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1. Summary

Trypanosoma brucei is an extracellular parasite belonging to Trypanosomatidae family (Protist
kingdom). In the mammalian host, the bloodstream form of T. brucei causes sleeping sickness
or Human African Trypanosomiasis (HAT) and nagana in cattle. The parasite undergoes
morphological changes between the insect and the mammalian host over the course of its life
cycle. The mammalian bloodstream form expresses the Variant Surface Glycoproteins (VSG)
required for antigenic variation. Changes in the expression of different types of VSGs allow the
parasite to elude the mammalian host adaptive immune response, leading to a persistent
infection. In the insect host, the VSG is replaced by a different glycoprotein family named
procyclins when the parasite differentiates to procyclic form in the tsetse fly. During the
bloodstream form of the parasite, a single VSG is expressed from a telomeric locus known as
the VSG-Expression Site, (VSG-ES). The transcription of this locus is mediated by RNA
Polymerase | (RNA Pol 1) in a nuclear body called the Expression Site Body (ESB), which is
located outside the nucleolus where this polymerase normally resides. In the genome of T.
brucei there are about 1000 genes for different types of VSG genes although they can only be
expressed from a VSG-ES of approximately 15 different telomeric loci, of which only one is
transcribed at any given time. The expression of a VSG on the surface of the parasite can be
changed to another either by recombination of another VSG gene in the active VSG-ES, or by a
in situ transcriptional switch to another of the 15 VSG-ESs by epigenetic mechanisms not very
known. During differentiation to the procyclic form, no VSG is expressed and the RNA pol | in

the nucleolus transcribes the genes of the procyclins, while the telomeric VSG-ES is repressed.

Previous published work from our group described SUMOylation (Small Ubiquitin-like
MOdifier, SUMO) as a Post Translational Modification (PTM) that regulates VSG expression
(Lopez-Farfan et al.,, 2014). SUMOylation is a large and reversible post-translational
modification (PTM) that regulates many critical processes in eukaryotes, including
transcription, DNA replication, repair and protein signaling. Transcription factors are well
known SUMO targets, whose activity can be modulated in both gene silencing and activation.
In bloodstream forms trypanosomes, SUMO-conjugated proteins are enriched at the highly-
SUMOylated focus (HSF), which co-localized to the nuclear body ESB and are also abundant in
the active VSG-ES chromatin (Lopez-Farfan et al., 2014). Thus, it is possible that SUMO acts as

an epigenetic chromatin mark to positive regulate VSG expression.

In this PhD thesis, we first identify major SUMO-conjugated proteins in the mammalian

infective form by proteomic analyses as a starting point to uncover new factors related to VSG
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expression. This study yielded to the identification of several SUMO targets, some related to
VSG expression and probably linked to developmental regulation, in addition to proteins

involved in well-known process regulated by SUMO as DNA repair, replication, etc.

Out of the SUMO-modified proteins, we identified a transcriptional activator (Tb927.3.2140)
which contains a Sucrose Non Fermentative-2 (Snf2) chromatin remodeler domain and a Plant
Homeodomain (PH); we thus named SNF2PH. The SNF2 domain functions by modulating
chromatin accessibility, while the PH domain is involved in recognizing epigenetic chromatin
marks involved in gene expression regulation of development. Our data suggested that the PH
domain of SUMOylated SNF2PH changes the protein interaction interface that reads histone
tail modifications and thus regulates VSG-ES transcription by increasing chromatin accessibility.
Importantly, ectopic expression of SNF2PH in the insect form, where it is normally
downregulated, triggers the transcription of bloodstream stage-specific genes of surface
proteins, while the expression of a truncated version of the SNF2PH (SNF2APH) that lacked the
PH domain did not induce the transcription of these genes. Altogether, these data suggest that
SNF2PH SUMOylation positively regulates VSG monoallelic transcription while the PH domain
is required for the expression of bloodstream-specific surface protein genes. Thus, SNF2PH
functions as a positive transcriptional activator, and is required to ensure coordinated
expression of surface stage-specific proteins. Altogether our results suggest that SNF2PH is a
central regulator of VSG monoallelic expression and maintenance infective stage-specific

surface protein integrity, acting as a major regulator of pathogenicity.

Analysis of gene expression in bloodstream form cell lines where SNF2PH was depleted using
RNA interference detect silencing of the active VSG-ES and the activation of the expression of
the developmentally regulated genes markers, such as PADs (Protein associated with the
differentiation) and procyclins, suggesting a role in development. In addition, of SNF2PH
protein levels in stumpy-like cells obtained after AMPKal activation by AMP together with
detection of SNF2PH downregulation in stumpy form where AMPKal activation occurs,

suggests AMPK pathway negatively regulates SNF2PH expression by an undefined mechanism.

We propose a model whereby SNF2PH has distinct activities in a PTM-dependent manner,
since SNF2PH chromatin remodeling protein requires SUMO modification to maintain active
monoallelic VSG expression while the PH domain functions to ensure coordinated transcription
of surface stage-specific protein genes and thus adaptation to the mammalian host. This
finding shows a novel link between the epigenetic inheritance of a single active allele, among a

multiallelic VSG family by the PTM of SNF2PH, and subnuclear body dynamics by SUMOylation.
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All of which provide a new framework to unravel the molecular mechanisms underlying

inheritance of monoallelic expression of the VSG.
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Resumen

Trypanosoma brucei es un protozoo pardsito extracelular perteneciente a la familia
Trypanosomatidae (Reino Protista). En su hospedador mamifero, la forma sanguinea de T.
brucei causa la enfermedad del suefio o tripanosomiasis africana humana y el nagana en
ganado. El parasito sufre cambios morfolégicos entre el insecto vector (Glossina sp.) y el
huésped mamifero al largo del su ciclo de vida. En la superficie de la forma sanguinea del
pardsito expresa la glicoproteina variable de superficie (VSG, Variant Surface Glycoprotein).
Cambios en la expresion de diferentes tipos de VSG por un proceso conocido como variacién
antigénica permite al pardsito evadir la respuesta inmunitaria adaptativa del hospedador
mamifero lo que le proporciona una infeccidn persistente. En cambio, la VSG es remplazada
por otra familia de glicoproteinas conocida como prociclinas cuando el parasito se diferencia a
la forma prociclica del insecto vector, la mosca tsetsé. En la forma sanguinea del parasito se
expresa una Unica VSG en la superficie, cuyo gen se transcribe desde un locus telomérico
conocido como el sitio de expresion de la VSG (VSG-Expression site, VSG-ES). La transcripcion
de este locus esta mediada por la RNA Polimerasa | (RNA Pol 1) en un cuerpo nuclear
denominado cuerpo del sitio de expresién (Expression Site Body, ESB), el cual esta localizado
fuera del nucléolo donde normalmente reside esta polimerasa. En el genoma de T. brucei
existen alrededor de 1000 genes para distintos tipos de VSG aunque Unicamente se pueden
expresar desde un sitio de expresidon telomérico de entre los aproximadamente 15 loci
teloméricos, de los cuales Unicamente se transcribe uno en un momento concreto. La
expresion de una VSG en la superficie del parasito puede cambiar a otra mediante
recombinacidn de otro gen VSG en el VSG-ES activo, o bien por un mecanismo de cambio
transcripcional in situ a otro de los 15 VSG-ES mediante mecanismos epigenéticos no bien
conocidos. Durante la diferenciacién a la forma prociclica, no se expresa ninguna VSG ya que el
VSG-ES telomérico es reprimido y la RNA pol I, en el nucléolo transcribe los genes de las

prociclinas.

En un trabajo publicado anteriormente por nuestro grupo se describié a la SUMOQilacién (Small
Ubiquitin-like MOdifier, SUMO) como una modificaciéon postraduccional (PTM) que regula la
expresion de la VSG (Lopez-Farfan et al.,, 2014). La SUMOQilacion de proteinas es una
modificaciéon postraduccional (PTM) reversible de aproximadamente 11 kDa, que regula
muchos procesos criticos en eucariotas como son la transcripcion, la replicaciéon del DNA, la
reparacion y la sefializacién de proteinas. Los factores de transcripcion son dianas de SUMO

bien conocidas cuya actividad puede ser modulada tanto para su inhibicion como para su
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activacion. En la forma sanguinea de tripanosoma, las proteinas conjugadas con SUMO se
encuentran enriquecidas en el nucleo en un foco altamente SUMOQilado (Highly SUMOylated
Focus, HSF), que colocaliza parcialmente con el cuerpo nuclear ESB y también abundan en la
cromatina del VSG-ES activo (Lopez-Farfan et al., 2014). Por lo tanto, es posible que SUMO
actle como una marca epigenética de la cromatina para regular positivamente la expresiéon de

la VSG.

En esta tesis doctoral, primero identificamos las principales proteinas conjugadas con SUMO
en la forma sanguinea mediante analisis proteémicos como punto de partida para descubrir
nuevos factores relacionados con la expresion de la VSG. Este estudio dio lugar a la
identificacion de varios sustratos de SUMO, algunos relacionados con la expresion de la VSG y
probablemente vinculados a la regulacién del desarrollo, ademas de proteinas involucradas en

procesos conocidos regulados por SUMO como la reparacion de DNA, replicacidn, etc.

De entre las proteinas modificadas con SUMO, se identific6 un factor activador de la
transcripcién (Tb927.3.2140) que contiene un dominio de remodelacién de cromatina
perteneciente a la familia Snf2 (Sucrose Non Fermentative), junto con un dominio PH (Plant
Homeodomain), el cual nombramos SNF2PH. El dominio SNF2 funciona modulando la
accesibilidad de la cromatina, mientras que el dominio PH estd involucrado en el
reconocimiento de marcas epigenéticas involucradas en la regulacion de la expresion génica en
el desarrollo. Los datos obtenidos sugieren que el dominio PH de SNF2PH modificado con
SUMO, cambia la interfaz de interacciéon con otras proteinas y probablemente mediante la
lectura de modificaciones en las histonas regula la transcripcion del VSG-ES activo al aumentar
la accesibilidad de la cromatina. Es importante destacar que la expresion ectdpica de SNF2PH
en la forma prociclica del insecto vector, donde normalmente no se expresa
significativamente, desencadena la transcripcion de genes de las proteinas de superficie
especificas de la forma sanguinea, mientras que la expresidén de una versién truncada de
SNF2PH (SNF2APH) que carecia del dominio PH no indujo la transcripcién de estos genes. En
conjunto, estos datos sugieren que la SUMOilacion de SNF2PH regula positivamente la
transcripcién monoalélica de la VSG, mientras que el dominio PH es necesario para la
expresion de proteinas de superficie especificas de la forma sanguinea. Por tanto, SNF2PH
funciona como un activador transcripcional positivo, integrando la expresion de proteinas de
superficie de la forma sanguinea infecciosa como la regulacion de la expresion monoalélica de

la VSG, actuando como un regulador principal de la patogenicidad.
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Summary

Andlisis de la expresion génica en la forma sanguinea donde los niveles de SNF2PH se
redujeron utilizando interferencia de RNA nos permitié detectar un silenciamiento del VSG-ES
activo y la activacién de la expresion de marcadores de desarrollo, tales como PADs (Protein
Associated with Differentiation) y las prociclinas, sugiriendo una funcién en el desarrollo.
Ademas, la reduccién de los niveles de SNF2PH observada en células stumpy-like obtenidas por
activacion de AMPKal con AMP junto con la regulacion negativa de SNF2PH en forma stumpy
(forma preadaptada a la transicién hacia la forma prociclica del insecto vector) donde ocurre la
activacion de AMPKal, sugiere que la via AMPKal regula negativamente la expresion de

SNF2PH por un mecanismo indefinido.

Proponemos un modelo mediante el cual SNF2PH tiene actividades distintas de una manera
dependiente de PTM, ya que la proteina de remodelacién de la cromatina SNF2PH requiere la
modificacion SUMO para mantener la transcripcidn activa que regula la expresion monoalélica
de la VSG, mientras que el dominio PH funciona para garantizar la transcripcién coordinada de
genes de proteinas especificas de superficie la etapa sanguineos vy, por lo tanto, la adaptacién
a El huésped mamifero. Este hallazgo muestra un nuevo vinculo entre la herencia epigenética
de un solo alelo activo, entre una familia VSG multialélica por el PTM de SNF2PH, y la dinamica
del cuerpo subnuclear por SUMOylation. Todo lo cual proporciona un nuevo marco para
desentrafiar los mecanismos moleculares subyacentes a la herencia de la expresidn

monoalélica de VSG.
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Introduction

2. Introduction

2.1- Trypanosoma brucei
Trypanosoma brucei (T. brucei) is an extracellular parasite, belonging to Trypanosomatidae

family (Protist kingdom), which early branched from the main eukaryote linages diverged from
the Eukarya domain, whose genome has been already sequenced (Berriman et al., 2005) and is
the main causative agent of the sleeping sickness. T. brucei belongs to the kinetoplastea class,
which is characterized by a single mitochondria containing a multicopy, complex DNA known
as Kinetoplast, associated with the basal body of the flagellum. Many of its organelles and
structures are present in a single copy and located from the anterior to the posterior part of

the cell (Fig 01).

Anterior

Posterior

4 2 11 10
1. Nucleus 7. Lysosome
2. Kinetoplast 8. Endosomes
3. Flagellar pocket 9. Mitochondrion
4.  Basal body and probasal body ~ 10. Microtubule cytoskeleton
5. Axoneme and paraflagellar rod 11, Glycosomes
6. Golgi

Figure 01. Celular strcutureof bloodfstream form Trypanosoma brucei. The developmental cell biology
of Trypanosoma brucei. Keith R. Matthews. Journal of Cell Science (2005).

Under the membrane there is a network of microtubules that forms the cytoskeleton and the
entire surface of the parasite is covered by a dense layer constituted by the Variable Surface

Glycoprotein (VSG).

2.1.1 -Sleeping sickness
T. brucei is the agent responsible for sleeping sickness in humans and nagana in animal

infections. The two subspecies involved in the disease in humans comprises T. brucei
rhodesiense (Eastern and Southern Africa), responsible for 5% of reported cases, leading to
acute infection, and T. brucei gambiense (West and Center Africa), responsible for 95% of

reported cases, causing chronic infection. T. brucei brucei causes nagana which severely
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affects the livestock in Sub-Saharan Africa. This last subspecies is the most studied and the

most used for laboratory studies.

After the bite of an infected Tsetse fly, the trypanosomes spread through the hemolymphatic
system causing discomfort symptoms, lack of energy and intermittent fevers (Stage 1 or
haemo-lymphatic). When the parasite crosses the blood-brain barrier, it is found in the
cerebrospinal fluid, rising to neurological and endocrine disorders, driving to a coma and death
if untreated (Stage 2 or meningo-encephalitic). The disease occurs in 36 countries in Sub-
Saharian Africa where the vector (Glossina sp.) is present, which constitutes the main
transmission media of the disease. In 2009, the number of new cases dropped below 10000
(Simarro et al., 2011). This dropping trend continued until 2014 when only 3796 cases were
reported with less than 15000 estimated cases according to World Health Organization (WHO).
Recent monitoring studies reported 2164 cases in 2016, leading to only 1447 reported cases in
2017 according to passive surveillance (Franco et al., 2017). Nowadays, the indicators of
elimination are on track for the 2020 goal, were expected to be eliminated as a public health

problem.

Diseases caused by trypanosomatid parasites have been classified as neglected tropical
diseases (NTD), since the pharmaceutics industry has not dedicated much attention and the
available chemotherapeutics are deficient due to their toxicity and development of resistance,
beside NTDs lack of effective vaccines. Currently, available drugs were designed more than 60
years ago with unknown mechanism of action. Pentamidine and Suramine are used for the
Hemolymphatic phase, whereas the Melarsoprol was used for the Neurological phase. This last
one is based on arsenic derivate that is extremely toxic, which has been replaced by
Eflornithine and Nifurtimox as less toxic alternatives (Franco et al., 2014; Simarro et al., 2011).
Further on, combination of Nifurtimox- Eflornithine (Nifurtimox- Eflornithine Combination
Therapy or NECT) has become the first line treatment for stage 2 for the Human African
Trypanosiomasis (HAT) which yielded encouraging data on efficacy and side-effect profile
(Priotto et al., 2009), (Opigo and Woodrow, 2009). Disease control is based on the use of these
obsolete drugs and vector control, nevertheless pharmaceutical companies started to develop
new drugs for the treatment of these diseases, given the potential market in poor countries.
Nowadays, Fexinidazole consists in the first all-oral treatment for both stages 1 and 2 that
requires one daily dose of pills for ten days and cures 91% of people with severe sleeping

sickness (Chappuis, 2018) (Pollastri, 2018).
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2.1.2- Life cycle and VSG expression
Trypanosoma brucei undergoes morphological changes between the insect and the

mammalian host over the course of its lifecycle which includes three main stages: bloodstream
(mammalian host), procyclic (midgut of the Tsetse Glossina genus) and metacyclic (Tsetse
salivary glands). In both bloodstream and metacyclic, parasites are coated with a variant
surface glycoprotein (VSG), which is expressed from one of many telomeric expression sites
(ES). This is necessary for antigenic variation, enabling a persistent infection of host adaptive
immunity leading to a chronic infection. In the insect host, the VSG is replaced by a dense coat
of procyclins that are expressed from chromosome-internal loci when the parasite
differentiates to procyclic form in the Tsetse fly. Importantly, both VSG and procyclins genes
are transcribed by RNA pol I. Metacyclic ESs consists in monocistronic transcription units
containing the VSG gene, with its promoter 5kb upstream. For the other side, bloodstream
form ES are polycistronic transcription units containing 10 ES-associated genes (ESAGs), of

known and unknown functions, with a promoter 40-60kb upstream (Dreesen et al., 2006) (Fig

02).
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Figure 02. Trypanosoma brucei cell cycle. Dreesen O. (2006) Nature.
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During the bloodstream form of the parasite, a single VSG is expressed in a nuclear body called
Expression site body (ESB) which colocalizes with RNA polymerase |, required for VSG
expression. There are about ~1000 VSG genes, expressed from approximately 15 telomeric
loci, in which only a single VSG is expressed. One VSG can switch to another one by
recombination, in situ switching or epigenetic mechanisms. When the parasite differentiates
into the procyclic form, no VSG is expressed and the RNA polymerase | is recruited into the
nucleus, allowing the transcription of the procyclin genes, whereas VSG-ES are repressed

(Navarro et al., 2007) (Fig 03).
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Figure 03. Genomic organization of RNA polymerase | transcribed loci and expression pattern in two

developmental forms of Trypanosoma brucei. Adapted from Navarro et al. (2007). Trends in

Microbiology.
T. brucei pathogenicity is due to a sophisticated strategy of antigenic variation of the VSG
(Donelson, 2003; Pays et al., 2004; Taylor and Rudenko, 2006) since the parasite is
continuously exposed to the host’s immune response. There are about ~107 molecules of a
single VSG type constituting the dense glycoprotein layer in the bloodstream form of the
parasite, which changes with a certain frequency in the population (102-107%), allowing the
parasite to escape from host-specific antibodies against the predominant VSG, enabling a

persistent infection by parasites exhibiting a de novo expressed VSG (Fig. 04).
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Thus, antigenic variation facilitates the establishment of chronic infections and hinders the
development of effective vaccines against this parasite. The genomic organization of T. brucei
reflects the importance of antigenic variation in the survival of the parasite. The trypanosomes
are diploid organisms whose genome consists of 11 pairs of megabasic chromosomes (1 to 6
Mb), ~5 intermediate chromosomes (200 to 900 Kb) and ~1000 minichromosomes (50 to 150
Kb) (Wickstead et al., 2004). The haploid genome is ~35 Mb, with a variation up to 25%
between different isolates or strains, which reflects its genomic plasticity (El-Sayed et al.,
2000). The megabasic chromosomes contain all the maintenance related genes, and they are
diploid except at their ends (Taylor and Rudenko, 2006).The intermediate chromosomes and
the minichromosomes share a common structure consisting in a palindromic central zone and
a non-repetitive subtelomeric region on both ends, followed by telomeric repeats (Wickstead
et al., 2004). The subtelomeric regions of both types of chromosomes contain VSG genes and
present a high homology degree with the subtelomeric zones of the megachromosomes, which
allow the recombination of silenced VSG from the minichromosomes into the
megachromosome expression sites. The intermediate and minichromosomes constitute more

than 10% of the nuclear genome and exist as a genetic reservoir to increase the VSG

repertoire.
A VariantA Variant B Variant C etc
=t o« ~
) + -
f l mr A - i e o
zg Ag j j j
f

Figure 04. Trypanosome infection profile. Progressive waves of parasitemia are composed of

trypanosome populations with antigenically distinct VSG coats. Adapted from Richard McCulloch et al.

(2017). Emerging topics in Life Sciences.
There are more than a thousand VSG and pseudo VSG gene copies in the T. brucei genome
(Berriman et al., 2005), but approximately 20 are found in regions known as VSG expression
sites (VSG-ES) (Navarro and Cross, 1996; Pays and Nolan, 1998). All the copies out of the VSG
expression sites are known as basic copies and are arranged in tandem in subtelomeric region
from the three chromosome types. The VSG-ESs are located in subtelomeric regions of
megabasic and intermediate chromosomes and consist in polycistronic units from 40 to 60 Kb,
which extend from the promoter to the VSG gene and also contain pseudo VSG and Expression

Site Associated Genes (ESAGs), most of them with unknown function (Fig 05).
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Figure 05. Structure of a VSG-ES. Adapted from Richard McCulloch et al. (2017). Emerging topics in Life

During the bloodstream form of the parasite, only one of the 20 VSG-ESs is active in a given
time, known as active VSG-ES (Borst, 2002). The monoallelic expression is crucial for the
evasion of the immune response; nevertheless, the molecular mechanisms that regulate this

process are mostly unknown.

2.1.3 - Mechanisms of antigenic variation
Different molecular mechanisms have been identified in T. brucei antigenic variation (Fig 06.).

The most frequent mechanism involves homologous recombination (Robinson et al., 1999).
Within this type, changes have been described by A) gene conversion (a donor VSG gene is
duplicated to the active VSG-ES) (Robinson et al., 1999), by B) telomeric exchange when two
VSGs are exchanged (Aitcheson et al., 2005), and by C) telomeric conversion (the donor is a
telomere with its associated VSG gene) (Kooter et al., 1988). Finally, the D) transcriptional
switch mechanism does not require changes in DNA, and involves in situ activation of a
previously inactive VSG-ES to an active VGS-ES (Cross et al., 1998). The VSG gene is preceded
by a series of ~70 bp repeats (Fig 05.) and it is believed that these repetitions should be
important either for the control and the high recombination degree in this locus; however the

mechanisms involved are still unknown.

Array VSG Telomeric VSG Segmental VSG Transcriptional
conversion conversion conversion switch
L I u u u

Fig 6. Mechanisms of VSG Switching during Antigenic Variation in T. brucei. Stockdale et al. (2008). Plos
Biology. Blue box: VSG gene prior to switch. Red box: silent VSG gene. Pink, red or green boxes: multiple,

normally non-functional VSGs.
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2.2 - Gene expression in T. brucei
The nuclear genome of T. brucei is transcribed by three RNA polymerases (RNAPI, Il and Ill),

whose activities are analogous to the classic RNAPs present in higher eukaryotes but with
slight differences. In trypanosomes, RNAPI transcribes ribosomal RNAs (rRNAs) and the coding
genes for VSG in the bloodstream form, whereas in procyclic form transcribes procyclin (Gunzl
et al., 2003; Navarro and Gull, 2001; Rudenko et al., 1989). RNAPIII transcribes small nuclear
RNAs (snRNAs), RNAs involved in translation (tRNA and 5S rRNAs), RNA involved in other
cellular processes (7SL RNA) and also the U-snRNAs (U2, U3 and U4), that are transcribed by
RNAPII in other eukaryotes (Gunzl et al.,, 1995). Nevertheless, the activity of the RNAPII is

conserved, which is responsible of the messenger RNA transcription (mRNAs).

2.2.1. Polycistronic transcription
Most of the T. brucei genes are organized in large gene clusters oriented in the same direction

in a polycistronic form (Berriman et al., 2005), generating long transcripts that contain dozens
of genes that they need to be processed before being translated. This organization is similar to
the bacterial operons, especially because encoding DNA sequences are never interrupted by
introns (Clayton, 2002). Unlikely bacterial operons, the T. brucei polycistronic units contain
genes without an apparent functional relationship with a differential post-transcriptional
regulation (Colasante et al., 2007). The processing of polycistronic transcripts into
monocistrons requires two coupled steps: trans-splicing and polyadenilation (LeBowitz et al.,
1993; Matthews et al., 1994). The transplicing consists in the addition of a 39 nucleotide
sequence at the 5’-end of all mRNA, known as “Spliced Leader” (SL) RNA (De Lange and Borst,
1982). There are 200 copies of the SL gene in the genome that are monocistronically
transcribed (Kooter et al.,, 1984).The SL RNA provides a cap structure to al mRNA, which
protects them from degradation (Fig. 07). The polyadenylation occurs as a trans-splicing
dependent manner of the subsequent gene (LeBowitz et al., 1993; Matthews et al., 1994).
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Figure 07. Transcription of the SL gene. Scott et al. (2003). PNAS.
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2.2.2-Promoters and transcriptional regulation
Initially, it has been proposed that the regulation of the transcription start site by the RNAPII

was practically non-existent in trypanosomatids (Clayton, 2002) due to its difficulty to identify
promoter regions and homologous transcription factors from those that are described in
eukaryotes. In silico analysis of T. brucei genome databases identified some proteins involved
in the regulation of gene expression, however functional studies revealed that
trypanosomatids possesses more transcription factors than were initially estimated (Martinez-
Calvillo et al., 2010). As previously described, most of the genes in T. brucei are transcribed in a
polycistronic way. Within each polycistronic transcription unit (PTU), genes could be
transcribed in a divergent or convergent way from the same strands. The regions that separate
the PTUs are known as Switch Strand Regions (SSR) (Siegel et al., 2009). Studies in Leishmania
demonstrate that transcription mediated by RNAPII starts between two divergent PTUs and
ends in an SSR between two convergent policystronic units (Martinez-Calvillo et al., 2003),
suggesting that divergent SSR regions are possible transcription initiation sites; however the
precise sequences for both transcription initiation and termination are still unknown
(Martinez-Calvillo et al., 2010). Nevertheless, the only RNAPII promoter characterized so far in
T. brucei is the SL RNA gene, which lacks of TATA box; however it has been identified several
orthologous transcription factors that interact specifically with this promoter, being essential
for its transcription (Schimanski et al., 2006; Schimanski et al., 2005). Some studies suggest
that mediated RNAPII transcription may be initiated from a non-promoter region and the open
chromatin structure is enough for the transcription initiation (McAndrew et al., 1998).
Recently, it has been identified GT-rich promoter motifs that can drive transcription and
promote the deposition of the histone variant H2AZ in a genomic context-dependent manner.
But, in vivo reporter assays revealed promoter activity from different transcription start
regions (TSR), suggesting the presence of specific DNA elements within them that are able to

induce transcription (Wedel et al., 2017).

T. brucei presents four canonical histones: H2A, H2B, H3 and H4, and four histone variants:
H2AZ, H2BV, H3V and H4V. ChIP-seq analysis of H4K10ac, H2AZ, H2BV and the BDF3 factor
showed an enrichment in transcription initiation sites (divergent SSR), whereas H3V and H4V
are enriched in transcription termination sites (convergent SSR)(Siegel et al., 2009) (Fig.08).
Several studies reported that H3V regulates RNA pol Il transcription termination together with
base J, both found at transcription termination sites (TTS), suggesting an important role in
telomeric gene repression (Reynolds et al., 2016; Schulz et al., 2016). Additionally, it has also

been reported the inhibition activity of histone H1 in RNA pol | transcription (Pena et al.,
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2014), whereas it depletion leads to a de-repression of silent ES promoters (Povelones et al.,

2012).

H2A.Z H3.V H3.V H2A.Z H2A.Z H3.V H3.V
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Figure 08. Pol Il transcription initiates from weakly defined promoters in divergent SSR and some PTUs.
Initiation locus are enriched for TbBDF3, H4K10ac, H3K4me3, H2AZ and H2BV. The epigenetic signals
demarcate transcription units and regulate gene expression. Adapted from Johannes et al. (2014). Gene

Regulatory Mechanisms.

A transcriptional activity of a T. brucei SSR in mammalian cells suggested that promoters in T.
brucei may be similar to other eukaryotes, despite not being identified yet. Overall, the results
lead to a divergent mechanism of transcription initiation mediated by RNAPII in
trypanosomatids compared to those found in higher eukaryotes. For the RNAPIII, there are
promoters that share similar structures to other eukayotes, including adjacent regulatory
elements (Nakaar et al., 1994; Nakaar et al., 1997).The tRNA promoters contain two intergenic

boxes (A and B) that act in cis like other eukaryotes.

The sequences for RNAPI promoters in T. brucei have also been characterized (Palenchar and
Bellofatto, 2006). The rDNA promoter consists of two centred elements (domains | and Il) and
one distant (domain Ill), which resembles the typical RNAPI promoters in eukaryotes (Janz and
Clayton, 1994). The procyclin promoter is similar to the rDNA promoter and is constituted by
three regulatory elements. In contrast, the VSG-ES promoter requires a CA dinucleotide
sequence at the start of the coding sequence (CA comprises -1/+1 positions) in addition to
other regulatory sequences in positions -60 and -36 (Janz and Clayton, 1994). The differences
observed in different RNAPI promoters suggest that the complex recruitment is carried out by
a set of different transcription factors. There have been several attempts to characterize RNAPI
complexes and other transcription factors responsible for the activity in different promoters
(Gunzl et al., 2003; Nguyen et al., 2007; Nguyen et al.,, 2006; Walgraffe et al., 2005).
Nevertheless, no specific factors have found so far for the transcription regulation of coding

genes during different stages of the cell cycle, involving VSG and procyclin genes.
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2.2.3 Regulation of VSG monoallelic expression
Coding genes for VSG and procyclin proteins are regulated at transcriptional level, such as the

SL gene (Lustig et al., 2007). Regulation of VSG transcription is complex, as far as it is not only
repressed in the procyclic form, but all the promoters at the active expression sites are
repressed in bloodstream form, excepting one (Kooter and Borst, 1984). This event is known as
monoallelic exclusion, which guarantees the expression of a single gene belonging to a large
family of genes preserving a high homology. A proposed mechanism for the allelic exclusion
arise from the identification of VEX1 (VSG Exclusion-1) by using a genetic screen, that restricts
expression and prevents the simultaneous establishment of more than one active VSG gene
(Glover et al., 2016). This described mechanism allows trypanosomes to express just one VSG
gene in a given time. In T. brucei, only one VSG is expressed out from the 1000 VSG during the
infective form and is transcribed from one of the ~20 expression sites (ES), but the mechanism
of monoallelic expression control and VSG-silencing is still unknown despite the different

proposed models.

In procyclic form, the mechanism of VSG-ES suppression remains unclear and differs from the
bloodstream form (Navarro et al., 1999) .Though, it seems that there is a sequence specificity
at promoter level, since a ribosomal promoter inserted in a VSG-ES is de-repressed while a
promoter of a VSG-ES remains repressed (Horn and Cross, 1997). However, the enhanced
activity from a ribosomal promoter in the procyclic form difficulties the interpretation. It has
been proposed the possibility of a ~70 bp sequences close to the promoter, may play a role in
monoallelic regulation (Vanhamme et al., 1995). However, deletion studies covering ~1000 bp
up and downstream to the promoter where not able to find any possible regulatory sequences
(Navarro and Cross, 1998), and neither no arrangements have been observed in DNA

associated with changes during the transcriptional state (Navarro and Cross, 1996).

The VSG-ES promoters preserve a high homology degree and no differences are detected
between active and inactive promoters (Gottesdiener et al., 1991). Nevertheless, it has been
found a thymine modification present in inactive promoters, known as base J, important for
the maintenance of the inactive state. Currently, the mechanisms that ensure monoallelic VSG
expression remain unclear. However, several models have been proposed. The most relevant
is based on nuclear compartmentation, telomeric silencing and regulation at the RNA
elongation-maduration level (Navarro et al., 2007; Pays et al., 2004). Other studies suggested
that both chromatin structure and epigenetic regulation play an important role. The proposed
models are not mutually excluding and probably the monoallelic expression involves different

levels of epigenetic regulation.
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2.2.3.1 - Nuclear compartmentation
One of the accepted models is based on nuclear compartmentation. Transcription of procyclin

and rDNA genes occurs in the nucleus, the main nuclear compartment harbouring the RNAPI in
eukaryotic cells, responsible for ribosome biogenesis. However, the transcription of the active
VSG-ES is brought out in an extranuclear body called Expression Site Body (ESB) (Landeira and
Navarro, 2007; Navarro and Gull, 2001), which contains the RNAPI. This extranuclear body is
uniquely associated with the active VSG-ES, while a partially active VSG is located in the
periphery of the nucleus, similar to the rDNA and procyclin promoters (Navarro et al., 2007)
(Fig. 09). This suggests that the recruitment of the active expression site to the ESB is crucial
for the monoallelic expression. It is remarkable that the transcriptional state acquired through
the allelic exclusion mechanism must be inheritable, since the expressed VSG-ES at a given
moment must be maintained during successive generations. It has recently shown that the
active VSG-locus presents a delay during the separation of sister chromatids and it is only
associated to the ESB during mitosis. This delay is dependent of the Cohesin Complex, since
the depletion of any of the subunits of the complex causes a premature separation of the
chromatids, leading to an increase in the switch frequency form a previously inactivated VSG

(Landeira et al., 2009).
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Figure 09. Subnuclear location of RNA pol | promoters and location of RNA pol | transcribed loci. Active
VSG-ES (a) Partially active VSG-ES (b), procyclin (c) and rDNA locus were GFP-lacl tagged. Different GFP-
lacl-tagged cell lines were labelled by double immunofluorescence with anti-pol | polyclonal Ab (red), anti-
GFP monoclonal Ab (green) and DAPI (blue). The VSG-ES is indicated with an arrowhead, whereas the ESB

is indicated with an arrow. Adapted from Navarro et al. (2007). Trends in Microbiology.
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2.2.3.2 - Telomeric silencing
It has been proposed that the telomere structure may have an important role in regulation of

VSG expression, since it is exclusively expressed from a subtelomeric locus (De Lange and
Borst, 1982; Horn and Cross, 1995). It has been observed that the TbRAP1 binding protein, an
important component of the telomeric complex, affects VSG-ES silencing. Depletion of ToRAPI
causes the loss of telomere repression that contains VSG-ESs and leads to the formation of
more than one ESB (Yang et al., 2009). Although the derepression is not specific, it suggests
that the chromatin structure in the telomere constitutes an important component in the
maintenance of a single ESB. In contrast, at the insect stage, subtelomeric silencing by TobRAP1
has been involved in changes in chromatin structure at the subtelomeric VSG loci, which
contributes to its strong silencing effect on VSGs (Pandya et al.,, 2013). Further studies
demonstrated the role of a non-coding RNA in antigenic variation which provides a link
between telomeric silencing and subtelomere integrity through TbRAP1 regulated
transcription (Nanavaty et al., 2017). In addition, it has also been characterized a telomere
DNA-binding factor (TbTRF) that plays a role in VSG switching regulation and its depletion leads
to an increase in switching events, indicating that the telomere binding activity is also
important for VSG switching regulation (Jehi et al., 2014). Recent data suggested that there is a
different telomere complex composition during both developmental stages of the parasites, in
which the telomere associated protein (TelAP1) forms a complex with TbTRF and TbRAP1 to

influence ES silencing kinetics during developmental differentiation (Reis et al., 2018).

