The membranes were probed with the myc antiiBiipyr RBP10 antibody (C). D: Northern blot showihg fevels of
THT1lin BS WT, PC WT and PC expressing the five protegensn 15A7SLserved as loading control for quantification.

The expression of the truncated proteins was eerifty Western blotting using the myc
antibody (Fig. 18B) and the RBP10 antibody (FigCL8All the different fragments migrated
at the expected sizes. Notably the expressioneofrigment F3 was quite weak but could be
detected by the RBP10 antibody, while F1 could drdydetected by the myc- and not with
the RBP10 antibody. The effect of the forced exgitas was measured by detection of the
THT1 mRNA (Fig. 18D) and was normalized to the sigrfaihe 7SLmMRNA. The amount of
THT1is strongly inceased in PC expressing the fuljierRBP10 protein (labelled “RBP10”)
compared to the PC WT and even to the BS WT. Howewne of the truncated RBP10
proteins caused an increase of TH¢T1 MRNA; instead the abundance TT1 was in the
same range as the PC WT.
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3.12 Quantification of RBP10 in the BS

To investigate the number of molecules of RBP10Bficell, various numbers of cells were
compared to different amounts of recombinant protki Fig. 19 0.5x19 2x10 and 4x16
cells were compared to 50 ng and 100 ng of recoambiRBP10.

05 2 4 50 100
x10° BS cells [ng RBP10]
RBP10 — qu— s B

Fig. 19: Western blot comparing different amounts of reborant RBP10 with endogenous protein of BS cells. The
membrane was probed with the RBP10 antibody.

2x 16 and 4x 16 cells match with 50 ng and 100 ng of recombinaBPRO protein,
respectively. One molecule of RBP10 has a mas2.@fi@Da, resulting in a rough estimate of
4x10° RBP10 molecules per cell. This corresponds to@80 of total cell protein, taking in
account that 1.94x®@ells contain 1 mg of protein [81].

3.13 Phosphorylation of RBP10

RBP10 was found to be phosphorylated by [61] atfthe serines S159, S161, S162 and
S164. To confirm the phosphorylation and see whethead an effect on the functionality of
RBP10 | expressed five different mutated RBP10 gingt in the PC where a possible
phosphorylation of the protein at the serine ressdwas abolished. Four proteins had a single
mutation of one serine to glycine and one proteas Wearing all four mutations (named
“4xG"). The expression of the proteins in PC iswshan Fig. 20A. It can be seen that some
of the different mutations influenced the migratiohthe proteins in the gel. S159G was
detected above the other mutated proteins. The “WPB10 protein was expressed with a
myc-tag, therefore both the endogenous and thetagged protein were seen here. For both
clones of 4xG an additional band can slightly bensalso a higher band can be detected at
S162G C2. A possible impact of the mutations wassueed by detection of the mRNA
encoding the glucose transporter THT1. Normallys tmRNA is decreased in the PC
compared to the BS; the forced expression of RBR1l0e PC increased the amounfléiT1
(Fig. 12A). If the function of RBP10 was dependedphosphorylation, the mutated proteins
would not increase thEHT1 level and hence the amountT™fT1 would be lower compared
to PC expressing the normal RBP10.
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Fig. 20 A: Western blot showing the expression of mutaR®P10 proteins in PC. The membrane was probed wih th
RBP10 antibody. The “RBP10” cells expressed the noatadtprotein. “C1” stands for “clonel”, while “nsafe cells not
derived from a single clone. B: Northern blot shogvthe levels oTHT1 of different PC cell lines expressing the mutated o
the not normal RBP10.SLserved as loading control for quantification.

Fig. 20B shows th@HT1 levels of the PC expressing the regular RBP10 PR®B) and the
five different mutated versions, two different cbsneach. Generally the level OfiT1is very
little in PC and the expression of RBP10 leads $tr@ng increasd-{g. 12) of THTL 4xG C2
displayed the same increaseTHiT1 as the not mutated protein; 4xG C1 showed a lower
increase ofTHT1 which can be explained by the low expression dmefiVestern blotting
(Fig. 20A). This indicates that the phosphorylatioh RBP10 is not important for the
functionality of RBP10 in the PC. Also both clom&#sS162G display a reduced increase of
THT1

As seen in Fig. 13 AnTat 1.1 cells showed a dobhled recognized by the RBP10 antibody.
This indeed could indicate a possible phosphoatf the protein. However, the double
band was not seen in all experiments and the dondjtunder which the extra band was
detectable, could not be clarified.

To investigate whether RBP10 is phosphorylatethé@sé cells a dephosphorylation assay was
performed using th&-phosphatase. The trypanosomes were lysed in the@pate buffer
for the enzyme and the supernatant was treated théttphosphatase for 20 min. Fig. 20C
shows the assay with the AnTat 1.1 cells; for thatwl the cells were lysed directly in
protein loading dye. “n.t.” means that the cellsevigsed in the dephosphorylation buffer and
frozen immediately after the addition of proteimding dye. In the control cells the double
band could slightly be seen. Though in all samgies were lysed in phosphatase buffer no
RBP10 was detectable any more. Even in the sarhatemas not incubated on ice for 20 min
the protein was degraded. Hence the possible pbogdphon of RBP10 could not be
confirmed.
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Additional results

3.14 Polysome gradient

Cornelia Klein, a co-worker in the lab, ran a sgergradient with cell lysates of BS to
investigate the protein composition on polysontag.(21A). | separated the obtained protein
fractions by SDS-PAGE and analysed them by Wedotting (Fig. 21B). It can be seen
that RBP10 is mainly detectable in the fractiorth&#f unbound proteins. Though, a minor part
of the protein is associated with ribosomes andbzadetected in the fractions from the 40S
subunits up to trisomes. Also with a longer illuation of the ECL film RBP10 was not seen
in the fractions of the heavy polysomes.
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Fig. 21 A: Polysome profile showing the absorbance at4pDf the proteins in the different fractions of thedient. B:
Western blot of the proteins obtained from the gsergradient. The membrane was probed with the RERtliGody.
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4. Discussion

4.1 Effect of RBP10

RBP10 was shown to be a BS specific protéig.(4). In the PC the protein is not detectable,
althoughRBP10mRNA is still present at a low leveFig. 11A). This makes it likely that the
expression of RBP10 is regulated not only at thvellef RNA stability but also affected by
downstream events. The knockdown of RBP10 by RNFg.(4) resulted in an almost entire
depletion of the protein and a severe defect idifpration of the parasiteHg. 5). The
decrease of RBP10 was accompanied by strong chamgjes transcriptome: The abundance
of a large number of BS specific transcripts wasrelgsed, while many PC specific mRNAs
were increased after RBP10 RNAI. Using reporterstacts with 3'UTRs of two BS specific
MRNAs, THT1 and PGKC 3'UTR, we could show that tegulation of RNA abundances
occurred at posttranscriptional level via thos&J3Rs (data from Beate Seliger).

RBP10 RNAI affected the levels of many RNAs encgdmnoteins involved in glycolysis and
the glucose transporter THTThough it is difficult to show that this affect@dotein levels,
too, since there are no antibodies available agdiRg 1. If RBP10 RNAI would have an
effect on THT1 protein this could already be sudint to explain the lethality of the
knockdown. The reduction of glucose uptake woultlléo a decrease of the glycolytic flux
since the glucose transporter has a strong flukralcoefficient [70]. A reduction of the flux
of 30-50% as a consequence of glucose uptake trdmhbs sufficient to block growth [23], a
stronger inhibition of glycolysis leads to cell tiealn this study was also shown that a
decrease of intracellular glucose does not lead toigher expression of the glycolytic
components, but in the contrary to an even strodgen regulation of the glucose transporter
and the glycolytic enzymes. This effect could dieoseen after RBP10 knockdown: most
MRNAs encoding for glycolytic enzymes were decrdage a very similar way as after
phloretin treatment. There were 91 transcripts ca#i@ under both conditions with a
correlation coefficient of 0.9 including severaltbbse transcripts mentioned (supplementary
table 1).

An inhibition of glucose uptake also leads to aiphdifferentiation [23]: several BS specific
MRNAs are decreased and PC specific transcriptmereased. This can be seen after RBP10
RNAI, too. However, the overlap between phloreteatment and RBP10 knockdown is not
large enough to say that the two conditions aresttrae and claim that the whole effect of
RBP10 RNAI can be reduced to the inhibition of gise uptake. RBP10 RNAI has a much
more widespread effect on the transcriptome thalorgtin treatment. A more severe
inhibition of proliferation is unlikely to be theeason for the broader effect of RBP10 RNAI
since the decline in growth was not stronger tHter &reatment with phloretin. The inhibition
of growth is also displayed in the transcriptomed@emboth conditions: several mMRNAs
encoding for proteins of the cytoskeleton and tlagdilum are decreased, some of these
transcripts are also part of the 91 mRNAs whoselatign overlap between RBP10 RNAI
and phloretin. Nevertheless, it is unclear to whaslent the growth defect has affected the
microarray results. Knockdowns of many proteindl¢éa a defect in growth, but not all
induce the expression &P. The inhibition of growth by the reduction of ghse uptake
evokes an increase BP and other PC specific mMRNAs [23]. RNAI against RI¥A helicase
DHH1 has an effect on developmentally regulated ARN2]. However, DHH1 is assumed
to be involved in a pathway to regulate many stegecific mMRNAs. Therefore this effect
would not be related to a growth defect. On theotand, the knockdown of UBP1 or UBP2
also results in a defect in proliferation but haseffect onEP [53], same as RNAI against
ZC3H11 (Droll et al, unpublished). Eventually tlmsuld mean that either there are different
kinds of growth defects in the BS and only someuasdthe expression of PC specific
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MRNAS; or each growth inhibition leads to the exgren of mMRNAs likeEP but under some
conditions, for example after a knockdown of a #eprotein, the cells are not able any
more to start the expression.