2.2.3.3 - Regulation of elongation
The biggest difference between the active and the inactive VSG-ES is the ability of the first one

to recruit elongation and processing factors to an RNA pol | transcribed site. Possibly such
factors that are not required for rDNA transcription, could reside in the ESB to ensure efficient
transcription of the active VSG-ES (Daniels et al., 2010; Pays et al., 2004). RT-qPCR experiments
indicate that some inactive promoters remain moderately active but its transcription is
aborted, without reaching the VSG, suggesting the existence of transcription control at
elongation level (Vanhamme et al., 2000). This could be explained due to a differential nuclear
position of the VSG-ESs depending on their degree of activation. Whereas the inactive VSG-ES
is located randomly in the nucleus (Perez-Morga et al., 2001), a partially active VSG-ES is
located in the periphery of the nucleolus where it is accessible to the RNA pol | machinery, but
not to other elongation and processing factors that allow the complete transcription of the

active VSG in the ESB (Navarro et al., 2007). Nevertheless, given the low transcription level of
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these inactive promoters (~¥10%) and the number of VSG-ES promoters in the genome (~20),

the described transcription of the inactive VSG-ES does not seem significant.

2.2.3.4 - Chromatin structure and epigenetic regulation
Histones are extremely divergent from eukaryotes, however it have been identified post-

transcriptional modifications such as methylation and acetylation (Janzen et al., 2006;
Mandava et al., 2007) that together with chromatin remodelling enzymes, begin to reveal new
chromatin-related functions in this parasite (Rudenko, 2010). Histone modification and its
variants have an evolutionary conserved role in transcriptional control throughout the
eukaryotic lineage, including trypanosomes (Siegel et al., 2009). ChIP analysis described that
the active VSG-ES presents fewer nucleosomes in comparison with the inactive, as well as the
rDNA transcribed regions, which are depleted of nucleosomes. In contrast, the ribosomal
spacer and the non-transcribed DNA repeats possess a high density of Histone H3, used as a
nucleosome marker (Figueiredo and Cross, 2010; Stanne and Rudenko, 2010). Post-
transcriptional histone modifications are important in both regulation of chromatin structure
and gene expression. Concerning this, it was found that the deletion of the histone
methyltransferase enzyme DOT1 (Disruptor of telomeric silencing 1) is responsible for the
trimethylation of the histone H3 in T. brucei, leading to a 10-fold increase of several inactive
VSGs transcripts (Scott et al., 1997). However, only one VSG is transcribed to a normal level
(Figueiredo et al., 2008b), suggesting that other factors are involved to ensure the expression
of a single VSG. In addition, T. brucei presents 3 acetyltransferases (HAT1-3)(Siegel et al.,,
2008), and depletion of HAT1 causes loss of repression of a telomeric reporter gene without
affecting the transcription of VSG-ES promoters (Kawahara et al., 2008). Controversially, the
histone deacetylase TboHDAC1 antagonizes the telomere repression in bloodstream form cells

whereas TbHDAC3 is required for VSG-ES promoter silencing (Wang et al., 2010).

DNA methylation is one of the best characterized epigenetic markers in higher eukaryotes,
bacteria and archaea. This modification is considered present in T. brucei due to the discovery
of the putative gene of a DNA methyltransferase (Militello et al., 2008), but its role in the
regulation of gene expression is still not clear. Also, other proteins involved in epigenetic
regulation have been identified a related to the control of the monoallelic expression in T.
brucei. Within them, there is an ISWI (Imitation switch) factor homologue, member of the
SNF2 superfamily of chromatin remodelers, whose depletion leads to an increase in the
transcription of the inactive VSG-ES promoters, without increasing the transcription of inactive
VSGs (Hughes et al.,, 2007). Likewise, the FACT (Facilitates Chromosome transcription)

chromatin remodelling complex has also been involved in maintaining the silencing of the
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inactive VSG-ES promoters. Interestingly, the FACT subunit TbSpt16 was found enriched in the
promoter region of the inactive VSG, but not in the active promoter in the bloodstream form
(Denninger et al., 2010), and its depletion results in a decrease in histones at silent VSG-ESs
(Denninger and Rudenko, 2014), highlighting its importance in chromatin repression at silent
ES promoters. In addition, the described TbTDP1, an HMG box protein, is found to be enriched
at the active ES (Narayanan and Rudenko, 2013). A property of this family member is to
facilitate chromatin decondensation, thus making chromatin more accessible to regulatory

factors and facilitating the recruitment of transcription activators (Stros, 2010).

Overall, these results suggest that the chromatin modification is an important component in
inactive VSG-ES silencing, together with other epigenetic factors responsible for a complete
activation of a single VSG-ES (Fig 010). Nevertheless, it is still necessary to identify which

factors are involved in marking the active VSG-ES as a part of the mechanism of monoallelic

exclusion.
ISWI
:Fl))t’;? Depleted of nucleosomes when active
H-DACI ™~ nucleosomes
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Figure 010.Epigenetic marks define the VSG-Es transcriptional state. A repressive chromatin structure is
formed by TbTRF2 and TbRAP1 (which may recruit Sir2) as well as TbORC1, propagating to sub-telomeric
regions. It is not known whether other proteins fulfil the roles of yeast Sir3 and Sir4, for which orthologues
are absent in T. brucei. Base J is present at an increasing density towards the telomere termini, and is
required for ES silencing. Nucleosomes present on a silent ES are enriched for the transcriptional
terminating variant H3.V, and are depleted on an active ES. The HMG box protein TbTDP1 is present on the
active ES, and is associated with chromatin decondensation. The histone deacetylaseTbHDAC3 and the
chromatin remodeller TbISWI are required for efficient ES silencing, and ToHDACL1 is required for activated

expression. Adapted from Johannes et al. (2014). Gene Regulatory Mechanisms.
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2.3- SUMO-mediated regulation of gene expression
SUMOylation is a post-translational modification which involves the covalent binding of a

similar peptide to ubiquitin called SUMO (Small Ubiquitin-like Modifier) to certain proteins to
modulate its function. Since its discovery, SUMOylation has been involved in various cellular
processes in higher eukaryotes since its discovery. The first SUMO identified gene was SMT3 in
S. cerevisiae, which binds to the activating protein RanGAP1 to modulate its cellular location
(Mahajan et al., 1997; Matunis et al., 1996). SUMOylation has an important role in celular
processes such as transcriptional regulation, DNA damage, epigenetic control, nucleus-
cytoplasm transport, protein localization and stability, stress response and cell cycle
progression. At molecular level, SUMOylation alters the surface of the protein affecting its
interaction with other macromolecules and interfering or promoting protein-protein
interactions in different ways (Geiss-Friedlander and Melchior, 2007). So, post-translational

modification by SUMO can regulate protein activity in different ways.

2.3.1 - The SUMO family
SUMO is a protein of ~12 kDa, with similar structure to ubiquitin, but only shares a 20% of

identity in the aminoacid sequence. The majority of eukaryotes have a single SUMO gene, such
as yeast, C. elegans and D. melanogaster, called SMT3, while plants and vertebrates present
several SUMO genes (Novatchkova et al., 2004; Wang et al., 2008). In humans have been
described 4 SUMO genes with different functions and location, called SUMO1-4 (Owerbach et
al., 2005; Zhang et al., 2008). All SUMO proteins in eukaryotes are translated as immature
precursors that must be processed by specific proteases to generate the mature form that has
a C-terminal motif (glycine-glycine), which is necessary for its conjugation to other proteins
(Fig.011). Generally, only a small fraction of a certain protein is found to be SUMOylated. This
modification is reversed by the action of cysteine proteases, responsible for deSUMOylation. In
yeast, these enzymes called Ulpl and Ulp2 (Ulp, Ubiquitin-like protein-specific proteases)
(Gong and Yeh, 2006). In humans, there are six Ulp homologs known as SENPs (Sentrin-Specific
Proteases). In addition to their deSUMOylase activity, these enzymes are responsible for the
maturation of the SUMO precursor through its C-terminal hydrolase activity (Fig 011). In T.
brucei only one SUMO orthologous gene has been identified (Liao et al., 2010), which is
essential for cell cycle progression and viability in both procyclic and bloodstream form stages
(Obado et al., 2011). A large scale proteomic analysis of the possible SUMO substrates was first
characterized in T. cruzi, in which 236 proteins were identified involved in various biological
processes (Bayona et al., 2011). All these data together suggest that SUMOylation constitutes

an essential process in trypanosomes and other eukaryotes. Nevertheless, the SUMO
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conjugation mechanism and the possible substrates and involving processes have been poorly
investigated in T. brucei. To date, proteomic analysis of SUMO substrates in procyclic form led
to the identification of 45 proteins involved in several important cellular processes, among
them epigenetic regulation of gene expression (Iribarren et al., 2015a). Recently, it has been
proposed the involvement of SUMO chain formation in chromatin organization and for the
proper telomere positioning in T. brucei, remarking the importance of this PTM in polymeric
structures through protein interaction (Iribarren et al., 2018). The identification of novel SUMO
substrates in T. brucei still constitutes an evolving field since the development of powerful

proteomic approaches that allows unravelling the function of SUMO modified targets.

2.3.2- Enzymatic mechanism of SUMOylation
SUMOylation process requires an enzymatic cascade that involves three steps. First, the

mature protein SUMO is activated at the C-terminal end by the E1 activation enzyme,
constituted by the heterodimer AOS1-UBA2 in yeast (Johnson et al., 1997). In this first step the
E1 enzyme uses ATP to form a SUMO-adenylate bond between the carboxyl-terminal glycine
residue of SUMO and an internal cysteine residue of the UBA2 subunit of the enzyme. Second,
the activated SUMO protein is transferred to the E2 conjugating enzyme UBC9, to form a
thioester bond between a cysteine residue of UBC9 and the C-terminal carboxyl group of
SUMO (Johnson et al., 1997; Saitoh et al., 1998). Finally, the SUMO group is transferred from
UBC9 to the substrate by generation of an isopeptide bond between the C-terminal glycine
residue of SUMO and the amino group of a lysine of the substrate. This last step is generally
mediated by SUMO E3 ligase enzymes, which determines the substrate specificity and
catalyzes the transfer of SUMO from UBC9 conjugating enzyme (Johnson and Gupta, 2001;
Takahashi et al., 2001; Tozluoglu et al., 2010)(Fig. 011).
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Figure 011. The enzymatic mechanism of SUMOylation . Wan et al. Curr Protein Pept Sci.
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The transfer of SUMO from the E2 conjugation enzyme to the substrate can be SUMO E3 ligase
independent, but the reaction occurs with very low efficiency, so it requires the action of E3
ligase enzymes to enhance it (Johnson and Gupta, 2001; Takahashi et al., 2001; Tozluoglu et

al., 2010).

SUMO conjugation to the substrates requires the presence of a consensus sequence. Most of
the proteins modified by SUMO contain the lysine residue within a W-K-X (D/E) motif, where W
is a hydrophobic amino acid, K is the modified lysine by SUMO and X can be either glutamic (E)
or aspartic acid (D) (Sampson et al.,, 2001). Recognition of the consensus sequence is only
possible if it is localized in a structure-free region. (Ulrich, 2009), since the E2 conjugation

enzyme does not recognize the consensus sites if they are in stable helix structures.

As previously discussed, the SUMO conjugation mechanism together with the specificity and
the enzymes involved in the SUMOylation cascade have been poorly investigated in
trypanosomatids. Nevertheless, it has been reconstructed the SUMOylation system in vitro
with the recombinant enzymes E1 (TbAos1/TbUba2) and E2 (TbUbc9) of the SUMOylation
pathway in T. brucei by sequence analysis and GST-pulldown (Ye et al., 2015). Additionally, it
has also been developed a bacterial strain engineered to produce SUMOylated proteins using
the T. brucei enzymatic system, which provides a useful tool for target validation and other
functional studies of SUMOylated proteins in trypanosomatids (Iribarren et al., 2015b). In T.
cruzi ,it has been identified potential SUMO orthologous components by in silico analysis,
including 4 possible SUMO E3 ligases SP-RING type (Bayona et al., 2011), that constitutes the
main group of SUMO E3 ligases by the presence of a conserved SP-motif, essential for this
function. However, none of these enzymes has been characterized at molecular level. In
contrast, in T. brucei, it has been identified one member of the homologous PIAS (Protein
Inhibitor of activated STAT) in S. cerevisiae (TbSIZ1/PIAS) by two-hybrid screen analysis in
yeast, which is involved in SUMOylation of the active VSG-ES chromatin. Functional analysis
revealed that TbSIZ1 depletion reduces SUMO-conjugated proteins leading to a decreased RNA
pol | recruitment to the VSG-ES (Lopez-Farfan et al., 2014), suggesting that SUMOylation is

involved in the expression of the active VSG-ES.

2.3.3 - SUMOylation and transcriptional regulation
The most common group of substrates modified by SUMO are transcription factors, whose

transcriptional activity can be altered positively or negatively as a consequence of
SUMOylation (Lyst and Stancheva, 2007). The SUMOylation has generally been associated with

transcriptional repression. Some transcriptional correpressors have been described, such as
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histone deacetylases (HDACs) complexes that are preferably associated with SUMOylated
transcription factors (Garcia-Dominguez and Reyes, 2009). In S. cerevisiae, the main 4 histones
are SUMOylated and are involved in transcriptional repression (Nathan et al., 2006). Among
other examples, the human histone H4 is also SUMOylated and associated with a negative
regulation of transcription (Shiio and Eisenman, 2003). However, the SUMOylation of
transcription factors has also been related to an increase in transcriptional activity (Goodson et
al., 2001). ChIP analysis in yeast found that SUMOylated proteins in constitutively expressed
chromatin-associated genes and not in repressed genes (Rosonina et al., 2010). However,
SUMOylated proteins were only detected while activated in genes that are expressed in
inducible form. According to the proposed model by the authors, SUMOylation allows to
regulate transcription levels and facilitate their silencing when the activating signal disappears
(Rosonina et al., 2010). In addition to transcription factors, large-scale proteomics studies have
identified other components of the transcription machinery as SUMO substrates in yeast,
mammals and plants (Makhnevych et al., 2009; Miller et al., 2010; Rosas-Acosta et al., 2005).
These include subunits of the general transcription factors (GTFs) and mediators and subunits
of the RNA Polymerases, for example, the SUMOylation of the RPB1 subunit in response to UV
damage (Chen et al., 2009). There are also chromatin remodelling factors as the subunits of
the SWI/SNF complex, DNA topoisomerase Il (Bachant et al., 2002), histones and subunits of
the nuclear complex, such as cohesins and other associated proteins (Stead et al., 2003).
Interestingly, further studies focused in cell-specific SUMOylated targets during mouse
spermatogenesis identified proteins with a unique role in spermatogenesis and during meiotic
progression, which proposes SUMO involvement in developmental regulated processes (Xiao
et al.,, 2016). Similar to the SUMOylated substrates identified previously in other models, these
targets included proteins involved in transcriptional regulation, stress response, nuclear-
cytoplasmatic transport, cell-cycle control and other processes, which appear differentially
expressed between both developmental stages spermatocytes and spermatids studied (Table
01). Remarkably, they included several proteins implicated in regulation of chromatin
remodelling during meiosis, as previously described, such as SWI/SNF-Related regulator of
chromatin 4 and 5 (SMARCA4 and SMARCAS) This example provides a new insight of SUMO to

functionally regulate developmental proteins.

52



Introduction

Number of unigue peptides

Stress-related, heat shock proteins Accession number © MW spermatacytes  spermatids
heat shock 70 kDa protein 4 £1[112293266 (+3) 94 kDa 18 11
mnducible heat shock protemn 70 £1|118490060 (+1) T0kDa 7
stress-70 protein, mitochendria — £1|162461907 (+5) 73 kDa 5 4

heat shock 70 kDa protein 1-like £1|124339838 (+3) 71kDa 2

heat shock protein 105 kDa £1/114145505 (+5) 96 kDa 3
glutathione S-transferase P 1 £1/10092608 (+5) 24 kDa 2

1-Cys peroxiredoxin protein 2 £1|3789944 (+3) 25kDa 2

dnal homelog subfamily B member 1 (Heat shock 40 kDa protein 1} 1|9055242 (+2) 38KDa 2

protein DJ-1 2155741460 (+1) 20kDa 2

Ephx] protein 234784388 (+4) 51kDa 2

DNA hreaks, chromatin remadeling spermatacytes  spermatids
mediator of DNA damage checkpoint protein 1 QIDC1) 21132626693 (+5) 185kDa H

SWI/SNF related regulator of chramatin SMIARCAS £1|148678936 (+1) 116 kDa 5

SWI/SNF related regulator of chramatin SMARCA4 £1|148693261 (+8) 185kDa 2

matrin-3 £1|25141233 (+4) 95 kDa 3 3
ruvB-like £1/9790083 (+1) 50 kDa 3

uvB-like 2 £1|6755382 (+1) 51kDa 2

AT rich interactive domain 2 (ARID, RFX-like) 21262231796 196 kDa 3

damage specific DNA binding protein 1 £i|148709424 (+5) 108 kDa 3

poly [ADP-rihase] polymerase 1 21[20806109 (+4) 113 kDa 2

SUMO/ubiguitin pathway spermatacytes  spermatids
tripartite motif protein 28 (TRIN28, KAP1) SUMO ligase £1|148706135 (+3) 89kDa 7 2

Table 01. Identification of SUMOylated proteins unique to spermatocytes or spermatid via tandem MS

in mice. Adapted from Xiao et al. (2016) Reproduction Research.

These studies are interesting since several of these factors have been associated to the
regulation of gene expression in T. brucei and more specifically to the regulation of the
monoallelic VSG expression, as cited previously. Therefore, SUMOylation of some or several of
these proteins could play an important role in transcription regulation in T. brucei. To date it
has been possible to identify 53 site-specific SUMOylation site from 45 targets in the T. brucei
procyclic form (Table 2.), most of them homologues from the identified targets in other
organisms. Nevertheless, there is still a gap in bloodstream form modified targets, in which this
PTM may play an important role during development leading to differential patterns of

identified partners among these two developmental stages.
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Gene Identffication Desctiption

Th927.7 26830 Histona H2A

Tb927.10.10460 Hetone H2B

Th927.1.2430 Histone H3

To227.10.15350 Histone H3V (h3vaR)

Te927.54170 Histons H4

Th927.4.1330 DNA topolsomerase B, larges subunit
Tb927.9.5130 Prolferative cell nuclear antigen (PCNA)
Te827.2.4390 Endo'exonucleass Mra1i (MRE11)
Te927.4.1270 RuvB-like DMA helicasa

Th927.10.740
Th827 B.3680
Th927.1.1170

Struetural maintenancea of chromosoma 4 (SMC4)
Kinetoplastid kinstochora proteain 4
DMA-directed RNA polymerase subunit RBP12

Te927.4.1630 Rbosomal RNA processing protein & (RRPE)

Te927.5.1200 Expzsome component CSL4 (CSL4)

Te927.11.16600 Exosome-associated protein 2 (EAP2)

Te927.11.370 Repressor activator pratein 1 [RAP1)

Th827.9.11070 TBSIZ1

Th827.3.3530 U3 armall nucleoclar ribonucleoprotein protein MPP10
Th927.10.14330 Hypothetical protein/U3 Small Nucleolar RNA-Associated Protein 14
Te927.5.2880 Chaperona protein DNA]

Te927.11.130%0 Elangation factor 1 gamma

Te927.9.7530 B08 ribosomal protain L11

To227.10.13720
Te927.11.6350

RANA-binding pretein, putative (RBP29)
AAA ATPasze

Tb10x4.0062 Variart surface glycopratein (VSG, pseudogens)
Th927.3.340 Variart aurface glycopretein (VSG, peeudogens)
Th927.4.2740 Hypothetical protein/P25-alpha

Te927.3.2350 Hypeothetical protain

Tw927.11.11840 Hypathetical protain

Te927.8.6130 Hypothetical protain

To927.10.11200
Te927.11.2100
T227.8.1410
Th827.2.10680
Th827 35370
Th927.7.2640
Tb927.3.4140
Th927.11.4880
Te927.11.5200
Th927.8.1070
TeS27.8.2830
Th927.11.5230
Th827.8.1410

Hypethetical protein
Hypethetical protein
Hypethetical pretein
Hypothetical pratain
Hypothetical protein
Hypeothetical protain
Hypethetical protain
Hypothetical protain
Hypethetical protein
Hypethetical protein
Hypethetical pretein
Hypothetical pratain
Hypothetical protein

Th827.9.13320
To927.10.14520

Hypothetical protain
Hypathetical protein

Table 02. Identification of SUMOylated proteins in procyclic form T. brucei Adapted from Iribarren et al. (2015)

Cellular Microbiology.
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2.4- Role of SUMOylation in VSG expression

As previously commented, kinetoplastids possess a SUMO conjugation system (Bayona et al.,
2011; Garc et al., 2003) in which T. brucei plays an essential role in several molecular events,
such as normal cell cycle progression (Liao et al., 2010), localization of nuclear factors for
appropriate chromosome segregation (Obado et al., 2011) and its response by oxidative stress
(Klein et al., 2013), among others. The role of SUMO in T. brucei pathogenesis is increasingly
evident, as far as it has been demonstrated the involvement of the SUMO ligase TbSIZ1 in
regulation of VSG expression (Lopez-Farfan et al., 2014) together with the involvement of
SUMO polymeric chains in chromatin organization in procyclic forms (Iribarren et al., 2018).
Importantly, in T. brucei bloodstream forms, SUMO-conjugated proteins are predominantly
enriched in a nuclear Highly SUMOylated Focus (HSF)(Lopez-Farfan et al., 2014),whereas in the
procyclic insect form, where no VSG is expressed, SUMO-conjugated nuclear proteins are

dispersed in small foci in the nucleus (Fig 012.)

anti-ThSUMO anti-ThSUMO + DAP|

Figure 012. Expression pattern of SUMOylated proteins in T. brucei. In the bloodstream form nucleus, SUMO
conjugated proteins are diffusely distributed in the nucleoplasm including a Highly SUMOylated Focus (HSF)
(Arrowhead, upper panels). In the nucleus of procyclic form cells, SUMO conjugated proteins are diffusely
distributed in many foci. 3D- IF analysis using anti-TbSUMO mAb (green) and DNA was stained with DAPI (Blue).
Adapted from Ldpez-Farfdn et al. (2014). PLOS Pathogens.
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It has been demonstrated that SUMO-conjugated proteins are associated with the ESB and the
active VSG-ES. Double immunofluorescence (IF) analysis using the anti-ToSUMO mAb and the
anti-RPA1 antiserum showed that the HSF partially colocalized with the nuclear body ESB (Fig
013 A). Additionally, the GFP-Lacl tagged VSG-ES partially colocalized with the HSF by IF using
the anti-ToSUMO mAb (Fig 013 B). Furthermore, ChIP analysis revealed that SUMO-conjugated
proteins are a distinct feature of the active VSG-ES, and probably works as an epigenetic mark
to positive regulate VSG expression. However, to date non SUMO-target transcription factor

have been described to regulate VSG transcription.

In this study, we aim to identify novel uncharacterized factors, specifically those involved in
transcription that would help us to understand the possible roles of SUMO through the

different developmental stages in T. brucei.

anti-TbRPA1 anti-TbSUMO Merge + DAPI Mask

o3

B

anti=TbSUMO

X

active ES Merge + DAPI Mask

Figure 013. The Highly SUMOylated Focus (HSF) associates with the Expression Site Body (ESB) and the active
VSG-ES. (A) SUMOylated proteins in the HSF partially colocalize with the RNA Pol | in the ES. 3D- IF analysis in
bloodstream form cells using anti-RPAI antiserum (red), anti-TbSUMO mAb (green) and DAPI staining (blue).
The ESB (arrowhead) and the HSF (arrow) are indicated. (B) The HSF associates with the active VSG-ES. IF
analysis was performed in a cell line expressing the GFP-Lacl tagged VSG-ES using the anti-ToSUMO mAb (red),
rabbit anti-GFP antiserum (green) and DAPI stain (Blue). The HSF (arrow) and the GFP dot (arrowhead) are
shown. Adapted from Ldpez-Farfdn et al. (2014). PLOS Pathogens.
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3. Objectives

3.1- Identification of SUMO-conjugated substrates to unravel Expression Site Body (ESB)
related factors and/or involved in VSG expression.

= Affinity purification of His-HA-TbSUMO conjugated substrates.

= |dentification of specific SUMOQylation sites in TOSUMO conjugated substrates.

= |nitial characterization of the selected substrates to unravel of a possible function
linked to VSG expression.

3.2- Detailed functional characterization of at least one factor whose function regulates VSG
expression.

The selected factor will be functionally characterized using a wide range of available molecular
tools in Trypanosoma brucei.

e Structural analysis of conserved domains.

e Expression analysis at the different developmental stages in both laboratory-induced
forms and isolated infective forms in experimental animal models.

e Analysis of the subcellular location with other available markers, especially those that
may suggest a possible functional relation with the VSG.

e Characterization of a possible function into VSG regulation by interference RNA (RNAi)
and VSG expression analysis in reporter cell lines.

e Interference RNA to analyze the lack of function of the selected factor into the global
gene expression, particularly in differentiation.
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Objetivos

3.1- Identificacion de proteinas modificadas por SUMO con el fin de descubrir nuevos
factores asociados al ESB (Expression Site Body) y/o involucrados en la regulacién de la
expresion de la VSG.

e Purificacién por afinidad de sustratos conjugados a His-HA-TbSUMO.

e Identificacion de sitios especificos de SUMOQilacién en los sustratos.

e Caracterizacion inicial de una posible funcién de los sustratos seleccionados en la
expresion de la VSG.

3.2- Caracterizacion funcional detallada de al menos un factor cuya funcidn regule la
expresion de la VSG.

El factor seleccionado serd caracterizado funcionalmente utilizando las numerosas
herramientas moleculares disponibles en Tripanosoma brucei

e Analisis estructural de dominios conservados.

e Andlisis de expresion en las diferentes formas del desarrollo del parasito, tanto formas
inducidas en el laboratorio como formas silvestres aisladas de infecciones en animal de
experimentacion.

e Andlisis de la localizacién subcelular con respecto a otros marcadores disponibles, en
especial aquellos que puedan sugerir una posible relacién funcional con la VSG.

e Estudio de su posible SUMOilacién utilizando diferentes aproximaciones.

e Caracterizacién una posible funcién en la regulacion de la expresion de la VSG,
utilizando Interferencia de RNA (RNAI) y analisis de expresion de la VSG (mRNA 'y
proteina) en lineas reporteras.

e Interferencia de RNA para analizar la falta de funciéon del factor seleccionado en la
expresion génica global, en particular una posible funcion en la diferenciacién del
parasito.
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4. Results

4.1 - Identification of SUMO-conjugated substrates to unravel Expression Site
Body (ESB) related factors and/or involved in VSG expression.

Transcription factors are well known SUMO targets, whose activity could be modulated in a
positive or negative manner, thus SUMOylation functions in both gene silencing and gene
activation mechanisms (Rosonina et al., 2017). As previously discussed in the introduction,
SUMO-conjugated proteins are predominantly enriched in a nuclear Highly SUMOylated Focus
(HSF) (LOpez-Farfan et al., 2014), that partially colocalizes with the ESB in the bloodstream
form (BF) of T.brucei. Thus, we sought to identify main SUMO-conjugated proteins in the
infective form of the parasite by proteomic analyses of SUMO affinity-purified proteins. In
order to do that, we applied a first approach based on the identification of His-HA-tagged
SUMO substrates, followed by a site-specific identification of the SUMO acceptor site in the

identified targets and its possible function related to VSG expression.

4.1.1 -Indentification of His-HA-TbSUMO substrates
Proteomic identification of SUMO substrates has become a complex issue due to

methodological and experimental constraints. To accomplish this in the BF we first generated a
cell line that constitutively expresses an 8xHis-HA-tagged SUMO version by double
replacement of endogenous alleles, as previously described in the insect procyclic form
(Iribarren et al., 2015a). This cell line displayed no difference in proliferation under regular
culture conditions compared to wild type (WT) parasites, suggesting that SUMO function is not
affected (data not shown) (Iribarren et al.,, 2015a). To isolate SUMO conjugates from
transfected cells, we directly resuspended the parasite pellet in 6 M urea to avoid
deconjugating peptidase activity as well as co-purification of non-covalent SUMO interacting
proteins. Cell extracts were later subjected to Ni?*-NTA chromatography coupled to HA-affinity
enrichment and, after confirming the presence of SUMO conjugates in the eluates by Western
blot (WB), samples were analyzed by MS/MS proteomics. Using this approach, from three
independent experiments, we were able to identify 194 potentially SUMOylated proteins that
were not present in control purifications, with a few reproducible candidates (8 proteins from
experimental replicates 2 and 3) (Table 1 and Appendix | Table S1 (A,B,C)). The lack of
reproducibility stressed the need to utilize a different strategy that leads to a specific
enrichment of SUMOylated proteins allowing a confident large-scale identification of SUMO

substrates.
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Gene ID MwW Description N2 N3
Tb927.6.4430 36 kDa Homoserine kinase 1 1
Tb927.10.1610 16 kDa Hypothetical protein, conserved 1 1
Tb927.11.4380 72 kDa ATP-dependent DEAD/H RNA helicase, putative 1 2
Tb927.10.13900 39 kDa UDP-galactose transporter, putative 1 2
Th927.8.3940 63 kDa Hypothetical protein, conserved 1 1
Tb927.3.2140 105 kDa Transcription activator, putative 1 2

Tb927.11.9890 63 kDa Signal recognition particle receptor alpha subunit, putative 1 1

Tb927.2.2400 85 kDa Glycosyltransferase (GIcNAc) 1 1

Table 1. Reproducible SUMOylated substrates from two independent proteomic analysis after a tandem
histidine/HA affinity purification. Number of peptides for each experimental replicate are shown in
columns N2 and N3 for a proteins and peptide threshold of 95% and 0.5% FDR, respectively, with 1
minimum number of peptide displayed as exclusive peptide count (Scaffold parameters).

4.1.2- Site-specific identification of SUMOylation sites in BF cell line expressing His-HA-
TbSUMOQT08k
Next, we applied a novel approach that specifically enriches SUMOylated peptides and

identifies the modified Lys in each SUMO target (Tammsalu et al., 2015);(Iribarren et al.,
2015a). To do so, we generated a new cell line expressing, in a tetracycline-inducible manner,
the His-HA-TbSUMO gene harbouring T106K mutation, previous to the di-Gly motif (His-HA-
TbSUMO™0), The introduction of this mutation generates a T-shape peptide after Lys-C
digestion allowing the enrichment of SUMOylated peptides using a specific anti-GG antibody
and the unambiguous identification of the modified Lys residues by MS. Cells expressing His-
HA-TBSUMO™K were able to conjugate SUMO substrates as the non-tagged cell line (Figure
1A) and showed the typical SUMOylation pattern, with a nuclear HSF, by indirect
immunofluorescence analysis (LOpez-Farfan et al., 2014) (Figure 1B). Considering the
limitations of BF culture regarding cell density, large mass of His-HA-TbSUMO™ expressing
parasites were obtained from in Wistar infected rats and SUMOylated proteins were purified
by nickel-affinity chromatography under denaturing conditions (Figures 1C and D). Final
eluates were subjected to Lys-C digestion and further anti-GG enrichment of SUMOylated
peptides, prior to MS/MS identification.

As displayed in Table 2, with this approach we were able to identify 45 lysine-modified
residues in 37 proteins. Most of the identified proteins showed one SUMOylation site, whereas
6 of them (DNA Topo 1B, SMC-4, Polyubiquitin, rRNA processing protein, DnalJ domain
containing protein and hypothetical protein Tb927.9.13320) showed two sites, and the
hypothetical protein Tb927.10.12030 displayed three sites. Globally, 23 out of 37 proteins

have experimentally assigned or predicted function, whereas the remaining 14 correspond to
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hypothetical with unknown function products. When comparing our data with the previously
identified proteins in PF, we found 15 SUMO-conjugated substrates shared among these two
developmental stages (Table 3) suggesting the existence of conserved processes regulated by

SUMO in both BF and PF developmental stages.
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Figure 1. Bloodstream form expression of His-HA-TbSUMOT6K_ A, Expressing His-HA-ThSUMOT06K parasites are
able to conjugate substrates. Protein cell extracts were prepared with 20 mM NEM and separated in a 10%
acyilamide gel (5x10° cells/lane). Parental and 24 h doxycycline induced proteins (ThSUMOT%K) were incubated
against anti-HA mAb. The same blot was also proved with anti-TbSUMO mAb (1C9H8) to detect endogenous SUMO
conjugates. B. Immunofluorescence analysis of parasites expressing His-HA-TbSUMOT106K (24 h after induction)
stained using an anti-HA antibody displayed a similar nuclear pattern including the High SUMOylated Focus (HSF)
detected by the monoclonal antibody against ToSUMO in wild type cells as described previously (Lopez-Farfan, et
al. 2014). DNA content was stained with DAPI (blue). Merged signal image is shown. C. Expression pattern of His-
HA-TbSUMOT06K conjugates (ThSUMOT19K) from whole cells extracts after isolation from Wistar IGS rats (Charles
River UK). Controls for parental (Non tagged) and HA epitope (HA control) were included. Samples were prepared
under denaturing conditions and loaded in a 4-20% precast polyacrylamide gel (BioRad). D. Western blot analysis
of representative eluted fractions (Eluates 1-3) of His-HA-ThbSUMOT9K conjugates after Ni2*NTA purification in
expressing parasitesisolated from Wistar IGS rat and lysed under denaturing conditions (Lysed extract T106K).
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Gene ID Description SUMO.y lated SUMOylated peptide Concer?sus
lysine motif
Tb927.7.2830 Histone H2A 5 MATPKQAVKKASKGGSSRSV
Tb927.7.6360 Histone H2A variant (h2aZz) 32 GVAMSPEQASALTGGKLGGKAVGPAHGKGKG
Tb927.10.15350 H3V (h3vaR) 31 SVASRPIQAVARAPVKKVENTPPQKRHHRWR
Tb927.4.1330 DNA topoisomerase IB, large subunit 20 QKPKSGEGKGKKVAVKDEEVNGKRVVVKKED +
47 KKEDMTEEKIKKVVIKEEENELEMVAAGMGP
Tb927.1.1170 DNA-directed RNA polymerase subunit RBP12 (RBP12) 7 MLSYTVKEEVKDEKLPGANNFA +
Tb927.3.3220 RNA polymerase-associated protein CTR9 838 LEDFKELHGHRVPQVKNENEGFAESPAPWFS +
Tb927.9.10680 RNA polymerase |l RPC4 171 AEPKHEAEFSVEGDVKVPVAETGNDGIAFLK Reversed
Tb927.9.5190 Proliferative cell nuclear antigen (PCNA) 195 ALLRASHAPTVDPRSKGESDVKTEDEEADAC +
Structural maintenance of chromosome 4, putative .
Tb927.10.740 (Smc4) 623 QIGNRMETPFTSPTPKAKRLFDLITPVNDRF
1302 ERKRKRTGSTGDVQIKVEDEVACNNEAADIL
Tb927.2.3480 Transcription elongation factor s- (TFIIS2-2) 117 KAQAGEANERRVRGVKTEFADGGEQKAVEAP +
Tb927.5.3210 Small ubiquitin-related modifier, putative (TbSUMO) 65 KSRTALKKLIDTYCKKQGISRNSVRFLFDGT
Tb927.11.9920 Polyubiquitin 48 KEGIPPDQQRLIFAGKQLEEGRTLADYNIQK
63 KQLEEGRTLADYNIQKESTLHLVLRLRGGMQ
Tb927.10.13720 RNA-binding protein, putative (RBP29) 313 GGEDTEPEKSATLPMKTESDSVSCPMEVNCN +
Tb927.9.6870 RNA-binding protein, putative (RBSR1) 23 NIEKRATKKELLEFLKPMEEHIEDSWLARRP
Tb927.9.15060 rRNA processing protein, putative 160 ARIEERAHRRAMKDQKKYGKEVQAEVLRQRA Reversed
161 ARIEERAHRRAMKDQKKYGKEVQAEVLRQRA
Tb927.10.1630  ATP-binding cassete sub-family e member 1 187 KMRVLLKPQYVDQVPKVTKGKVGDLLTKADE
Tb927.10.14520 Basal body protein 371 VPAKDPGTAPSAVVAKSEKEEPPAAKTPRPT +
Tb927.9.13880 Kinetoplastid membrane protein KMP-11 76 KFNKKMREHSEHFKAKFAELLEQQKNAQFPG
Tb927.10.6720  Plasma-membrane choline transporter 16 MMQGFPSLGEKDPAAKPPAEGKPTSASGEKQ
Tb927.9.9400 Ceramide phosphorylethanolamine synthase 312 SREVUEDGVPVAIVIKNEEMMNFDGKS
Tb927.5.630 Acidic phosphatase 391 KDRKEDVASGSVHQGKGMPSTNIDPF
Tb927.9.1560 DnaJ domain containing protein 407 KPTLKPSVSKSSISKKAPTTSGSAKKAPTKR
416 KSSISKKAPTTSGSAKKAPTKRVVKPVKKAG
Tb927.5.370 75 kDa invariant surface glycoprotein, putative (ISG75) 514 DDINIEEGGAKSKNTKTAAGLDSDI
Tb927.3.2350 Hypothetical protein 35 SRINQALELATKVTVKEEPDTENGGGKAAII +
Tbh927.11.5230 Hypothetical protein 24 AAIYARAEEAQNAPVKLQPVPAFELYKAARE
Tb927.9.13320 Hypothetical protein 484 VADGLAAVGLPEIRKKTDEEGEAEAEVAVKP +
498 KKTDEEGEAEAEVAVKPEPVVSLDG
Tb927.10.12030 Hypothetical protein 100 GKGGTNKTSHDFELTKALAKDGSIHREKRRL Reversed
139 ERFHKGNAHYSVSDSKPTKRRKRDHSVDKDA
167 KDAVVEAEFGSQSINKKERSVKASRKDSNRE
Tb927.4.2620 Hypothetical protein 235 ALTSAEERRHAEVDVKPNIYPTAT Reversed
Tb927.3.4140 Hypothetical protein 455 ASIRQQOMKNKKNAEIKVEEIEDVAVDDGAAA +
Tb927.9.1410 Hypothetical protein 228 APEPLQCETEAVGNIKEELCKLODSTAEVRL +
Tb927.10.14190 Hypothetical protein 332 VVGRKRERRSCESGIKIEDHNNETVVEVGEL +
Tb927.11.11840 Hypothetical protein 69 YCSRAPTEEKVVAQVKEEDGRGTGSSSRRNI +
Tb927.10.15760 Hypothetical protein 2 MKSEGTPIPTRTPKSGK +
Tb927.2.4520 Hypothetical protein 354 EDRYMFVVDQGNNTQKEILDGIRAYIGGEIE
Tb927.11.4920  Hypothetical protein 138 KEKDFVHRYAEAKMKKSIPREESDDVAKKVA
Tb927.3.5370 Hypothetical protein 11 MPFWKYFVITKPEVDDDDLPLAKHRI +
Tb927.7.5660 Hypothetical protein 535 GPFTAHLLDPMPKFIKEETDTSKPAGLTKPR +

Table 2. Site-specific identification of SUMOylated lysines and SUMOylated proteins in BF T. brucei. The
modified Lys residues appear in bold.
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Gene ID Description SUMOylated lysine SUMOylated lysine
BF PF*
Tb927.7.2830 Histone H2A 5 5,9, 10, 129
Tb927.10.15350 H3V (h3vaR) 31 32
Tb927.4.1330 DNA topoisomerase IB, large subunit 20, 47 13, 20,47, 75
Tb927.1.1170 DNA-directed RNA polymerase subunit RBP12 (RBP12) 7 7
Tb927.9.5190 Proliferative cell nuclear antigen (PCNA) 195 201
Tb927.10.740  Structural maintenance of chromosome 4, putative (SMC4) 623, 1302 1302
Tb927.10.13720 RNA-binding protein, putative (RBP29) 313 313
Tb927.10.14520 Basal body protein 371 371
Tb927.3.2350 Hypothetical protein 35 35
Tb927.11.5230 Hypothetical protein 24 24
Tb927.9.13320 Hypothetical protein 484, 498 498
Tb927.3.4140 Hypothetical protein 455 455
Tb927.9.1410 Hypothetical protein 228 271
Tb927.11.11840 Hypothetical protein 69 69
Tb927.3.5370 Hypothetical protein 11 132

Table 3. Comparative identification of specific lysine acceptor sites in BF and PF developmental stages.
*Data from Iribarren et a/ (2015).

From the SUMO modified lysine residues identified, 21 of them were found in the sequence
context that matches either consensus or reversed consensus motif. Analysis of SUMOylation
sites with pLogo server (https://plogo.uconn.edu/) (O'Shea et al., 2013) led to 19 out of the 45
mapped lysine acceptor residues in which statistical significant positions contained V at
position -1 (P-value=0.033) and E at position +2 (P-value=4.223e®) for a fixed K at position 0
(Figure 2). Interestingly, there was a considerably enrichment of | at -1 compared with V

preference at that position in PF data (log-odd: 3.026).
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Figure 2 Analysis of SUMOylation sites. Representation of over- and underrepresented residues are shown
above and below the X axis, respectively. Bonferroni-corrected statistical significance values are represented in
horizontal ruler lines above and below the X axis. The Y axis corresponds to the logarithmic binomial probability
of the statistical significance. Red horizontal lines correspond to threshold values of +3.66, considering p<0.05.
Legend to the figure: n(fg): number of aligned sequences in the input data set (foreground). n: TriTrypDB-
9.0_Tbrucei927 protein data set used as background data.
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4.1.3 -SUMO target validation

A challenge intrinsic for SUMO target proteins identification is the sub-stoichiometric level
and labile nature of this post-translational modification. Thus, we decided to validate some of
the targets using a SUMOylation trypanosome-specific system by expressing essential pathway
subunits in bacteria (Iribarren et al., 2015b). This system involves the co-expression in E. coli of
the target of interest together with all trypanosome SUMOylation enzymes (ThEla/TbE1lb and
TbE2) including TbSUMO. The selected candidates, RNA polymerase-associated protein CTR9
(Th927.3.3220) and the Transcription elongation factor s-1l (TFIIS2-2) (Tb927.2.3480), were
expressed in bacteria containing 3 copies of epitope tag Flag (3xFlag) as recombinant proteins
together with the complete trypanosome SUMOylation system, or along without the system
subunits as negative controls. After 5 h of induction with 1ImM IPTG, whole bacterial extracts
were analysed by WB using anti-Flag antibodies. As shown in Figure 3A and B, CTR9 and TFIIS2-
2 were successfully expressed in E.coli and and only when the target was co-expressed with
the whole trypanosome SUMOylation machinery, additional slower migrating bands were
detected, suggesting larger bands correspond to mono- and multi-/poly-SUMOylated forms of

each protein appeared.
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Figure 3. In bacteria SUMOylation of CTR9 and TFIIS2-2. Validation of lysine acceptor sites for CTR9 (A.) and
TFIIS2-2 (B.) by in vitro SUMOylation assay in bacteria. Anti-Flag Western blot analysis performed on soluble
cells extracts from induced E.coli cultures transformed with pET28-CTR9-3xFlag (CTR9) and pET28-TFIIS2-2-
3xFlag (TbTFIIS2) alone (Lane 1 in A. and B., respectively) or in the complete SUMOylation system background
(pCDFDuet-1-TbSUMO-ThE2 plus pACYCDuet-1-TbEla-ThE1lb) for CTR9 (CTR9-SUMO-E1-E2, lane 2 in (A.) and
TbTFIIS2 (TbTFIIS2-SUMO-E1-E2, lane 2 in B). Anti-Flag signal intensity was scanned using an LI-COR Odyssey
and analyzed using ImageQuant software.
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4.1.4 - In situ analysis of SUMO mediated interactions

To investigate if SUMO could act either as a modifier or as a scaffold protein inside the HSF, we
performed a Proximity Ligation Assay (PLA) (O-link Bioscience) between SUMO and five
substrates identified in the site-specific proteomic experiment: H3V, DNA topoisomerase IB,
CTR9, Tb927.10.14190 and TFIIS2-2. PLA methodology utilizes target specific primary
antibodies (raised in different species) and the corresponding oligonucleotide-labeled
secondary antibodies (PLA probes). When the PLA probes are in close proximity, they support
ligation and amplification of a product, which can be detected by a complementary
fluorescently labeled oligonucleotide.

To this end, we generated transgenic cell lines to N-terminally tag the proteins with a 3xHA
epitope and their expression was analyzed after 24 h of doxycycline induction by IFl. As shown
in Figure 4, all targets exhibited a mainly nuclear localization in agreement with their described

function.

TbhH3V DNA Topo IB TbCTR9 Tb927.10.14190 TbTFIIS2-2

-_— DAPI DAPI

Figure 4. N-Terminal 3-HA tagging of representative SUMO conjugated proteins. Immunofluorescence
analysis using anti-HA mAb of 3HA tagged SUMO conjugated partners corresponding to H3V (Tb927.10.15350),
DNA topoisomerase 1B (Th927.4.1330), CTR9 (Th927.3.3220), Hypothetical protein (Tb927.10.14190) and
TFIIS2-2 (Th927.2.3420) after 24 h of Doxycycline induction. DNA content was stained with DAPI (blue).
Merged anti-HA-DAPI images are shown. Scale bar, 1um.
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When we evaluated PLA reactions for each selected target using anti-SUMO and anti-HA,
positive signals were detected in the nucli of all of them (Figure 5A). Interaction signals were
observed in a percentage of the population (from 20-55% of the cells depending on the cell
line, Figure 5A) in agreement with the high dynamic range of this PTM. All together, these
results imply the existence of multiple SUMOylated proteins and/or SUMO-interacting proteins

in a particular focus within the nucleus.
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Figure 5. (A) In situ analysis of SUMO mediated interactors. Cells expressing 3HA tagged proteins were
detected by in situ Ligand Proximity Assay (PLA) in BF using rabbit anti-HA polyclonal antibody (Abcam) and
mouse anti-TbSUMO antibody after 24 h of doxycycline induction. Control reaction was performed without
primary antibodies. DNA was DAPI stained. Histogram shows the percentage of PLA-positive cells for the
TbSUMO/HA reaction. The % (tstandard deviation) of positive PLA signals including false positives from each
antibody incubated alone were quantified in 100x objective. At least 2 replicates per cell line were analyzed.
Statistical analysis (Student T test) *p<0.05 (referred to anti-HA positive PLA). Scale bar, 1um.
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4.1.5 - Functional analysis of selected SUMO substrates
To investigate a potential functional relevance of SUMO conjugated proteins identified above

in VSG expression, we depleted, by inducible RNA interference (RNAi), two of the proteins
since tackling the whole list was out of the scope of this approach. We selected factors related
to transcription such as, TFSII2-2 and the histone H3V and analyzed phenotypes after 24h of
RNAI (Figure 5B). Relative transcript levels by RT-qPCR analysis of cells depleted of TFSII2-2 and
H3V indicated a reduced expression of active VSG221 (P<0.001 and P<0.05, respectively).
Interestingly, the mRNA of a VSG located in an inactive telomeric expression site, the VSG121,
was significantly increased (P<0.01 and P<0.001, respectively). The VSG121 messenger is
normally detected from few cells (aprox. < 0.5%) in any population of VSG221 expressors that
have undergone in situ transcriptional switch to the previously inactive VSG121 expression
site. These results suggest the VSG switching frequency was increased after TFSII2-2 and H3V
depletion. A control gene named C1, transcribed by RNA pol I, remained unmodified in any of
the depletion experiments suggesting cell general fitness had not been severely affected.
However, 18S ribosomal rDNA expression was considerably reduced after H3V depletion

(P<0.05) suggesting this histone variant is required for RNA pol | transcription.
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Figure 5. (B) Depletion of TFIIS2-2 and H3V deregulates both active and inactive VSG-ES. Relative transcript
levels upon 24h of RNAi shows deregulation of active VSG221 and inactive VSG121. Only 18S ribosomal rDNA is
altered after H3V depletion. C1 (AN1-like zinc finger, Chr. X) is represented as a control locus for qPCR
valdation. Results represent the average from three independent clones and data normalized with U2 mRNA
(meanSEM). Statistical analysis (Student T-test): p<0.05, **p<0.01, ***p<0.01, NS: Non-significant.
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4.2 -Transcriptional activator SNF2PH as a novel SUMO target
The main scope of this work is to unravel some factors associated to the ESB and/or related to

VSG expression. Some of the previous described factors obtained during the site-specific
identification constitute reliable SUMO substrates; nevertheless, their VSG-related function
remains unclear, despite that they probably are associated to the ESB. To solve that, we
returned to a previous proteomic screening of SUMO modified proteins by using the cell line
expressing an 8xHis and HA-tagged TbSUMO version. As stated previously, this method is less-
specific at the same time that the background increases; however, it expands the range of
proteins that might retain a VSG-related function. Thus, the 8xHis and HA-tagged TbSUMO
approach led us to identify among other proteins (Appendix | Table S1), an uncharacterized
protein annotated in the TriTrypDB database as Transcription Activator SNF2PH (Tb927.3.2140,
length 948aa), which was reproducible in two independent proteomic screenings (Appendix I
Table S1B & C). Structural domain analysis suggests is a member of the Snf2 (Sucrose
Nonfermenting Protein 2), superfamily of chromatin remodelling factors (Flaus et al., 2006;
Prasad and Ekwall, 2013) using ATP as substrate (Hu et al., 2013). In yeast, Snf2 either activates
or represses transcription depending on the transcriptional context by dissociating basic
transcription factors from different promoters (Whitehouse et al., 2003). Chromatin
remodelers function by reconfiguration on the surface of the nucleosomal substrates, deforms
nucleosomal DNA at the site of binding and translocates the DNA over the surface of
nucleosomes (Farnung et al., 2017; Liu et al., 2017; Whitehouse et al., 2003). Interestingly,
trypanosome SNF2PH contains a Plant Homeodomain (PHD) that is absent from other known
trypanosome chromatin remodelers. The PHD finger is a conserved domain that binds H3 tails
modified by PTMs in higher eukaryotes, thereby conferring specificity (Musselman and
Kutateladze, 2011). PHD reads unmodified H3 tails as well as H3 trimethylated at Lys4
(H3K4me3) (Pena et al., 2006) or acetylated at Lys9 and Lys14 (Musselman and Kutateladze,
2011) but also possesses nucleic acid binding activity (Weaver et al.,, 2018), regulating
nucleosome and DNA translocation to regulate transcriptional activity. Importantly,
trypanosome histones are highly divergent, such that the precise recognition determinants for
SNF2PH are unlikely to be the same as for metazoa. In addition, PHD fingers are important for
maintaining gene expression during development (Wysocka et al., 2006). The function of
SUMOylation in PHD binding to histones may constitute a regulatory link to chromatin

remodelling activity regarding developmental gene expression in T. brucei.
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4.2.1 - Sequence analysis of SNF2PH
In silico analysis of SNF2PH compared to other Snf-2 like family members revealed a significant

conservation of the characteristic ATP binding SNF2_N domain and the helicase (Figures 6A
and B). Trypanosome SNF2PH showed high sequence homology to the H. sapiens HsSSMCA5
and M. musculus MsSMCA1 (ISWI subfamily), in addition of to the chromodomain-helicase-
DNA 1-like domain included in MsCHD1L and the S. cerevisiae ScCCHD1L. A distinct feature that
differentiates SNF2PH from other chromatin remodellers described in trypanosomes is the
presence of a Plant Homeodomain (PHD). Alignment of SNF2 PHD with the PHD contained in
the well-characterized MmHMT3 and HsNSD3 showed high conservation (Fig 6C).
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A Transcriptional activator SNF2PH
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Figure 6. The SNF2 N and helicase domains are conserved in trypanosome SNF2PH whilst PH domain is
normally included in methyltransferases. (A) Schematic representation of the conserved regions of SNF2PH in
other organisms. SNF2 N (green), Helicase C (orange) and PHD3 (blue). (B) Sequence alignment of SNF2 N (ATP-
binding site) and Helicase C-terminal domains of SNF2PH (Tb927.3.2140), H. sapiens SMCA5 (060264.1), Mus
musculus SMCA1 (Q6PGB8.1), M. musculus CHD1L (Q9CXF7.1), C. albicans Isw2 (Q5A310.1) and S. cerevisiae
CHD1L (P32657.1). (C) SNF2PH contains a PHD3 domain characteristic of HMTases. Sequence alignment of the
PHD3 domain of T. brucei SNF2PH, M. musculus HMT3 (088491) and Homo sapiens NSD3 (Q9BZ95.1).
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Results

4.2.2 - SNF2PH chromatin remodeler is developmentally regulated is associated with the
nuclear body ESB
In order to investigate SNF2PH protein expression, we generated a monoclonal antibody (mAb)

against T. brucei SNF2PH (11C10E4). Western blot analysis of total protein extracts showed
SNF2PF protein level is developmentally regulated, higher in the bloodstream form compared
with insect procyclic form (Fig 7A & Appendix Il Figure S1). To determine the specificity of the
anti-SNF2PH antibody, we knocked down protein expression by RNAi and analysed whole cell
extracts by Western blot. As expected, the SNF2PH protein intensity was markedly reduced in
induced RNAI cells, while no other signal was detected by the mAb, confirming specificity

(Figure 7B).

Subcellular localization of SNF2PH by 3D-deconvolution immunofluorescence microscopy (3D-
IF) using the anti-SNF2PH mAb showed a predominant nuclear localization throughout the cell
cycle, with a disperse distribution in the nucleoplasm including punctuate structures and
enrichment at the nucleolus periphery (Fig 7C). To investigate whether SNF2PH associates with
the active VSG-ES locus, we used a GFP-lacl targeted VSG promoter cell line, allowing the
nuclear position of the active VSG-ES locus to be visualised (Navarro and Gull, 2001). Thus, we
detected 38.8% (n=55) co-localization with the GFP-tagged active ES by double 3D-IF, using an
anti-GFP rabbit antiserum (Invitrogen) and 11C10E4 mAb anti-SNF2PH (Fig 7D), suggesting

SNF2PH partially colocalizes with the active VSG-ES (Pearson’s correlation coefficient).

To investigate possible SNF2PH subnuclear association with the high SUMOylated focus (HSF),
we labelled cells with an anti-TbSUMO mAb (Lépez-Farfan et al., 2014) and a rabbit polyclonal
antiserum against SNF2PH (see Appendix Methods). 3D-IF analysis again showed a partial
colocalization between SNF2PH and HSF (53.7% of the cells (n=67)) (Fig 7E), suggesting a
variable association in nuclei of SNF2PH with the HSF, which we assume is due to the highly
dynamic nature of SUMOylation. Similar colocalization in 53.49% of the cells was observed
between SNF2PH and the ESB (Fig 7F), revealed as the extranucleolar pol I signal visualized

with a YFP-tagged RPB5z (specific RNA pol | subunit 5z (Landeira et al., 2009)).
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Figure 7. SNF2PH is a developmentally regulated protein associated with the expression site body (ESB) and
highly SUMOylated focus (HSF). (A) SNF2PH is differentially expressed in T. brucei developmental stages. (B)
Knockdown of SNF2PH in bloodstream form leads to protein depletion after 24h. (5x10° cells/lane); parental,

uninduced (dox-) and induced (dox+). Total cell extracts were analyzed by Western blotting using the anti-SNF2PH
mAb. (C) SNF2PH is diffusely distributed in the nucleoplasm with certain enrichment in the nucleolus. Panels show
DAPI and green channels after IF with the anti-SNF2PH mAb (11C10E4). Scale bar, 1 um. (D) SNF2PH associates
with the active VSG-ES. A cell line with a GFP-Lacl tag in the active VSG ES (Navarro and Gull, 2001) was subjected
to double 3D-IF using anti-SNF2PH mAb (red), anti-GFP rabbit antiserum (green) and DAPI staining. Maximum
intensity projections of deconvolved slices containing the GFP signal are shown (arrowhead). (D’) Inset shows a
higher magnification of the nucleus including anti-SNFPH and anti-GFP fluorescence signals colocalization mask
(white). Scale bar, 1 um. (E) Colocalization analysis of SNF2PH with the Highly SUMOylated focus (HSF). SNF2PH
associates with the HSF (arrowhead) in bloodstream form nucleus. Indirect 3D-IF analyses were carried out using
the rabbit anti-SNF2PH antiserum (red) and the anti-TbSUMO mAb 1C9H8 (green) (Lopez-Farfan et al., 2014). Scale
bar, 1 um. (F) SNF2PH partially colocalizes with YFP-tagged TbRPB5z in the ESB. A cell line expressing an N-terminal
YFP-RPB5z fusion (Landeira et al., 2009), an RNA pol I|-specific subunit, was analyzed by double 3D-IF with anti-
SNF2PH mAb (red) and rabbit anti-GFP antiserum (green). Deconvolved slices containing both SNF2PH and the
extra-nucleolar ESB (arrowhead) are represented as maximum intensity projections. (F’) Inset shows a higher
magnification of the nucleus including anti-SNFPH and anti-GFP fluorescence signals colocalization mask (white).
Scale bar, 1 um.
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4.2.3- SNF2PH is SUMO conjugated
Partial colocalization of SNF2PH with the HSF, and identification from a SUMO -enriched

extract, suggests modification by ToSUMO among other SUMOylated proteins present. To
investigate whether SNF2PH is a “bona fide” SUMO target, we carried out
immunoprecipitation (IP) assays utilizing the anti-ToSUMO mAb (Lépez-Farfan et al., 2014) and
anti-SNF2PH antiserum under denaturing conditions in order to identify only SUMO covalently
bound to targets. IP experiments showed that SNF2PH is SUMOylated when analyzed by
Western blotting using the anti-TbSUMO mAb on a SNF2PH immunopreciptated extract (Fig
8A). The reciprocal experiment using an anti-SNF2PH antiserum on a TbSUMO
immunoprecipitated extract reproducibly detected SNF2PH conjugated to TbSUMO (Fig 8B).
While these immunoprecipitations demonstrated that SNF2PH is a SUMOyolated protein, is
unknown if nuclear conjugation with SUMO is associated with dispersed nuclear foci or
localisation to a specific nuclear site. To investigate this possibility, we performed Proximity
Ligation Assays (PLA). After a first IF experiment using anti-SUMO mAb and antiSHF2PH Rb
antiserum, the assay detected a positive amplification dot, suggesting that SNF2PH is
SUMOylated in situ in both the nucleolus and nuclear periphery in one (84.12%+0.25%) or two
dots (15.88%+0.25%) (Appendix Il S2A and S2B Figs).

The low signal of SNF2PH antibody in TbSUMO immunopecipitations is due to the fact that
SUMOylation is a highly dynamic process and only a small percentage of SNF2PH molecules are
SUMOylated in a given time This has also been reported for TORPAI (RNA Polymerase | largest
subunit) (Lépez-Farfan et al., 2014) and other SUMO targets described for T. brucei (Iribarren
et al., 2015a).

Due to the highly dynamic SUMOylation process, an alternative approach was required to
investigate SUMO conjugation in detail, based on the expression and purification of
recombinant tagged proteins in bacteria, which allowed an in vivo reaction in a heterologous
system lacking SUMO. Thus, we used a bacterial strain engineered to express the complete T.
brucei SUMOylation system together with the target protein (lribarren et al., 2015b). To
facilitate soluble expression of the recombinant SNF2PH protein we evaluated two different
constructs containing SNF2PH N-terminal or C-terminal domains (SNF2PHN and SNF2PHC,
respectively). Next we co-expressed processed TbSUMO (already exposing the diGly motif)
with both activating enzyme subunits (TbE1la/TbE1lb) and the conjugating enzyme (TbE2) using
two different Duet® vectors, while a compatible pET28 vector was used to co-express the
SNF2PH fragments harbouring a tri-Flag tag that allows the detection of the SUMOylated forms

by Western blot analysis directly on cell lysates without any enrichment step. As shown in
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Figure 8C, SNF2PHN appears as a single band migrating at the expected size when expressed
alone in E. coli (lane 1) or when co-expressed with the partially reconstituted system (lane 2
and 3). However, when co-expressed with the complete SUMOylation system, additional
slower-migrating bands can be detected (lane 4) suggesting that this domain can be SUMO
conjugated. In contrast, the C-terminal domain of SNF2PH is not a target of SUMOylation since

in all cases was visualized as a single protein band at the expected molecular weight (Fig 8D).

To validate heterologous SUMOylation of SNF2PHN, we performed in vitro deconjugation
reactions using the specific T. brucei SUMO isopeptidase TbSENP, obtained as a recombinant
protein. As shown in Figure 8E, the additional slowly migrating bands observed when SNF2PHN
was co-expressed with the T. brucei SUMOQylation system in bacteria (lane 1) completely
disappeared upon treatment of cell lysates with TbSENP (lane 2), and the deconjugation ability
of TbSENP was specifically inhibited by the addition of 20 mM NEM (lane 3). To investigate the
nature of SUMOylation of SNF2PHN, we compared the patterns obtained in bacteria when
replacing wild-type SUMO with a variant that is unable to form SUMO chains (Fig 8F). In the
latter case, a doublet near the 55 kDa marker can be detected suggesting that there are at
least two major sites for SUMOylation in SNF2PHN. Taking into account that when SUMO
branching is allowed one of the bands remained almost constant while the other disappeared
with a concomitant appearance of high molecular weight adducts, we speculate that SNF2PH
possess two major sites, one being mono SUMOylated and the other likely being poly-

SUMOylated.
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Figure 8. Coimmunoprecipitation and in vitro SUMOylation assay using a heterologous system demonstrate
SNF2PH is a SUMO target. (A) Immunoprecipitation (IP) of bloodstram SUMOylated proteins revealed that
SNF2PH is SUMOylated. A nuclear fraction was lysed in urea-containing buffer and proteins were
immunoprecipitated with rabbit anti-SNF2PH antiserum or unspecific antiserum (prebleed) and probed with
anti-TbSUMO mAb 1C9H8 (arrow). As a control IP samples were reprobed with SNF2PH antiserum (right). (B) A
reciprocal IP experiment was performed using anti-TboSUMO mAb and probed with SNF2PH antiserum. As a
control, the blot was reprobed with anti-TbSUMO mAb (lower panel). Inp: Input, IP (0.5%).
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Figure 8. (C) Anti-Flag Western blot analysis of SNF2PHN performed on soluble cell extracts from induced
cultures of E. coli transformed with pET28-SNF2PHN-3xFlag alone (lane 1), or in the background of an
incomplete (lane 2, pACYCDuet-1-TbEla-TbElb; lane 3, pCDFDuet-1-TbSUMO-TbE2) or a complete (lane 4,
pCDFDuet-1-TbSUMO-TbE2 plus pACYCDuet-1-TbEla-TbElb) SUMOylation system. (D) Similar samples as
described in (C) were analyzed for SNF2PHC. (E) Cell lysates of E. coli heterologously expressing SNF2PH and
the complete T. brucei SUMOylation system were incubated at 28°C in the absence (-) or presence (+) of
recombinant TbSENP. The deconjugation activity of TOSENP was specifically inhibited by the addition of 20 mM
NEM. Reaction mixtures were analyzed by Western blot using anti-Flag monoclonal antibodies. (F) Western
blot analysis of SUMOylated SNF2PHN pattern performed on soluble cell extracts from a complete bacterial
SUMOylation system using a wild type version of SUMO (lane 1) or a Lys-deficient version of SUMO (TbSUMO

K9R) unable to form chains (lane 2).
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4.2.4 - SNF2PH is highly enriched in the chromatin upstream of the active VSG-ES promoter
while reduced at inactive ones
To study SNF2PH occupancy within the VSG-ES locus, we performed chromatin

immunoprecipitation (ChIP) using anti-SNF2PH antiserum and chromatin isolated from a VSG
tagged promoter cell line DRALI (Double Renilla Active site Luciferase Inactive site). To
overcome the problem of high sequence similarity between multiple VSG-ESs, we developed a
dual-reporter cell-line which contains the Renilla luciferase (RLuc) gene inserted 400 bp
downstream of the active VSG-ES promoter, and the Firefly luciferase (FLuc) gene downstream
of an inactive VSG-ES promoter (Fig 9A). The reporter genes in the DRALI cell line allowed us to
determine SNF2PH occupancy at the region downstream of the promoter in either active or
inactive VSG-ESs. First, we analyzed occupancy of SNF2PH by ChIP and quantitative PCR
(gPCR), which detect significant SNF2PH enrichment at the RLuc gene downstream of the
active VSG-ES promoter (p<0.001) as well as at the active VSG221 gene located in the telomere
of BES1 (p<0.01). However, FLuc located downstream of an inactive VSG-ES promoter (Fig 9A)
was not significantly detected (Fig 9B). SNF2PH enrichment was also not detected at VSG
genes known to be located at silent telomeric ES position in this strain (Hertz-Fowler et al.,
2008), such as VSG121 (VSG in BES3), VSGVO2 (BES2) and VSGIS (BES13) (Fig 9B). Altogether,
the active VSG221 gene immunoprecipitated more efficiently than all inactive VSG telomeric
loci analyzed, suggesting SNF2PH associates preferentially with the active ES telomere.
Additionally, SNF2PH was detected at RNA pol I-transcribed loci, such as the rDNA (p<0.01) and
EP procyclin (p<0.05) promoters. However, SNF2PH was most enriched in the active VSG-ES

chromatin compared with EP and rDNA promoters.

Occupancy of SNF2PH at the two promoters of the surface glycoprotein genes characteristic of
mammalian and insect forms (VSG-ES and EP) implicates SNF2PH in regulation of
developmental gene expression. Enrichment was also detected for the splice leader (SL)
promoter (p<0.05) and coding regions. To investigate this possibility, we analyzed potential
changes in the occupancy of TbRPB1 (largest subunit of the RNA pol Il polymerase) on these
loci upon SNF2PH depletion. Analyses by gPCR of Immunoprecipitated DNA using anti-TbRPB1
affinity purified antiserum, did not show significant changes in RNA pol Il enrichment in both
spliced leader promoter (SL Pro) and coding region (SL coding) in a SNF2PH depleted cell line
(Appendix Il S3 Fig). These data suggest that the major activity of SNF2PH is not on RNA pol Il

transcription.

In eukaryotes, chromatin remodelers are detected at RNA pol Il promoters and play important

roles in their activity (Lai and Wade, 2011);(Cairns, 2009). We investigated the presence of
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SNF2PH in chromatin across the genome, aside from the multiallelic VSG-ESs, to identify
additional genes targeted by this protein. We compared quantitative enrichment profiles with
ChlIP-seq peak distribution and considered 0-mismatch error to avoid bias in polymorphic
sequences within repetitive chromosomal loci, leading to defined peaks (q value<0.05)
(Appendix | Table S4, Fig 9C). As demonstrated by quantitative ChlP, the site of enrichment
corresponded to developmentally regulated loci EP and GPEET2 procyclin, and 18S ribosomal
DNA and SL RNA-related sequences. Interestingly, SNF2PH localizes at H3.V, a histone variant
recently associated with VSG monoallelic expression (Miiller et al., 2018) and its own coding
sequence. SNF2PH was also significantly enriched in a substantial number of tRNAs gene arrays
located in chromosomes XI, X, VIII, VII, V, IV, and Ill (Fig 9C), interestingly tRNA clusters are
known to function as a chromatin insulators in eukaryotes from yeast to human, reviewed in

(Van Bortle et al., 2014).