The changes in the transcriptome caused by theessipn of RBP10 in the PC indicate that
the developmental regulations are not only due rowth arrest. PC expressing RBP10
showed almost the opposite effect in comparisoB$RBP10 RNAIi. The expression of
RBP10 in PC displayed an even stronger correlatiormevelopmental regulation. Large
portions of the increased mMRNAs were BS specificilavseveral of the decreased mMRNAs
were PC specific. Among the increased mMRNAs was thls BS specifikBP10followed by

the expression of RBP10 proteifrig. 11B). If RBP10 would only control the glucose
transporter THT1 and the glycolysis, one could sfze that with the expression of RBP10
in PC the defect in proliferation could be rescbgdhe addition of glucose to the medium.
This was however not the case. Though, also iPthéhe expression of RBP10 came along
with a BS phenotype. This raised the question wérefillly differentiation competent AnTat
1.1 cells were still able to undergo differentiatid expression of RBP10 was constantly
forced. As seen ifrig. 13 this was not the case, the cells died and showeekpression of
EP. Since the forced expression of RBP10 was induceyd in the first 24 hours it can be
excluded that the cells first differentiated int€ RAnd died afterwards, but the precise
mechanism how the differentiation was inhibitedas known.

Normally differentiation is triggered by the PACatisporters, which are localized on the cell
surface of stumpy form parasites and semsaconitate [20]. The tyrosine phosphatase PTP1
is responsible for maintenance of the stumpy fontil the start of differentiation [62]. PTP1
prevents differentiation by dephosphorylating arotphosphatase, PIP39, whose presence is
required for differentiation [21]. Both PTP1 and RB) are necessary for the maintenance of
the BS state. Since RRM motifs can function in @ireprotein interactions [80], an
interaction between the two proteins might havenly@essible. However, no such interaction
was detected by immunoprecipitation.

Glucose starvation is also able to induce at Ipadial differentiation as seen in [23]. A full,
but slower differentiation by removal of glucoserfr the medium is possible [22]. The
expression of RBP10 was shown to be sufficienttifier expression of many BS specific
MRNASs. There is a weak decline of RBP10 proteierafteatment with phloretin=(g. 14).
Even with an additional expression of RBP10-mydpmiin treatment was able to override
the expression of RBP10 and induce the expressioBFo(Fig. 14). This leads to the
conclusion that there could be two different patysvio start differentiation. A differentiation
by cis-aconitate was shown to be inhibited by the aréfiexpression of RBP10-myc, while
differentiation via glucose uptake inhibition wasaffected by RBP10 expression. One could
speculate the two routes are independent pathwaysliice differentiation.

4.2 Functionality of RBP10

RBP10 was found to be localized to the cytosol tmynunofluorescence and subcellular
fractionation Fig. 6 andFig. 7). This makes it unlikely that RBP10 is involvedgrocesses
like pre-mRNA processing, which takes place in tlueleus. Rather, it would be probable
that RBP10 binds to, and stabilizes, BS specifangcripts. However, this cannot be
confirmed since the transcripts that were seenetaffected by RBP10 RNAI in the BS or
RBP10 expression in the PC could not be found badan the eluate of the RNA IP. After
filtering the putative direct mRNA targets 90 mRN#snained (supplementary table 2). The
filtering leads to a small bias for long mMRNAs &mall transcripts with less than 5 reads in
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the ORF in the eluate and the flow-through wereawsd. This was necessary because even
in the flow-through there was a poor coverage afisealignment. This raises the question
whether the RNA used had a low quality and maybe mastly degraded or whether the
sequencing itself worked as designed.

Most of the putative mRNA targets which showed edst 2-fold increases in the eluate
compared to the flow-through were diverse and cowidbe clustered. However, there were
three mRNAs encoding proteins involved in glucosetaholism (PEX11, fructose-
bisphosphate aldolase and glycosomal phosphoenwig carboxykinase). These mRNAs
were not affected by RBP10 RNAIi which questionsrilability of this outcome. If RBP10
would stabilize those mRNAs one would expect ibéoon polysomes. RBP10 was not found
in the heavy polysome fractionBig. 21), which excludes a constant binding to the mRNAs
during translation. Most of the protein was detédtethe fraction of the free proteins. This
confirms the results of the glycerol gradient (warkValentin Farber) which showed that
most RBP10 protein is not involved in large compkexdata not shown).

However, in the sucrose gradient the signal of RB®Was detectable in the fractions from the
free proteins to the fractions of the trisomes,clihitould mean that RBP10 transiently binds
to mMRNAs and can be found in a complex with ribogspbut dissociates after translation
initiation or after the first round of translation.

Immunoprecipitation of RBP10-myc revealed sevemdéptial interaction partners (Table 3).
Besides PABP2, three of these potential interagianiners have been shown to be involved
in RNA metabolism. The U2 splicing auxiliary facteeems to be an unlikely interaction
partner since splicing takes place in the nucl&hg nevertheless could be a valid interaction
if RBP10 would, under certain stress conditionsitté to the nucleus as seen for UBP1 after
arsenite treatment [83]. Shuttling to the nucleas &lso been shown for PABP2. Inhibition of
transcription, but not arsenite stress, leads tgration of PABP2 to the nucleus. However,
the role of PABP2 is not clear yet. Its homologné imajor has a weak affinity to Poly-A
and binds to the translation initiation factor LiREG3 onlyin vitro and notin vivo. It was
suggested that the protein either acts as a gefestdr for RBPs in posttranscriptional
control or for it could be associated with mRNA extp

Another identified protein which is associated WRNA is SCD6, which is known to be a
marker for P-bodies. P-bodies are proposed to dsitas of RNA decay and SCD6 thereby a
possible interaction partner. On the other hand &@Dquite abundant and could also be a
false positive like many chaperones. Immunofluceese to look for an overlap of RBP10
and SCD6 could show colocolization; a reverse IPaoyeast-2-hybrid experiment could
confirm the interaction.

Another protein potentially interacting with RBP&s RBP29, which also was found to be
associated with polysomes (Klein et al, unpublih&thockdown of RBP29 is lethal in the
BS [79]. The interaction of RBP10 and RBP29 wasficmed by pulldown of RBP29 and
subsequent detection of RBP10 in the elu&ig.(17), though only a minor part of the
proteins are interacting. It can be speculatedttietontact of the two proteins takes place on
MRNPs (ribonucleoproteins). If this would be thesecaa stronger interaction might be
detectable if the IP was performed in the presef&NAse inhibitors.
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4.3 Structural analysis of RBP10

RBP10 protein is normally not expressed in PC tsufarced expression evokes changes in
several mMRNAs likeTHTL This gave the possibility to investigate whichrtpaof RBP10
were necessary and also to study a possible rofha@déphorylation of the protein. For the
structural analysis, four different truncated vensi of RBP10 were expressed in PC, none of
them showed an increase TTHT1 mRNA. This could be due to improper folding of the
fragments; this could only be confirmed by X-raystallography. It is also possible that
indeed the whole protein is necessary for its fionetity though the only know motif of
RBP10 is the RRM.

Also the phosphorylation seen in the phosphoprogeeddi] was studied first in PC by
expressing proteins with mutation at the serinedves 159,161,162 and 164. Especially the
expression of the RBP10 with all four serines ergeal was expected to show no effect on
THT1 in PC if the phosphorylation was crucial fas ifunction. However, most of the
investigated clones ifrig. 12A showed the same effect as RBP10. This indicdtas the
phosphorylation is not important in terms of thendiion of RBP10. However, in most
Western blots with PC or BS trypanosomes only glsiband was detectable. An extra band
for RBP10 was seen occasionally in AnTat 1.1 céfigy. 13) and even less often in
monomorphic BS. To investigate a possible phosption in BS, | performed a
dephosphorylation assay using thehosphatase. However, RBP10 was extremely unstable
in the buffer used for the assay because even withleosphatase treatment and incubation
the protein was degraded after lysis of the celeother way to examine a possible
phosphorylation in BS would be to knock down theagenous RBP10 by RNAI targeting
the 3'UTR ofRBP10and simultaneously express the mutated versiottsegirotein.

4.4 Future perspectives

In this work | could show the effect of RBP10 exgsien and depletion ii.brucei For a
better understanding how the regulations are aediseveral experiments could be done. The
search for direct mRNA target revealed some camedaAlthough these mRNAs are not
affected by RBP10 RNAI in the BS, they could beid/abrgets and the results of the
microarray studies a subsequent regulation. A dineteraction between RBP10 and an
MRNA target could be confirmed by RNA-IP with aléaling semi-quantitative RT-PCR or
guantitative RT-PCR. If the outcome would be nagatt would be important to investigate
whether RBP10 binds to RNA at all using the PAR{Liethod (Photoactivatable-
Ribonucleoside-Enhanced Crosslinking and Immunapitation) [84]. This would need a
preceding setup of the used systeri.ibrucei If this result would show that RBP10 actually
binds to RNA, a repetition of the deep-sequencinth® bound RNA should be done since it
is possible that the first sequencing did not wasldesigned.

Several protein interaction partners for RBP10 wetend by IP and the binding to RBP29
was confirmed. The Co-IP with RBP29 could be repaat the presence of RNAse inhibitors
to see whether the interaction is RNA dependent. tRe remaining potential interaction
partners a reverse IP would be necessary to shewapicificity of the interactions. This could
clarify in which pathway RBP10 is involved in. PABPwhich is known to shuttle to the
nucleus under transcription inhibition, was alsded&d as potential interaction partner.
Therefore a possible change in the localizatioRBP10 under different stress conditions like
block of transcription or arsenite addition couldibvestigated.
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Ineukaryotes, proteins containing RNA Recognition Motifs (RRMs) are involved in many different RNA pro-
cessing reactions, RNA transport, and mRNA decay. Kinetoplastids rely extensively on post-transcriptional
mechanisms to control gene expression, so RRM domain proteins are expected to play a prominent role.
We here describe the results of an RNA interference screen targeting 37 of the 72 RRM-domain pro-
teins of Trypanosoma brucei. RNAi targeting 8 of the genes caused clear growth inhibition in bloodstream
trypanosomes, and milder effects were seen for 9 more genes. The small, single-RRM protein ThRBP3
specifically associated with 10 mRNAs in trypanosome lysates, but RBP3 depletion did not affect the

© 2008 Elsevier B.V. All rights reserved.