Figure 9B, shows SNF2PH is enriched in the active VSG-ES (BES1) locus by ChIP gPCR analysis
using unique sequences as the Rluc reporter inserted downstream of the promoter and the
VSG221 gene at the telomeric end. However, we wish to investigate in detail a possible
SNF2PH occupancy at the promoter adjacent area, nevertheless highly homologues sequences
shared among most of the VSG-ESs (BES1 to BES17 in Hertz-Fowler et al., 2008) prevent this
analysis by a simple ChIP-seq alighment. We have previously reported polymorphism in the
sequence at particular regions located at the core promoter and upstream the promoter
region, referred as ES promoter PCR fragments 1 and 4 (ESPM1 and ESPM4) (schematically
represented in Fig 9D) (Lépez-Farfan et al.,, 2014). These minor polymorphisms in the
sequences allowed us to differentiate among different BES promoter regions. In particular, PCR
fragment ESPM 4 and 1 yielded 14 different sequences when genomic DNA was used as
template (Figure S5 in (Lépez-Farfan et al., 2014), providing considerable covering of most of
the BESs (Hertz-Fowler et al.,, 2008)). ChIP-seq data was generated from the
immunoprecipitated chromatin with the anti-SNF2PH antiserum which was then PCR amplified
with ESPM1 and 4 PCR primers, and the products were deep-sequenced (see Material and
Methods). Reads were aligned on BES promoter sequences index file built by combining in a
single lane the sequences from the ESPM1 and 4 together with the sequences from the
corresponding BESs (BES1, 2, 3, 4, 7, 7dw, 10, 10dw, 12, 13, 15, 15dw, 17, 17dw described
previously (Hertz-Fowler et al., 2008)). Next, using Bowtie software, alignment of the reads
were assigned to the BES promoter index file, and the number of reads aligning to each BES
was represented in Figure 9D. This data showed SNF2PH is enriched to the active BES1, at the
ESPM1, which correspond to the core promoter of the active BES1 (VSG-ES221). SNF2PH was
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detected to a lesser extent in other BES promoters suggesting that SNF2PH is controlling
inactive promoters as well (Fig 9D). Interestingly, the increase of read count was at the ESPM1
fragment region where the actual ES promoter is located, suggesting SN2PH is associated with
the active core ES promoter rather than the upstream promoter region. Together these data
indicate that SNF2PH is located in several BES promoters, however it is most enriched at the

active VSG-ES promoter (ESPM1 of the BES1) (Fig 9E).

In T. brucei, SUMOylated chromatin-associated proteins are particularly enriched upstream of
the promoter region, suggesting the presence of structural components of chromatin
susceptible to this modification (Lopez-Farfan et al., 2014). Considering the presence of SUMO-
enriched chromatin associated proteins upstream of the active VSG-ES (Lépez-Farfan et al.,,
2014), we performed a sequential ChIP analysis to discriminate the number of sequences
relative to the active VSG-ES, which appear to be SUMOylated from the overall SNF2PH
immunoprecipitated sequences. For this, we carried out a ChIP assay from input DNA which
was previously immunoprecipitated using the mAb against ToSUMO to ensure enrichment of
SUMOylated active VSG sequences. Then, a second round of immunoprecipitation was
achieved using the polyclonal antibody against SNF2PH and a nonspecific serum as a negative
control. After cloning and sequencing the immunoprecipitated genomic fragments, we
guantified the number of sequences corresponding to the active and other telomeric inactive
sites (Appendix Il S4 Fig). Surprisingly, we detected 11 sequences corresponding to the active
VSG-ES in contrast to four sequences in the control sample (n=50). This result suggests that

SNF2PH is enriched at sequences upstream the active VSG-ES promoter.
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Figure 9. SNF2PH is enriched upstream of the active VSG-ES chromatin while in silent promoters is also
detected. (A) Schematic representation of loci of interest in DRALI, the dual-reporter cell line (not to scale).
Two reporters were inserted, Renilla-luciferase gene (RLuc) downstream of the Active VSG221-ES (BES1)
promoter and firefly Luciferase gene (FLuc) downstream of an Inactive VSG-ES (DRALI). Few other inactive
VSGs known to be telomeric in this strain are also represented (VSG121 (BES6), VSGJS1 (BES13) and VSGVO2
(BES2)). Schematic representations for other chromosomal loci (rDNA promoter, Procyclin and Tubulin) are
shown. Color code: grey (reporters), green (active VSG-ES), red (Inactive VSG-ESs), blue (procyclin locus).
Arrow (promoters). (B) Chromatin at the active VSG-ES is enriched for SNF2PH. Chromatin
immunoprecipitation (ChIP) analysis by quantitative PCR of reporter sequences inserted downstream of the
VSE-ES promoters suggests SNF2PH is highly enriched in the active 221VSG-ES (RLuc) compared to an inactive
VSG-ES promoter (FLuc) (***p<0.001). SNF2PH enrichment on the active telomeric VSG221 compared to
inactive VSGs was also significant (*p<0.05 -**p<0.01). SNF2PH occupancy was detected at the splice leader
promoter (SL promoter, Pol ll-transcribed) and EP Procyclin (p<0.05), as well as the rDNA promoter (p<0.01).
(Student’s t-test) *p<0.05 **p<0.01, ***p<0.001). ChIP analyses are shown as the average of at least three
independent experiments with standard error of the mean (SEM). Data are represented as percent of input
immunoprecipitated (% input).
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Figure 9. (C) Distribution of SNF2PH on internal chromosomal positions. ChIP-seq analysis using the SNF2PH
antiserum and T. b. brucei 427 genomic library (v4). Histogram illustrates peak enrichment of representative
genes expressed as logl0 fold enrichment (FE). This global analysis confirmed previous ChIP data locating
SNF2PH on developmentally regulated genes (EP and GPEET), RNA pol | driven rDNA (ribRNAs) and the SL cluster
of small RNAs that are trans-spliced in every mRNA. Interestingly, beside those essential genes for cell growth,
SNF2PH occupies few other coding genes; noteworthy is H3V protein recently linked to the regulation of VSG
monoallelic expression (Miller et al., 2018). In addition, SNF2PH was consistently enriched in tRNA gene clusters
in 7 chromosomes. Due to highly homologous sequences among ESAGs, all ES related sequences (ESAGs genes,
VSG-BC, etc.) located in chromosomal internal positions were excluded of this graph, since we cannot rule out
whether the ChIP-seq reads came from the active VSG-ES Schema of VSG-promoter region mapping indicating
ESPM fragments amplified by gPCR. (D) Schema of VSG-promoter region indicating the location of ESPM PCR
fragments amplified (upper panel). Detailed schema of the promoter region showing both upstream and
downstream (dw) BES from the tandem repeated promoters ESPM 1 and 4 (lower panel). (E) Chromatin at the
core promoter of the active VSG-ES is highly enriched in SNF2PH. ChIP-seq data using SNF2PH antiserum reveals
a higher number of reads corresponding to the sequence polymorphism of the BES1 at the PCR fragment 1,
(ESPM1) mapping at the VSG-ES promoter (Fig 9D) described before in (Lopez-Farfan et al., 2014). dw,
downstream promoter.
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4.2.5 - SUMOylation functions to recruit SNF2PH at the active VSG-ES
SUMOylated chromatin-associated proteins are enriched upstream of the promoter region in

T. brucei (Lopez-Farfan et al., 2014). We assessed the importance of SUMOylation on SNF2PH
targeting by mutating lysine residue 2 to alanine (K2A). K2 was chosen as it was predicted by in
silico analysis (SUMO V2.0 Webserver (http://sumosp.biocuckoo.org/) and is contained within
the N-terminal region modified using the in bacteria SUMOQylation system (Fig 8). SNF2PH_K2A
was expressed with a HA tag from the endogenous locus by recombination. We were not able
to obtain second allele replacement, suggesting that HA-SNF2PH_K2A expression ablates cell
viability. Next, we performed a chromatin IP using ChIP grade rabbit antiserum against HA
epitope after 48h expression of HA-SNF2PH_K2A, using the parental cell line as a mock control
(Fig 10A). The wild-type expression of HA-tagged SNF2PH showed a similar occupancy to the
SNF2PH, enriched upstream of the active VSG-ES promoter. However, the chromatin location
of the HA-SNF2PH_K2A mutant was reduced along the active VSG221 up to 4.6-fold compared
with the HA-SNF2PH WT control.

In order to determine whether K2A mutation also affects to SNF2PH occupancy at the
promoter region, we constructed a ChIP-seq index library including all the BES sequences from
PCR regions ESPM1 and 4 (Fig 9D) and map the reads PCR amplified from DNA
immunoprecipitated using antiHA antibodies and chromatin from cell lines expressing HA-
SNF2PH and HA-SNF2PH K2A (Fig 10B). As controls we used gene Control 1, a known promoter
in chromosome 7, SSR7 (Strand Switch Region, SSR) and an RNA pol Ill (U2) were included after
input normalization. All these controls constitute defined consensus regions described for T.
brucei. Sequence alignments using Bowtiel and 0 mismatch error yielded a number of reads
aligned in BES ESPM1/4 libraries at the active promoter in BES1 and BES2 (highly sequence
homologue) that were reduced for the cell line expressing the mutant K2A, to approximately
~0.5—fold. Conversely, at inactive promoters of BES the number of reads was increased (BES12)
or not significantly changed (BES7 and BES13). This result is consistent with mutation K2A
reduced protein SUMOylation, which decreases the occupancy of SNF2PH in the active

promoter chromatin (Fig 10B).

Additionally, we specifically examined the number of reads along the selected telomeric BES
from the HA-SNF2PH generated library corresponding to the ESPM-4 amplified products
yielding to ~12-fold enrichment in VSG221 sequences compared with input but was below ~5

fold for other telomeric BES (Fig 10C).
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We also assessed the effect of the K2A mutation in SUMO conjugation by PLA detection using
anti-SUMO mAb and the rabbit anti-HA antiserum. The signal for 3HA-SNF2PH (69.20%4.77)
was considerably greater than for the HA-K2A-SNF2PH mutant (26.49%%15.02, n=2),
suggesting that mutation in lysine residue 2 is required for SNF2PH SUMOylation in situ (Fig
10D). We conclude that SNF2PH is mainly located at the active VSG-ES and that this position

requires SUMO modification.
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Figure 10. Expression of a SUMO-deficient mutant reduces SNF2PH occupancy at the active VSG-ES. (A) ChIP
analysis of SNF2PH using rabbit anti-HA tag antibody detects differences between WT and K2A mutant SNF2PH
upstream of the active ES. Data from three independent clones are represented as fold enrichment. A non-
tagged cell line (Single Marker) was included as a negative HA control. (B) Percent reads per peak relative to
input from the HA-SNF2PH and HA-SNF2PH K2A generated ChlIP libraries. Control 1; C1, PromSSR7 3U; Switch
Strand Region promoter, Chr.7. (C)  Number of reads corresponding to HA-SNF2PH immunoprecipitated DNA
at different telomeric BES from ESPM-4 amplified products, expressed as fold enrichment over input. (D)
Percent cells with positive amplification signal in PLA assay is reduced in situ after mutation of K2. Percentage of
positive cells: 69.2+4.7% (SNF2PH), 26.4+15.0% (HA-SNF2PH-K2A) (n=2). Error bars represent means + SEM.

87



Results

4.2.6- SNF2PH is a transcriptional activator that regulates VSG expression
To investigate SNF2PH function, we knocked down SNF2PH and analyzed the impact on cells

using the dual-reporter cell line (DRALI). First, Western blot analysis demonstrated depletion of
the protein after 24h RNAi induction (Fig 5B, Appendix Il Figure S5A). Importantly, significant
reduction to proliferation was observed after 72h of protein depletion, suggesting SNF2PH is
essential for normal fitness (Appendix Il S5B Fig). RT-qPCR analysis after 48h of SNF2PH RNAI
induction showed a significantly reduced level of the RLuc and VSG221 mRNAs (p<0.05),
without a significant effect on RNA pol II- or pol llI-transcribed loci C1 and U2, respectively. No
reduction was detected in the mature or pre-spliced rDNA+ 780 (Fig 11A), suggesting a
SNF2PH specificity in VSG expression. Next, we analyzed TbRPAI occupancy in the VSG-ES
chromatin in cells depleted of SNF2PH to address whether SNF2PH is required for active VSG-
ES transcription. ChIP-gPCR analysis using anti-RPAI antiserum allowed comparing the
occupancy of RNA pol | in chromatin from SNF2PH depleted cells with the parental cell line (Fig
11B). As previously described, ToRPAI appears to be enriched along the active VSG-ES. Upon
SNF2PH depletion, we detected lower levels of TbRPAI recruitment to the active VSG-ES
compared with the parental cell line. TbRPAI occupancy decreased significantly in the
telomeric active VSG221 (p<0.05). This reduction was also detected in the RLuc gene located
downstream of the active promoter (2.94- fold). A lower decrease was observed in the rDNA
promoter and ribosomal 18S locus however, this reduction in these loci was not significant.
These results are consistent with to the lack of reduction in 18s and rDNA transcripts, as shown
in Figure 11A., and suggests that SNF2PH is specifically involved in the recruitment of TbRPAI

to the active VSG-ES chromatin.

While a reduction of the reporter at the active VSG-ES promoter was detected upon RNAI in
three independent clones, we found that Fluc activity from inactive VSG-ES promoters was
clone dependent (Appendix Il Fig S5C). Relative expression of FLuc transcripts correlates with
the FLuc expression level (Appendix Il Fig S5D). We performed RNA-seq analysis on paired
groups of individual clones (Appendix | Table S5, Appendix Il Fig S5E), which showed
variability in the VSG that is derepressed. Some, like VSG427-15 (BES10) and VSG-14 (BESS8),
but not all were upregulated, while the active BES1 telomeric VSG221 gene was consistently
downregulated, suggesting that where SNF2PH was depleted, random derepression of inactive
VSG-ES promoters occurred. Thus, SNF2PH depletion induced derepression of a cluster of
silent BES but not all, similar to recently reported for H3V-H4V KO (Midiller et al., 2018). As the
PH domain is known to bind Histone 3 tails, the H3V Knock Out (KO) (Mdiller et al., 2018) and

SNF2PH depletion phenotypes may be related.
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Next, we analyze whether VSG protein levels were also reduced in a SNF2PH depleted cell line
by quantitative western blot analysis of total protein extracts. Analysis of VSG221 protein
levels in three independent SNF2PH RNAi clones (Fig 11C), showed a significant
downregulation of VSG221 expression compare to the parental cell line, using anti-tubulin as a
loading control (p<0.05) (Fig 11D). A decrease of VSG221-expressing cell surface was also
detected after SNF2PH RNAi by fluorescence-activated cell sorting, (FACS) (Fig 11E). These

results indicate that SNF2PH functions as positive transcription factor for VSG expression.

Finally, to identify factors associated with SNF2PH mediating VSG expression we ectopically
expressed triple-HA tagged SNF2PH in procyclic forms followed by affinity purification to
identify protein interactions by LC-MS/MS (Appendix | S2 Table). Among the identified
proteins we found mRNA splicing factor TbPRP9 and nucleosome assembly protein, AGC kinase
1 (AEK1), a kinase essential for the bloodstream form stage (Jensen et al., 2016) and a TP-
dependent RNA helicase SUB2, (Tb927.10.540). Importantly, several previously identified VSG
transcription factors, including Sptl6 included in FACT complex (Facilitates Chromosome
Transcription) (Nguyen et al., 2012), the proliferative cell nuclear antigen (PCNA) and a subunit
from the Class | transcription factor A (Nguyen et al., 2013) were also identified. Furthermore,
RNA pol | subunit RPA135 and the RNA pol Il RPB1 were also found to co-purify with SNF2PH
suggesting possibly a transient interaction with RNA polymerases subunits, as previously
described for yeast SNF2. Together these data suggest that SNF2PH occupies a central position

in VSG transcription regulation and likely interactions with RNA pol Il transcription.
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Figure 11. SNF2PH depletion results in reduction of the active VSG expression. (A) Reduced VSG-ES transcripts
upon SNF2PH 48h RNAi. Quantitative RT-gPCR analysis indicates 43% reduction of VSG221 mRNA, validated by
RLuc reporter (*p<0.05). No significant changes in ribosomal RNA transcripts were detected (18s and
rDNA+780). (B) Reduced RNA pol | occupancy in the active VSG-ES upon SNF2PH depletion. TbRPAI analysis was
carried out in 48h RNAi induced cell lines and the parental cell line (DRALI). Statistical analysis shows a significant
reduction of TbRPAI occupancy levels between parental and SNF2PH depleted cells at the active VSG-ES
(*p<0.05). Data from three independent clones with standard error (SE) are represented as fold over non-
specific antiserum. NS; Nonsignificant (C) Quantitative Western blots of VSG221 expression in three independent
SNF2PH RNAi clones using IR fluorescence. Anti-VSG221 and tubulin antibodies were incubated with the same
blot and developed using goat anti-rabbit IgG 800 and anti-mouse 1gG 700 Dylight (Thermo-Fisher). A standard
curve based on tubulin normalized anti-VSG221 signal intensity was generated using different concentrations of
parental cell extracts (R2=0.99). (D) Quantitation of VSG221 expression relative to the parental cell line. Relative
VSG221 protein levels appears to be reduced compared with the parental cell line (*p<0.05). (E) FACS analysis of
VSG221 expressing cells shows a decreased active VSG221 population upon SNF2PH depletion (continuous red
line) performed on DRALI cell line. Control: DRALI cell line population expressing VSG221. SNF2PH-dox+: induced
SNF2PH depleted cells. SNF2PH-dox-: uninduced SNF2PH depleted cells. Secondary Ab: population incubated
with secondary antibodies as a negative control. All data are reported as the mean + SEM (n=3). *p<0.05 using

two-tailed t-test for paired observations.
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4.2.7- SNF2PH is required for the maintenance of the bloodstream stage expression profile
The previous results suggest that SNF2PH regulates VSG expression however also interacts

with a RNA pol Il subunit and RNA binding proteins proposing SNF2PH may regulates the
expression of additional genes. In addition, SNF2PH protein levels in the bloodstream form are
decreased in the insect form suggesting a possible function in development. To investigate
that possibility, we knocked down SNF2PH in bloodstream trypanosomes. Transcript levels for
EP procyclin (p<0.01), PAD1 and PAD2 were significantly upregulated (p<0.05) whereas MyoB
levels decreased (p<0.01) (Fig 12A). Relative mRNA levels of ribosomal 18S and C1 were
unchanged. An increase in EP procyclin and PAD1/2 transcription followed by a reduction in
MyoB, similar to the transcript profile of the stumpy form, a transition to the insect stage
(Kabani et al., 2009);(Barquilla et al., 2012). Furthermore, we investigated how SNF2PH
influences EP procyclin replacement dynamics during in vitro differentiation from the BF to the
PF. We triggered differentiation with 3 mM cis-aconitate (Fig 12B). Under these conditions,
SNF2PH-depleted cells expressed higher procyclin transcripts at 4h of induction, whereas
VSG221 mRNA levels were reduced compared to the parental cell line. Surface protein
analyses of EP procyclin and VSG221 in SNF2PH depleted cells by IF, found a ~2-fold faster
replacement of VSG by EP Procyclin (Appendix 1l S6A&B Figs).
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Figure 12. SNF2PH ensures VSG expression opposing differentiation. (A) Depletion of SNF2PH (48h) results in
an increase of Procyclin and Proteins Associated with Differentiation (PADs) transcripts. Procyclin, PAD1 and
PAD2 mRNAs are upregulated when SNF2PH is depleted. Results are the average from three independent
clones and data normalized with U2 mRNA. Error bars represent means + SEM. (*p<0.05, **p<0.01) using two-
tailed Student’s t-test for paired observations. (B) SNF2PH KD cells differentiate to procyclics more efficiently.
The procyclin transcript is increased in SNF2PH KD induced cells during in vitro differentiation compared with
parental cell line. Parental and SNF2PH depleted cells were treated with 3mM cis-aconitate and temperature
shift for 4 hours. Quantitative PCR data from two independent clones were normalized against C1 (RNA pol II-
transcribed) as a housekeeping gene. Error bars represent means + standard deviation (SD).
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To investigate additional genes regulated by SNF2PH we carried out RNA-seq upon knockdown
in the bloodstream form. Eighteen representative differentially expressed genes (DEG) with a
false discovery rate (FDR) <0.05 were found out of 8673 genes from two experimental
replicates and 221 transcripts with a p<0.05 (Fig 12 C, Appendix | S3A Table). Among them,
clear upregulation of genes related to the procyclic form, including procyclin genes (EP1-2,
GPEET2), followed by procyclin-associated genes (PAG1, 4 and 5) and expression site-
associated genes (ESAG2 and 8), some of them consistent with previous analysis in procylic
forms (Queiroz et al, 2009). We also found upregulation of protein associated with
differentiation 1, 2 (PAD1 and PAD2), zing finger family ZC3H18 and the receptor-type
adenylate cyclase GRESAG4-related transcripts. Conversely, genes with normally higher
expression in bloodstream form were downregulated, including the alternative oxidase and

glucose transporter THT-2 (Appendix | S3B Table).

Given that SNF2PH expression is reduced in the procyclic stage (Fig 7A), we sought to
investigate the gain of function phenotype induced by SNF2PH ectopic expression in the
procyclic form. Interestingly, we detected an increase in inactive telomeric VSG121, VSGBn2
and VSGIJS1 transcripts from two independent clones in the procyclic form where no VSG is

normally expressed (Fig 12D).

To determine possible changes to global gene expression induced by SNF2PH ectopic
expression, we used RNA-seq and compared the overexpressor and parental procyclic cell line
(Fig 12E). We found increased expression of ESAG3 from several BES, ranging from 2.5 to 5.2-
log FC, while the promoter adjacent transferrin-binding protein ESAG6/7 increased 1.7 to 3.2-
log FC (Fig 12E and Appendix I, Table S6A). Of the total mapped reads, 55.08% were linked to
telomeric bloodstream ESs (BESs), including BES1 (BES40 ~5.2- log FC), BES4 (BES28/98 ~4.5-
log FC), BES2 (BES129/126 ~3.8- log FC) and BES13 (BES56/153/51/4 ~2.6- log FC. Importantly,
no expression of VSG basic copies genes, located within internal chromosomal arrays, was
detected, ruling out global chromatin deregulation. These results show that, in procyclic forms
where no VSG is expressed, ectopic expression of SNF2PH induced upregulation of telomeric
VSG-ES (BES) transcripts, suggesting that SNF2PH functions as a central regulator of the BES.
Thus, in BF, where SNF2PH is highly expressed, this chromatin remodeler likely functions to

promote and maintain the expression of VSG-ES (BES) (Fig 12E and Appendix |, Table S6A).

Next, we analyzed the relevance of the SNF2PH Plant Homeodomain and overexpressed a
truncated form of SNF2PH lacking the PH domain (SNF2APH) (Fig 12F). RNA-seq analysis

detected 737 genes (FDR<0.05 and p<0.01, out of 7918 genes) differentially expressed after
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ectopic expression of SNF2APH versus 118 genes (FDR<0.05 and p<0.001, out of 8451 genes)
for SNF2PH full-length, illustrated in Appendix Il S6C & D Figs. Most significantly, induction of
BES-related genes did not occur in cells overexpressing the SNF2APH mutant lacking the PH
domain (Fig 12F), suggesting that the PH domain is required to provide SNF2PH specificity to
bind and recognizes VSG-ES (BES) chromatin (Fig 12F and Appendix |, Table S6B).

Significantly, beyond impacts to BES expression, invariant surface glycoprotein ISG65 genes,
transcribed exclusively in the bloodstream form, were also significantly increased up to 6-fold
in procyclics ectopically expressing SNF2PH compared to the parental procyclic cell line
(Appendix |, Table S6A). Importantly, ISG gene transcripts were not detected in cell lines
expressing SNF2APH (Appendix I, Table S6B). As VSG is transcribed by the RNA pol | and ISG65
by RNA pol Il, this suggests that SNF2PH acts beyond the telomeric BES, and may act as a
global transcriptional activator of surface protein genes irrespective of the RNA polymerase

involved.

Altogether, these results suggest the PH domain is essential to direct SNF2PH transcriptional
activation function to specific bloodstream form surface proteins genes. In metazoan, the
transcription factors containing homeodomain determine cell fates during development, and
this is the chromatin-binding domain necessary to regulate downstream target genes. This
result provides an important contribution of the plant homeodomain in recognition of
epigenetically labeled chromatin to regulate gene expression in trypanosomes, an early-

branching eukaryote.
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Figure 12. (C) Scatter plot for differentially expressed genes upon SNF2PH depletion (FDR<0.05). Non-DEG:
Non-differentially expressed genes. Up: upregulated genes. Down: downregulated genes. (D) Ectopic
expression of SNF2PH in procyclic form upregulates telomeric VSG mRNAs. Histogram showing the relative
expression of mMRNA measured by gRT-PCR of VSG genes located in different telomeric VSG-ESs (BES) genes
after 48h of induction of SNF2PH ectopic expression in procyclic form. This analysis included mRNAs from
telomeric VSG genes (BF stage-specific) not expressed normally in the insect procyclic form, including the
VSG121 (BES3), VSGJS1 (BES13) VSGBR2 (BES15) and VSGVO2 (BES2). Data from two independent clones and
parental controls are represented as normalized fold expression relative to C1 (RNA pol Il transcribed) as a
housekeeping gene. Error bars represent means + SD from technical replicates for each independent clone. (E)
Ectopic expression of SNF2PH in procyclic induces expression of bloodstream form surface proteins. Scatter
plot for differentially expressed genes (DEG) in RNA-seq analysis shows upregulation of telomeric BESs. A
significant increase of BES associated genes (ESAGs) linked to telomeric BESs was detected after full-length
SNF2PH ectopic expression in the procyclic form. Data from at least two experimental replicates are
represented as log2 fold change (FC) for genes with FDR<0.05 and p<0.001 after correction with the uninduced
procyclic cell line. Relative mRNA levels of procyclic cells after 48h of SNF2PH ectopic expression increase
telomeric BESs, including VSG221-ES (BES1; TAR40), VSG121-ES (BES3; TAR15), VSGJS1-ES (BES13; TARS6) and
VSGVO2-ES (BES2; TAR129), VSGR2-ES ES (BES15; TAR126), see (Hertz-Fowler et al., 2008) for detailed BES and
TAR nomenclature (Appendix |, Table S6A). Ectopic expression of SNF2PH full-length also induced invariant
surface glycoprotein 65 (ISG65) genes (Appendix I, Table S6A). Data from two independent clones and parental
controls are represented as normalized fold expression relative to C1 (RNA pol Il transcribed) as a
housekeeping gene. (F) Expression of bloodstream form surface proteins requires SNF2PH plant homeodomain.
EP Procyclins and other insect-stage specific markers (FDR<0.05, p<0.001) are expressed in the SNF2PH mutant
form lacking the Plant Homeodomain (SNF2APH). No BF surface proteins like VSG-ES (BES related or ESAGs)
neither invariant surface glycoproteins (ISG65) genes were induced under ectopic expression of the SNF2APH
mutant.
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4.2.8 - SNF2PH is down-regulated in quiescent stumpy forms
The stumpy form of pleomorphic trypanosomes is pre-adapted to the metabolism required by

the procyclic form for survival within the insect vector. Given upregulation of stumpy form
markers in SNF2PH knockdown cells, we examined SNF2PH dynamics during the stumpy to
procyclic form transition. Recent evidences suggest that the AMP-dependent kinase, AMPKal
is a key regulator of the development of quiescence in bloodstream form trypanosomes
(Saldivia et al., 2016) reviwed in (Silvester et al., 2017). Upon AMPKa1l activation, stumpy-like
differentiation was induced in a monomorphic cell line. Quantitative Western blots and RT-
gPCR analyses of monomorphic cells treated with an AMP analog showed a significant
decreased in SNF2PH proteins levels and transcripts (Figure 13A). Reduction of SNF2PH protein
levels in stumpy-like cells obtained after AMPKal activation by AMP suggests AMPK pathway

negatively regulates SNF2PH expression.

We also assessed the transcriptional profile in stumpy-like forms induced by AMP treatment
and compared with SNF2PH knockdown. RT-qPCR confirmed a transcriptional profile
characteristic of the stumpy form in untreated SNF2PH knockdown versus AMP treated cells,
in which relative mRNA levels for SNF2PH transcripts were downregulated (p<0.01) (Figure
13B). Interestingly, stumpy form-like transcriptome changes were more prominent in cells
treated with 5’-AMP and depleted for SNF2PH compared with 5’-AMP alone and 5’-AMP

untreated knockdown cells.

An important question, however, is whether SNF2PH downregulation occurs naturally during
in vivo differentiation of a wild-type pleomorphic strain. Bloodstream pleomorphic
trypanosomes undergo differentiation from the proliferative to the quiescent stumpy form
throughout mice infection. SNF2PH protein levels analysis in the pleomorphic AnTAT 90.13
strain, decreased at 4-5 days post infection (Figure 13B), whereas AMPKa1 was fully activated
as previously described (Saldivia et al., 2016). Taken altogether, these data suggest that
SNF2PH is negatively regulated during stumpy transition and mechanistically linked to AMPKa1l

activation by an undefined mechanism.
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Figure 13. Downregulation of SNF2PH during stumpy form development. (A) (Upper panel) SNF2PH protein
levels are reduced upon AMPK activation. Representative Western blots of cells treated with 1 uM AMP
analogue for 18 hours compared with an untreated control at two different densities. (Lower panel) Histogram
showing relative proteinlevels for phosphorylated AMPKal for the western blot shown in upper panel.
(Student’s T test): *p<0.001. (B) AMP analogue treatment positively regulates stumpy form gene expression of
PAD genes in SNF2PH depleted cells. Relative transcript levels after treating control and SNF2PH depleted cells
(24h) with or without 1uM AMP for 18 hours. Genes associated with stumpy form differentiation are
represented as PAD1 and 2, procyclin and VSG221 and normalized with U2 as a housekeeping gene from three
independent replicates. (Student’s T-test): *p<0.05, **p<0.01. (C) SNF2PH is downregulated during in vivo
stumpy form transition. Histogram of relative protein levels for SNF2PH and phosphorylated AMPKal from
quantitative western blot analyses. Data from in vivo infections represent the mean of at least 2 mice with
standard errors of the mean (SEM). Loading information: Dpi: days post infection. Ms: Mouse. (Student’s T-
test): *p<0.01, **p<0.001.
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5. Discussion

Antigenic variation of the variant surface glycoprotein gene (VSG) in Trypanosoma brucei
undergoes a complex transcription regulation process leading to monoallelic expression of a
single VSG at any given time. In the bloodstream form, only one of about 15 telomeric VSG-ESs
is transcribed resulting in the expression on the surface of a dense coat of a single VSG. The
active transcriptional state is maintaining throughout many generations without changes in
the promoter sequences, suggesting trypanosome uses epigenetic mechanisms as post-
translational modification (PTM) of proteins to mark the active VSG-ES chromatin. Several
PTMs have been associated with VSG regulation, although most of it functioned to maintain
the silencing state of inactive VSG-ESs, reviewed in (Figueiredo et al.,, 2009). Importantly,
protein SUMOylation is one the few PTM described that functions as a positive epigenetic
regulation, and is mediated by the SUMO E3 ligase TbSIZ1/PIAS1, required for SUMOylation
along the active VSG-ES chromatin (Lépez-Farfan et al., 2014). SUMO constitutes a remarkable
group of PTMs as protein targets are modified by a large 12kDa polypeptide that significantly
alters protein structure. SUMO is involved in regulation of complex biological processes such
as multiple proteins in the same nuclear structure or gene cluster transcription, or responds to
external stress or internal stimuli to regulate signalling pathways, and monitoring other PTM
modifications as protein phosphorylation (Zhao, 2018). Recently, it became evident, for
example, that crosstalking between phosphorylation and SUMOylation impacts transcription
activity as well as protein-protein interactions (Rosonina et al., 2017). It seems now clear that
protein covalently targeted by SUMO provides a great modification of the protein interaction
interface in such a way that either increases the recruitment of PTM on enzymatic complexes
to modify chromatin structure at a given promoter region, or by regulating the enzymatic
activity of chromatin modifying enzymes, altering chromatin structure, leading to repression or

activation of gene expression.

In this work, we decided to uncover novel proteins associated with the nuclear body ESB and
likely related to antigenic variation by performing MS/MS proteomic analysis of SUMOylated
proteins isolated from infective bloodstream form (BF) extracts. Different proteomic
approaches allowed us to identify SUMO-targets developmentally regulated in the BF, included
in the HSF within the ESB and associated with the active VSG-ES (Lopez-Farfan et al., 2014).
Many of them involved in several cellular processes in the bloodstream form of the parasite as
described previously in the insect procyclic form (Iribarren et al., 2015a). The identification of

SUMO conjugates is a challenging process considering the usual low proportion of the
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modified forms of a given protein and the susceptibility of deconjugation by specific
isopeptidases. In this work, we first attempted to perform a large-scale identification of SUMO
targets, using protein extracts from the bloodstream form of the parasite, by affinity
purification of His/HA-SUMO conjugated proteins but did not achieve the high standard
required. Thus, independent purifications and MS/MS analyses identified proteins listed in
Table S1A, B, C, which showed low reproducibility and contained contaminant proteins,
probably due to the lack of a specific enrichment step. Nevertheless, this approach allowed us
to identify several targets that should be considered as genuine substrates, since they were
previously described as SUMO conjugated in other organisms such as yeast and mammals.
Therefore, many of these proteins ought to be considered the function of SUMO modification
in each target for further investigation. In fact, some of the identified proteins constitute well-
known protein targets of SUMO in other trypanosomes and several eukaryotic organisms
including: DEAD/H helicases, KU70, GTP-binding, elF4E, SMC family members, histones, DNA

repair proteins, among others (Iribarren et al., 2015a);(Hendriks and Vertegaal, 2016) .

In addition to SUMO-conjugated identification of proteins, we unequivocally identify the
targets and most importantly the SUMOylation site/s in order to fully advance in future
functional analyses. Thus, we performed site-specific proteomics by generating His-HA-
TbSUMOTX®* expressing parasites followed by specific enrichment of SUMOylated peptides
with anti-GG antibodies, as previously described (Iribarren et al., 2015a);(Tammsalu et al.,
2015). Following this approach, we were able to unambiguously identify a subset of 37
confident SUMOylated proteins and 45 modified Lys residues.

This data provides the first list of SUMOylated proteins in the infective stage of the parasite.
We used a similar approach to identify SUMO-conjugated proteins, one of which was
previously described in the insect stage, named Procycliclic Form (Iribarren et al., 2015a). Thus,
it is feasible to compare the protein profiles in the two developmental stages in order to
identify proteins that utilize SUMO at least as one as the PTMs, which may be involved in the
complex parasite development (Rico et al., 2017).

Eukaryotic organisms present a consensus SUMOylation site ({-K-X-E; U: aliphatic aminoacid;
X: any aminoacid) that seems to be conserved in a considerable number of targets in the
protozoa parasite T. brucei. Interestingly, in the PF developmental stage, the aliphatic residue
in position -1 is preferably V, whereas in the infective BF, both V and | appeared in similar
frequency. This data shows a higher flexibility in the consensus SUMOylation site at this

position in the bloodstream form of the parasite.
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Most of the proteins modified by SUMO, identified in the infective form, are involved in
nuclear processes. These proteins include histones, PCNA, DNA topoisomerase 1B, RBP12 and
SMC4, which strengthens SUMO relevance as a PTM that regulates fundamental processes.
Many of the substrates identified here in the BF (Table 2), were also found to be SUMOylated
in the PF stage (Iribarren et al., 2015a), suggesting a conserved function by this PTM, regarding
processes such as chromatin remodeling and DNA/RNA metabolism (Table 3). It is noteworthy
that most of these conserved SUMO targets are SUMOylated on particular lysines, highlighting
the importance of specific residues on their regulation. Differential SUMOylation sites in
Drosophila melanogaster Ultraspirace (Usp), a protein involved in development, suggests Usp
modulates its activity by changing molecular interactions (Bielska et al., 2012).