1. Introduction, results and discussion

The genomes of Kinetoplastids are made up of polycistronic
transcription units [1]; individual mRNAs are generated by trans
splicing and polyadenylation. As a consequence of this genomic
organisation, trypanosomes and Leishmanias are highly dependent
on post-transcriptional mechanisms to regulate gene expression
[2]. In addition, the mitochondrial mRNAs are extensively edited
[3] and, as in other eukaryotes, the stable catalytic and structural
RNAs are subject to processing and modification. All of these pro-
cessesrequire the participation of RNA binding proteins. Prominent
among these are proteins containing an RNA Recognition Motif
(RRM). In a previous survey we described 72 Trypanosoma brucei
genes encoding RRM-containing proteins. We predicted possible
functions for some of them based on sequence homologies or pub-
lished experimental data [4]. We describe here the results of an
RNA interference screen that was designed to find out which of the
remaining proteins were important in trypanosome survival.

For RNAi we used a vector in which dsRNA is synthesised from
opposing T7 promoters [5,6] (Supplementary Table S1). We trans-
fected 35 plasmids into either bloodstream-form trypanosomes,
procyclic-form trypanosomes or both, with a bias towards blood-
stream forms. The day after transfection, selecting drug was added

* Corresponding author. Tel.: +49 6221 546876; fax: +49 6221 545894.
E-mail address: cclayton@zmbh.uni-heidelberg (C. Clayton).
1 These authors contributed equally to this manuscript.

0166-6851/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.molbiopara.2008.09.001

and the cultures were cloned by limiting dilution [5]. If no parasites
survived the selection, we attempted the transfection once more;
failure to get live cells occurred more often for bloodstream forms
than for procyclic forms. Overall we obtained clones for 32 genes
(Table 1). Failure to get clones is uninformative: althoughit could be
caused by leakage of alethal RNAi, other technical problems cannot
be excluded.

To test the effects of RNAI, we added tetracycline (0.1-0.5 p.g/ml)
and cultivated the parasites for up to 7 days, diluting as required,
and assessed mRNA levels by Northern blotting. The results are
summarised in Tables 1 and 2, illustrated in Fig. 1, and presented
more fully in Supplementary Table S1. If Northern blotting results
demonstrated that tetracycline addition did not cause a decrease
in the amount of the target mRNA, clones were not investigated
further. Eight of the genes tested were required for normal growth
of bloodstream forms (Table 2); in several more cases, transient
or mild effects were seen, including decreased growth whether or
not tetracycline was added (Table 2 and Fig. 1). The doubling time
of the bloodstream trypanosomes used in our experiments, in the
absence of deleterious mRNA depletion, is about 7 h [7] (see panels
for DRBD9 and TRRM3 in Fig. 1) and for procyclics, about 10 h. Most
of the bloodstream RNAi lines illustrated in Fig. 1 grew slower than
the wild type even in the absence of tetracycline, with even slower
growth upon tetracycline addition. Similar observations were made
for some of the procyclic lines (see Table 2). These cell lines may
have some dsRNA effect on either translation or mRNA levels even
in the absence of tetracycline. It is important to note that the less
dramatic differences were apparent only if growth was monitored
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Table 1

RNAi screen statistics. (1) The plasmid was transfected into the relevant form at
least once. (2) Cells resistant to the selecting drug obtained. (3) No cells survived the
selection. (4) A decrease of atleast 50% in the target mRNA was seen by Northernblot
after tetracycline induction. (5) The Northern blot revealed no difference between
cells with and without RNAi induction. (6) The mRNA for the RRM protein was not
detected in cells without RNAi (7) “Mild” growth effects were either transient or
resulted in an increase in division time of two-fold or less relative to cells without
RNAi induction. (8) “Clear growth effect” in bloodstream forms indicates a division
time of 12 h or more in the presence of tetracycline. No conclusions can be drawn
from any of the negative results.

Procyclic Bloodstream
1 Plasmid transfected 24 30
2 Clones obtained 19 23
3 No live cells obtained 5 7
4 mRNA decrease confirmed 6 11
5] No RNAi effect on mRNA 1 5
6 RNA not detected 6 8
7 Mild growth effect 7 9
8 Clear growth effect 0 8

over atleast 5 days and cumulative growth curves were plotted. Two
cell lines with RBP23 RNAi behaved strangely: they grew extremely
slowly in the absence of tetracycline but recovered somewhat in
the presence of tetracycline (Fig. 1); the basis for this has not been
investigated. Inducible over-expression of RBP3 increased the divi-
sion time from 8.2 to 12.6 h (Supplementary Figure S1A,B).

Two of the RRM-protein mRNAs were known, from microarray
analyses, to be more abundant in bloodstream forms than pro-
cyclic forms (R. Queiroz and C. Clayton, in preparation). For both
of these — RBP9 and RBP10 - RNAI in procyclic trypanosomes did
not affect growth. A bloodstream cell line with RBP10 RNAi showed
severe growth inhibition; we have not yet succeeded in generat-
ing a bloodstream line with RBP9 RNAIi. Bloodstream trypanosomes
with a T7-driven RNAi against TRRM3 showed no growth effect, but
a stem-loop construct revealed growth inhibition (Fig. 1).

Our RNAi methods have two major limitations: the system may
be leaky in the absence of tetracycline, and it does not completely
remove a gene product. In the “Trypanofan” RNAi screen 197 open
reading frames were targeted [8]. Effects on growth were detected
for 38% of all genes tested, and 29% of those with a Pfam annota-

Table 2

Table 3

Protein location studies. A sequence encoding a V5 tag was integrated in frame with
the open reading frame, at the 5/-end; alternatively, the protein with a C-terminal
myc tag was over-expressed from a procyclin promoter. For the immunofluores-
cence (IFA), proteins in parentheses gave low signals, not very different from
background, so the assignments are tentative. Data for RBPs 20,25 and 38 are shown
in Supplementary Figure 2. Data for the locations of DRBD7, DRBD9 and TRRM3
(Table 2) were obtained by cell fractionation.

V5 in situ Myc inducible
expression
Not detected on Western blot RBP10 RBPS, RBP9
Detected on Western blot RBP3,RBP6, RBP20, RBP21, RBP3, RBP6,

RBP28, RBP38, RBP28,
DRBD7, DRBD9, TRRM3

RBP10, RBP25

IFA: cytoplasm RBP3,RBP38 (RBP28, (RBP6)
DRBD7)

IFA: nucleus RBP20 (DRBD9Y, TRRM3)

IFA: nucleus and cytoplasm RBP25

IFA: negative RBP21 RBP10

tion. These are clearly likely to be under-estimates: on top of the
incomplete penetrance of RNAI, the cells were not cloned, so the
methodology selected strongly against parasites with leaky RNAi.
Our results for RNAI targeting RRM protein mRNAs, in contrast, sug-
gested that 60-70% of the individual gene products were required
for normal growth. The difference between these numbers and
those seen in Trypanofan could be due to technical differences, but
might also reflect the essential role of RNA metabolism.

We next wished to investigate the subcellular distributions of
some of the essential proteins. After checking the protein sequences
for targeting signals (to rule out the presence of a mitochondrial
pre-sequence) we either tagged genes in situ, to give proteins with
anN-terminal V5 tag [9], or inducibly expressed proteins with a myc
tag at the N- or C-terminus (see e.g. [10]). Four proteins were found
in the cytoplasm, three were restricted to the nucleus and one was
in both compartments. Some tagged proteins that were detectable
by Western blotting gave no signal by immunofluorescence; a few
were not detected at all. The results are summarised in Table 3 and
some data shown in Supplementary Figure S2.

Effects of RNAi on trypanosome growth. Data are shown only for genes whose growth of RNAI lines was affected by tetracycline addition, or the lines had defective growth
even without tetracycline. Numbers are the division time in hours. Where several numbers are given for one gene, they represent the results for independent cloned cell
lines, and the numbers are given in order: the first number is for clone 1, the second number is for clone 2, etc. “Transient” means that an effect was seen in the 24-well
plates but not after transfer to 5 ml flasks; this must be regarded with extreme caution. Bloodstream DRBDS lines (stem-loop construct, not included in the table) showed
poor growth independent of tetracycline addition; quantitation was difficult because of clumping.

PC —tet PC+tet BS —tet BS +tet Location
RBP3 8.4 8.7 8.2 12.6 Cytoplasm
RBP1O g No effect* 1 Dead® Cytoplasm
RBPI4A ND ND 74,75 8.0,7.9 ND
RBP20 13.0 135 3 No effect* Nucleus (spots)
RBP21 a Transient? 95,96 10.0,10.2 ND
RBP23 ND ND 19,17 13,10 ND
RBP25¢ ND ND 115 23 Nucleus and cytoplasm
RBP26 ND ND 12 14 ND
RBP28 117,108 13.1,12.2 ND ND Unclear
RBP30 a Transient? 9.2 9.8 ND
RBP31 ND ND 9.8 17 ND
RBP38 118,125,126 12.7,12.6,12.8 9.1,95,8.9 10.0,9.8,9.6 Cytoplasm
DRBD6 A/B, 11 NC 102,95 12.0,12.7 ND
DRBD7 ND ND 9.8,95,10.1 13.1,13.9,16.8 Cytoplasm
DRBD9 ND ND 7.4 8.4 Nucleus
DRBDI2 NC 10.0,12.6,11.7 115,13.7,13.4 ND
DRBD14 2 No effect* 3 Transient* ND
TRRM3 105 1352 7.0 Dead® Nucleus

* Not measured in detail. ND: not done; NC: no clones obtained.

® Using p2T7 derivatives, no effect or clones not obtained; results are for a stem-loop.

¢ Results for RBP25 were very variable, ranging from no effect to complete growth inhibition.

33



5. Supplementary material

cumulative cell no. cumulative cell no. cumulative cell no.

cumulative cell no.

10"
10"
1010
10°
10°
107
10°

10*

M. Wurst et al. / Molecular & Biochemical Parasitology 163 (2009) 61-65

days

RBP3

-+ tet

” «4.0
-

days tet

01 2 3 ys
RBP3

s o ALD

RBP23

RBP31

cumulative cell no.

cumulative cell no.

cumulative cell no.

cumulative cell no.