Interestingly, histone H2A, H3V, DNA topoisomerase IB, PCNA, SMC4, and the hypothetical
protein Th927.9.13320 constitute SUMO substrates that presented distinct developmentally
regulated modifications in the number and/or position of the acceptor lysines between BF and
PF (Table 3). Additional lysine acceptor sites observed in the infective form of the parasite
suggest a stage-specific SUMO-mediated modification which most likely acquires new
functions linked to pathogenicity. This is in agreement with SUMO being essential for
maintaining cell homeostasis when the parasite encounters environmental stress such as:
osmotic stress, hypoxia, heat shock, and nutrient stress (Enserink, 2015), most of which occurs
when parasites infect a mammalian host through the bite of the insect vector. Thus,
trypanosomes fine tune nuclear targets, described above, probably remodel gene expression
and activate and/or repress chromatin, similarly to other eukaryotes (Niskanen and Palvimo,
2017). In mice development, SUMO-specific protease 2 (SENP2) regulates epigenetic gene
expression by modification of the PTM status of Polycomb Repressive Complex 1 (PRC1),
changing promoter affinity. Depletion of SENP2 down-regulates expression of Polycomb
regulated genes. It seems that SUMOylation increases binding affinity of Pc2/CBX4 (PRC1
subunit) to H3K27me3. SENP2 specifically controls SUMOylation status of Pc2/CBX4, which
facilitates PRC1 binding to H3K27me3 leading to transcriptional repression (Kang et al., 2010).

Most importantly, latest reviews remark on the importance of SUMO as a key molecular
PTM in the regulation of transcription factors and chromatin-associated proteins involved in
differentiation and developmental processes (Deyrieux and Wilson, 2017);(Monribot-
Villanueva et al., 2016).

Suppression of chromosomal rearrangements is controlled by SUMOylation in yeast, in
particular by Mms21, a SUMO ligase that maintains genome integrity and one of its mayor
substrates are the SMC-family proteins (Albuquerque et al., 2013). Unfortunately, it is not

currently known how SUMO functions in SMC proteins. We found SMC4 a subunit of the
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condensin complex (Structural Maintenance of Chromosome family), as a reproducible SUMO
target that interestingly, contains a stage-specific SUMOylation site in the infective
developmental form (K623) (Table 3). This result raises the possibility that distinct
SUMOylation sites of a subunit of the same protein complex may lead to different biological
outcomes in each developmental stage.

Additionally, the crosstalk between SUMO and other PTMs is a very interesting feature to
be considered as molecular mechanism to regulate protein targets. Histone 2A, for example,
appeared to be highly acetylated in both developmental stages of T. brucei (Moretti et al.,
2018) on some of the lysine residues identified as SUMOQylated by site-specific proteomics.
Overexpression and mislocalization of histone H3 variant (CENP-A in humans and Cse4 in
yeast) leads to aneuploidy in yeast and is detected in human cancers. In yeast, the centromeric
histone variant Cse4, is regulated by SUMOylation mainly by Sizl and Siz2 E3 ligases at the
lysine 65 (K65) and the expression of cse4 K65R mutant leads to increased stability and
mislocalization of cse4 K65R. All of which suggest that SUMO regulates protein stability and
genomic localization (Ohkuni et al., 2018).

It has been reported that T. brucei bromodomain factor 2 (TbBDF2) is able to recognize
hyperacetylated N-T of H2AZ, essential for cell growth (Yang et al., 2017), but the role of
SUMO on histone regulation has not been elucidated yet. Acetylation-SUMOylation crosstalk is
also observed in reader protein TRIM24 and histone H3 epigenetic modulation (Appikonda et
al.,, 2018). Considering these facts, we cannot rule out a fine-tuned epigenetic regulation
network of histones that might be differentially expressed in T. brucei life stages.

Interestingly, polyubiquitin was also identified as SUMO substrate in BF. Although the crosstalk
between these two related modifiers has been described in other organisms (Lamoliatte et al.,
2017), this is the first report on SUMOylation of ubiquitin (Ub) in T. brucei, revealing novel
connections of these two PTMs in this organism. SUMO and Ub can interact in different ways;
by competing for the same Lys residue on a substrate, regulating the enzymes of the pathways
required for the modification or participating on polyubiquitination of different substrates
mainly for proteasomal degradation, among others (Hunter and Sun, 2008). Hybrid chains have
been described in humans, comprising of ubiquitination of SUMO and SUMOylation of Ub
(Hendriks and Vertegaal, 2016). In this way, the finding of SUMOylated ubiquitin and SUMO
itself in our site-specific proteomic study confirms the existence of SUMO-SUMO and SUMO-

Ub chains in BF parasites, suggesting a complex crosstalk between these pathways.

From the differentially SUMOylated substrates identified in BF, we highlighted TFIIS2-2, a non-

characterized trypanosome homolog of transcription elongation factor (TFIIS). To date, two
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TFIIS homologues have been identified (TbTFIIS1 and TbTFIIS1-2), with a cooperating activity to
promote transcriptional regulation necessary for mRNA transcription (Uzureau et al., 2008).
Recent work demonstrated TFIIS2-2 interaction with trimethylated histones H4K17me3 and
H3K32me3 with its PWWP domain (Wang et al., 2019), reinforcing its function as a histone
PTM reader involved in transcriptional regulation. Another interesting finding is the
SUMOylation of the RNA polymerase associated subunit CTR9, an essential factor that
regulates several genes involved in the control of gene expression (Ouna et al., 2012). This
protein is one of the core components of PAF complex, implicated in the transition from
transcriptional initiation to elongation (Yoo et al., 2013). Further validation of in vitro
SUMOylation for TFIIS2-2 and CTR9 indicates that the activities of these proteins might be
influenced by this PTM, and future mutational analysis will help to uncover its biological
significance.

One of the most remarkable aspects of this work is the observation that five different nuclear
proteins (as judged by IFl, See Figure 4) can be recruited to a single intense focus on the basis
of their modification or association with SUMO (as demonstrated by PLA analysis, See Figure
5A). We believe that, similar to the role described for SUMO in the formation of PML nuclear
bodies (Matunis et al., 2006), ThrSUMO could have a role as scaffold or "glue" protein
mediating interactions between SUMO moieties of SUMOylated proteins and SUMO binding
motifs on SUMO interacting proteins. Also noteworthy is the association link between SUMO
PTM and VSG expression, determined by functional depletion of the previously validated
substrates. As showed in Figure 5B, TFIIS2-2 depletion led to a deregulation of VSG-ES,
suggesting the importance of SUMO modification of this particular homolog as a requirement
for its regulatory role associated with VSG expression. These experimental evidences describe
for the first time an association of HSF related proteins and VSG regulation, remarking the
importance of this PTM in both antigenic expression and DNA accessibility.

The enrichment of SUMOylated nuclear factors in the HSF is a premiere for its functionally
related role in the ESB. Regarding to this, it is noteworthy to remark the variable number of
spots observed per single PLA positive cell expressing a selected TbSUMO partner, which not
only approves a differential protein dynamics along cell cycle but also its probable association
to the HSF in a given time or in multiple foci, concerning other regulatory functions. The
prevalence of a single spot in pre-mitotic cells would suggest a greater fraction of the
SUMOylated partner residing the ESB, whereas a multiple localized pattern would conceive
SUMO maodification in the relocation of subnuclear compartments as well as stabilizing protein
interactions (Sharrocks, 2006). Altogether, these results provide important new insights into

the role of SUMO in mediating the assembly of subnuclear structures, such as the HSF, and in
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regulating the distribution of proteins between the HSF and the nucleoplasm, while at the

same time reinforcing its function as an epigenetic modification that regulates VSG expression.

In conclusion, the use of the powerful tool of specific enrichment of SUMO modified peptides
using the diGly-Lys specific antibody provided a first described list of SUMOylated proteins
with their acceptor site, firstly described in BF. Even though they constitute reliable targets,
the number of identified lysine acceptor sites is limited due to the experimental constrains, as
previously commented. Then, we also considered the former list obtained from 8xHis and HA-
tagged SUMO version together with the lysine modified candidate list in order to increase the
range of SUMO modified targets that appear to be masked by the astringency of the site-
specific identification method. Out of the selected proteins with remarkable reproducibility in
two independent assays (Table S1 a, b, c), we decided to functionally characterise SNF2PH
(previously annotated as Transcription Activator).

It is widely known how SUMO post translational modification of proteins modulate
transcription by activation or repression of an extensive range of transcription factors to adjust
and fine-tune regulation of gene expression (Girdwood et al., 2004; Lyst and Stancheva, 2007).
Several chromatin remodelers and histones PTM epigenetic factors have been widely
investigated to address a possible function in VSG transcription regulation and thus, in
antigenic variation of the parasite. However, lack of function analysis of chromatin remodelers
and TFs analysed so far, consistently showed a similar phenotype, inactive/silent VSG-ES
promoter become derepressed. Related to the SNF2 subfamily, TbISWI knockdown results in
increase transcription of silent VSG ES promoters, leading to derepression of the region just
downstream of silent promoters (Hughes et al., 2007; Stanne et al.,, 2011). Besides, NLP
knockdown results in 50-fold derepression of the silent VSG-ES promoters. However, NLP
depletion also induced expression of VSG Basic Copy gene arrays and minichromosome VSGs,
which do not contain any upstream promoter associated; suggesting NLP is a global chromatin
assembly factor (Narayanan et al., 2011). Other TF associated with VSG expression is CITFA
that binds to all RNA pol | promoters, and is essential for RNA pol | transcription in the parasite
(Nguyen et al., 2012). Further, depletion of TDP1 results in up to 40-90% reduction in VSG and
rRNA transcripts, suggesting is a basal TF of RNA pol | transcription (Narayanan and Rudenko,
2013). In addition, the chromatin remodeler FACT function in the maintenance of repressed
chromatin stated at silent VSG ES promoters (Denninger and Rudenko, 2014). SWI2/SNF2-like
protein (JBP2) regulates the de novo site-specific localization of J, a modified thymine base
synthesis in bloodstream form (Kieft et al., 2007). T. brucei bromodomain containing

chromatin remodeler factors were functionally investigated using a mammalian bromodomain
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inhibitor called I-BET151. However, |-BET151 inhibition of family bromodomain members
hampered function assignment of each specific factor in the group. Most importantly,
inhibition by I-BET151 induced no only derepression of silent telomeric ES VSGs, but also VSG
basic copies suggesting a global effect of chromatin packing (Schulz et al., 2015). In addition,
the I-BET151 inhibitor probably induced lack of function of essential bromodomain chromatin
assembly proteins and trypanosome cells viability induces upregulation of silent genes,
including VSGs. Furthermore, it remains unknown where bromodomain proteins located in the

chromatin, or what is the signalling mechanism used to induce developmental regulation state.

Many studies have focused in trypanosome chromatin remodeling (ChR) factors,
notwithstanding no one of previously described ChR includes a conserved domain involved in
development, as the plant homeodomain (PHD) included in SNF2PH we characterise in this
work. The PHD is a domain involved in regulation of developmental gene expression in
eukaryotes (Sanchez and Zhou, 2011). PHD fingers can recognize the unmodified and modified
histone H3 tail. In other eukaryotes, PHD finger is contained in many central regulatory
proteins such as, transcription co-activators p300 and CBP, the co-repressor TIF1, the
Trithorax-group, Mi-2 complex (histone deacetylase), the Polycomb-like protein, etc. PHD-
fingers functions as epigenome readers controlling gene expression through molecular
recruitment of chromatin regulators and transcription factors (Musselman and Kutateladze,

2011).

In trypanosomes, the PH domain provides to SNF2PH of a homeodomain previously described
as an epigenetic reader that function in developmental gene expression, concurrent with a
chromatin remodeler domain that regulates chromatin accessibility and nucleosome
positioning, linking two fundamental function in a single protein, no described previously in
protozoan parasites. In this work, we characterize SNF2PH as a novel TF involved in the
modification of chromatin structure in two manners, firstly allowing access to transcriptional
activators to the highly enriched SNF2PH VSG-ES active promoter chromatin, while in silent
VSG-ES promoters, a slight but significant SNF2PH occupancy showed an opposite function
reducing chromatin accessibility to inactive VSG-ES promoters. This is suggested by SNF2PH
depletion experiments in the dual reporter cell line (Fig 9). In addition, expression of
developmentally regulated genes was affected upon SNF2PH depletion by upregulating the
expression of genes that normally are repressed, as procyclin and PAD genes. These results
suggest two molecular mechanisms operating in the regulation of VSG-ES, as suggested
elsewhere (Navarro et al., 2007). SNF2PH is highly expressed in the infective bloodstream form

contrary to the insect procyclic form, what could explain the positive function in the
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bloodstream form to maintain this developmental stage. Domain-structure comparative
analysis of trypanosome SNF2PH identified conserved chromatin remodeling factors from
yeast, SNF2H (Sucrose Nonfermenting Protein 2 Homolog) to human SMCA5 (SWI/SNF-related
regulator of chromatin 5) well known chromatin remodeling factors that function as mayor

regulators of developmental gene expression (He et al., 2016; Jin et al., 2015).

However, in the bloodstream form, SNF2PH function in a dual opposite manner in the active
versus silent VSG-ES promoters. Most likely, a highly dynamic protein modification, as PTMs,
may operate to modify SNF2PH function by prompting high chromatin accessibility in the
active VSG-ES, while reducing accessibility in silent VSG-ES promoters. An increasing number of
TFs and histone modifier enzymes are known to be recruited to promoters in a SUMO-
dependent manner, as histone deacetylases, histone demethylase, histone methyltransferase,
as chromatin remodeling factors and chromatin-associated proteins (see for review (Ouyang et
al.,, 2009)). Thus, protein SUMOylation plays a central role in histone modifications and
chromatin remodeling to regulate gene expression. Most of previous studies suggested that
protein SUMOylation repress access of TFs to chromatin, however recent analyses suggest that
SUMOylation on the chromatin also regulate highly expressed genes (Rosonina et al., 2017;
Wotton et al., 2017). We previously described that chromatin SUMOylation is a distinct feature
of the active VSG-ES locus by ChIP. SUMOylation of chromatin-associated proteins is required
for the active transcriptional state of the VSG-ES and essential for efficient recruitment of RNA

pol | to the VSG-ES promoter (Lopez-Farfan et al., 2014).

In this work, we demonstrate that SNF2PH is a SUMO-conjugated protein, and ChIP sequencing
associates SUMO-SNF2PH with chromatin from the active VSG-ES promoter to the telomeric
VSG gene. Therefore, SUMOylated SNF2PH function as a positive TF for the monoallelicaly
expressed VSG. Conversely, no-SUMOylated SNF2PH was located mainly in silent VSG
promoters. Previously described SUMO function together with our data suggest SUMO-target
SNF2PH functions recruiting to developmentally regulated promoters, co-regulators, histone
modifier enzymes or specific transcription factors, acting as a TF factor for VSG expression and
bloodstream form specific genes. The analysis of the amplified products from ESPM-4
immunoprecipitated genomic DNA from sequential ChIP assay using the antiserum against
SNF2PH, yielded a large number of the active VSG promoter sequences compared with the
control (prebleed after a previous enrichment in TbSUMO immunoprecipitated sequences,
suggesting that only the SUMOylated SNF2PH is located upstream the active VSG-ES promoter
region) (Appendix Il S4 Fig). Additionally, ESPM-4 amplified genomic sequences obtained from

the ChIP library data using the rabbit antiserum against HA epitope in HA-SNF2PH expressing
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cells defined SNF2PH main occupancy at the active VSG-ES. Furthermore, the lack of
enrichment in the active VSG promoter in ChIP assays of the K2A mutant suggests that
SUMOylation in lysine residue 2 altered the established occupancy of SNF2PH throughout the
active VSG-ES, which may suggest TbSUMO PTM as a requirement for SNF2PH recruitment at
the active promoter. This evidence is supported by a reduction of number reads linked to the
active VSG221 in the HA-K2A Immunoprecipitated DNA, confirming that lysine residue 2
modification is necessary for SNF2PH occupancy upstream ES promoter sequences. PLA data if
only shows a single dot, o two dots in G2, also suggest the SNF2PH-SUMOylated is at a single
nuclear site, as the HSF, previously associated with the active VSG-ES chromatin. Alternatively,
SUMO modification may increase the protein stability of SNF2PH in bloodstream
trypanosomes, as occurs in a Arabidopsis SWI/SNF protein BRM, which is SUMO modified to
allow protein stabilisation in root development (Zhang et al., 2017). In addition, the SNF2_N
containing domain SMCA4 and SMCAS5 proteins are also SUMOylated during mouse
spermatogenesis, as cell-specific epigenetic mark involved in chromatin remodeling during
meiosis (Yuxuan et al., 2016). Further, Drosophila BRAHMA and human SMCA4 homologues,
regulates developmental transcriptional changes in a SUMO dependent manner (Monribot-

Villanueva et al., 2016).

SNF2PH Plant Homeodomain shows high homology to the nuclear receptor binding SET
domain, a histone methyltransferases (HMTases), and acting as a bookmark reader of histone
modifications. Thus, lysine methylation in H3 by lysine-HMTases regulates the function leading
to activation or repression of gene expression (Morishita and di Luccio, 2011). The PH domain
containing protein ING2 binds histone H3 trimethylated at lysine 4 (H3K4me3), promoting
active chromatin state (Pena et al., 2006). In other protozoan parasites, as Toxoplasma gondii,
SWI2/SNF2 brahma-like (TgBRG1) contains a conserved DEXDc helicase domain as
trypanosome SNF2PH. The Histone lysine methyltransferase SET1 (TgSET1) has a PHD finger
suggesting a H3 PTM reader function (Jeffers et al., 2017). However, SNF2PH contains both the
DEXDc helicase and PH domains. In the genome of P. falciparum, a protozoa parasite that also
undergoes antigenic variation, there is a Snf-2 family member containing a SMARCA-related
domain and interestingly a PH domain (PFF1185w), suggesting a related function. In T. brucei,
HMTases play a function in VSG expression by the Disruptor Of Telomeric silencing 1B (DOT1B)
throughout dimethylation of lysine 76 on histone 3 (H3K79). Lack of DOT1B function induced
inactive VSG-ESs derepression, suggesting histone methylation is required for VSG telomeric
silencing (Figueiredo et al.,, 2008a). Further studies showed a similar VSG-ESs silent

derepression effect close to the promoters supporting histone deacetylase by DAC1-DAC3 are
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required for silencing at inactive VSG-ES promoters (Wang et al., 2010). Our data suggest a
dual function for SNF2PH as a dynamic modifier of chromatin architecture and as an epigenetic
mark reader of developmentally regulated genes. Thus, SNF2PH shows an evolutionary
acquisition of two distinct functional domains within a single transcription factor in this early

branched eukaryote.

ChIP experiments using the antiserum anti-SNF2PH showed enrichment at the active VSG-ES
and consequent downstream sequences as revealed by RLuc reporter and active VSG specific
sequences, while no significant enrichment was observed in silent VSG-ESs. This data was also
supported with an increased number of sequences relative to BES1 compared with other
telomeric loci observed in ChlIP-seq analysis, suggesting SNF2PH functions as a positive
regulator of VSG-ES transcription. In addition of SNF2PH positive function in VSG-ES
expression, the enrichment in procyclin promoter of SNF2PH while procyclin and PADs genes
are upregulated after SNF2PH depletion, suggests a negative function in the other
developmental form. However, SNF2PH function in the rDNA promoter is not clear since RNA
transcripts (18s RNA and unspliced RNA) are not significantly changed upon protein depletion,
while TbRPAI occupancy is not significantly reduced at ribosomal locus (Fig 11B). Despite of
SNF2PH recruitment at SL promoter (Appendix Il S3 Fig), it is problematic to demonstrate any
function since occupancy of TbRPB1 was not affected in SNF2PH depleted cell line. SNF2PH
maybe also associated with RNA pol Il promoters allowing accessibility or recruitment of other
factors, but its function seems not to be essential to drive productive RNA pol Il transcription.
Interestingly, ChlP-seq analysis revealed SNF2PH occupancy at the H3.V locus, which suggests
that SNF2PH regulates H3.V expression, a histone variant crucial for regulating VSG expression
(Miller et al., 2018). Furthermore, SNF2PH is enriched in tRNAs clusters on several
chromosomes (Fig 9C). tRNAs can act as insulators to prevent the spread of silencing in S.
cerevisiage (Donze et al., 1999);(Dhillon et al., 2009) and in mammals to prevent enhancers
from activating promoters (Ebersole et al., 2011);(Raab et al., 2012). Although, no evidence of
such insulator function has been described in trypanosomes, the presence of SNF2PH at tRNA
loci suggests a tentative model whereby SNF2PH/tRNAs could act as a global chromatin

organiser to maintain bloodstream stage-specific gene expression.

Affinity purification of 3HA full-length version of SNF2PH led us to identify SHF2PH associated
with proteins functionally related to chromatin (Appendix | Table S2). LC-MS/MS analysis
showed a major abundance of the hypothetical protein Tb927.3.1300, a non-well
characterized cytoplasmatic factor related to posttranscriptional regulation of gene

expression. Other relevant partner is the EF-Hand domain pair (Tb927.7.6810), which shares
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homology with serine/threonine protein phosphatase 2A regulatory subunit B. EF-Hand
domain containing proteins appear to be related to inositol triphosphate (IP3) signalling
pathway in T. brucei (King-Keller et al., 2015), important in differentiation and host-parasite
adaptation by downstream effectors released from phosphatidylinositol bisphosphate (PIP2),
that include diacylglycerol (DAG). Another putative mediator that allows gene transcription is
the Zing finger protein family member ZC3H22 (Tb927.7.2680), which is found to be implicated
in posttranscriptional regulation and may act as a repressor RNA binding protein (Erben et al.,
2014), highlighting another regulation mechanism given by this interaction. Furthermore,
relevant VSG regulators factors may be related to SNF2PH complex network, including the
subunit Sptl6 from Facilitates Chromatin Transcription Complex (FACT), acting as a histone
chaperone to facilitate transcription. Spt16 subunit is enriched on silent VSG-ES promoters and
its depletion leads to its derepression in both developmental stages (Denninger et al., 2010).
Interestingly, we also appreciate the presence of Proliferative Cell Nuclear Antigen (PCNA)
essential element of the replication machinery (Valenciano et al., 2015), suggesting SNF2PH
function to modulate proliferation and cell cycle progression of the bloodstream form. Other
interesting factor associated with SNF2PH is the Class | transcription factor A, subunit 4 (CITFA-
4), a conserved subunit of a RNA pol | promoter binding complex, necessary for RNA pol |
transcription of ribosomal genes and the active VSG-ES (Nguyen et al., 2012). Finally, SNF2PH
seems to be related to RNA pol | second largest subunit (TORPA135), required for RNA pol |
assembly and mediation of its specific interaction (Daniels et al., 2012), and the largest RNA
pol Il subunit (TbRPB1). This latter consistent with SNF2PH occupancy at pol lI-transcribed loci
(Fig. 9B). This leads us to speculate that SNF2PH-pol Il association facilitates accessibility of

transcription factors to regulate RNA pol Il transcription.

RNAseq analysis upon SNF2PH depletion yielded differentially expressed genes related to the
differentiation to the procyclic form, from surface proteins to other genes related to the
glycolysis metabolism, DNA interaction and other developmental regulated genes, which
enhances the previous differentiating-like phenotype (Appendix | Table S3). In addition, RT-
gPCR data confirmed a reduction of the active VSG-ES transcription followed by an increase in
Procyclin transcripts, suggesting that SNF2PH regulates differentiation by opposite
transcriptional control of these two developmentally regulated genes. In summary, these
results altogether suggest SNF2PH chromatin remodeling functions to preserve the infective
form differentiation state. Interestingly, the ectopic expression of SNF2PH protein in procyclic
form conferred bloodstream form characteristics, such as an atopic expression of bloodstream

form telomeric VSGs, ISGs and ESAGs, reinforcing the role of the PH domain in promoting VSG
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expression in an established developmental stage. Simultaneously, SNF2PH could be conceived
as an important regulator factor to keep host pathogenicity and virulence by maintaining the

proliferative bloodstream form fate.

The preadaptation to stumpy form transition requires AMPKa1l activation preceding SNF2PH
inactivation which implies a coordinated dual regulation with opposite functions depending on
the parasite environment. The activation of the energy sensor AMPK induces a similar
phenotype observed after SNF2PH depletion in bloodstream form T. brucei, which upregulates
PADs expression and could be enhanced after 5-AMP treatment. Analysis of SNF2PH
regulation during in vivo differentiation of mice-isolated pleomorphic cells suggested that
SNF2PH is downregulated after AMPKal activation during the infection course. Whereas
AMPKal activation promotes differentiation, reduced SNF2PH expression in stumpy forms
observed in wild-type pleomorphic trypanosomes during mice infection confirmed the
biological relevance. This result rule out a possible SIF-independent induction of differentiation
by VSG-ES transcription attenuation described previously (Zimmermann et al., 2017), in wich
cells are comitted to an open interval to progress the expression of a new VSG given by ES

attenuation as a consequence of an early developmental transition.

We describe here a novel chromatin remodeling factor with a dual regulation function in either
activation or repression in an opposite manner for developmentally regulated genes (Fig 15).
Our data suggest a model involving epigenetic regulation by a SUMOylated SNF2PH form
enriched at the active VSG-ES chromatin maintaining a single VSG expression to allow antigenic
variation work efficiently. In bloodstream form, TFs and/or histone modifier enzymes are
recruited to the active VSG promoter in a SUMOylated SNF2PH-dependent manner. As a
tentative model we propose that the PH domain of a SUMO-conjugated SNF2PH changes the
protein interaction interface by reading a distinct histone mark (for example, recognising
histone H3 trimethylated) and thus, regulates VSG-ES active transcription by increasing
chromatin accessibility. Whilst, PH domain of unmodified SNF2PH may read different histone
marks (for example, unmodified H3 tails) to repress silent VSG-ES transcription. In quiescent
stumpy form, SNF2PH is negatively regulated by unknown events, wich ptomotes VSG-ES

silencing and PADs/Procyclin transcription upregulation, suggesting a function in development.
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Figure 15. Trypanosome SNF2PH promotes VSG monoallelic control and bloodstream stage gene expression.
In the mammalian host (the proliferative bloodstream form), SUMO modified SNF2PH is recruited along the
chromatin of active telomeric VSG-ES (BES1), particularly to the core promoter sequences (Fig 9). Unmodified
SNF2PH was also detected at silent BES promoters. SNF2PH occupancy at promoter chromatin facilitates
recruitment of RNA polymerase | (TbRPA1) to the active VSG-ES, and high VSG transcripts levels (Fig 11).
Ectopic expression of SNF2PH in the insect form, where this protein is normally not expressed, increased the
expression of bloodstream form specific protein surface genes, such as Invariant Surface Glycoprotein. I1SGs
(65kD), suggesting SNF2PH acts as a global regulator of bloodstream form developmentally regulated gene
expression. In addition, other genes associated with VSG expression regulation, as the Histone variants H3V are
also found to be bound to chromatin at the gene locus (Fig 9C). Question marks (?) denote that possible
molecular mechanisms occurring are unknown. In the Stumpy quiescent form, a transition form to the insect
developmental stage, SNF2PH protein levels are downregulated and PADs, EP procyclins, GPEET2 genes
characteristics of the insect form were upregulated, similar to what occurred in bloodstream form cell lines
depleted of SNF2PH (Fig 11). Induction of differentiation in vitro by AMP analog treatment from the
proliferative bloodstream form to the stumpy-like form induced rapid SNF2PH reduction of the protein level
and gene expression remodeling to this developmental form (Fig 13). Similarly, in wild type pleomorphic
strains, the SNF2PH protein was reduced during naturally occurring progression of differentiation in mice
infection to acquire the stumpy quiescent form, as transition to the insect developmental stage.
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6. Conclusions

1% - Affinity purification of SUMO conjugated proteins in the bloodstream form of the parasite
allowed us to identify a preliminary list of SUMO of abundant substrates and its unambiguous
identification of the lysine acceptor site.

2" - |nitial functional studies of several SUMOylated proteins using RNA interference and
intracellular localization suggest that some of them, such as TFIIS2.2, H3V and SNF2PH, regulate
the expression of the VSG. Therefore, in addition to the biological processes regulated by SUMO
described in eukaryotes, the identification of SUMO-conjugated proteins is an original unbiased
approach to isolate new factors involved in the regulation of VSG expression in trypanosomes.

3 . Out of the SUMO modified proteins from the list, we identified SNF2PH, which contains a
chromatin remodeling domain (SNF_N), followed by a plant homeodomain (PH), involved in the
recognition of epigenetic marks in the chromatin (particularly at histone 3) and in regulation of
genetic expression during development. In trypanosomes, SNF2PH protein is highly expressed in
the bloodstream form of the parasite and is SUMO-modified.

4t - SNF2PH is a SUMO-modified upregulated protein in the bloodstream form of the parasite and
associates with the active VSG-ES promoter, whereas a less-SUMOylated SNF2PH is found at silent
VSG promoters, suggesting that SUMO modification is important in targeting and maintenance of
SNF2PH to the active VSG-ES, associated to the Expression Site Body (ESB). This data suggests that
SUMO harbors an active role in SNF2PH targeting at the active VSG-ES.

5th— SNF2PH depletion by RNA interference (RNAI) decreases the expression of the Expression Site
Associated Genes (ESAGs) and the VSG associated to the active expression site, whereas
upregulates procyclic form markers such as EP procyclin and PADs genes. Overall, these results
suggest that SNF2PH functions in order to maintain the infective bloodstream form stage of the
parasite.

6" - Affinity purification of SNF2PH associated proteins in order to assess complex formation, leads
to the identification of several factors with transcriptional related functions, including RNA
polymerase subunits, transcription factors, and other factors involved in cell cycle regulation and
DNA replication.

7t - Ectopic expression of SNF2PH in the procyclic form of the parasite, where it is expressed at
reduced levels, induced the expression of bloodstream form-specific surface proteins, including
silenced VSG-ES, ESAGs and invariable surface glycoproteins (ISG). However, ectopic expression of
the SNF2PHdeltaPH mutant that lacks the PH domain did not produce this phenotype. These
results suggest that SNF2PH functions as a transcriptional activator for the maintenance of the
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expression profile of the membrane proteins of the bloodstream form and that the PH domain of
the protein is necessary for this function.

8™ - The quiescent form of the parasite or Stumpy form is a pre-adaptation to the form of the
vector insect that requires the activation of AMPKal. The expression levels of SNF2PH were
significantly reduced in quiescent forms of the parasite obtained from both wild type strains in the
course of an infection and in cells where activation of AMPKal was induced. It suggests that
SNF2PH is negatively regulated by the AMPKal pathway by events of signaling still unknown.

9t - In summary, SNF2PH function is required to ensure coordinated expression of surface stage-
specific proteins and thus adaptation to the mammalian host. Altogether our results suggest that
SNF2PH is a central regulator of VSG monoallelic expression and maintenance infective stage-
specific surface protein integrity.
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12 - La purificacion por afinidad de proteinas conjugadas con el péptido SUMO (Small Ubiquitin-like
MOdifier) en la forma sanguinea del pardsito nos permitié elaborar una lista de proteinas
potencialmente modificadas por SUMO, asi como determinar la lisina sustrato de SUMO utilizando
una técnica de protedmica pionera que identifica el sitio modificado.

22 - Los estudios funcionales iniciales de varias proteinas SUMOiladas utilizando la interferencia de
RNA vy la localizacidn intracelular sugieren que algunos de ellos como TFIIS2.2, H3V y SNF2PH
regulan la expresion de VSG. Por lo tanto, ademas de los procesos bioldgicos regulados por SUMO
descritos en eucariotas, la identificacién de proteinas conjugadas con SUMO es un enfoque no
sesgado y original para aislar nuevos factores involucrados en la regulacion de la expresion de la
VSG en tripanosomas.

32 - De entre los sustratos conjugados por SUMO, destacamos SNF2PH, un activador
transcripcional que contiene un dominio de remodelacién de cromatina (Snf2), y un dominio
homeo, PH (Plant Homeodomain). En tripanosomas, la proteina SNF2PH se expresa
predominantemente en la forma sanguinea del parasito y se encuentra modificada por SUMO.

42 - La forma SUMOilada de SNF2PH se asocia con el promotor activo del sitio de expresién de la
VSG (VSG-ES), sin embargo, la forma no SUMOilada se localiza en promotores VSG no activos,
aunque en menor proporcién. Estos resultados sugieren que SNF2PH vincula todos los loci de
expresion de la VSG, mientras que la forma modificada por SUMO esta enriquecida y se acopla
especificamente en la cromatina del sitio de expresiéon activo de la VSG, reconociendo
probablemente una marca epigenética especifica y contribuyendo al mantenimiento del estado
activo de la cromatina.

52 - La interferencia de RNA (RNAi) de SNF2PH en la forma sanguinea reduce los mRNAs de los
genes asociados (ESAGs) y la VSG del sitio de expresion activo. La disminucién en la expresion de
SNF2PH también aumentd los mRNAs de prociclina y PADs, caracteristicos de la forma del insecto
vector. En conjunto, estos datos sugieren que es necesario la expresién de altos niveles de SNF2PH
para el mantenimiento de la forma sanguinea del parasito.

2 - | a purificacion por afinidad de las proteinas asociadas a SNF2PH para evaluar la formacion de
complejos condujo a la identificacion de varios factores con funciones relacionadas con la
transcripcién, incluidas las subunidades de la RNA polimerasa y factores de transcripcion
involucrados en la regulacion del ciclo celular y la replicacidn del DNA.

72 - La expresion ectépica de SNF2PH en la forma prociclica del parasito, donde se expresa en
niveles muy reducidos, indujo la expresion de genes especificos de la forma sanguinea del
parasito, incluyendo los VSG-ES silenciados, los ESAGs y las glicoproteinas invariables de superficie
(ISG). Sin embargo, la expresién ectdpica del mutante SNF2PHdeltaPH que carece del dominio PH,
no produjo este fenotipo. Estos resultados sugieren que SNF2PH funciona como activador
transcripcional para el mantenimiento del perfil de expresidén de las proteinas de membrana de la
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forma sanguinea del parasito, mientras que el dominio PH de la proteina es necesario para esta
funcion.

82 - La forma quiescente del parasito o forma Stumpy es una preadaptacion hacia a la forma del
insecto vector que requiere la activacion de AMPKal. Los niveles de expresion de SNF2PH se
redujeron de forma significativa en formas quiescentes del parasito obtenidas tanto cepas salvajes
en el curso de una infeccion como en células donde se indujo la activacion de AMPKal. Ello
sugiere que SNF2PH se regula negativamente por la ruta AMPKal por eventos de sefializacion aun
desconocidos.