10° 4

10*

000

107
10°
10°

days

63

DRBD6A
WT + - tet

r 4
==

RRNA

Fig. 1. Growth data for bloodstream trypanosomes with RNAi. The targeted protein is indicated. Cells were grown with (+) or without () tetracycline and diluted as required

to maintain exponential growth; cumulative growth curves are shown along with division times calculated using Kaleid

h.RNAwas p

d on day 3 after tetracycline

addition, except for DRBD9 (day 2). Sizes of mRNAs in kb are indicated next to the blots (solid arrow); the open arrow indicates the dsRNA. TUB: tubulin control probe.
The Northern for TRRM3 is from the clone with the less severe effect. All RNAi plasmids were based on p2T7 except those for RBP3 and TRRM3, which were stem-loops
(Supplementary Table S1). For RBP3 we also induced RNAi in cells expressing V5-tagged RBP3; the lower panel shows depletion of V5-RBP3 1, 2 and 3 days after RNAi
induction, with aldolase (ALD ) as a control.

We have previously shown that over-expression of the abun-
dant small RRM proteins UBP1 and UBP2 affects gene expression
in T. brucei [11]. RBP3 is related to UBP1 and UBP2 [4] and was
reported to colocalise with the helicase DHH1 and polyA + RNA in

granules in stressed procyclic trypanosomes [12]. In bloodstream
forms, V5-in situ tagged RBP3 was all over the cytoplasm but also
showed some concentration in regions containing DHH1 (Fig. 2A).
In other respects V5-RBP3 behaved similarly toUBP1and UBP2 [11]:
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Fig. 2. Localisation and RNA binding assays for RBP3. (A) Immunofluorescence of bloodstream-form trypanosomes with in situ V5-tagged ThUBP3 (red) counterstained for
TbDHH1 (green) and for DNA (DAPI). (B) Cells expressing TDRBP3-TAP and the TAP tag alone were bound to IgG sepharose, and the bound complexes were released by TEV
protease [ 14]. RNA was prepared from the entire eluate, and from 0.3 ml out of the 1 ml flow-through fraction [ 14], and reverse transcribed using an oligo-dT primer. 1:10
serial dilutions (until 1:10,000) of the cDNA generated were used as a template for the PCR, using specific primers for each transcript. After 30 amplification cycles, 10 .l of
each sample were run into an agarose gel. The photograph shows the ethidium bromide stain. Lanes 1and 7 represent cDNA from 3 x 10° cells for the eluate, and 9 x 10° cells
for the flow-through; lanes 2 and 8, 10 times less, and so on. Thus the flow-through lanes represent four times less cDNA than the eluate lanes immediately above them.

it showed a similar abundance by Western blotting, was predomi-
nantly cytoplasmic after cell fractionation, and was not associated
with polysomes on sucrose gradients (not shown).

To find out whether RBP3 is able to bind to specific RNAs,
we expressed TAP-tagged RBP3 in bloodstream trypanosomes,
pulled down RBP3-TAP from cell lysates, and identified the bound
mRNAs using microarrays. The method ([13,14], see Supplementary
Methods) did not distinguish between RNAs bound in vive, and
RNAs bound subsequent to cell lysis, but could nevertheless reveal
whether RBP3 binds preferentially to specific RNA sequences.
The microarrays used contain random genomic fragments, so
many genes are represented more than once. Only 10 sequences
reproducibly showed more than three-fold enrichmentin the RBP3-
bound sample (Table S2); of these, five were represented twice or
more. They encode the cyclin F-box protein CFB1 [7]; two CCCH
zinc finger proteins, ZFP1 [15] and ZC3H11 (Tb927.5.810); and two
proteins with no annotation (loci Tb927.4.1000 and Tb927.8.7820).
To find out what proportions of the CFBI and ZFP1 mRNAs co-
purified with RBP3-TAP, we compared their abundances in the
bound and flow-through fractions by reverse transcription and PCR.
The highly abundant tubulin (TUB) mRNA, and a purification using
TAP tag alone, served as controls: these suggested non-specific

binding of 10-15% of TUB RNA to either the tag, or the resin used
for purification. In contrast, at least 25% of CFB and ZFP1 RNAs
were reproducibly specifically selected by RBP3-TAP; moreover,
these RNAs were depleted in the RBP3-TAP flow-through fraction
(Fig. 2B). A full tandem affinity purification of RBP3-TAP, in con-
trast, revealed no stably-associated protein binding partners (not
shown).

To find out whether RBP3 depletion affects mRNA abundances,
we compared the transcriptomes of RBP3-depleted cells with those
of normal cells by microarray. No differences were seen, and North-
ern blots for some of the RBP3-selected mRNAs also showed little
effect, apart from aslightincrease in ZC3H11 mRNA upon RBP3 over-
expression (Figure S1C). Another possible role of RBP3 might be in
translation. Antibodies are available for CFB1 7] or ZFP1 [16] but
we were unable to detect either in our cells, whether or not RBP3
levels were altered (not shown). Thus the biological role of RBP3
remains unknown.
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Summary

Awareness is growing that drug target validation
should involve systems analysis of cellular networks.
There is less appreciation, though, that the composi-
tion of networks may change in response to drugs. If
the response is homeostatic (e.g. through upregula-
tion of the target protein), this may neutralize the
inhibitory effect. In this scenario the effect on cell
growth and survival would be less than anticipated
based on affinity of the drug for its target. Glycolysis
is the sole free-energy soutrce for the deadly parasite
Trypanosoma brucei and is therefore a possible
target pathway for anti-trypanosomal drugs. Plasma-
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membrane glucose transport exerts high control over
trypanosome glycolysis and hence the transporter is
a promising drug target. Here we show that at high
inhibitor concentrations, inhibition of trypanosome
glucose transport causes cell death. Most interest-
ingly, sublethal concentrations initiate a domino
effect in which network adaptations enhance
inhibition. This happens via (i) metabolic control
exerted by the target protein, (ii) decreases in mRNAs
encoding the target protein and other proteins in the
same pathway, and (iii) partial differentiation of the
cells leading to (low) expression of immunogenic
insect-stage coat proteins. We discuss how these
‘anti-homeostatic’ responses together may facilitate
killing of parasites at an acceptable drug dosage.

Introduction

Living organisms combat external perturbations through
homeostatic response mechanisms. For example, if a
substrate becomes limiting, the transporter that takes it up
might be upregulated, through either increased expres-
sion or post-translational mechanisms. Similarly, during
treatment with a drug that inhibits an enzyme, the enzyme
activity might be increased, neutralizing drug action.

Much current research is devoted to validation of new
molecular targets for antimicrobial drugs. The major crite-
ria for such targets include (i) that they should be essential
for microbial growth or survival and (i) that there should
be a sufficient difference between the host and the patho-
gen to allow specific inhibition of the pathogen target.
Since a large proportion of microbial proteins may fulfil
both conditions, it is useful also to add additional criteria.
For example, high concentrations of an enzyme substrate
will out-compete substrate analogues; and if the target is
present in huge excess, then very high levels of inhibition
will be required to kill the pathogen. Either of these situ-
ations would hinder development of a specific inhibitor
that can be given at acceptable doses. The ability of the
microbial system to homeostatically adapt to inhibition
adds an additional complication.

To deal with these issues, it is useful to apply a systems
biology approach, including metabolic modelling, when
choosing potential targets for antimicrobial drugs. Because
adaptation may involve various aspects of regulation,
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target validation ideally should integrate not only meta-
bolic, but also signalling and gene-expression networks
(Alberghina and Westerhoff, 2005). So far, however, of the
few successful network-based drug design studies that
exist (Noble, 2006), none addresses the potential adapta-
tion of the network.

Trypanosoma brucei causes deadly African sleeping
sickness in humans, and the related disease ‘Nagana’ in
cattle. As currently available drugs are inadequate and
toxic while drug resistance is increasing rapidly, new and
more selective medication is needed (Barrett ef al., 2003).

T. bruceiis transmitted by tse-tse flies. After growing to a
certain density in the mammalian bloodstream, the pro-
liferating ‘long-slender’ bloodstream forms differentiate
into non-dividing ‘short-stumpy’ trypanosomes. The short-
stumpy trypanosomes differentiate further into the ‘procy-
clic’ (insect-form) cells in the midgut of the tse-tse fly after
the latter has taken a blood meal (Matthews, 2005). The
most prominent differences between the life-cycle stages
inside the mammalian host and inside the insect vector are
at the level of metabolism and surface-protein expression.
The long-slender bloodstream-form trypanosome relies
merely on the glycolytic pathway with pyruvate as the main
end-product. Metabolism in procyclic trypanosomes is
more complex: they can utilize more substrates and, in
contrast to bloodstream form cells, they use extensive
mitochondrial metabolism (Hellemond et al., 2005). The
bloodstream-form cells are shielded from the mammalian
immune system by a dense layer of variant surface glyco-
proteins (VSG) (Cross, 1975; Borst and Ulbert, 2001).
Upon ingestion by the tse-tse fly, or transfer to procyclic
culture conditions, the VSG coat is shed and replaced by a
coat of EP and GPEET proteins of the procyclin family
(Vassella et al, 2001; Urwyler et al, 2005; Gruszynski
et al., 2006). The short-stumpy cells undergo some minor
metabolic changes in the direction of procyclic forms. Both
stumpy forms and non-dividing trypanosomes in the early
stages of differentiation in vitro express lower levels of
many mRNAs required for growth, and show upregulation
of plasma-membrane tricarboxylic acid transporters that
are involved in sensing the differentiation signal (Dean
etal., 2009; Jensen etal, 2009; Kabani etal, 2009;
Queiroz etal, 2009). Bloodstream-form trypanosomes
that have been cultured continuously are called ‘monomor-
phic’ because they have lost the ability to develop into
stumpy forms; in some cases they are no longer able to
differentiate into growing procyclic forms (Fenn and Mat-
thews, 2007).