92 - En conjunto, los resultados mostrados en esta tesis sugieren que SNF2PH es necesario para
coordinar la expresidon en el desarrollo de las proteinas de superficie especificas de la forma
sanguinea y, por tanto, la adaptacién al huésped mamifero. Asimismo, SNF2PH es un regulador
central de la expresion monoalélica de la VSG y del mantenimiento de la integridad de las
proteinas de superficie especificas de la forma sanguinea infectiva del parasito.
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7. Materials and Methods

7.1-Materials
7.1.1- Trypanosome cell lines
7.1.1.1- Single marker cell line (SM)

Monomorphic cell line (SM) from Trypanosoma brucei brucei (221a clone, derived from

Lister427 (Wirtz et al. 1999).

7.1.1.2- DRALI cell line
The established dual-reporter DRALI cell line, in the ‘single-marker’ cell line contains a Renilla

Luciferase (RLuc)-reporter plasmid (pMigl104) integrated 405 bp downstream of the active ES
promoter, and Firefly-Luciferase reporter (pMigl26) (FLuc)- reporter integrated 405 pb
downstream of an inactive ES promoter (BES15/TAR126 VSGbR-2/427-11). pMigl04 contains
as targeting sequences a region located downstream of the promoter, a highly conserved
sequence among different VSG-ESs. Reporter activities analyses allow us to identify a clone
that showed low reporter activities where the gene is inserted in the inactive ES promoter, in
contrast to the reporter activities where the RLuc gene is inserted in the active VSG-ES
promoter (Figure 9A). We identified the site of insertion by PCR and sequencing of the flanking

RLuc and FLuc regions from DRALI genomic DNAs using specific primers.

7.1.1.3- YFP::RPB5z cell line
Monomorphic cell line containing the YFP tagged small RNA pol | subunit 5Z (Landeira and

Navarro, 2007).

7.1.1.4- GFP::aES (93) cell line
Monomorphic cell line with the active VSG-ES marked with 256 molecules of GFP-lacR bound

to sequences upstream of the promoter to localize the position of this locus (Navarro and Gull,

2001).

7.1.1.5- 8xHis-HA TbSUMO cell line
Cell line which expressed a polyhistidine (8x)-tagged and hemagglutinin (HA) epitope tagged

version of SUMO by replacement of the endogenous gene by two consecutive homologous
recombination rounds. Generated cell lines were able to produce tagged SUMO conjugates as

the parental cell line.

7.1.1.6 - His-HA-TbSUMO™% cell line
The established His-HA-TbSUMOQ™K cell line was obtained by transfection of the generated

construct pLEW100v5-His-HA- TbSUMOQ™K as previously detailed (Iribarren et al., 2015a)
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Vector linearization, transfection and selection procedures were performed as previously

described (Wirtz et al., 1999).

7.1.1.7- Slender and stumpy AnTAT 90.13
AnTAT pleomorphic cell line was used to obtain different parasite life cycle forms during the 4

and 7™ days post infection from BALB/c mice (Charles River) for slender and stumpy forms
respectively, with approximately 10* total parasites. Blood samples were collected in heparin

containing tubes and processed as described in Experimental procedures.

7.1.1.8 - Procyclic form 449
T. brucei 427 strain transfected with pHD449 plasmid, rising to a tetracycline repressor-

expressing cell line.

122



Materials and Methods

7.1.2 -Oligonucleotides

Restriction

Oligo name Sequence (5'-3') Gene enzyme end Application
SNF2PH-c2PrC_U CGGGATCCGAGCTCTCGATGGCGCGTTTCAACGG C-TSNF2PH BamHI RNAI / His tag
SNF2PH-c2PrC_L CAAGCTTGGTTAACGTGAGATTCACTGAAACTGCC C-TSNF2PH Hind 11l RNAI / His tag

nSnf-2_Ncol_U TCCCCATGGCTATGAAGTTTGAGAACCCCGTT N-T SNF2PH Ncoll Flag tag
nSnf-2_Ncol_L AACCCATGGAAATTGGACTCCATCGAACTGGTA N-T SNF2PH Ncoll Flag tag
cSnf-2_Ncol_atg U  TCCCCATGGCTATGCACCGCGACGGACTAACTGAA C-TSNF2PH Ncol Flag tag
cSnf-2_Ncol_L AACCCATGGGTGAGATTCACTGAAACTGCC C-T SNF2PH Ncol Flag tag
FwCTR9-Duet-Ncol CCATGGCCATGCAATATATATCGGAAC CTR9 Ncol Flag tag
RvCTR9-Duet-Ncol CCATGGATATATTCCCATCATTAGCGG CTR9 Ncol Flag tag
FwWTFIIS2-2-Duet-Ncol CCATGGCCATGATTCCATCATTTGCTC TFIIS2-2 Ncol Flag tag
Rv TFIIS2-2-Duet-Ncol CCATGGACTGTTCAGCACCATCCAC TFI1S2-2 Ncoll Flag tag
SNF2-haNter-U GCCGCTCAGCTGGGATCCGGCATGAAGTTTGAGAACCCCGTT N-T SNF2PH Blp| HA tag
SNF2-haNter-L GCAAGCTTCTCGAGCCGCCGTGCTTTCCTTCAGCAT N-T SNF2PH Xhol HA tag
SNF2-PHD-U AACGCTCAGCTGGGCATGAACAGGGAAGAACACTGGAGT PHD Bip| HA tag
3’UTR-SNF2-PHD_U GTTATCGCCACGTCATTCGTACTTA 3'UTR PHD _ HA tag
5SNF2-New-U GTTAACGCTCAGCTGGGCATGAAGTTTGAGAACCCCGTT Full length SNF2PH Bip| HA tag
3SNF2_Bam-L AGGATCCCTAGTGAGATTCACTGAAACT Full length SNF2PH BamHI HA /3 x HA tags
Hyg L CAATAGGTCAGGCTCTCGCTGAAT Hygromycin _ Diagnosis
Bla_L CAGAGATGGGGATGCTGTTGATTG Blasticidin o Diagnosis
ACAAGCTTGATGTACCCATACGATGTGCCGGATTACGCTGGGAG
3HA_U CTACCCATACGATGTGCCGGATTACGCTGGCTACCCATACGATG 3x HA Hind 111 3x HAtag
TGCCA
H3v_Up GGCAAGCTTCAGCTGATGGCGCAAATGAAGAAAATAAC H3V Pvull 3x HA tag
H3v_Low GCCGGATCCCTCGAGTTAGTTACGCTCGCCTCGGAG H3V BamHI 3x HA tag
TopolB_Up GGCAAGCTTCAGCTGATGGGTAAGGCACAGAAGCCG N-T TopolB Pvull 3x HA tag
TopolB_Low GCCGGATCCCTCGAGGCAGCGAATGGGATGCTTC N-T TopolB Xhol 3x HA tag
CTR9_Up GGCAAGCTTCAGCTGATGCAATATATATCGGAACCC N-T CTR9 Pvull 3x HA tag
CTR9_Low GCCGGATCCCTCGAGTGAACATTCAAGAGCTCTCTC N-T CTR9 Xholl 3x HA tag
Hypot_10.14190_ Up GGCAAGCTTCAGCTGATGATTCATCCGAAGCTTATG Tb927.10.14190 Pvull 3x HA tag
Hypot_10.14190_Low GCCGGATCCCTCGAGTCAACAATGCCGTCGCTCGAT Tb927.10.14190 BamHI 3x HA tag
TFIIS2-2_Up GGCAAGCTTCAGCTGATGATTCCATCATTTGCTCCA TFIIS2-2 Pvull 3x HA tag
TFIIS2-2_Low GCCGGATCCCTCGAGTCACTGTTCAGCACCATCCAC TFIIS2-2 BamHI 3x HA tag

Table 4. Oligonucleotides used for cloning and diagnosis. Sequences from each oligonucleotide pair are shown
with their respective enzyme restriction site at 5’ end (underlined). N-T: Amino-terminal. C-T: Carboxi-terminal.

HA: Hemagglutinin.
H3V (Th927.10.15350),
(Th927.10.14190).

(Th927.2.3420),

Gene DB annotation:

123

SNF2PH (Tbh927.3.2140),
DNA topoisomerase 1B (Tb927.4.1330),

CTR9 (Tb927.3.3220),

TbTFIIS2-2
Hypothetical

protein
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Gene or Region

Primer name

Sequence (5°-37)

ESMPL U GGTGTGGCGGACGTCTCGAAC
! ESMPL_L CCTCTAAAATACGCTCAGCCCGTCC
ESMP2_U ATGAAGGTCTTGCGCTGTCT
2 ESMP2_L CGCCACACCTTGAGTCTGATATCC
ESMP3_U TGTTGTTGCAGTATGTTTTTCTTC
3 ESMP3_L AGACAGCGCAAGACCTTCAT
ESMP4_U CGGAGAATATTTCGGATGC
4 ESMP4._L AATCGTTACGGCCAAATTCA
ESMP5int_U TGTTGTGCTTTCTAACACTTCCTT
> ESMP5_L ATTCCTCCCCACAGAAAGA
ESMP5_U TTTGTTTGTTTCATGTTTITGTG
6 ESMPSint_L AAGGAAGTGTTAGAAAGCACAACA
ESMP7_U TGGTTGCAGTTATGGAGCAG
’ ESMP7_L CCAACCCTCAAGCAGGATAA
Vsaaa1 VSG221 U AGCTAGACGACCAACCGAAGG
VSG221 L CGCTGGTGCCGCTCTCCTTTG
beevse 221pseudo_U CAAGCATTACCAGAGAAGT
221pseudo_L CGTCATTCAGTTTCCTTATT
soia1 VSG121 U CCTGACATCGGACGGTAAC
VsG121short_L TGGTCGTATTTGCCTTCCTT
VSGIS1_U TTCTGCTTCTTTGCCCTTGT
V@ISt VSGIS1_L AAAATGAAGCGGAAATGGTG
. VSGVO2 short_U ACAGAATCGGCCACAGAAAG
VSGVO1_L CATTTCCGCGTTGTCTTGTA
BC118 U CAGAAGCGCCAATACAACAA
BC118 BC118 L CGTTAGAAACCACGCCAGTT
S22 BC222 U CGGAAGAGACAATTCGAAGG
BC222_ L CGCCATTGACATCCCTACTT
185_U GACGTAATCTGCCGCCAAAAT
185 185 L AACGCCATGGCAGTCCAGTAC
rDNAprom_U GTCAATACAACACACAATAGG
FONA pro rDNApro_L CTTAACTGAGGAAGTGTCATA
rDNAspacer_U ATTTTCTCTACCCCTCTCTT
rONA sp rDNAspacer_L ATCATCGTATCATTTTCATC
o oas EP3-2U ATGGCACCTCGTTCCCTTTA
EP3-2L AGAATGCGGCAACGAGACCAA
e oro ProcyProm_U AGTTTAAGATGTTCTCGTGAT
ProcyProm_L CTTTTTGGTGTAATTGAAGTC
e Luc_U GTGTTGGGCGCGTTATTTAT
Luc_L CATCGACTGAAATCCCTGGT
Ren U GATAACTGGTCCGCAGTGGT
RLuc Ren_L ACCAGATTTGCCTGATTTGC
SL_U CCGACACGTTTCTGGCACGACAG
st SL_L TGCGTGTGTTGGCCCAGCTGCTAC
SLPro_U ATAATGCATGACCCCTTTGTTTCCCATAA
sLPro SLPro_L ATAGATCTCAGAAACTGTTCTAATAATAGCGTTAGTTG
ubulm Tub_U AGGCAACGGGAGGTCGCTATG
Tub_L GGGATGGGATGATGGAGAAAG
Myosin B MyoB_U CTGCAGAACAAGCACGGCATT
MyoB._L ACGCTCAACAGTGGCAGTGAA
U2_U CTGCGTGATCTTTTGTTCCT
v2 u2_L CGACTGCGTTTTCGTATTTT
o c1 U TTGTGACGACGAGAGCAAAC
cLL GAAGTGGTTGAACGCCAAAT
SSnew_U GACCATACTTGGCCGAATG
> SSnew._L TACAACACCCCGGGTTCC
o5 rDNA_705 U ATTGCCGCTGCTTTTTACAC
rDNA_890 L TATCAGGTGCCAAGCCCTAC
PAD1 PAD1_U TCATGGTTTCGCCATTCTCGTAACC
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PAD1_L CTCAGCCACTTCTCTCCTACAACAC
PAD2 PAD2_U AGGGTGATGCCAAAGAACAC

PAD2_L TACCCACACCGTTGAGAACA

Cl U GGATCCAGGCAAATGACCAAG
AMPKal -

Cl_ L GTCCCTCTTCTACCTTTACAG
SNE2PH Snf2_qPcr_U AGTCCCGTGAAGGTCCTCTT

Snf2_gPcr_L CTTGTCGAACTGGTGGGTCT

Table 5. Primers used in ChIP-gPCR analysis and gRT-PCR.
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7.1.3 -DNA Plasmids constructs

. - . . - Selection
Plasmid Origin Description Tag Linearization
marker
Phleomycin marker from p2T7 (LaCount et
. al.) was sunstituted by Blasticidin used to Blasticidin
p2T7Bla A. Estevez generate an iRNA from a bidirectional T7 — Notl (2.5pug/ml BF)
promoter.
The PCR product corresponding to 1113-bp
p2T7-cSNF2PH- . . of C-T SNF2PH using the oligo pair SNF2PH- Blasticidin
This thesis A _ Notl
Bla c2PrC_U /SNF2PH-c2PrC_L was cloned into the (2.5ug/ml BF)
BamHlI / Hindlll restiction sites of p2T7Bla.
pET28a(+)- Expression plasmid in E. coli to produce an . Kanamycin
6xHis tag Novagen inducible 6 x Histidine fusion protein. bxHis — (25ug/ml)
The PCR product corresponding to 1113-bp
of C-T SNF2PH using the oligo pair SNF2PH-
pET28a(+)- . . c2PrC_U /SNF2PH-c2PrC_L was cloned into the . Kanamycin
K This thesis . L . 6xHis _
6xHis-cSNF2PH BamHlI / Hindlll restiction sites of pET28a(+)- (25ug/ml)
6xHis to allow the heterologous expression in
E.coli.
AT |t | SO nE oot | g || o
g V. Alvarez g P ) HE
The PCR product corresponding to 735-bp of
N-T SNF2PH using the oligo pair nSnf-2_Ncol_U
/nSnf-2_Ncol_L was cloned into the Ncol L
PET28a(+)- This thesis | restriction sites of pET28a(+)-3xFlag to allow 3xFlag o Ampicillin
3xFlag-SNF2PHN i (100ug/ml)
the heteroelogous expression of the substrate
protein in E. coli for the in vitro SUMOylation
system.
The PCR product corresponding to 705-bp of
pET28a(+)- . . C-T SNF2PH using the oligo pair ¢Snf-2_Ncol_ Ampicillin
3xFlag-SNF2PHC This thesis atg_U/cSnf-2_Ncol_L was cloned into the Ncol 3xFlag - (100pg/ml)
restriction sites of pET28a(+)-3xFlag.
The PCR product corresponding to 1144-bp
of TFIIS2-2 ORF using the oligo pair FWTFIIS2-2- o
3XEF;2_$T:I(IJ;)2_2 This thesis | Duet-Ncol /Rv TFIIS2-2-Duet-Ncol was cloned 3xFlag _ (ﬁg:)plc}lm)
& into the Ncol restriction sites of pET28a(+)- He
3xFlag
The PCR product corresponding to 2704-bp
pET28a(+)- . . of CTR9 ORF using the oligo pair FWCTR9-Duet- Ampicillin
3xFlag-CTR9 This thesis Ncol /RvVCTR9-Duet-Ncol was cloned into the 3xFlag - (100pg/ml)
Ncol restriction sites of pET28a(+)-3xFlag.
Expression plasmid in T. brucei targeted to Hygromycin
pTAP-HA-H2Bv- C. Cordén the ribosomal spacer (ectopical e.xpres'smn) to HA Not (2.5ug/ml BF;
Hyg express the H2Bv gene under an inducible T7
) 50ug/ml PF)
(procyclin) promoter.
pTAP1- Expression plasmid in T. brucei to express Blasticidin
RPB7cBla- D. Lépez the RPB7 gene, used as a backbone for HA Notl (2.5yg/ml BF)
Overex Blasticidine selection marker. ~HE
The N-T fragment of SNF2PH (1068-bp) was
aplified using the oligo pair SNF2-haNter-
pTAP-HA- This thesis U/SNF2-haNter-L and cloned into the Blpl/Xhol HA SexAl Hygromycin

nSNF2PH-Hyg

sites of pTAP-HA-H2Bv-Hyg and expressed in T.
brucei by homologous recombination
(readthrough) under an inducible T7 promoter.

(2.5ug/ml BF)
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Plasmid

Origin

Description

Tag

Linearization

Selection
marker

pTAP-HA-
nSNF2PH-Bla

This
thesis

Expression plasmid containing the N-T
fragment of SNF2PH (readthrough) with
Blasticidine marker, obtained by cloning the
HA SNF2 N-T gene (Nsil/Xhol digested)
derived from pTAP-HA-nSNF2PH-Hyg into
the Nsil/Xhol restiction sites of pTAP1-
RPB7cBla-Overexp, used as backbone.

HA

SexAl

Blasticidin
(2.5ug/ml BF)

pTAP-HA-
SNF2PH-FL-Hyg

This
thesis

Plasmid generated to ectopically express
the full length SNF2PH fragment under an
inducible T7 promoter. The PCR product
corresponding to the 2866-bp of the
SNF2PH ORF was amplified using the oligo
pair 5SNF2-New-U/3SNF2_Bam-L, and
cloned into the Blpl/BamH] restiction sites
of pTAP-HA-H2Bv-Hyg

HA

Notl

Hygromycin
(2.5pg/ml BF;
50ug/ml PF)

pTAP-HA-PHD-
Hyg

This
thesis

Plasmid generated to ectopically express
the PH domain of SNF2PH under an
inducible T7 promoter. PCR product
corresponding to the 747-bp fragment of
PH domain was aplified using the oligo pair
SNF2-PHD-U/ 3SNF2_Bam-L and cloned
into the Blpl/BamHI sites of pTAP-HA-H2Bv-
Hyg.

HA

Notl

Hygromycin
(2.5pug/ml BF)

p3HA-PHD-Hyg

This
thesis

Plasmid generated to ectopically express
the 3xHA tagged PH domain of SNF2PH by
cloning the 3xHA PHD gene fragment,
amplified with the oligo pair
3HA_U/3SNF2_Bam-L into the
Hindlll/BamH] restriction sites of pTAP-HA-
PHD-Hyg.

3xHA

Notl

Hygromycin
(2.5pug/ml BF)

p3HA-PHD-Bla

This
thesis

Plasmid generated to ectopically express
the 3xHA tagged PH domain with
Blasticidine marker, by cloning the 3xHA
PHD gene fragment (Nsil/Xhol digested)
derived from p3HA-PHD-Hyg into the
Nsil/Xhol restiction sites of pTAP-HA-
nSNF2PH-Bla, used as backbone

3xHA

Notl

Blasticidin
(2.5ug/ml BF)

p3HA-
nSNF2PH-Hyg

This
thesis

Plasmid generated to express the 3xHA
tagged N-T fragment of SNF2PH
(readthrough) under an inducible T7
promoter, by cloning the HA nSNF2PH
insert (Blpl/Xhol digested) derived from
pTAP-HA-nSNF2PH-Hyg into the Blpl/Xhol
restriction sites of p3HA-PHD-Hyg, used as
backbone.

3xHA

SexAl

Hygromycin
(2.5pug/ml BF)

p3HA-
nSNF2PH-Bla

This
thesis

Plasmid generated to express the 3xHA
tagged N-T fragment of SNF2PH
(readthrough) with Blasticidine marker, by
cloning the 3xHA nSNF2PH insert (Nsil/Xhol
digested) derived from p3HA-nSNF2PH-Hyg
into the Nsil/Xhol restriction sites of p3HA-
PHD-Bla, used as backbone.

3xHA

SexAl

Blasticidin
(2.5ug/ml BF)
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Plasmid

Origin

Description

Tag

Linearization

Selection
marker

p3HA-SNF2PH-
FL-Hyg

This
thesis

Plasmid generated to ectopically
express the 3 x HA tagged full length
SNF2PH fragment under an inducible T7
promoter, by cloning the full length
SNF2PH fragment ( Pvull/BamHI
digested) derived from pTAP-HA-
SNF2PH-FL-Hyg into the Pvull/BamHI
restiction sites of p3HA-PHD-Hyg, used
as backbone.

3xHA

Notl

Hygromycin
(2.5pg/ml BF;
50ug/ml PF)

p3HA-K2A-
nSNF2PH-Hyg

This
thesis

Plasmid generated to express the
3xHA tagged N-T SNF2PH K2A mutant
(readthrough) by cloning the 412-bp of
the N-terminal ORF with K2A mutation
into the Pvull/SexAl restriction sites of
p3HA-nSNF2PH-Hyg, used as backbone.

3xHA

Bsml

Hygromycin
(2.5ug/ml BF)

p3HA-K2A-
nSNF2PH-Bla

This
thesis

Plasmid generated to express the
3xHA tagged N-T SNF2PH K2A mutant
(readthrough) with Blasticidine marker,
by cloning the N-T SNF2PH K2A insert
(Nsil/Xhol digested) derived from p3HA-
K2A-nSNF2PH-Hyg into the Nsil/Xhol
restriction sites of p3HA-nSNF2PH-Bla,
used as backbone.

3xHA

Bsml

Blasticidin
(2.5pg/ml BF)

p3HA-H3v-Hyg

This
thesis

Plasmid generated to ectopically
express the 3xHA tagged H3v by cloning
the full-length sequence (420 bp),
amplified with the oligo pair H3v_Up
/H3v_Low and cloned into the
Pvull/BamHI restriction sites of p3HA-
PHD-Hyg.

3xHA

Notl

Hygromycin
(2.5pg/ml BF)

p3HA-TopolB-
Hyg

This
thesis

Plasmid generated to express the
3xHA tagged N-T Topo Isomerase 1B
(readthrough), by cloning the N-T
sequence (555-bp) amplified with the
oligo pair TopolB_Up /TopolB_Low and
cloned into the Pvull/Xhol restriction
sites of p3HA-PHD-Hyg.

3xHA

Notl

Hygromycin
(2.5pug/ml BF)

p3HA-CTR9-Hyg

This
thesis

Plasmid generated to express the
3xHA tagged N-T CTR9 (readthrough),
by cloning the N-T sequence (1065-bp)
amplified with the oligo pair CTR9_Up
/CTR9_Low and cloned into the
Pvull/Xhol restriction sites of p3HA-
PHD-Hyg.

3xHA

SexAl

Hygromycin
(2.5pug/ml BF)

p3HA-
Hypot_10.14190-
Hyg

This
thesis

Plasmid generated to ectopically
express the 3xHA tagged Hypothetical
protein Th927.10.14190 by cloning the
full-length sequence (1383-bp),
amplified with the oligo pair
Hypot_10.14190_Up
/Hypot_10.14190_Low and cloned into
the Pvull/BamHlI restriction sites of
p3HA-PHD-Hyg.

3xHA

Notl

Hygromycin
(2.5ug/ml BF)
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Plasmid - . . - Selection
Origin Description Tag | Linearization
marker
Plasmid generated to ectopically express
the 3xHA tagged TFIIS2 by cloning the full-
p3HA-TFIIS2-2- This length sequence (1146-bp), amplified with 3xHA Bsml Hygromycin
Hyg thesis the oligo pair TFIIS2-2_Up /TFIIS2-2_Low (2.5pg/ml BF)
and cloned into the Pvull/BamHiI restriction
sites of p3HA-PHD-Hyg.
pLEW100v5- D. Lépez/ Plasmid generated to ectopically express . .
His-HA- P. the Histidine HA tagged version of ToSUMO 8’;&'5 Notl (2P 2'e°/r?nylcénﬁ
TbSUMO Irribaren | under an inducible T7 promoter. =HE
P. Plasmid generated to ectopically express
pLi\IAS/_l:AOYS Irribaren | the Histidine HA tagged T106K mutant 8xHis Notl Phleomycin
ThSUMOT106K ) /V. version of TbSUMO under an inducible T7 HA (2.5ug/ml BF)
Alvarez promoter.

Table 6. Plasmid constructs generated for transfection in T. brucei and heterologous protein expression in E.

coli. Brief descriptions of origin, cloning strategy, expressed epitope tag, enzyme used for linearizing and BF/PF
drug concentrations for each generated construct are detailed above. ORF: Open Reading Frame. n: N-Terminal.
c: C-Terminal. UTR: Untranslated Region.

129




Materials and Methods

7.1.4- Antibodies

7.1.4.1- SNF2PH monoclonal antibody

C-terminal fragment of SNF2PH (Tb927.3.2140) was amplified by PCR (Appendix Methods) and
the PCR product was cloned into BamHI and Hindlll sites of pET28a vector (Novagen)
expressed as a C-terminal His tag. The C-terminal Histidine tagged fragment of SNF2PH was
inoculated into mice to generate anti-SNF2PH (11C10E4) monoclonal antibody (mAb), using
standard procedures. Hybridomas were screened against the recombinant protein by ELISA
and further confirmed by western blot analysis using trypanosome protein extracts that

recognized the protein of the expected size. Hybridome cell line 11C10E4 was grown as ascites.

7.1.4.2 -SNF2PH polyclonal antibody
SNF2PH polyclonal antibody was obtained by affinity purification from rabbit antiserum after

several inoculations of the recombinant protein using an Aminolink column (Pierce), following

the manufacturer’s instructions.

7.1.4.3 -TbSUMO monoclonal antibody
Anti-TbSUMO (1C9H8) monoclonal antibody was generated as previously described (Lépez-

Farfan et al., 2014).

7.1.4.4-TbRPAI polyclonal antibody
Anti-TbRPA1 antiserum was generated as previously described (Navarro and Gull, 2001).

7.1.4.5- Anti-tubulin KMX mAb
Anti-tubulin monoclonal antibody clone KMX was generated as previously described (Sasse

and Gull, 1988).

7.1.4.6- Anti-MVP monoclonal antibody
Anti-MVP monoclonal antibody was generated as previously described (Barquilla et al., 2012).

7.1.4.7- Rabbit anti-VSG221 antiserum
Anti-VSG221 antiserum was was generated as previously described (Castillo-Acosta et al.,

2015).
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7.2-Methods?

7.2.1- Trypanosoma cell culture
The bloodstream form of T. brucei strains were cultured in HMI-9 medium supplemented with

10% fetal bovine serum at 372C with 5% of CO; in a humidified incubator. The procyclic form
was cultured at 282C in SDM-79 medium at 282C without CO; in a non-humidified incubator.

Cell density was checked by cell counter (Beckman).

7.2.2- Bloodstream form transfection
Bloodstream form culture (1-2x10’ parasites) was harvested in a cell density of 0.5-1x10°

parasites/ml. Cells were washed with prewarmed Trypanosome Dilution Buffer (TDB)
supplemented with 20 mM glucose and resuspended in 420 ul of Cytomix at 372C per
transfection in a sterile cuvette including 10 pg of plasmidic DNA previously linearized.
Transfections were performed in a Gene pulser cuvette 0.2 cm electroporator (BioRad) using
Square parameters at 1,5kV, 25 uF and 0.2 ms. Electroporated cells were diluted in 12.5 ml of
prewarmed HMI-9 and dispensed in a transparent flat bottom 24-well plate at 0.5 ml/well.
After 18h, drug of selection was added at its suitable concentration for clone selecion. After 5-
6 days, positive clones were transferred in a new flask containing fresh media supplemented

with each respective drug.

7.2.3- Procyclic form transfection
Procyclic form culture (1-2x107 parasites) was harvested in a cell density of 5-15x10°

parasites/ml. Cells were washed and resuspended in Cells were washed with cold TDB and
resuspended in 100 ul of ZPFM per transfection in a sterile cuvette including 10 pg of plasmidic
DNA previously linearized. Transfections were performed in an Amaxa Nucleofector
electroporator (BioRad) using the stablished parameters for the X-014 program.
Electroporated cells were diluted in 10 ml of SDM-79 at 282C in a T25 flask. After 18h, cells
were selected with the drugs of interest and subjected into serial 1:10 dilutions up to 1.100
and dispensed into a transparent flat bottom 96-well plate in a final volume of 100 ul /well.
After 12-16 days, positive clones were transferred in a new flask containing the respective

drugs.

7.2.4- Freezing and defrosting T. brucei
Cells were harvested in a density of 0.5-1x10° and resuspended in 200 pl of HMI-9 or SDM-79

including 10% glycerol as a preservative for bloodstream and procyclic forms, respectively.

! The composition of buffers for all the described methods appear detailed in Appendix IlI
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Vials would be preserved at -802C or in liquid nitrogen for a long term. For thawing cells, the

content of the vial is diluted in 10 ml of prewarmed HMI-9 or SDM-79.

7.2.5- Animal infection and isolation of T. brucei in blood
In order to expand bloodstream form cultures to obtain large amounts of cellular mass needed

for further analysis, Balb/c mice or Wistar rats were infected with 1x10° or 5x107 bloodstream
form parasites, respectively. After 3 days post infection, the animals were sacrificed with CO,
and the blood was extracted by heart puncture or maintained till 5 days in the case for stumpy

formation in mice.

7.2.6- Isolation of T. brucei in blood

7.2.6.1- BALB/c mice

Parasites are isolated from blood cells by harvesting 3 min at 1400 rpm at room temperature.
This step generates a white layer between the serum and red blood cells, containing parasites
that are resuspended in 500 pl of Separation buffer (SB) supplemented with 10mM glucose (SB
glucose) to further be applied onto a DEAE cellulose column previously equilibrated with SB-
glucose. The eluted parasites were washed in 10 ml of Phosphate Buffered Saline 1x (PBS)

including protease inhibitors (2x) previous to be harvested and stored at -80°C.

7.2.6.2- Wistar rats
The extracted blood is diluted 1:1 with PBS and the sample was applied onto Ficoll Histopaque

(Sigma Aldrich) at a ratio of 3 ml resine per 10 ml of diluted blood. The mixture was
centrifuged without brake to avoid the rupture of the parasitic layer, and the serum layer
formed over the parasitc ring is discarded. The parasitic ring corresponding to the fractioned
parasites were washed and centrifuged to finally be resuspended in 5 ml of SB glucose at 42C
in order to be applied through the DEAE column, previously equilibrated with SB glucose.
Then, the fraction not retained through the column corresponding to the isolated parasites

were centrifuged and stored at -802C including protease inhibitors.

7.2.7- 2D Inmunofluorescence
Bloodstream and procyclic fom cells were fixed with 4% of paraformaldehyde (PFA) (p/v)

during 20 min, and then permeabilized with 1% NP-40 in PBS (V/V) for 1h at room
temperature. After washing, cells were blocked with 5% of blocking reagent (Roche) in PBS-T
during 30 min and incubated with the primary antibody in 0.5% of blocking reagent during 45
minutes at room temperature. After washing, secondary antibodies conjugated with Alexa

Fluor 488 or 594 were incubated like the same procedure used for the primary antibodies.
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Finally, the slides are dried with methanol and mounted using VectaShield mounting media

with DAPI (4’6’-diamidino-2-phenylindole) (Vector Labs).

7.2.8- 3D Inmunofluorescence
Deconvolution 3D microscopy analysis was performed as previously described (Landeira et al.

2007). Stacks (0.1-um z step) acquisition was performed with a microscope system (Cell R 1X81;
Olympus), 100x objective, NA 1.40, illumination system (MT20; Olympus), and camera (Orca
CCD; Hamamatsu). Deconvolution of 3D images was performed using Huygens Essential
software (version 2.9; Scientific Volume Imaging) using an experimentally calculated point-
spread function with 0.2 um TetraSpeck microspheres (Invitrogen). Colocalization analysis,
pseudocoloring and maximum intensity projections were performed using ImageJ version 1.43
software (National Institutes of Health). For the colocalization mask, two points were
considered as colocalized if the ratio of the intensity is strictly higher than the ratio setting
value set up at 80% in all the analyses. Colocalization percentage Scoring was done by direct

optical observation and questionable cells were analyzed by 2D or 3D digital imaging.

7.2.9- RNAi experiments
For RNAi experiments, T. brucei brucei Lister 427 SM (“single marker”) bloodstream form cell

line was used (Wirtz et al.,, 1994). RNAI constructs were made using the vector p2T7Bla to
allow doxycycline-induced expression of dsRNA from a bidirectional T7 promoter in the DRALI
bloodstream form cell line. Amplified fragments of the open reading frame of the gene of
interest were cloned into the BamHI and Hindlll sites of p2T7Bla. RNAI stable cell lines were
diluted daily to maintain the density of the cultures between 1x10°-1x10° parasites/ml in a
medium with selection drugs. dsRNA synthesis was induced by the addition of 1 ug/ul of
tetracycline analogue Doxycycline (Sigma) in every dilution step. The growth rate was
compared upon 72h with the parental cell line grown in parallel, and clones with a higher

growth diminution above 20% were selected.

7.2.10- RNAseq analysis
Total RNA from at least two independent biological replicates of both SNF2PH knock down (BF)

and ectopic expression after 48h of doxycycline induction were used to generate a library from
poli (A)+ mRNA isolated fragments. Libraries were sequenced on an lllumina NextSeq 500
platform (150 cycles) in paired-end mode with a read length of 2x76 bp and sequence depth of
approximately 50 million reads per sample. The miARma-Seq pipeline (Andrés-Leén et al.,
2016) was used to analyze all transcriptomic data. In detail, this pipeline contains all needed
software to automatically perform any kind of differential expression analysis. It uses fastqc to

check the quality of the reads and aligned them using hisat2 on T. brucei TREU427 reference
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genome (TritrypDB release 39). Subsequently, the aligned reads are quantified and
summarized for each gene using featurecounts. Finally, gene counts are analyzed using the
edgeR package from Bioconductor. In such a way, all samples were size corrected in order to
be comparable and then normalized using the TMM method from the EdgeR package. TMM
values for each gene were used for the differentially expression analysis. RPKM values for each
gene were calculated from the normalized read counts values using the rpkm method from
edgeR. Genes transcripts isolated form uninduced versus induced SNF2PH RNAi cells with a
[log2FC] >=1 (log2 of Fold Change) and FDR <= 0.05) were considered as differentially
expressed. Additionally, miARma-Seq (Andrés-Ledn et al., 2016) generated a volcano plot to

facilitate the identification of genes that felt higher variation in expression.