The reliance of bloodstream-form T. brucei on glycoly-
sis suggests that this pathway could be an excellent drug
target, should selective inhibition be possible (Verlinde
et al., 2001). Previously, we combined Metabolic Control
Analysis (Kacser and Burns, 1973; Heinrich and Rapo-
port, 1974; Groen et al., 1982), a theoretical framework to
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analyse the relative importance of each protein for cellular
fluxes, with computer modelling and experimentation
(Bakker et al., 1999a,b; Albert et al., 2005; Caceres et al.,
2010) to study which enzyme(s) control(s) glycolytic flux in
trypanosomes. We demonstrated that glucose transport
across the plasma membrane is the dominant factor con-
trolling the free-energy metabolism (the ATP synthesis
flux) of African trypanosomes. The amino acid sequence
of the trypanosome glucose transporter (THT1) is only
~19% identical and 42% similar to that of the human
erythrocyte glucose transporter GLUT1 (Bringaud and
Baltz, 1992): thus it may be possible to find a highly
specific inhibitor of THT1, and to capitalize on the unique
dependence of the parasites upon its transport activity.
This made the glucose transporter a promising candidate
drug target. However, the possibility of homeostatic adap-
tation via gene expression had not been addressed.

Trypanosomes do not regulate transcription of individual
genes by RNA polymerase |l, since transcription is poly-
cistronic. Yet they do regulate mRNA processing, mRNA
degradation and translation (Clayton and Shapira, 2007;
Haile and Papadopoulou, 2007). Gene-expression
changes in trypanosomes have almost exclusively been
studied in the context of differentiation. There have,
however, been a few studies investigating the responses to
glucose availability. In bloodstream-form trypanosomes,
glucose deprivation induced the expression of procyclic
surface-coat proteins (Milne et al., 1998). And in procyclic
forms, which can obtain energy either fromglucose or from
proline, inhibition of the glucose transporter by N-acetyl
D-glucosamine caused a shift towards proline-dependent
metabolism (Ebikeme et al., 2008). In procyclic forms,
also, RNAI targeting of either the glucose transporter or
hexokinase caused a switch from one procyclic-specific
surface protein to another (Morris et al., 2002).

In the present study we aim to quantitatively link the
metabolic response of trypanosomes to glucose transport
inhibition with adaptations in gene expression, growth and
differentiation. We show that while high concentrations of
glucose transport inhibitors kill trypanosomes, sublethal
concentrations evoke a multilayered adaptation of the
network. Unexpectedly, this adaptation is not homeo-
static: instead, it potentiates the effect of the primary
inhibition. This anti-homeostatic response enhances the
status of the trypanosome glucose transporter as a poten-
tial drug target.

Results

Chemical inhibition of glucose transport leads to a
decrease of glycolytic flux and growth rate of
trypanosomes

To study the effects of glucose-transport inhibition beyond
metabolism, we inhibited glucose transport with either
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Fig. 1. Glycolytic flux upon inhibition by phloretin. Glycolytic flux
(measured as the specific pyruvate production flux) in
bloodstream-form trypanosomes after 24 h exposure to various
phloretin concentrations. Each point in the graph is based on an
independent culture and its control. The uninhibited pyruvate flux,
i.e. in the absence of phloretin, was 373 * 57.1 nmol min~' (10°
cells) (SEM, n=5). At the beginning of each experiment we split
cultures into one that remained untreated and was used as control,
and another that was treated with the indicated concentration of
phloretin. The measured flux in the untreated control culture was
used as the 100% reference, to correct for variations between
experiments. The dotted line is a linear fit to the data (R?=0.92).

phloretin (Bakker etal, 1999b) or 2-deoxy-D-glucose
(2-DOG) (Tetaud et al., 1997), two chemically unrelated
inhibitors. Phloretin is a general inhibitor of facilitated dif-
fusion transporters and has been shown to be a competi-
tive inhibitor of the trypanosome glucose transporter
(Bakker et al., 1999b). 2-DOG is a glucose analogue that

cannot be metabolized beyond phosphorylation by
hexokinase. 2-DOG therefore acts as a competitive inhibi-
tor of glucose transport, and — depending on its intracel-
lular concentration — also of hexokinase (HXK). As far as
side-effects are known, they are quite different for the two
compounds. Phloretin remains outside cells, but may hit
other transporters (Krupka and Deves, 1980) while intra-
cellular 2-DOG affects HXK. Effects that are seen for both
inhibitors are therefore likely to be due to the inhibition of
glucose transport specifically. The inhibitors have the
advantage that they act very rapidly on the transporter; in
contrast to RNAI, their use allows assessment of changes
of the transporter itself. All of our studies were conducted
with @ monomorphic trypanosome line 449 derived from
strain Lister 427. These trypanosomes were chosen
because their glycolytic metabolism has been exhaus-
tively characterized; they are however unable to undergo
complete differentiation to procyclic forms.

Phloretin reduced the glycolytic flux, measured as the
pyruvate production flux (Fig. 1), and the specific growth
rate (Fig. 2A) of bloodstream-form trypanosomes. 2-DOG
gave similar results (Fig. 2B). At all inhibitor concentra-
tions we found production of only small amounts of glyc-
erol and neither succinate nor acetate. Above 100 uM
phloretin the cells started dying within the first 24 h,
although the glycolytic flux was only inhibited by 50%
(Fig. 1). The latter result is not specific for inhibition of
glucose transport, but was also previously found for
various glycolytic enzymes. A compilation of results
obtained with RNAI of various glycolytic targets and those
of the phloretin and 2-DOG experiments shows that a
partial (30-50%) inhibition of the glycolytic flux sufficed to
block growth (Fig. 3). A further inhibition of the pathway

A B
0.15 0.08
o
__owg _
: ® E
<= = 0.06 4
o 005 ® o 0.06
g s g .
£ 0.00 & <
§° Eo 0.04 - °
5 -0.05 E)
o
= ° &
S 0.0 S
2 2 0.02 ° ®
(2] (2]
0.15
0.20 . —@ . 0.00 . . . .
0 100 200 300 0 5 10 15 20 25

[Phloretin] (uM)

[2-DOG] (mM)

Fig. 2. Effect of inhibition of glucose transport on the specific growth rate of trypanosomes. Specific growth rate (i, see Experimental
procedures) as determined in the first 24 h after inhibition by various concentrations of phloretin (A) or 2-DOG (B). The negative growth rates
should be interpreted as death rates. Further experiments were all performed at 100 uM phloretin or 12.5 mM 2-DOG, doses at which the cells
remain alive but hardly grow. Each point in the graph is based on an independent culture.
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Fig. 3. Relation between growth rate and glycolytic flux in
trypanosomes with impaired activities of glycolytic enzymes or
glucose transport. Specific growth rates plotted against specific
pyruvate production flux (= glycolytic flux) after 24 h inhibition with
various concentrations of phloretin (¥) or 2-DOG (V) (this article),
RNAI against several glycolytic enzymes (O) (Albert et al., 2005;
Caceres et al., 2010) and a knockout of the alternative oxidase (@)
(Helfert et al., 2001). Percentages were calculated relative to
control cultures in the same experiment. For phloretin, data of
Figs 1 and 2A were combined. Each point in the graph shows an
independent experiment.

caused cell death. Unlike phloretin, 2-DOG was only
tested at sublethal concentrations. Over the tested con-
centration range the relation between specific growth rate
and pyruvate production flux was similar for the two inhibi-
tors (open and closed triangles in Fig. 3). Growth
inhibition by phloretin was reversible during the first 24 h
(Fig. S1).

Inhibition by phloretin or 2-DOG evokes a
gene-expression response in bloodstream-form T. brucei

We next studied mRNA levels in cells treated with suble-
thal concentrations of phloretin and 2-DOG, concentrating
on the glycolytic enzymes. Strikingly, the THT7 mRNA,
encoding the major glucose transporter in the blood-
stream form, was down- rather than upregulated after
inhibition of glucose transport (Fig. 4A). Hence, the para-
sites adapted, not homeostatically, but in a way that
aggravated their situation.

Further analysis of glycolytic gene expression revealed
a general downregulation of mMRNAs encoding glycolytic
enzymes that are normally expressed in bloodstream-
form trypanosomes [see, e.g. pyruvate kinase (PYK) in
Fig. 4A and the complete data set in Fig. 4B]. Procyclic
cells have been demonstrated to express the majority of
these enzymes at a lower protein level than bloodstream-
form cells (Hart etal, 1984; Aman and Wang, 1986).
Furthermore, typical procyclic isoforms of the glucose
transporter (THT2) and of phosphoglycerate kinase
(PGKB) were upregulated to the detriment of their

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 94—108
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bloodstream-form  counterparts THT7 and PGKC
respectively. The expression of PGKB was surprising,
since this isoform has a subcellular localization different
from that of PGKC and its expression is normally toxic in
bloodstream-form trypanosomes (Blattner et al., 1998). It
is unlikely that the increased mRNA levels of THT2 can
compensate for the decreased expression of THTT: the
absolute change is much larger for THT1 since its initial
level was 40 times higher than that of THT2 (Bringaud and
Baltz, 1993). Moreover, growth of procyclic trypanosomes
was inhibited by phloretin (data not shown), suggesting
that also the procyclic glucose transporter THT2 is sensi-
tive to this inhibitor. However, this last finding may also be
attributed to an unknown side-effect on other targets or to
catabolite repression of proline metabolism [as was sug-
gested previously (Lamour et al., 2005)].

Finally we also observed increased mRNA levels for the
genes encoding the Krebs’ cycle enzyme citrate synthase
(CS), as well as pyruvate orthophosphate dikinase
(PPDK) and proline dehydrogenase (PRODH). These
enzyme activities are absent in bloodstream-form trypa-
nosomes (Jenkins et al., 1988; Priest and Hajduk, 1994;
Bringaud et al., 1998). To test whether the mRNA changes
were reflected by changes at the level of functional pro-
teins, we measured CS activity. This was low in untreated
bloodstream forms, but rose 3.5-fold after 48 h inhibition
of glucose transport, to a level that was even higher than
that of procyclic trypanosomes (Fig. 4C).

Phloretin treatment causes transcriptome changes
indicative of partial differentiation

To characterize the effects of phloretin treatment on the
entire transcriptome, we treated exponentially growing
bloodstream-form trypanosomes for 24 h with 100 uM
phloretin, then extracted RNA. RNA from untreated trypa-
nosomes served as a control. Fluorescently labelled
cDNAs were hybridized to T. brucei oligonucleotide
microarrays (see Experimental procedures). We found
that 54 RNAs were significantly increased at P < 0.05, 45
of these being altered by 1.5-fold or more. A total of 276
RNAs were significantly decreased after the treatment,
153 of them at least 1.5-fold (see Table S1). For mRNAs
that were analysed with both techniques, the microarray
results corresponded qualitatively with those of the gPCR
analysis, although, as expected, the latter tended to yield
somewhat larger changes in expression (Table S1).

We have previously shown that during differentiation of
in vitro cultured pleomorphic trypanosomes, 1113 mRNAs
showed significant changes in abundance, with detailed
time-courses that could be classified according to 62
groups with different patterns of regulation. (Queiroz
et al., 2009). The 62 patterns fell into four broad catego-
ries: highest expression in bloodstream forms; highest
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Fig. 4. Effect of phloretin and 2-DOG on gene expression
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A. mRNA levels in bloodstream-form trypanosomes after 48 h inhibition by 100 pM phloretin or 12.5 mM 2-DOG as compared with expression
before inhibition. For phloretin the error bars indicate the SEM of three independent experiments. For PRODH, the error was not SEM, but a
standard deviation of two experiments. EP was only measured in the 2-DOG-treated cultures.

B. mRNA fold changes for cultures treated with 100 uM phloretin or 12.5 mM 2-DOG compared with uninhibited cultures after 24 or 48 h.
Colour coding: green = twofold or more upregulated; red = twofold or more downregulated; yellow = less than twofold change. n.d., not
determined. An asterisks in the column ‘sig’ (for significance) indicates a P < 0.05 in a one-sided Student’s ttest comparing the measurements

to a value of 1 (for no change in expression).

2-DOG, 2-deoxy-D-glucose; ALD, aldolase; AOX, alternative oxidase; CS, citrate synthase; ENO, enolase; EP, EP procyclin; HXK, hexokinase;
G3PDH, glycerol-3-phosphate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGAM, phosphoglycerate mutase; PGK,
phosphoglycerate kinase; PFK, phosphofructokinase; PGI, phosphoglucose isomerase; PYK, pyruvate kinase; PPDK, pyruvate
orthophosphate dikinase; PRODH, proline dehydrogenase; THT, trypanosome hexose transporter; TIM, triosephosphate isomerase.

C. Citrate synthase activity was measured in procyclic cultures (PF; n=2), in ethanol-treated (control) bloodstream-form cultures (BF; n=4)
and in bloodstream forms exposed for 48 h to a (sublethal) dose of either 100 uM phloretin (n=2) or 12.5 mM 2-DOG (n=4).

expression in procyclic forms; and either increased, or
decreased, expression during differentiation. The gene-
expression patterns between 1 and 12 h after initiation of
differentiation were indicative of growth arrest and partial
induction of a stumpy-like phenotype, with surface-coat
switching initiating at around 12 h (Queiroz et al., 2009).
We compared our microarray data after phloretin treat-
ment with the previous differentiation data set (Fig. 5 and
Tables S1 and S2). When we examined the 153 mRNAs
that were at least 1.5-fold downregulated after phloretin
treatment, we found that less than 10% were preferen-
tially expressed in procyclic forms. In contrast, a quarter of
them were preferentially expressed in bloodstream forms,

and another quarter decreased in level during differentia-
tion (Fig. 5A). The category preferentially expressed in
bloodstream forms included, as expected, 20 proteins
involved in glucose metabolism, including glycolytic and
other glycosomal enzymes, and glycosome assembly
proteins. The mRNAs that were decreased during differ-
entiation, and also decreased after phloretin, included no
fewer than 24 genes encoding components of the flagel-
lum (Fig. 5B): flagellar biosynthesis halts in non-dividing
cells.

The 45 mRNAs that increased at least 1.5 times after
phloretin treatment fell into more groups, but RNAs
that are preferentially expressed in procyclics, or are

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 94-108
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Fig. 5. Effects of phloretin treatment on the bloodstream-form transcriptome. Exponentially growing bloodstream-form trypanosomes (density
6 x 10° cells ml™') were treated with 100 uM phloretin for 24 h and subsequently their RNA was prepared for microarray analysis using
untreated cells as a control, exactly as described in Queiroz et al. (2009). Results shown are for five slides including three biological
replicates, with dye-swap, and include all spots showing significant P < 0.05 differences of at least 1.5-fold. The colour key is in the figure.

A. Regulated RNAs classified according to regulation during differentiation, as seen in Queiroz et al. (2009).

B. Regulated mRNAs classified according to the function of the encoded protein [automated and manual annotation, as in Queiroz et al.

(2009)].

increased during differentiation, predominated (Fig. 5A).
They included mitochondrial proteins and procyclic-
specific membrane proteins (Fig. 5B). Notably, the
upregulated mRNAs included those that encode two
citrate/cis-aconitate transporters involved in differentia-
tion, PAD1 and PAD2. PAD1 is a marker of growth-
arrested stumpy forms (Dean et al., 2009).

The overlap between the phloretin and differentiation
data sets was only partial: just 124 RNAs were both
affected by phloretin (at least 1.5-fold) and significantly
regulated during differentiation. Using the phloretin data
for just these 124 mRNAs, we calculated correlation coef-

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 94—108

ficients with data from the different differentiation time
points. The best correlation coefficients, i.e. 0.72 and
0.79, were for the 1 and 12 h time points respectively.
These results indicated that our phloretin treatment had
caused a subset of transcriptome changes similar to
those seen during the early stages of differentiation to
procyclic forms, when the parasites undergo growth arrest
and initiate the switch from bloodstream-form to procyclic-
form gene expression.

We also compared the phloretin microarray results with
a data set generated using a tiling array (Fig. S2). The
populations tested included stumpy trypanosomes
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generated in mice, as well as comparisons of bloodstream
and procyclic forms (Jensen et al., 2009) (Fig. S2A). In
addition, we looked at a comparison of bloodstream and
procyclic-form  transcriptomes generated by cDNA
sequencing (Siegel et al., 2010) (Fig. S2B). As before, the
mRNAs that were increased by phloretin showed a rather
heterogeneous regulation pattern, with a bias towards
procyclic-specific mRNAs. The results confirmed that
many of the mRNAs that decreased after phloretin-
treatment were preferentially expressed in bloodstream
forms. Moreover, an even larger group of the mRNAs
decreased after phloretin treatment showed expression
that was suppressed in the stumpy forms.

We concluded that phloretin induced gene-expression
changes characteristic of growth arrest and early
differentiation. The next step was to assess the implica-
tions of these changes for trypanosome metabolism.

Decreased expression of glycolytic enzymes renders
trypanosome glycolysis more sensitive to glucose
transport inhibition

We investigated the impact of the altered gene expression
on the inhibition of the glycolytic flux, using the previously
developed computer model of T. brucei glycolysis (Albert
etal., 2005). The model takes the enzyme expression
(concentration or Vi) and the kinetic parameters of the
enzymes as input. It predicts how the glycolytic flux and
the metabolite concentrations respond to substrate avail-
ability, enzyme expression or specific inhibitors. We cal-
culated how the (glycolytic) ATP production flux will

95% inhibition measured (dotted line). The glucose
concentration was 5 mM, like the blood
glucose concentration. Details of the
modelling are given in Experimental
procedures.

respond to an increasing concentration of a competitive
inhibitor of glucose transport, like phloretin (Fig. 6). In the
calculations the inhibitor concentration [I] was normalized
against its inhibition constant K, which equals the disso-
ciation constant of the inhibitor from the transport protein.
This was done to generalize the results to any competitive
inhibitor of glucose transport.

If gene expression were not taken into account, a flux
reduction of 90% would be achieved at an inhibitor con-
centration that was 56 times the inhibition constant for the
transporter. A flux reduction of 95% would require 118
times the inhibition constant (Fig. 6, solid line). Next, the
Vinax Values in the model were altered by the same factor
as the observed change of the corresponding mRNA after
24 h of phloretin treatment (Fig. 4B). Now, the required
inhibitor concentrations for flux reductions of 90% or 95%
were only 11 times, or 28 times the inhibition constant
respectively (Fig. 6, dotted line). Hence, according to the
model the same flux reduction is achieved at a four to five
times lower drug dosage when the gene-expression
response is included, than when it is not.

Obviously, the assumption that the actual change in
protein concentrations equals that in the mRNAs is an
approximation. The rationale behind this assumption is
that during trypanosome differentiation from the blood-
stream to the procyclic form not only mRNAs of glycolytic
proteins are downregulated (Jensen et al., 2009; Queiroz
et al., 2009; Nilsson et al., 2010), but also protein levels
and Vmax values (Hart etal, 1984; Aman and Wang,
1986). The fact that the phloretin-treated cells are hardly
dividing would diminish the changes in protein as com-
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pared with those in mRNA, if the proteins were stable.
During trypanosome differentiation, however, ‘old’ glyco-
somal enzymes are degraded through autophagy of gly-
cosomes (Herman et al,, 2008).

Given the uncertainties in the protein response, the
above calculations should be considered as an illustration
of how the gene-expression response will affect the
required drug dosage, rather than as an exact prediction.
Nevertheless, the calculations were in surprisingly good
agreement with the measured inhibition of the glycolytic
flux by phloretin (Fig. 1). The K of phloretin for the trypa-
nosome glucose transporter THT1 is 21 uM (Bakker et al.,
1998b). In the presence of 20 mM glucose — like in our
experiments — the model predicts that 100 UM phloretin
will inhibit the flux by 13% without a gene-expression
response, and by 75% if the gene-expression adaptation
is taken into account. In reality we measure 30% inhibition
at 100 UM phloretin (linear fit to the curve in Fig. 1). We
have to be aware, however, that the used K value for
phloretin has been measured in a buffer that differs sub-
stantially from the medium used here.