7.2.11- Isolation of Genomic DNA from T. brucei
To isolate genomic DNA, a Trypanosome culture (1 x102 total bloodstream or procyclic form

cells) was centrifuged at 1400g during 10 min at 42C. Next, parasites are resuspended in 400 pl
of EA buffer, incubated 5 min on ice and centrifuged at 8000 rpm during 15 min at 42C to
discard the supernatant. The resulting pellet is resuspended again with 400 pl EB buffer with 1
pl of RNaseA (10 mg/ml) and incubated 15 min at 372C. Next, it was added 5 pl of Proteinase K
(10 mg/ml, Sigma) and incubated at 559C during 2h-overnight. It is added a volume of phenol,
mixing by inversion and centrifuging at 13000 rpms at RT. The supernatant is transferred in a
new tube. The procedure is repeated again with a volume of phenol: chloroform (1:1) and a
final volume of chloroform. Isolated DNA is precipitated with 2.5 and 0.1 volumes of ethanol
and 3M acetic acid pH 5.0 respectively, and then washed with 70% ethanol. Finally, the pellet
was air-dried and resuspended in 100 pl of 10 mM Tris HCl pH 8.0.

7.2.12- Isolation of total RNA from T. brucei
Bloodstream and procylic form cells were grown to a final density of 1 x10° in 50 ml

(Approximately 5x10 7 total cells) and harvested 10 min at 1400 g. Cells were resuspended in
350 pl of buffer RLT followed by 350 pl of 70% ethanol. The sample (700 ul) was transferred to
a RNasy spin column (Qiagen) placed in 2 ml collection tube and centrifuged 15 sec at 8000g.
Next, the sample was washed by applying 350 ul of buffer RW1 to the column, centrifuging
again and proceeding to DNase | digestion (Qiagen). DNasel incubation mix is prepared with 10
ul of DNAsel stock solution in 70 ul of buffer RDD and the final volume was applied directly to
the RNasy spin column membrane at 372C during 30 min. Succeeding DNAsel incubation, the
column is washed two times with 500 ul buffer RPE, after the last wash, the sample was
centrifuged 12 min at maximum speed to discard any residual volume. Finally, the column was

placed into a new eppendorf tube and eluted with 30 pl of RNAse free water.
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7.2.13- Isolation of plasmidic DNA from E. coli
Isolation of plasmidic DNA from DH5a E.coli strain was carried out by the Alkaline Lysis

protocol (Sambrook J, 2001), using the buffers P1 (TrisHCI 50mM pH 8, EDTA 10mM, RNAse
100pg/ml), P2 (NaOH 200mM, SDS 1%) and P3 (potassium acetate 3M pH 5.5).

7.2.14- Cloning of genomic sequences
Regular techniques of gene cloning, including PCR amplification, enzymatic digestion, plasmid

transformation and isolation were carried out according to Sambrook, Russell and Maniatis.
(Sambrook J, 2001). All cloning procedures for all generated constructs are detailed in Tables 4

& 6.

7.2.15- cDNA synthesis
cDNA synthesis was performed using qScript ¢cDNA Supermix (Quanta Biosciences). The

reaction mix consist in 4 pl gScript cDNA Supermix (5x) with 1 ug of RNA in a final volume of 20
pl. The amplification program sets as follow: 5 min at 252C, 30 min at 4292C and 5 min at 859C.
For each quantitative PCR reaction mix it was used 1 pl of cDNA for a single copy gene or 1 ul
of a 1:100 dilution for multicopy genes. Reactions were performed in duplicate in 96-well
plates with a non retrotranscribed sample to exclude any contamination from genomic DNA.
Relative expression levels were referred to a control (parental cell line) and normalized against
a housekeeping gene (U2, Pol-lll transcribed gene), using the software BioRad CFX Manager
(Bio-Rad). Experimental condition was performed in triplicate and analyzed by Student’s T-test

using Sigma Plot software.

7.2.16- Quantitative PCR (qPCR)
Quantitative PCR was performed using the iQ SYBR Green Supermix (Bio Rad). The reaction mix

consists in 5 pl of iQ SYBR Green Supermix (2x), 0.5 ul of each pair of ~100-150 mer
oligonucleotids at 10 uM and 1 or 2 ul of sample depending if it is a RNA or a ChIP product,
respectively, in a final volume of 10 ul. Duplicated reactions in 96-well plates were amplified in
a BioRad CFX96 Cycler, using the conditions as follows: 3 min at 952C (previous
denaturalization) followed by 32 cycles of 30 sec at 952C / 30 sec at 602C / 30 sec at 722C, with
a final extension of 1 min at 722C. Fluorescent reads were measured during the extension step.
Each pair of oligonucleotids was designed by the software Primer3 and synthetized by Sigma
Aldrich. To determine primer efficiency, it was generated a standard curve for serial input
dilutions (1:50, 1:100 and 1:200) in order to extrapolate the amount of precipitated DNA
corresponding to its abundance in a given locus. Each experimental assay was displayed in
triplicate and analyzed by Student’s T-test. Oligonucleotid pair sequences appear detailed in

Table 5.
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7.2.17- Relative quantification (qPCR)
Relative quantification of PCR fragments was performed by qPCR as described before with

genomic DNA template and the quantification was performed using the A ACT method and

RLuc single copy gene was used as the reference sample.

7.2.18- Chromatin Immunoprecipitation (ChiIP)

7.2.18.1- Fixing cells

Bloodstream and procyclic fom cells were fixed with formaldehyde solution (Sigma) to a final
concentration of 1% and gently mixed during crosslink. Then, it was added 2.5 M glycine 20
mM TrisHCI to a final concentration of 125mM. Fixed cells were centrifuged and washed with
PBS1x at 49C. Pellet from centrifuged cells was resuspended in 10 ml of PBS1x including

protease inhibitors (PIC1x) and centrifuged again to be stored at -80%c.

7.2.18.2- Cell lysis
Cells were resuspended in 1 ml Lysis buffer per 108 cells and aliquot in 500 pl (containing 5

x107 cells) to shear the chromatin to average fragment size of 500-300bp in a Vibracell
sonicator. After sonication, cells were centrifuged and carefully removed the supernatant

containing shared chromatin.

7.2.18.3- Preparing Protein G and Sepharose 4-B beads
Protein G and Sepharose 4B beads (Sigma) were washed with TE buffer. Next, Protein G beads

were blocked over night with 1mg/ml BSA in TE buffer.

7.2.18.4- Chromatin Immunoprecipitation
Thawed chromatin aliquots were diluted 1:5 in ChIP dilution, precleared with 150 ul Sepharose

4B beads during 1h at 42C on rotation and centrifuged at 1000g during 5 min at 49C. For a
single IP, 2.5 ml corresponding to 5x107 cells were used to incubate with the antibody over
night on rotation at 42C. Before that, a 10% of input sample was taken as a reference value.
Next day, 40 ul of Protein G beads were added and incubated during 1h at 42C on rotation.
Beads were centrifuged at 1000g during 2 min and washed in low-bind tubes with 1 ml of the
following; 1x Low salt buffer, 1x High salt buffer, 1x LiCl buffer and 2x TE buffer. To elute, it
was applied 500 pl of elution buffer and incubated 30 min at RT on rotation. After spinning

down, the beads were removed, and the supernatant were transferred in a new low bind tube.

7.2.18.5- Reversal cross-link and DNA purification
Eluted chromatin was reverse cross-linked by adding 20 ul of NaCl to a final concentration of

200 mM over night at 652C in a rotatory oven. Then 5 pl of RNAse A were added at 10 mg/ml
(incubated 1h at 379C) and 8 pl Proteinase K at 20 mg/ml (incubated 2h at 559C). Total DNA
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was extracted by phenol-chloroform method and after ethanol precipitation; the pellet was

resuspended in 50 pl of bidistilled water.

7.2.19- Generation of a ChiP-seq library
Immunoprecipitated DNA (~5 ng) from each condition was evaluated in a 2100 BioAnalyzer to

assess fragmentation size and subjected to end-repair enzymatic plus dA-tailing treatments
further to be ligated to adapters using the lllumina TruSeq DNA Sample preparation Kkit,
following the manufacturer’s instructions. Adapter-ligated libraries were enriched with 15
cycles of PCR using lllumina PE primers and purified with a double-sided SPRI size selection in a
range below 300 bp. Libraries were sequenced in an Illlumina NextSeq 500 platform leading to
a 650000 reads per sample. The raw reads were processed using the miARma-Seq pipeline
(Andrés-Ledn et al., 2016) to measure quality, adapter sequence removal and read alignment.
Briefly, this software first assessed the quality of the sequences using FASTQC tool kit
(Andrews, 2010). After that, adapter sequence where removed using the cutadapt (Martin,
2011) utility. Once reads were processed, they were aligned against the Trypanosoma brucei
Lister 427 genome obtained from TriTrypDB version 34 using the BWA aligner with default
parameters (Li and Durbin, 2009). Later, final results obtained from miARma-seq were
processed with macs (Feng et al., 2012). Therefore, each paired sample (-f BAMPE) chip (-t)
was processed against the input sample (-c) to eliminate general peaks in both types of
samples using as organism size 2.7x107 (-g). The correspondence of peaks between both types
of samples (HA-SNF2PH and HA-SNF2PH K2A) and with gene sequences was carried out with
the intersectBed script from bedtools (Quinlan and Hall, 2010) using the gene annotation
provided by TriTrypDB version 34. Reads were mapped to the T.brucei TREU427 annotated
genes (TritrypDB release 39) and visualized in GB browser A starting pool of 8 amplicons 18S,
U2, C1, prom SSR7, ESPM-1/4, VSG221 (BES1) and VSG121 (BES3)) were combined together in
a single lane per condition (including respective inputs). Coding sequences for 18 and U2 were
used as reference genes to evaluate the immunoprecipitation efficiency in each experimental
case. Differential peak distribution was represented as fold enrichment relative to input and

assessed by —logP value, considering a 0-nucleotide mismatch to discern telomeric sequences.

ChiIP-seq analysis in Figure 9 E. To discriminate among the BES promoters we carried out ChlIP-
seq analysis using selected PCR ES Promoter Mapping (ESPM) regions known to have sequence
polymorphisms among different BESs, as previously described (Lopez-Farfan et al., 2014). A
pool of amplicons of sequences of the promoter regions ESPM1 and ESPM4 (Fig 9D, defined in
the primer list included in Table 5) containing the corresponding sequences from the BESI,

BES2, BES3, BES4, BES7, BES7dw, BES10, BES10dw, BES12, BES13, BES15, BES 15dw, BES17,
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BES17dw and 18S, U2, C1 as control were combined together in a single lane to build an index
file (ebwt), next the alignment was done with bowtie -S -n0 command to consider a 0
nucleotide mismatch to distinguish among few nucleotide sequence differences in each BES, as
described before (Lépez-Farfan et al., 2014). The actual number of reads aligned on each BES

in represented in the histogram of Figure 9E.

7.2.20- Sequential ChIP analysis
For sequential ChIP analysis, non-reversed Immunoprecipitated DNA was diluted 1:5 in ChIP

dilution buffer to a final SDS concentration of 0.25% and incubated again with the antibodies

of interest.

7.2.21- Luciferase assay
Luciferase assay were carried out using the Luciferase Assay System (Promega®) following the

manufacturer’s instructions. A bloodstream form culture (3x108 cells from a BSF culture) were
collected, centrifuged (1400xg at 42C for 10 min), washed in 500 pl TDB plus 20mM glucose
and centrifuged again. Pellets were resuspended in 50 ul of 1x Luciferase cell culture Lysis
Reagent (provided in the kit). Renilla reagent was prepared with Stop and Glo buffer to 1x final
concentration. For each measurement, 50 ul of LARII reagent was mixed with 10 ul each lysate
for Luciferase reporter detection, then the remaining reacted lysate was incubated with Renilla
reagent (1x) for Renilla reporter activity. Lectures were performed in a FB 12 Single Tube
Luminometer (Titertek-Berthold) with pre-stabilised parameters (2 sec of delay time/ 10 sec

temp).

7.2.22- FACS (Fluorescent-activated cell sorting) analysis
SNF2PH RNAI bloodstream form induced cultures (1.5 x 107 cells) were collected, centrifuged

(1400 xg at 49C for 10 min), washed in 5ml 1X PBS and centrifuged again. Pellets were fixed
overnight in 1% paraformaldehyde at 49C. After incubation the cells were centrifuged and
washed in 5ml 1X PBS and resuspended in 500l 1X PBS. Diluted primary antibodies (in 0.5%
blocking reagent) were added for 1h (anti-VSG221 1:3000), followed by Alexa Fluor 488 goat
anti-rabbit (Invitrogen) secondary antibody incubation. Propidium iodide (PI) and RNase were
added to 40 pg/ml and 10 pg/ml final concentrations, respectively, and incubated 30 min at
RT. DNA content of 30.000 cells per sample was analysed with a FACScan flow cytometer using
the Cellquest software (BD Biosciences). Gating was determined with control cells and the

same values were used for all treated cells.

7.2.23- Proximity Ligand Assay (PLA)
The PLA assay was performed according to the manufacturer’s protocol (Olink Bioscience,

Uppsala, Sweden). Bloodstream form cells were dried on slides, fixed 20 min in 4% PFA and
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permeabilized 20 min with 1% NP40. After blocking, primary antibodies (rabbit anti-SNF2PH
affinity-purified polyclonal (1:1000) and mouse anti-TbSUMO 1C9H8 (1:2000)) were incubated
for 1h. Then, the PLA probe solution containing the secondary antibodies conjugated with
oligonucleotides (PLA probe MINUS and PLUS) were applied. Secondary species-specific
antibodies conjugated with oligonucleotides would hybridize to the two PLA probes if they
were in close proximity (<40nm). The slides were then incubated at room temperature for 30
min with the ligation solution together with the ligase that would join the two hybridized
oligonucleotides to a closed circle. The amplification mix containing nucleotides and
polymerase was applied to the slides. The oligonucleotide arm of one of the PLA probes acts as
a primer for rolling circle amplification (RCA) reaction, generating a repeated sequence and
extended product. Finally, the nuclei DNA were stained with DAPI and the slides were
examined under fluorescent microscopy. As negative control and to discard cross-reaction

signal, complete protocol was performed in parallel using primary antibodies separately.

7.2.24- Cell extracts and Immunoblots
Parasites from 20 ml cultures at density of ~1.5 x 10° bloodstream or procyclic form cells per

ml were collected by centrifugation and washed once in TDB with 1X protease inhibitor
cocktail (Roche) and 0-40mM N-ethylmaleimide (NEM, Sigma) to avoid the action of
desumoylases. Pellets were resuspended in the same buffer at concentration of 1 x 10° cells
per ul and further quantified by Bradford protein assay (BioRad). Whole cell lysates were
prepared by diluting 1:1 in 2x Laemmli sample buffer and heated at 952C for 5 min. Samples
were loaded (~5 x 10° cells per lane or 40 ug of proteins) in 4—20% precast polyacrylamide gels
(Bio-Rad Laboratories) and analysed by Western blot using anti-SNF2PH mAb ascites (1:1000),
anti-SNF2PH affinity-purified antiserum, monoclonal anti-HA (1:500) high affinity (clone 3F10,
Roche Applied Science) and mouse monoclonal anti-Flag (1:5000, Sigma). Mouse monocolonal
anti-TbSUMO mAb ascites (1:1000), anti-Tubulin mAb (1:5000), anti-MVP mAb (1:1000), rabbit
anti-VSG221 antiserum (1:50000) and rabbit polyclonal anti-p-AMPK (1:1000) (Phospho-
AMPKa (Thr172) (40H9) mAb #2535, Cell Signalling technologies) were used as described

previously (Barquilla et al., 2012; Lopez-Farfan et al., 2014; Saldivia et al., 2016).

7.2.25- Quantitative WB
For quantitative Western blots total protein extracts from 5x10° parasites were loaded (with

the exception of the parental dilution series) on a 10% acrylamide Bis-Tris gel. After
electrophoresis proteins were transferred to a nitrocellulose membrane. Membrane was
incubated with blocking buffer (PBS 1X 0.05% tween (PBS-T), 5% non-fat milk) prior to
incubation with rabbit polyclonal antibodies against VSG-221 (1:50.000), SNF2PH (1:1000),
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TbTubulin (1:5.000) and anti-TOMVP mAb (1:1000) during 1 hour at RT. To quantify
phosphorylated levels, rabbit polyclonal anti-p-AMPK (1:1000) antibody was incubated
overnight at 49. After washing with PBS-T, secondary antibodies goat anti-mouse IgG (H+L) 700
and anti-rabbit 1gG (H+L) 800 Dylight were applied for 60 minutes at RT (1:10.000, Thermo-
Fisher). Membrane was scanned using an LI-COR Odyssey scanner and analysed using Odyssey
IR imaging software 3.0.42. Scan settings were medium image quality, 169 um resolution and
intensity 2.5-5.0 for both channels. Antibody signals were analysed as integrated intensities of
regions defined around the blots of interest in either channel. A standard curve based on
TbTubulin-normalized anti-TbVSG221 signal intensity was generated using different
concentrations of parental cell extracts (R2 = 0.99). The standard curve regression was used to
determine VSG221 expression levels in SNF2PH-depleted cell lines. For both detection of
AMPK phosphorylated levels and SNF2PH in in vitro and in vivo assays, an MVP-normalized
anti-SNF2PH and/or anti-p-AMPK were used to quantify differences in signal intensity

compared with the parental condition.

7.2.26- Expression and purification of recombinant proteins in E. coli

7.2.26.1- Sample preparation

For the expression of recombinant proteins, E. coli strain KRX was transformed with pET28a
plasmid (which includes a 6xHistidine tag in its open reading frame), containing the Gene Of
Interest (GOI) in frame. KRX cells were previously grown in a 40 ml of LB media (with
kanamycin selection (25pg/ml)) over night at 379C to further be inoculated into 2 L (1:50
dilution) until the culture achieves a density of 0.4-0.5 at 600 nm. Then, the culture was
induced with 0.5 mM IPTG and 0.01% Rhamnose during 4h at 372C (This condition might be
variable depending of each protein feature to be expressed). After centrifugation (15 min at
8000 rpm and 42C), the remaining pellet was resuspended in approximately 5 ml of Lysis buffer
to facilitate the sonication procedure. After sonication, the sample was centrifuged at 12500
rpm during 15 min and diluted 1:2 with Lysis buffer without detergents to allow a 0.5% of final
concentration of them, while maintaining the urea concentration (for insoluble proteins). After

this, the sample was filtered by 0.4 uM to discard impurities.

7.2.26.2- Column preparation and sample loading
To prepare the column, it was applied 0.5-1 ml of packed Ni-Sepharose FF (GE Healthcare®)

(20% Slurry with ethanol as a preservative) into filter columns (BioRad®). Next, the column was
washed with 10 column volumes (He et al.) of distilled water followed by 10 ml of lysis buffer

to equilibrate it. The crude protein extract was passed through the column, transferring all the
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content (protein extract + Ni-Sepharose FF) into a falcon tube to be incubated 1h at 30 min on

rotation at RT.

7.2.26.3- Wash and elution procedure of the recombinant protein
After the incubation, the extract was passed through the column by gravity flow meanwhile

the Ni-Sepharose FF was retained and packed again into the filter column. Next, the column
was washed with 40 CV of Lysis buffer to discard nonspecific protein binding into the Ni-
Sepharose FF. The elution step was performed in batch, applying 1 ml of Lysis buffer with
increased concentration of imidazole (50-500 mM) to compete with nickel charges for histidine
tagged protein release. Finally, the eluted protein was dialyzed over night against 5 L of PBS 1x
at 49C with gentle mix. Then, the concentration of the dialyzed protein was quantified by
Bradford at 595 nm and the quality was checked in a 15% polyacrylamide gel after Coomassie

stain.

7.2.27- Antibody purification
The recombinant protein of interest was immobilized into an Aminolink column in coupling

buffer, following the manufacturer’s instructions (Pierce). The antiserum was centrifuged
during 5 min at 2000g to discard any precipitate. Then, the supernatant was incubated 2h at
42C with the resin, previously equilibrated with coupling buffer and linked to the recombinant
protein. Next, the sample was applied onto the column and allow to flow through the bed
resin. Sample and resin were washed with wash/binding buffer by gravity flow until the optic
density was under 0.01 at 280 nm. The antibodies were eluted by applying 1 ml of IgG elution
buffer (0.15 mM Glycine buffer pH 2.5-3) and neutralized with 50 ul (1:20) of 1M Tris HCI pH
9.0.

7.2.28- In vitro T. brucei SUMOylation assay in bacteria
Cloning and purification of recombinant TbSUMO (Tb927.5.3210), ThE2 (Th927.2.2460), TbEla

(Tb427tmp.02.5410), TbElb (Tb927.5.3430) and TbSENP (Tb927.9.2220) strategy was
established as previously described (Iribarren et al., 2015b). In vivo reconstituted SUMOylation
system was performed in Escherichia coli BL21 (DE3) cells transformed with pCDFDuet-1-
TbSUMO/TbE2, followed by pACYCDuet-1-TbEla-TbElb. Competent bacteria were
transformed again with pET28a-SNF2PHN or pET28a-SNF2PHC. Assessment of SUMOylation
reaction in cells containing three previous plasmids were induced grown in Luria-Bertani (LB)
medium at 372C to an ODeonm of 0.6, and induced with1 mM isopropyl R-D-1-
thiogalactopyranoside (IPTG) for 5hr at 372C with shaking (250 rpm). Harvested cells were
resuspended in lysis buffer and sonicated. Centrifuged samples (70 ul) were resuspended in

Laemmli sample buffer with 100 mM DTT and boiled for 5 min and analyzed by Western blot.
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Deconjugation assays were carried out with 70 pl of supernatants and incubated for 2hr at
282C with 70 ul of TbSENP supernatant including or without 25mM N-ethylmaleimide.
Separated proteins by SDS-PAGE (7.5 or 10% acrylamide) followed by Coomassie Blue staining
were transferred to a nitrocellulose Hybond ECL membrane (GE Healthcare) and probed with
anti-Flag M2 mouse monoclonal antibody (Sigma, Sant Louis, MO, USA) 1:5000. Horseradish
peroxidase-conjugated goat anti-mouse secondary antibody (Sigma) 1:5000 was detected by
Chemiluminescence using SuperSignal West Pico Chemiluminiscent Substrate (Pierce,

Rockford, I, USA).

7.2.29 - Purification of complexes in T. brucei

7.2.29.1- HA Magnetic beads

A total cell mass of 4.0 x 10 procyclic form cells, strain T.b. 449 expressing the 3HA tagged
version of SNF2PH was induced with 1pg/ml Doxycycline during 48 h and harvested at 1400 g
rpm during 10 min at 42C. The pellet is washed in 50 ml PBS 1x including protease inhibitors
and subjected to cryogenic grinding, resulting in a lyophilized powder with all nuclear
components, as previously described (Obado S.0., 2016). Immunoprecipitation assays were
performed with 50 mg of lyophilized powder and resuspended immediately in 1 ml of the
buffer of choice, followed by three cycles of sonication of 15 sec at 50 W and centrifuged at
20000g during 10 min at 49C. The supernatant containing the nuclear fraction was incubated
with 10 pl (0.1 mg) of previously equilibrated HA-Magnetic beads and incubated during 2h at
49C on rotation and washed three times, preserving the same buffer conditions. HA-Magnetic
beads were eluted at 992C during 5 min with 15 pl of NUPAGE SDS Sample buffer (Life
technologies) with 1.5 pl of NU PAGE SDS Sample Reducing Agent (Life technologies) and
denatured at 992C during 5 min prior to be analysed in a SDS-PAGE gel with silver stain.

7.2.29.2- Protein identification by liquid chromatography coupled to tandem mass
spectrometry
Sample preparation for MS analysis come from 6 IP assays following the same protocol as

described in the previous section but eluting with 50 pl of 2% SDS and 20 mM TrisHCI pH 8.0
with 20 min incubation at 729C and precipitated overnight with 100% Ethanol to a final volume
of 500 ul. After centrifugation, the final sample was resuspended in 50 ul of 100% Ethanol.
Samples were subjected to tryptic digest and reductive alkylation of Cys groups with 50 mM
iodoacetamide and finally vacuum-dried to be dissolved in 1% acetic acid. Then, tryptic
peptides mixtures were injected onto a C-18 reversed phase nano-column (100 mm ID, 12 cm,
Teknokroma) and separated in a continuous acetonitrile gradient. Eluted peptides from the RP

nano-column were fragmented in an LTQ-Orbitrap Velos Pro mass spectrometer (Thermo
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Scientific). For protein identification, the mass spectra were deconvoluted using MaxQuant
version 1.5 searching the T. brucei427_927 Tritryp-3.1 annotate protein database (37220
proteins). Search engine was performed assuming the full trypsin digestion (stricttrypsin) in
Mascot version 2.4.1. with pre-stablished parameters (Fragment Tolerance: 0.60 Da
(Monoisotopic) Parent Tolerance: 10.0 PPM (Monoisotopic) Fixed Modifications: +57 on C
(Carbamidomethyl) Variable Modifications: -17 on n (GIn->pyro-Glu), +16 on M (Oxidation),
+32 on M (Dioxidation), +42 on n (Acetyl)). To visualize MS-spec data we used Scaffold
Proteome Software version 4.4.6 with a 95% peptide threshold and 99% protein threshold and
2 peptides minimum. False discovery rates (FDR) of 0.7% were calculated for both peptide and

protein levels.

7.2.29.3- Purification of SUMO conjugated proteins and further screening

7.2.29.3.1- Histidine coupled to HA Agarose purification for His-HA-tagged SUMO conjugates
To optimize the purification of SUMO conjugated proteins, we first developed a cell line which
expressed a polyhistidine (8x) tag plus a HA epitope tagged version of SUMO by replacement
of the endogenous gene by two consecutive homologous recombination rounds. Generated
cell lines were able to produce tagged SUMO conjugates as the parental cell line. SUMO
conjugates were purified from parasites resuspended in 6M urea by nickel affinity
chromatography using denaturing conditions to discard the action of SUMO peptidases as well
as avoiding noncovalent protein binding of SUMO interaction proteins. Urea concentration was
reduced during the elution process of the conjugates and they were subjected to a second
affinity purification step using anti-HA agarose beads. Although SUMO conjugates were
recovered efficiently, the result showed a notable overlapping between the control and the
experimental sample, rising to sample contamination due to an experimental inaccuracy.
Nevertheless, the generation of this cell line demonstrated that SUMO functionality is not
being affected by the addition of consecutive tags and, for the other side, this method

provided a preliminary candidate list described in results.

7.2.29.3.2- Purification of TbOSUMOT106K cell line conjugates
To elucidate the experimental constraints of the previous method using the HisHATbSUMO

Strain, a new approach was applied in order to optimize the efficiency and detection of SUMO
conjugates (Tammsalu et al.,, 2015), that allows a increment of Lysine residues in target
proteins rising to an enrichment of SUMOylated peptides by an anti-diGlycine antibody (K-g-
GG). From the previously generated cell line HisHATbSUMO, the Threonine residue at 106 of
the SUMO group was mutated into a Lysine, previous to the diGlycine motif, rising to the

generation of the HisHATbSUMOT106K cell line, with the same conjugation ability that the
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parental cell line. Parasites were lysed in denaturing buffer and SUMOylated proteins were
purified by nickel affinity chromatography. Furthermore, samples were digested with Lys-C to
expose a remnant diGlycine residue in the target protein containing the modified SUMO

version. Peptides containing the diGly-Lys domain were captured by specific antibodies.
Detailed protocol is described as follows:

Isolated bloodstream parasites (5x10°) from Wistar IGS rats (Charles River) were collected by
centrifugation, washed with TDB supplemented with 20 mM NEM, immediately resuspended
in lysis buffer for a final concentration of ~4x10° parasites/ml and sonicated until loss of
viscosity. Lysates were centrifuged for 30 min at 46.000 x g and filtered by 0.2 um. Adjusted
protein concentration for the cleared supernatant was adjusted up to 50 mg per ml Ni**-NTA
resin (GE Healthcare), preequilibrated with lysis buffer, and incubated overnight at 42C with
gentle stirring. Then, the resin was washed with 5 column volumes (CV) of Lysis buffer,
followed by 10 CV of buffer 1, 10 CV of buffer 2 and 10 CV of buffer 1. Proteins were eluted
three times with 2 CV of elution buffer and concentrated by acetone precipitation (80% v/v).
Eluted fractions were analyzed by WB to validate the purification efficiency. Enrichment of His-
HA-TbSUMOT106K conjugates by immunoaffinity purification with the K-e-GG-specific
antibody after Lys-C or Lys-C/Glu-C digestion was performed according to the published

protocol (Tammsalu et al., 2015).

7.2.30- Protein identification (MS/MS) for TbSUMOT106K conjugates
Processed peptides were desalted using equilibrated C18-bonded silica StageTips (Pierce) and

vacuum-dried before reconstituting with 0.1% (v/v) of trifluoroacetic acid (TFA). Then, the
protein mixtures were separated using a linear acetonitrile gradient (5-90%) in an EASY-nLC
1000 Liquid chromatography system coupled to Q Exactive mass spectrometer via EASY-Spray
ion source, including EASY-Spray analytical column (50 cm x 75 pm @) and Acclaim PepMap
100 precolumn (2 cm x 75 pm @) bypasses. For protein identification, the mass spectra were
deconvoluted using MaxQuant version 1.3.0.5 searching the TriTrypDB_8.0_Tbruceilister427
annotate protein database. Search engine was performed in Andromeda version 1.5.6.0 with
pre-stablished parameters (Fixed Modifications: Carbamidomethyl (C), Variable Modifications:
Oxidation (M), Acetylation (protein N-term), Gly-gly (K, not C-term), Phosphorylation [18],
Enzyme: Lys-C/P (3 max. missed cleavages), Lys-C/P and Glu-C (5 max. missed cleavages),
Special amino acids: K, MS/MS Tolerance: 20 p.p.m, Main search: 6, First search: 20 p.p.m.,
Top MS/MS peaks per 100 Da: 10). MS-spec data was visualized with a false discovery rate
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(FDR) of 0.01% for peptide and protein thresholds with 7 residues as a minimum peptide

length.

7.2.31- Bioinformatic analysis (TbSUMO™ conjugates)
Analysis of consensus SUMO sequences were performed using pLogo web server and

conserved residues were scaled relative to Bonferroni-corrected statistical significance values,
using TriTrypDB-9.0_Tbrucei927 input data set as background. Venn diagram representation
was carried out using the web tool bioinformatics.psb.ugent.be/webtools/Venn with the BF

and PF protein lists as an input data.

7.2.32- Co-immunoprecipitation assays (Co-IP)

7.2.32.1- Starting up conditions for Immunoprecipitation of SNF2PH using denaturing
conditions
Bloodstream form cultured cells (3x10°) were resuspended in 1.2 ml Lysis buffer per 2.5x10°

cells/ml, followed by a sonication cycle till loose the viscosity (Supernatant 1), and centrifuged
at 13500 rpm during 10 min. The extract was diluted 1:6 for a final concentration of urea at 1
M in a volume of 7.2 ml, including protease inhibitors and 20 mM NEM (Supernatant 2). Next,
the extract was split into 1.5 ml tubes and added the corresponding detergents to optimize the
condition for the IP. The assayed conditions in 1M urea were: 1) 0.1 % NP40, 2) 1 % NP40 +
0.5% Triton X-100, 3) 1 % NP40 + 0.1% SDS, 4) 1 % NP40 + 0.5% Lauryl-Sarcosine, 5) 0.1 % NP40
without urea, 6) No antibody control. For each IP, 60 ug of polyclonal antibody anti-SNF2PH (2
ul at 30 pg/pl) was incubated over night at 42C on rotation. Then, the protein extract was
incubated with 40 ul of Protein G Sepharose, equilibrated previously with 1 ml of the buffer of
choice, during 1h at 42C in order to capture the IgGs, followed by 6 washing steps in the same
conditions than the incubation buffer. Finally, elution was performed by addition of sample
buffer 6x and denaturing at 992C during 5 min to further be analyzed by WB using the

polyclonal antibody against SNF2PH.

7.2.32.2- Inmunoprecipitation assay to determine SNF2PH SUMOylation
Once established the optimal constraint for the polyclonal antibody against SNF2PH in

denaturing conditions, the assay was scaled to a larger volume. For each IP, cells were lysed in
1.6 ml lysis buffer per 4x10° cells. Then, the resulting nuclear extracts were carefully diluted
1:6 with dilution buffer, for a final concentration of 1 M urea in a final volume of 8.4 ml. Next,
the nuclear extract was split into proportional volumes (2x10° cells) and incubated with 60 pg
of anti-SNF2PH (6 ul at 30 pg/pl) and the same concentration of an unspecific antibody

(negative antibody), over night at 42C. Finally, 50 pl of packed protein G Sepharose was used to
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capture the 1gGs and subjected to consecutive washing steps and eluted, to later be analyzed

by WB.

7.2.33- Differentiation to procyclic form
Differentiation from slender to insect procyclic form was induced by 3 mM cis-Aconitate

(Sigma Aldrich) , with a temperature shift from 372C to 282C and switching the medium to
Differentiating Trypanosome Medium (DTM) as previously described (Barquilla et al., 2012).
The Assessment of the differentiation process was monitored by a double IF to detect the

expression of the surface glycoproteins using anti-procyclin and anti-VSG221 antibodies.

7.2.34- AMP Analog treatment and obtaining in vivo stumpy forms
Parasites in culture at a low density (2x 10° cells /ml) were incubated with 8-pCT-2’-0-Me-5’-

AMP (1uM) (c078; Biolog Life Science Institute) during 18hr as previously described (Saldivia et
al., 2016). To avoid the AMPK activation caused by cell density, the control and treated cells
were analyzed at the same cell density. Slender and stumpy forms of pleomorphic AnTat 90.13
were purified from Balb/c mice at 5 days post infection. Blood was collected in heparin
containing tubes and centrifuged at 1000 g during 6 min at room temperature. Then cells were
washed twice with separation buffer (SB) supplemented with 10 mM glucose. The buffy coat
was resuspended in SB-glucose and passed through a diethylaminoethylcelullose DE52
(Whatman) anion exchange chromatographic column, and trypanosomes were collected in the

flow-through fraction. Cells were maintained at 379C during the process.
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Appendix I: Supplemental tables

Table S1. SUMO-target proteins identified in independent proteomic analyses by tandem affinity purification
(histidine/HA). Data from three independent proteomic purifications are represented in separate tables (a, b, c)
after background subtraction (control) for a protein and peptide threshold of 95% and 0.5% FDR, respectively.
Exclusive number of peptides for the identified substrate is shown.

Table S1. (A) SUMO-target proteins identified by LC-MS/MS in replicate 1.