Expression of EP procyclins on the surface and
sensitivity to Concanavalin A

Results so far indicated that the phloretin- or 2-DOG-
treated cells had entered into a differentiation pro-
gramme towards the procyclic stage. We therefore next
investigated whether the procyclic features expressed by
the phloretin- or 2-DOG-treated cells also encompassed
the surface coat, since the mRNA encoding EP procyclin
came up after glucose-transport inhibition (Fig. 4A and
B). In procyclic trypanosomes the glycosylated EP1 and
EP3 proteins bind the lectin Concanavalin A (ConA),
which then kills the cells via an unknown mechanism
(Hwa and Khoo, 2000; Pearson etal, 2000, Morris
etal., 2002). Bloodstream-form trypanosomes do not
normally express procyclin proteins and are resistant to
ConA killing (Fig. 7A). In contrast, 20-30% of the cells
died from exposure to ConA after pre-treatment with
phloretin (Fig. 7A), suggesting either that some cells had
incorporated procyclins into their coats, or else that the
surface VSG had undergone unusual carbohydrate
modification. However, we were unable to detect EP pro-
cyclins by Western blot (Fig. 7B) or flow cytometry
(Fig. S3), so if they are expressed, the level must be
very low.

More evidence for a functional change to the procyclic
life stage came from experiments with procyclic culture
conditions. Phloretin-treated bloodstream-form cells sur-
vived incubation under procyclic culture conditions (i.e. in
a procyclic culture medium at 28°C) for more than 4 days,
while untreated bloodstream-form cells died (Fig. 7C and
an independent experiment in Fig. S4A). As a control we
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subjected the untreated bloodstream-form cells to a tem-
perature downshift from 37°C to 28°C. Under those con-
ditions the cells survived, although they almost stopped
growing (Fig. S4B). This result excluded the possibility
that the death of untreated trypanosomes under procyclic
culture conditions was merely a result of the change in
temperature. After 72 h under procyclic culture conditions,
the phloretin-treated cells were as sensitive to ConA
(Fig. 7D and Fig. S4C) as are procyclic cultures (see
Fig. 7A) and Western blot analysis revealed a strong
signal for EP procyclin proteins (Fig. 7E). This result indi-
cated that the phloretin treatment had potentiated the
ability of the trypanosomes to undergo a differentiation
programme.

Probing the metabolic signal for differentiation

We did some first experiments to determine the metabolic
signal that triggers differentiation in response to glucose
transport inhibition. A lowered [ATP}/[ADP] ratio could be
excluded, since the [ATP)/[ADP] ratio did not change
(Fig. 8A). Conditional knock-down of the next enzyme of
the pathway, HXK, led to upregulation rather than down-
regulation of THT1 in the first 24 h (Fig. 8B). However,
after 48 h, THT1 mRNA levels had returned to initial
levels. These results are compatible with intracellular
glucose being the molecule that initiates the signal
cascade, but more detailed dynamics are required. It is
known that changes in the activities of mitochondrial
enzymes influence expression of procyclins (Vassella
et al, 2004). Phloretin as well as HXK depletion caused
upregulation of mitochondrial enzymes in our experiments
and therefore one may expect secondary effects on coat
protein expression (Vassella et al.,, 2004).

Discussion

In a network-based approach to identify and validate a
new drug target within trypanosome glycolysis, we have
systematically investigated first the metabolic responses
(Bakker etal., 1999a,b) and subsequently (this article)
the gene-expression responses that follow inhibition of
the glucose transporter. Instead of homeostatic adapta-
tion, inhibition of glucose transport initiated a domino
effect that rendered the parasite increasingly vulnerable:
first a decrease in the glycolytic flux via metabolic
control, then a downregulation of the mRNAs encoding
the glucose transporter and most other glycolytic
enzymes. Results of a transcriptome analysis indicated
that the phloretin treatment had caused the trypano-
somes to partially undergo the early stages of differen-
tiation, with some changes typical of growth-arrested
stumpy forms with early further differentiation. Consistent
with this, the phloretin-treated bloodstream cells had an
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€106 cultures without ConA. Numbers below the graph denote the
* 10%3 duration of the pre-treatment with 100 uM phloretin. Phloretin
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100 uM phloretin. After two washes in phloretin-free procyclic
medium cells were inoculated in SDM79 at 28°C at t=48 h
(indicated by arrow).

D. After 72 h in procyclic culture medium part of the cell culture was subjected to ConA (5 ug ml') treatment. The percentages of cells that
survived a 24 and 48 h treatment with ConA (5 pg ml-') are expressed relative to the survival in identical cultures without ConA. Error bars
indicate standard deviations among two independent experiments.

E. Western blot with EP procyclin mAb. A total of 3 x 10° cells were taken from cultures after 48 h with phloretin treatment (lanes 3 and 4,
t=48 h in C), after 72 h in procyclic medium (lanes 1 and 2, t=120 in C), from untreated procyclic cultures (lanes 5, 6 and 7) and from
untreated bloodstream-form cultures (lanes 8 and 9, t=48 h in C). Replicate samples were taken from independent cultures.
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Fig. 8. Probing the metabolic signal for
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were measured by quantitative PCR and
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enhanced ability to undergo subsequent differentiation
steps upon transfer to procyclic culture conditions. The
fact that they did not fully differentiate, and were not able
to divide under procyclic culture conditions (Fig. 7C), is
likely to be due to the fact that we used a monomorphic
strain which cannot complete a full life cycle. In addition,
glucose transport inhibition might not be sufficient to
induce the full spectrum of changes seen in stumpy
forms. To address this issue, future studies should be
performed with pleomorphic trypanosomes.

As noted in the introduction, alterations of coat-protein
expression in glucose-deprived trypanosomes had been
observed before, although the resulting transcriptome had
not been analysed and the implications for drug treatment
were not explored. Is the transcript response to glucose
deprivation specific to this particular metabolic challenge,
or is it simply a reaction to growth arrest? It has long been
known that treatment with dihydrofluoromethyl ornithine,
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which causes cell-cycle arrest but has no obvious con-
nection to signalling or energy metabolism, can enhance
the ability of monomorphic trypanosomes to undergo
initial steps of differentiation (Giffin et al., 1986). Growth
arrest is known to be important in the differentiation
process, and various growth-inhibitory treatments have
been shown to induce expression of EP procyclins or their
mRNAs (Fenn and Matthews, 2007). We do not really
know which of these treatments targeted physiological
differentiation control mechanisms, or whether any sort of
growth inhibition will do. We therefore examined transcrip-
tome data for bloodstream trypanosomes following treat-
ments that inhibited growth, but had no obvious link to
differentiation. None of the treatments caused the
differentiation-related gene-expression changes reported
in this article. They were: RNAI targeting the small RNA-
binding proteins UBP1 and UBP2, or overexpression of
UBP2 (Hartmann et al., 2007); RNAI targeting the 14-3-3
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proteins (C. Benz and C. Clayton, unpubl. data); knock-
down of clathrin expression or treatment with tunicamycin
(Koumandou et al,, 2008); and treatment with dithiothrei-
tol (Koumandou et al., 2008; Goldshmidt et al., 2010). We
cannot rule out the possibility that induction of EP procy-
clins was missed in all of these experiments because the
timing was wrong, or because the parasites were too
debilitated to initiate such a response. However, so far, it
seems that the transcriptome response to glucose depri-
vation is not solely a response to growth arrest.

We suggest that trypanosome differentiation can be
triggered by a variety of stimuli, but that the intracellular
glucose concentration may be a critical intermediate
signal. In the case of glucose transport inhibition, the cells
seem to be misled by the low glucose influx and respond
as if they are in the glucose-poor environment of the
tse-tse fly, switching on their differentiation programme. A
recently identified phosphatase that is critical for trypano-
some differentiation, PIP39, is located inside the
glycosome. It is tempting to speculate that this phos-
phatase is a key player in monitoring glycosomal glucose
levels (Szoor et al.,, 2010).

An anti-trypanosomal drug needs to have a very low
cost and to be easy to deliver. It therefore needs to be
cheap to manufacture and must be active at low
concentrations. It also needs to have as few side-effects
as possible, so must be selective for the parasite target.
What are the implications of the present study for the use
of glucose-transport inhibition against trypanosome infec-
tions? To answer this question, we will distinguish two
different aspects, namely (i) inhibition of parasite growth
and (ii) side-effects on human metabolism.

(i) To cure trypanosomiasis, either all parasites must be
killed by the drug, or growth of all of them must be
inhibited for a sufficient time to enable elimination of
all existing antigenic variants by adaptive immunity.
Escape of a single trypanosome with a novel variant
surface coat will be sufficient to reinitiate the infection.
Ideally therefore we need to attain a drug concentra-
tion adequate to kill at least 99% of the parasites
(LDS9) in the blood and tissues without causing sig-
nificant side-effects. The LD99 is also influenced by
the response of the biochemical network. The high
flux control coefficient of the glucose transporter in T.
brucei will contribute to a low LDgg, especially since
50% inhibition of glycolytic flux is sufficient to kill the
parasite (Fig.3). On top of this, according to our
model calculations, the observed downregulation of
glycolytic gene expression upon transporter inhibition
led to a four- to fivefold decrease of the inhibitor con-
centration required to reduce the glycolytic flux. Thus
the results of our analyses are favourable to THT1 as
a target. If, in line with the results presented here, the

few surviving trypanosomes start expressing invari-
able procyclins this may be an extra, efficient target
for the mammalian immune system. The ConA-
sensitive mannose residues on the EP proteins (Hwa
and Khoo, 2000; Pearson et al., 2000) may be recog-
nized by the mannan-binding lectin of the innate
immune system. Whether glucose transporter inhibi-
tion is able, by itself, to prompt sufficient surface EP
procyclin expression to activate either innate or adap-
tive immunity is currently unclear: this should be
assessed in pleomorphic parasites.

A low therapeutic drug concentration is of no use if
those low levels also kill host cells. And even minor
inhibition of glycolysis may be deleterious to some
host cell types. Therefore, even if selectivity at the
level of molecular recognition is attained, additional
selectivity at the network level would be helpful.
Simulations with a detailed model of erythrocyte gly-
colysis (Schuster and Holzhutter, 1995) showed that
glucose transport hardly controls erythrocyte glyco-
lysis at all (B. M. Bakker et al., in preparation). This
implies that erythrocytes will be less vulnerable to
glucose transport inhibition than bloodstream-form
trypanosomes. However, a quantitative analysis of
potential side-effects on other cell types — including
potential homeostatic adaptations — is required.

(ii

In the present study, phloretin and 2-DOG were used to
inhibit glucose transport in in vitro cultures of T. brucei.
Phloretin has already been used in in vivo studies in rats
for its anti-tumour activity (Nelson and Falk, 1993) and the
LD50 of phloretin for rat hepatocytes in a 2 h incubation
was reported as 400 UM (Sabzevari et al, 2004). The
concentrations of phloretin and 2-DOG used against try-
panosomes in this study (micromolar range) are too high
to use in humans, and even too high to serve as a lead
compound. Hexose analogues with anti-trypanosome
activity have already been developed (Azema etal,
2004) but the mechanism of action was unclear since in
many cases the LD50 for the parasite was lower than the
K for the transporter. For either phloretin or the ana-
logues, a direct comparison of LD50s between trypano-
somes and mammalian cells under similar conditions has,
to our knowledge, not been performed. It is clear that if
inhibitors are to be found, substantial effort will need to be
made in screening and in chemical modification, since
viable leads are not yet available.

We conclude that although development of specific and
potent inhibitors may be a considerable challenge,
glucose transport is @ more promising drug target in try-
panosomes than was thought based on metabolic control
alone (Bakker et al., 1999b). Furthermore, this study may
open a new avenue to systems biology-based drug target
discovery, aiming at tricking microorganisms into lethal
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adaptation strategies. Importantly, our results exemplify
the importance of monitoring the adaptations of cellular
networks in drug target validation (Hornberg and Wester-
hoff, 2006). Besides identifying cases where a homeo-
static response of the pathogen would incapacitate the
drug (enabling an early defocusing from that target), it
may also reveal more cases like the present one, in which
the cellular response is anti-homeostatic. If such an anti-
homeostatic response is absent from the human host, the
prospects for enhanced specificity of drugs against such
targets are substantial.

Experimental procedures
Strains and cultivation

Monomorphic bloodstream-form T. brucei of cell line 449 [a
derivative of strain Lister 427 (Biebinger ef al, 1997)] were
cultivated in HMI-9 (Hirumi and Hirumi, 1989), supplemented
with 10% fetal calf serum (FCS, Invitrogen) and 0.2 ug mi-'
phleomycin (Cayla) in a water-vapour-saturated incubator at
5% CO: and 37°C.

Monomorphic procyclic T. brucei 449 cells and
bloodstream-form cultures subjected to procyclic culture con-
ditions were cultivated in SDM-79 or SOGG-medium [a non-
glucose formulation of SDM-79 (Furuya efal, 2002)],
supplemented with 10 mM glucose (v/v), 10% FCS and
0.5 ug ml-' phleomycin at 28°C.

Growth was monitored by counting cell numbers in culture
samples with a Burker-Tirk haemocytometer. The specific
growth rate u was determined from the increase of the cell
numbers in time, by fitting equation X(f) = X(0) - & to the
data. Here X(f) represents the cell density in the culture at
time point £

Inhibition

Phloretin, 2-DOG and ConA were purchased from Sigma.

Phloretin was dissolved in 70% ethanol; 2-DOG and ConA
in demineralized water. Final concentrations of ethanol were
always below 0.7% and the highest ethanol concentration
was used in the control cultures.

Increasing cell densities decreased the sensitivity of the
cells to phloretin. At constant cell density (8-10° cells mI' in
our experiments), phloretin treatment gave reproducible
effects for a given concentration. We used similar cell densi-
ties in 2-DOG experiments.

RNA isolation and cDNA synthesis

Total RNA was isolated from 1-4 x 107 cells by adding 1 ml of
Trizol (Invitrogen) to cell pellets according to the manufactur-
ers protocol. Isolated RNA was DNase-1 (Finnzymes)
treated, purified by phenol/chloroform extraction and 1 ug
was used in a cDNA synthesis reaction with random hexamer
primers (Finnzymes).

Microarray

Fluorescently labelled cDNA was synthesized and hybridized
to oligonucleotide microarrays (NIAID) as previously
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described (Queiroz et al., 2009). Data analysis was performed
using the ExpressConverter and MIDAS software which are
freely available at http://www.tm4.org. Files obtained from the
scan were transformed into .mev files using the Express-
Converter. Using MIDAS the signal intensities were normal-
ized by locally weighted linear regression and duplicate spots
on each slide were merged. Log. transformed data were
exported to SAM as described (Tusher efal, 2001). The
complete microarray dataset has been uploadedto NCBI GEO
with accession number GSE24275 and can be accessed
online via: http://www.ncbi.nim.nih.gov/geo/query/acc.cgi?
acc=GSE24275.

Real-time quantitative PCR

Amplification, data collection and data analysis were per-
formed inthe ABI 7700 Prism Sequence Detector (once 2 min
at 50°C; once 10 min at 95°C; and 40 cycles of 15 s at 95°C
followed by 1 min at 53°C). The calculated cycle of threshold
values (Ct) were exported to and further analysed in Microsoft
Excel. Cycles of threshold for the different genes were normal-
ized to the Ct of hypoxanthine-guanine phosphoribosyl trans-
ferase (HGPRT) transcript in the same sample (ACt).
Transcripts of two other housekeeping genes (60S rRNA and
B-tubulin) were assayed as an internal check. Subsequently
the normalized Ct values of the different time points were, for
each transcript, compared with the Ct of that transcript at time
point zero to calculate the fold changes of the mRNA concen-
trations according to: mMRNA/MRNA ., = 2¢C(0-46(0) Dissocia-
tion curves proved that only a single-sized product was formed
in every gPCR reaction. Primers used inthe gqPCR are listed in
Table S3 in Supporting information of this article and were
tested for efficiency.

Metabolite assays

Glucose, pyruvate, glycerol, succinate and acetate were
measured by HPLC (Rossell efal, 2005). ATP and ADP
levels were measured with a luciferase assay as described
previously (Rohwer ef al., 1996).

CS activity assay

Approximately 3 x 10° cells were washed twice in ice-cold
PBS (140mM NaCl, 2.7 mM KCI, 10.1 mM Na,HPO,,
1.8 mM KH.PO,) and resuspended in 0.5 ml of PBS. Cells
were lysed using 0.6 g ml~' acid-washed glass beads (425—
600 pm, Sigma) in a Thermo Savant FastPrep FP120
Homogenizer (four cycles of 5 s, speed 6.0, with cooling on
ice between cycles for at least 1 min). Cell lysate was trans-
ferred to a new tube, centrifuged (maximum speed, at 4°C)
and supernatant was used to measure CS activity. CS (E.C.
2.3.3.1) was measured in an automated spectrophotometer
(Cobas FARA, Roche) at 412 nm, with an assay modified
from Morgunov and Srere (1998). Final concentrations in
the assay mixture were 100 mM Tris-HCI (pH 8.0), 0.1 mM
oxaloacetic acid; 0.1 mM 5,5’-dithio-bis{2-nitrobenzoic acid
(DTNB) and 40 mM KCI. The reaction was started by addi-
tion of 0.5 mM acetyl-CoA and the increase in A, (due to
conversion of DTNB to TNB) was followed in time. Activities
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were determined from the linear part of the A.. curves,
based on an extinction coefficient for DTNB at 412 nm of
13.6 mM-' cm™'. Enzyme activities were normalized to the
protein contents of the cell extracts, based on a BCA
protein assay (Pierce).

Modelling

The modelling was performed with the most recent version of
the glycolysis model (Albert ef al., 2005) in the open-source
software Jarnac (Sauro, 2000; Sauro ef al., 2003). To calcu-
late the effect of phloretin, a competitive inhibitor [I] which
only binds to the outside (Bakker ef al., 1999b) with an inhi-
bition constant K was included in the rate equation for
glucose transport across the plasma membrane. To this end,
the K, for extracellular glucose was multiplied with a factor
1+ [I[/K. This yielded the following equation:

d
Vinax

ViHT = =

ae (1, U]
K »(1+7I)
[Glc]. —[Glc],

Ly O, |, _ (G, [GEl,
Glo m Gle m

Kn -(1+7) Kn <(1+7)

In the version in which gene expression was ignored
(solid line in Fig. 6) the original V. values were used
(Albert ef al., 2005). When altered gene expression was
taken into account the V.« values were multiplied with the
fold change of the transcript levels as measured by qPCR
after 24 h (dashed line Fig. 6). In the case of glucose trans-
port, for which two transport proteins exist, we made use of
earlier findings that THT1 represented 97.5% and THT2
2.5% of the total THT mRNA pool (Bringaud and Baltz,
1993). This gave rise to the following Vi values [in
nmol min~' (mg protein)']:

THT: 108.9.(0.975.0.25 + 0.025-1.22); HXK: 1929.0.35;
PGI: 1305.0.32; PFK: 1708.0.29; ALD: 560-0.35; TIM: 999.
3.0.34; G3PDH: 465.0.24; GK: 200.0.32; AOX: 368-0.56;
GAPDH 720.9.0.26; PGKC: 2862.0.27; PGAM: 225.0.77;
ENO: 598.0.31; PYK: 1020.0.17.

Western blotting

For Western blot analysis, 3 x 10° parasites were harvested
by centrifugation, washed in PBS, resuspended in 30 pl of
Lammli buffer and stored at —80°C before analysis. Samples
were boiled for 10 min at 95°C and 20 pl was separated on
SDS-PAGE (Novex 4-20% Tris-glycine, Invitrogen or 12.5%
Tris-glycine) at 125V and transferred to a nitrocellulose
membrane (Hybond-ECL, Amersham) at 150 mA for 4 h.
Membranes were blocked for 2 h at room temperature with
5% milk in PBS-T (PBS with 0.05% Tween-20), washed three
times with PBS-T, and probed with primary antibody (anti-
Trypanosoma brucei procyclin mAb, Cedarlane) diluted
1:2000 in 1% milk in PBS-T overnight at 4°C. After three
washes with PBS-T, the membrane was incubated with sec-
ondary antibody (goat anti-mouse IgG peroxidase conjugate,
Calbiochem) 1:2000 in 1% milk in PBS-T for 2 h at room

temperature. After five washes with PBS-T, horseradish per-
oxidase activity was measured with SuperSignal HRP sub-
strate (Novagen).
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