Accession Number MW Identified Proteins (48/280) HA Control
Tb927.10.740 155 kDa structural maintenance of chromosome 4, putative (SMC4) 18 0
Tb927.5.3210 12 kDa small ubiquitin-related modifier, putative (TbSUMO) 8 0
Tb927.9.5190 32 kDa proliferative cell nuclear antigen (PCNA), putative 8 0
Tb927.9.13320 55 kDa hypothetical protein, conserved 7 0
Tb927.7.5310 73 kDa hypothetical protein, conserved 4 0
Tb927.6.1070 102 kDa hypothetical protein, conserved 4 0
Tb927.3.4140 62 kDa hypothetical protein, conserved 3 0
Tb927.7.5090 102 kDa hypothetical protein, conserved 3 0
Tb927.8.4990 70 kDa 69 kDa paraflagellar rod protein,PFR2 (PFR-B) 3 0
Tb927.11.9920 77 kDa polyubiquitin, putative 2 0
Th927.5.4220 11 kDa histone H4, putative 2 0
Tb927.3.5370 34 kDa hypothetical protein, conserved 2 0
Tb927.7.3950 107 kDa RNA-editing 3' terminal uridylyl transferase 1,KRET1 (KRET1) 2 0
Tb927.4.1300 42 kDa hypothetical protein, conserved 2 0
Tb927.11.3120 75 kDa nucleolar GTP-binding protein 1 (NOG1) 2 0
Tb927.9.2490 67 kDa nucleolar protein (NOP66) 2 0
Tb927.6.1250 57 kDa hypothetical protein, conserved 2 0
Tb927.11.3300 108 kDa hypothetical protein, conserved 2 0
Tb927.5.1900 77 kDa hypothetical protein, conserved 2 0
Tb927.7.3820 72 kDa hypothetical protein, conserved 1 0
Tb927.7.660 53 kDa hypothetical protein, conserved 1 0
Tb927.8.5850 467 kDa hypothetical protein, conserved 1 0
Tb927.5.2950 88 kDa hypothetical protein, conserved 1 0
Tb927.10.16440 29 kDa variant surface glycoprotein, fragment 1 0
Tb927.1.2470 15 kDa histone H3, putative 1 0
Tb927.3.5030 80 kDa KU70 protein (KU70) 1 0
Tb927.4.2080 105 kDa C2 domain containing protein (CC2D) 1 0
Tb927.11.11840 14 kDa hypothetical protein, conserved 1 0
Tb927.8.3680 70 kDa hypothetical protein, conserved 1 0
Tb927.9.10680 17 kDa hypothetical protein, conserved 1 0
Tb927.7.5530 42 kDa hypothetical protein, conserved 1 0
Tb927.8.850 85 kDa hypothetical protein, conserved 1 0
Tb927.3.1820 25 kDa mitochondrial RNA binding complex 1 subunit (MRB1820) 1 0
Tb927.10.15660 86 kDa hypothetical protein, conserved 1 0

protein kinase C substrate protein, heavy chain, putative, glucosidase Il beta

Tb927.7.940 54 kDa subunit 1 0
Tb927.9.4450 78 kDa hypothetical protein 1 0
Tb09.v4.0186 49 kDa variant surface glycoprotein (VSG, pseudogene), putative 1 0
Tb927.7.4940-

DECOY ? Tb927.7.4940-DECOY oligopeptidase... 1 0
Th927.4.2560 74 kDa cardiolipin synthetase, putative 1 0
Tb927.10.1270 127 kDa mismatch repair protein, putative 1 0
Tb927.10.9360 57 kDa hypothetical protein, conserved 1 0
Tb927.11.4510 197 kDa hypothetical protein, conserved 1 0
Tb927.8.1770 59 kDa hypothetical protein, conserved 1 0
Tb927.8.5110 127 kDa hypothetical protein, conserved 1 0
Tb927.9.13060 58 kDa hypothetical protein, conserved 1 0
Tb927.10.4080 127 kDa hypothetical protein, conserved 1 0
Tb927.7.4650 121 kDa SNF2 DNA repair protein, putative 1 0
Tb927.5.1290 52 kDa hypothetical protein, conserved 1 0
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Table S1 . (B) SUMO- target proteins identified by LC -MS/MS in replicate 2.

Accession Number MwW Identified Proteins (80/797) HA  Control
Tb927.8.7590 140 kDa receptor-type adenylate cyclase GRESAG 4 2 0
Tb927.2.2380 97 kDa glycosyltransferase (GIcNAc), putative 1 0
Tb927.10.11780 131 kDa hypothetical protein, conserved 1 0
Tb11.v5.0784 139 kDa receptor-type adenylate cyclase GRESAG 4, putative 1 0
Tb927.9.15980 43 kDa nucleoside transporter 1, putative 2 0
Tb927.1.480 161 kDa leucine-rich repeat protein (LRRP) 1 0
Tb927.5.1450 134 kDa ATP pyrophosphate-lyase, putative; adenylyl cyclase 1 0
Tb927.7.3860 27 kDa PQ loop repeat, putative 1 0
Tb927.4.470 22 kDa snoRNP protein garl 1 0
Tb927.11.2510 146 kDa NUC173 domain containing protein 1 0
Tb927.11.5020 187 kDa hypothetical protein 1 0
gi|261327151 25 kDa hypothetical protein 1 0
Tb927.6.3520 74 kDa Uncharacterised ACR, YagE family COG1723 1 0
Tb927.7.1010 20 kDa hypothetical protein, conserved 1 0
Th927.11.4380 72 kDa ATP-dependent DEAD/H RNA helicase, putative 1 0
Tb927.6.4430 36 kDa homoserine kinase 1 0
Tb427tmp.01.2430 486 kDa hypothetical protein, conserved 1 0
Tb927.5.2520 104 kDa TPR repeat, putative 1 0
Tb927.9.10670 67 kDa bardet-biedl syndrome 1 protein 1 0
Tb927.10.10770 67 kDa Generative cell specific 1 protein, putative 1 0
Tb927.11.3130 71 kDa glycosomal transporter (GAT2) 1 0
Tb927.7.530 171 kDa FYVE zinc finger, putative 1 0
Tb927.3.2140 105 kDa transcription activator, putative 1 0
Tb927.11.9890 63 kDa signal recognition particle receptor alpha subunit, putative 1 0
TM35_000231200 10 kDa hypothetical protein 1 0
Tb927.1.4520 83 kDa Zinc finger, C3HC4 type (RING finger), putative 1 0
Tb927.3.2790 125 kDa leucine-rich repeat protein (LRRP) 1 0
Tb927.5.520 56 kDa stomatin-like protein, putative 1 0
Tb927.9.210 53 kDa variant surface glycoprotein (VSG, pseudogene), putative 1 0
Tb927.10.13490 31 kDa CAMK/CAMKL family protein kinase, putative 1 0
Tb927.5.3830 34 kDa dihydroorotate dehydrogenase 1 0
Tb927.11.14780 46 kDa phosphomannose isomerase 1 0
Tb927.2.2400 85 kDa glycosyltransferase (GIcNAc) 1 0
Tb927.10.11020 105 kDa DNA mismatch repair protein MSH2 1 0
Tb927.2.2650 368 kDa hypothetical protein, conserved 1 0
Tb927.8.4350 114 kDa hypothetical protein, conserved 1 0
Tb927.11.10190 133 kDa telomerase reverse transcriptase, putative 1 0
Tb927.11.16340 125 kDa Importin-beta N-terminal domain/HEAT-like repeat 1 0
Tb10.v4.0134 54 kDa variant surface glycoprotein (VSG), putative 1 0
Tb927.2.3280 48 kDa 65 kDa invariant surface glycoprotein 1 0
Tb927.10.13900 39 kDa UDP-galactose transporter, putative 1 0
Tb927.11.3550 32 kDa XPA-interacting protein, putative 1 0
Tb927.10.9890 97 kDa hypothetical protein, conserved 1 0
Tb927.10.1610 16 kDa hypothetical protein, conserved 1 0
Tb927.6.430 138 kDa receptor-type adenylate cyclase GRESAG 4, putative 1 0
Tb927.11.5740 109 kDa formin, putative; formin-like protein 1 0
Tb927.10.13090 66 kDa PhoD-like phosphatase, putative 1 0
Tb927.7.4130 256 kDa hypothetical protein, conserved 1 0
Tb927.11.5070 93 kDa GPI ethanolamine phosphate transferase 3, putative 1 0
Tb927.10.2880 304 kDa Voltage-dependent calcium channel subunit, putative 1 0
Tb927.8.3940 63 kDa hypothetical protein, conserved 1 0
Tb927.2.2920 49 kDa UAA transporter family, putative 1 0
Tb927.1.4540 58 kDa hypothetical protein, conserved 1 0
Tb927.3.1350 87 kDa hypothetical protein, conserved 1 0
Tb927.3.1860 83 kDa ATP-grasp domain containing protein 1 0
Tb927.6.1580 53 kDa polynucleotide kinase 3'-phosphatase, putative 1 0
Tb927.6.4100 94 kDa hypothetical protein, conserved 1 0
Tb927.7.1470 12 kDa Mitochondrial ATP synthase subunit c-3 1 0
Tb927.7.2390 103 kDa Tripartite attachment complex protein 102 1 0
Tb927.11.18060 28 kDa variant surface glycoprotein (VSG), (fragment)] 1 0
Tb927.8.3840 80 kDa hypothetical protein, conserved 1 0
Tb927.9.3860 80 kDa Dyggve-Melchior-Clausen syndrome protein 1 0
Tb927.9.4850 53 kDa leucine-rich repeat protein (LRRP), putative 1 0
Tb927.10.7580 111 kDa hypothetical protein, conserved 1 0
Tb927.11.5020 187 kDa hypothetical protein, conserved 1 0
Tb927.11.6580 77 kDa hypothetical protein, conserved 1 0
Tb927.11.6830 109 kDa Domain of unknown function (DUF2779) 1 0
Tb927.11.6920 173 kDa hypothetical protein, conserved 1 0
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Tb927.11.9750
Tb927.11.16210
Tb927.10.15080
Tb927.5.2930
Tb927.6.1910
Tb927.7.1510
Tb927.7.5440
Tb927.8.4400
Tb927.7.4400
Tb927.5.2750
Tb927.11.14250
Tb927.11.7540

73 kDa
81 kDa
180 kDa
43 kDa
57 kDa
69 kDa
217 kDa
76 kDa
83 kDa
48 kDa
59 kDa
34 kDa
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Protein of unknown function (DUF498/DUF598)
cAMP response protein 1, putative

WDA40 Repeat 1

Mitochondrial ATP synthase subunit
hypothetical protein

pseudouridylate synthase |

hypothetical protein

hypothetical protein

inositol polyphosphate kinase-like protein, putative
Alpha/beta hydrolase family, putative

t-complex protein 1 subunit epsilon
electron-transfer-flavoprotein alpha polypeptide

PR R RPRRPRRPRRRLRRRRRE

[=lelelelNeNeNe oo NoNe Neo
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Table S1. (C) SUMO-target proteins identified by LC- MS/MS in replicate 3.

Accession Number MW Identified Proteins (66/243) HA  Control
Tb927.8.5580 526 kDa hypothetical protein, conserved 3 0
Th927.4.4130 100 kDa hypothetical protein, conserved 3 0
Tb927.10.4170 292 kDa hypothetical protein, conserved 2 0
Tb927.10.8750 39 kDa GTPase activating protein, putative 2 0
Tb927.11.11900 98 kDa coatomer gamma subunit, putative 2 0
Tb927.3.4030 135 kDa hypothetical protein, conserved 2 0
Tb927.10.13900 39 kDa UDP-galactose transporter 2 0
Tb927.3.4020 256 kDa phosphatidylinositol 4-kinase alpha, putative 2 0
Tb927.4.840 46 kDa hypothetical protein, conserved 2 0
Tb927.2.3370 44 kDa UDP-Gal or UDP-GIcNAc-dependent glycosyltransferase, putative 2 0
Tb927.8.1130 158 kDa protein phosphatase with EF-Hand domains, putative 2 0
Th927.2.3320 48 kDa 65 kDa invariant surface glycoprotein 2 0
Tb927.2.4950 156 kDa hypothetical protein, conserved 2 0
Tb927.4.3870 135 kDa receptor-type adenylate cyclase GRESAG 4, putative 2 0
Tb927.3.2140 105 kDa  transcription activator 2 0
Tb927.10.12890 91 kDa bifunctional aminoacyl-tRNA synthetase, putative 2 0
Tb927.11.4380 248 kDa  ATP-dependent RNA helicase, putative 2 0
Tb09.v4.0017 (+1) 31 kDa rab1 (small gtp-binding protein rabl, putative) 2 0
Tb927.11.10670 134 kDa glycosyl hydrolase, putative 2 0
Tb927.11.5060 120 kDa hypothetical protein, conserved 2 0
Tb927.8.2450 34 kDa hypothetical protein, conserved 2 0
Tb927.11.15470 71 kDa methionyl-tRNA formyltransferase 2 0
Tb927.5.2420 103 kDa hypothetical protein, conserved 2 0
Tb927.8.3190 33 kDa hypothetical protein, conserved 2 0
Tb927.8.4500 85 kDa eukaryotic translation initation factor 4 gamma, putative 2 0
Tb09.v4.0016 54 kDa expression site- associated gene (ESAG) protein, putative 2 0
Tb927.3.4960 182 kDa kinesin, putative 2 0
Tb927.10.6050 191 kDa clathrin heavy chain (CHC) 2 0
Tb927.10.7350 198 kDa hypothetical protein, conserved 2 0
Tb927.9.8040 98 kDa hypothetical protein, conserved 2 0
Tb927.11.18230 50 kDa variant surface glycoprotein (VSG), putative 2 0
Tb927.8.6970 74 kDa 3-methylcrotonyl-CoA carboxylase alpha subunit, putative 1 0
Tb927.6.3150 501 kDa  Hydin 1 0
Tb927.10.13280 286 kDa hypothetical protein, conserved 1 0
Tb927.11.1160 123 kDa hypothetical protein, conserved 1 0
Tb927.7.1570 156 kDa hypothetical protein, conserved 1 0
Tb927.11.9890 64 kDa signal recognition particle receptor alpha subunit, putative 1 0
Tb927.8.3940 61 kDa hypothetical protein, conserved 1 0
Tb927.10.9490 45 kDa expression site-associated gene 3 (ESAG3)-like protein 1 0
Tb927.5.1560 84 kDa ATP-dependent DEAD/H RNA helicase, putative 1 0
Tb927.10.1890 178 kDa calpain, putative, cysteine peptidase, Clan CA, family C2, putative 1 0
Tb927.2.2400 85 kDa hypothetical protein, conserved 1 0
Tb927.4.5530 51 kDa variant surface glycoprotein (VSG), putative 1 0
Tb927.11.7290 162 kDa pantothenate kinase subunit, putative 1 0
Tb927.10.6300 50 kDa hypothetical protein, conserved 1 0
Tb927.7.1780 26 kDa Adenine phosphoribosyltransferase, putative 1 0
Tb927.9.16250 53 kDa variant surface glycoprotein (VSG, atypical), putative 1 0
Tb927.5.2660 98 kDa hypothetical protein, conserved 1 0
Tb927.3.3150 87 kDa hypothetical protein, conserved 1 0
Tb927.4.1060 124 kDa hypothetical protein, conserved 1 0
Tb927.6.4430 36 kDa homoserine kinase, putative (HK) 1 0
Tb927.9.10530 119 kDa hypothetical protein, conserved 1 0
Tb927.11.840 87 kDa hypothetical protein, conserved 1 0
Tb927.8.8140 68 kDa small GTP-binding rab protein, putative 1 0
Tb927.7.3330 503 kDa hypothetical protein, conserved 1 0
Tb927.7.3770 61 kDa hypothetical protein, conserved 1 0
Tb927.9.11410 15 kDa unspecified product 1 0
Tb927.10.3970 55 kDa hypothetical protein, conserved 1 0
Tb927.11.12630 57 kDa hypothetical protein, conserved 1 0
Tb927.10.11420 81 kDa hypothetical protein, conserved 1 0
Tb927.8.2890 46 kDa hypothetical protein, conserved 1 0
Tb927.5.1320 111 kDa hypothetical protein, conserved 1 0
Tb927.5.2920 52 kDa hypothetical protein, conserved 1 0
Tb10.v4.0042 25 kDa hypothetical protein, conserved 1 0
Tb927.10.1610 16 kDa hypothetical protein, conserved 1 0
Tb927.3.2210 69 kDa hypothetical protein, conserved 1 0
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Table S2. Proteins associated with SNF2PH. Partners were selected by a high number of peptides identified by LC-
MS/MS. Contaminant proteins from negative control sample were subtracted from the list.

Accession Number Description Number of peptides
Tb927.3.2140 Transcription activator, putative 68
Tb927.1.1380 Serine/threonine protein phosphatase 2A regulatory subunit, putative 14
Tb927.3.1300 Hypothetical protein, conserved (posttranscriptional regulation of gene expression) 12
Tb927.7.6810 EF-hand domain pair, putative 9
Th927.3.5620 Facilitates chromatin transcription complex (FACT) subunit spt16 8
Tb927.07.2680 Zinc finger protein family member, putative (ZC3H22) 7
Tb927.10.4070 Hypothetical protein, conserved 6
Tb927.2.5240 pre-mRNA splicing factor 19 (TbPRP19) 4
Tb927.10.4440 Predicted SAP domain protein 4
Tb927.11.4910 Predicted ankyrin repeat family protein 4
Tb927.11.12790 Ribonucleoside-diphosphate reductase small chain (RNR2) 4
Tbh927.11.5650 Replication factor C, subunit 1, putative, replication factor C 4
Tb927.3.2440 AGC essential kinase 1 (AEK1) 4
Tb927.8.1990 Peroxidoxin 4
Tb927.7.4810 HD domain containing protein, putative 3
Tb927.3.1240 Protein phosphatase 2A, putative 3
Tb927.9.9230 Hypothetical protein with HD Motif 3
Tb927.3.1900 Hypothetical protein, conserved (Midasin AAA ATPase) 2
Tb927.10.540 ATP-dependent RNA helicase SUB2, putative 2
Tb927.11.13090 Elongation factor 1 gamma, putative 2
Tb927.11.4900 WD40/YVTN repeat-like-containing protein 2
Tb927.9.5190 Proliferative cell nuclear antigen (PCNA), putative 2
Tb927.10.15180 Nucleosome assembly protein 2
Tb927.11.630 RNA polymerase | second largest subunit (RPA135) 2
Tb927.4.5020 RNA polymerase IIA largest subunit (RPB1) 2
Tb927.11.8310 Class | transcription factor A, subunit 4 (CITFA-4) 2
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Table S3. Genes expressed after SNF2PH depletion. Representative values are expressed as a log fold change
(logFC) and log for count per million (logCPM).

Table S3. (A) Displayed genes were identified from two biological replicates with a FDR<0.05.

Gene Length logFC logCPM FDR Description
Tb427.03.2140 2847 -1.73  6.18 1.54E-45 Transcription activator
Tb427.07.2820 405 0.55 7.78 3.64E-05 histone 2A, putative
Tb427.06.510 345 1.08 4.77 1.38E-03 GPEET2 procyclin precursor

Th427_09_v4.snoRNA.0026 96 1.52 1.77 4.20E-03 C/D snoRNA

Tb427.01.4710 537 1.16 4.24 8.90E-03 Hypothetical protein, conserved

Tb427.BES40.15 2031 0.42 8.50 8.90E-03 Expression site-associated gene 8 (ESAG8) protein, putative
Tb427.10.10910 2115 -0.32 11.87 1.17E-02 Unspecified product

Th427.10.10240 1218 1.28 1.66 1.40E-02 Procyclin-associated gene 1 (PAG1) protein
Tb427.10.10260 426 0.95 4.52 1.94E-02 EP1 procyclin

Tb427.BES40.18 1413  0.37 9.94 1.94E-02 Expression site-associated gene 2 (ESAG2) protein, putative
Tb427.BES40.14 1893 0.39 8.73 1.94E-02 Expression site-associated gene 8 (ESAG8) protein, putative
Tb427.10.10230 1113 1.22 1.73 2.35E-02 Procyclin-associated gene 5 (PAG5) protein

Tb427.10.7160 621 1.20 0.06 2.46E-02 Procyclin-associated gene 1 (PAG1) protein
Th427.10.10210 1122 117 130  2.67E-02 Procyclin-associated gene 4 (PAG4) protein
Tb427.10.10250 390 1.02 4.10 2.91E-02 EP2 procyclin

Th427.10.10960 2115 -0.28 12.19 2.97E-02 Unspecified product

Tb427.10.10970 2115 -0.27 12.56 3.42E-02 heat shock protein, putative
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Table S3. (B) Displayed genes were identified from two biological replicates with a FDR<0.03.

Gene ID Length LogFC LogCPM FDR Gene Description
Tb427.03.2580 789 1,17 0,82 5,58E-02  Hypothetical protein
Tb427.10.480 1302 -1,10 0,45 5,76E-02  Hypothetical protein
Tb427.08.6650 2001 -1,09 -0,02  6,79E-02  RNA-binding protein, putative

Th427.10.10890 21,15 -0,35 8,12  7,73E-02  Heat shock protein
Tb427.10.3400 1362 -1,06 0,18 8,37E-02  Hypothetical protein
Th427.10.10940 2115  -0,34 8,23  8,38E-02 Heat shock protein
Tb427.10.10980 2115 -0,27 11,51  8,82E-02 Heat shock protein
Tb427.BES65.13 1530 1,04 -0,13 1,15E-01  Variant surface glycoprotein
Tbh427.10.7090 990  -0,39 6,45 1,15E-01  Alternative oxidase
Th427.10.10930 2115 -0,30 10,40 1,19E-01 Heat shock protein
Tb427.BES153.14 1530 1,02 -0,11  1,19E-01 Variant surface glycoprotein
Tb427.10.10920 2115 -0,30 10,17  1,36E-01  Unspecified product
Th427.08.8330 2667 -0,34 7,30  1,36E-01 Calpain

Tb427.07.5930 1791 0,33 7,25 1,73E-01  Protein Associated with Differentiation (PAD1)

Tb427.10.10950 2115  -0,29 10,00  1,73E-01  Unspecified product

Th427.03.1500 1101 0,47 5,65  2,05E-01 Variant surface glycoprotein (VSG)-related, putative
Tb427.07.5940 1818 0,32 7,28  2,10E-01  Protein Associated with Differentiation (PAD2)
Th427.07.180 1314 0,33 7,09  2,10E-01 Trypanosomal VSG domain containing protein, putative

Tb427.10.10900 2115 -0,31 8,69 2,10E-01  Unspecified product
Tb427tmp.01.3810 480 0,95 0,12 2,15E-01  Hypothetical protein
Tb427.10.8490 1590 -0,31 7,90  2,81E-01 Glucose transporter

Tbh427.10.11220 1365 0,45 5,60  2,98E-01 Procyclic form surface glycoprotein
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Table S4. Quantitative enrichment profile of SNF2PH by ChiP-seq. Representative peaks identified considering O-
missmatch error and FDR<0.05 from significant background genes (not shown).

Chr FE GeneName Description Chromosome
Tb427_01_v4 45.849 Tbh427.01.3760 unspecified product Chr. |
Tb427_02_v4 7.48829 Tbh427.02.1380 leucine-rich repeat protein Chr. Il
Tb427_03_v4 25.5176  Th427.03.3410 aspartyl aminopeptidase Chr. lll
Th427_03_v4 25.2224 Th427.03.3447 rRNA small subunit
Th427_03_v4 3.62822 Tbh427.03.2140 SNF2PH
Th427_03_v4 6.54444  Th427.03.4393 tRNAs
Tb427_04_v4 23.0135 Th427.04.3510 DNA-directed RNApol sub Chr. IV
Tb427_04_v4 33.9863 Th427.04.3193 tRNA
Tb427_04_v4 1.87372 Tb427.04.3740 flagellar attachment zone protein
Th427_05_v4 3.07073 Th427.05.2765 tRNAs Chr.V
Tb427_06_v4 73.4494  Tb427.06.510 GPEET2 procyclin precursor Chr. VI
Th427_07_v4 23.8057 Th427.07.6881 18S ribosomal RNA Chr. VIl
Th427_07_v4 17.6557 Tb427.07.6821 tRNAs
Th427_08_v4 44.4233  Tb427.08.2856 tRNAs Chr.Vvill
Th427_08_v4 2.22606 Th427.08.7740 amino acid transporter
Th427_09_v4 48.7038 Th427tmp.211.0620 actin A Chr. IX
Th427_09_v4 33.8135 Th427_09_SLRNA_0028  SLRNA
Th427_10_v5 95.4136 Th427.10.13320 DNA-directed RNA pol Il sub Chr. X
Tb427_10_v5 6.96547 Tb427.10.10260 EP1 procyclin
Tb427_10_v5 4.23325 Tb427.10.15350 H3V
Th427_10_v5 26.4951 Th427_10_tRNA_Asn_1  tRNAs
Th427_11 01 _v4 10.116  Tb427tmp.01.7990 myosin Chr. XI
Th427_11 01 _v4 18.134 Tb427_11 tRNA Ala_1  tRNAs
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Table S5. Telomeric BES expression by RNA-seq analysis of SNF2PH depleted cells in T. brucei bloodstream forms.
Expression analysis performed in paired group of individual clones showed variability in which VSG is expressed in a

given time.
Gene logFC Chr Description VSG
Tb427.03.2140 -1.047460197 Th427_03_va Transcription activator putative

Th427.BES64.2

Th427.BES40.22

Th427.BES29.9

Th427.BES126.15

Th427.BES134.6

Tbh427.BES56.13

Th427.BES98.12

0.946502267

-0.496052939

-0.519139056

-0.449408386

0.50671955

-0.430680755

-0.128764621

Tb427_telo64_v1
Tb427_telo40_v2
Tb427_telo29_v3
Th427_telo126_v2
Tb427_telo134_v1
Tb427_telo56_v2

Th427_telo98_v2

variant surface glycoprotein
(VSG)
variant surface glycoprotein
(VSG)
variant surface glycoprotein
(VSG)
variant surface glycoprotein
(VSG)
variant surface glycoprotein
(VSG)
variant surfave glycoprotein
(VSG)
variant surface glycoprotein
(VSG)

BES8/TAR64 VSG-14
BES1/TAR40 VSG221
BES12/TAR29 VSG1.8
BES15/TAR126 VSGbR-2
BES10/TAR134 VSG427-
15

BES13/TAR56 VSGJS1

BES5/TAR98 VSG800
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Table S6. RNA-seq analysis of SNF2PH ectopic expression in T. brucei procyclic forms.

Table S6. (A) Representative differentially expressed genes (FDR<0.05) upon ectopic expression of full-length

SNF2PH in procyclic forms.

Gene

Tb427.03.2140
13J3.02
H25N7.15
Tb427.BES40.3
Tb427.BES126.
1
Tb427.BES29.1
Tb427.BES5.2
Tb427.BES56.1
Tb427.BES59.1
Tb427.BES98.2
Tb427.BES15.1
Tb427.BES51.1
Tb427.BES28.4
Tb427.08.480
N19B2.165
Tb427.BES10.1
Tb427.BES10.2
Tb427.BES122.
2
Tb427.BES129.
4
Tb427.BES153.
3
Tb427.BES56.2
Tb427.BES122.
1
Tb427.BES40.5
Tbh427.BES129.
3
Tb427.BES126.
2
Tb427.02.3300
Tb427.02.3270

Th427.02.3280

logFC
3.00
1.75

2.75

1.61
1.58
2.47
1.71
1.75
2.54
1.75
1.77
2.12
1.17
3.27
2.48
2.60
2.85
3.04
2.64
2.59
2.45
5.24
2.42
2.82
2.29
1.98

1.97

FDR

2.03E-
11
1.50E-
08
1.54E-
08
1.54E-
08
1.54E-
08
1.54E-
08
1.65E-
08
1.65E-
08
1.71E-
08
1.95E-
08
1.95E-
08
2.59E-
08
2.81E-
08
2.81E-
08
5.86E-
08
8.91E-
08
1.32E-
07
1.64E-
07
1.77E-
07
1.80E-
07
1.93E-
07
1.99E-
07
2.51E-
07
4.39E-
07
5.88E-
07
2.52E-
06
3.04E-
06
3.04E-
06

Chr
Th427_03_va
TP13J3

TPH25N7

Tb427_telod
0_v2
Tb427_telol
26_v2
Tb427_telo2
9 v3
Tb427_telo3
_v2
Tb427_telo5
6_v2
Tb427_telo5
9 v2
Tb427_telo9
8 v2
Tb427_telol
5_v2
Tb427_telo5
1.v2
Th427_telo2
8 v2

Tb427_08_v4

TPN19B2

Tb427_telol
0_vl
Th427_telol
0_vl
Th427_telol
22 v2
Tb427_telol
29 v2
Th427_telol
53_v2
Tb427_telo5
6_v2
Tb427_telol
22_v2
Th427_telo4
0_v2
Tb427_telol
29_v2
Tb427_telol
26_v2

Tb427_02_v4
Tb427_02_va

Tb427_02_v4

Description

transcription activator putative

folate transporter putative
transferrin-binding protein putative
transferrin-binding protein putative
folate transporter putative

folate transporter putative
transferrin-binding protein putative
folate transporter putative

folate transporter putative
transferrin-binding protein putative
folate transporter putative

folate transporter putative
transferrin-binding protein putative
phosphatidic acid phosphatase protein putative
transferrin-binding protein putative
transferrin-binding protein putative
transferrin-binding protein putative
expression site-associated gene 6 (ESAG6) protein
putative

transferrin-binding protein putative
transferrin-binding protein putative
transferrin-binding protein putative
transferrin-binding protein putative
expression site-associated gene 3 (ESAG3
pseudogene) putative
transferrin-binding protein putative
transferrin-binding protein putative

65 kDa invariant surface glycoprotein

65 kDa invariant surface glycoprotein

65 kDa invariant surface glycoprotein

Associated
VSG

VSG 221
VSG bR2
VSG MiTat
1.8

VSG T3
VSG JS1
VSG MiTat
1.13

VSG 800
VSG 121
VSG Bn-2

VSG T3

VSG MiTat
1.19
VSG MiTat
1.19

VSG V02

VSG 224

VSG JS1

VSG 221

VSG V02

VSG bR2
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Table S6. (B) Differentially expressed genes (FDR<0.05) upon ectopic expression of SNF2PH truncated isoform in
procyclic forms.

Gene logFC FDR Chr Description

Tb427.03.2140 3.29 1.95E-41 Th427_03_v4 transcription activator putative
Th427.05.4260 3.57 9.16E-30 Th427_05_v4 histone H4 putative

Tb427.05.440 0.72 8.09E-21 Tb427_05_v4 trans-sialidase putative

13J3.08 0.54 4.89E-18 TP13J3 hypothetical protein

Tb427.03.590 -0.70 4.89E-18 Tb427_03_v4 adenosine transporter putative
Th427.07.190 0.54 5.44E-17 Tb427_07_v4 metallo- peptidase Clan MA(E) Family M3 putative
Th427.06.520 0.52 6.35E-16 Th427_06_v4 EP3-2 procyclin

Th427.05.4020 0.49 1.08E-15 Tb427_05_v4 hypothetical protein

Tb427.10.1500 0.46 1.08E-15 Tb427_10_v5 methionyl-tRNA synthetase putative
Tb427.07.6850 0.46 1.08E-15 Tb427_07_v4 trans-sialidase

Tb427.08.7640 0.58 1.24E-15 Tb427_08_v4 amino acid transporter 1 putative
Tb427.08.8300 0.43 1.01E-14 Tb427_08_v4 amino acid transporter putative
Tb427tmp.02.3770 0.41 1.23E-14 Tb427_11 01_v4 hypothetical protein conserved
Tb427.03.4500 -0.38 4.76E-14 Tb427_03_v4 fumarate hydratase class |
Tb427tmp.02.0100 0.40 6.88E-14 Tbh427_11 01 _v4 carboxypeptidase putative
Tb427.08.7610 0.54 2.98E-13 Tbh427_08_v4 amino acid transporter 1 putative
Th427.01.2230 0.33 5.52E-12 Th427_01_v4 unspecified product

Tb427.07.4570 -0.33 1.37E-11 Tb427_07_v4 inosine-guanine nucleoside hydrolase
Tb427tmp.02.3440 -0.41 1.70E-11 Tbh427_11_01_v4 hypothetical protein conserved
Tb427.BES10.0 0.39 2.40E-11 Tb427_telo10_v1 beta lactamase

Tb427tmp.211.1800 -0.33 3.46E-11 Tb427_09_v4 hypothetical protein conserved
Th427.05.470 -0.38 5.92E-11 Tb427_05_v4 monocarboxylate transporter-like protein
Tb427.10.10250 0.35 9.28E-11 Tbh427_10_v5 EP2 procyclin

Tb427.07.7090 0.34 1.93E-10 Tb427_07_v4 hypothetical protein conserved
Tb427tmp.01.5310 -0.29 1.93E-10 Th427_11 01_v4 receptor-type adenylate cyclase GRESAG 4 putative
Tb427.10.9080 -0.34 3.17E-10 Tb427_10_v5 pteridine transporter putative
Tb427.07.5970 -0.33 3.91E-10 Tb427_07_v4 hypothetical protein conserved
Th427.08.1610 0.29 5.88E-10 Th427_08_v4 MSP-B putative
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Appendix II: Supplemental figures

anti-TbSNF2PH DAPI

Bloodstream F

Procyclic F

Figure S1. Study by IF of SNF2PH in BSF and PF. Panels show DAPI stain and FITC channel using the anti-SNF2PH
mAb and an anti-Mouse IgG Alexa Fluor 488 secondary Ab. Scale bars, 15 um. SNF2PH is differentially
expressed in both developmental stages (p<0.001).
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Figure S2. In situ detection of SUMOylated SNF2PH using a Proximity Ligation Assay (PLA). (A) SNF2PH
SUMOylation was detected by in situ PLA (red dot) in bloodstream form cells using rabbit anti-SNF2PH antiserum
and mouse anti-TbSUMO mAb. SNF2PH appears to be SUMOylated in both nucleolus and nuclear periphery (1 or 2
Dots). Dot in cytoplasm indicates an artefactual reaction. (B) Histogram showing the percentage of positive
amplification signal detected in each compartment. Positive cells = 22.2+5.5% (n=2).
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TbRPB1 ChIP
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Figure S3. ChIP analysis in SNF2PH depleted cells. Partial reduction of SNF2PH (48h) and parental cell line
(DRALI) shows that TbRPB1 is not reduced at both Spliced leader promoter (SL Pro) and coding region (SL
Coding). U2 used as a Pol Ill negative locus. Depletion of SNF2PH does not affect to RNA Pol Il recruitment at
Pol ll-related loci. Data from at least three independent assays. Standard errors are represented as a
percentage of input-background after background subtraction of the pre-bleed antiserum.
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Figure S4. Analisys of ESPM-4 fragments form telomeric sequences occupy by SNF2PH. Histogram shows the
number of cloned ESPM-4 fragments form telomeric sequences after SNF2PH immunoprecipitation, previously
enriched with TbSUMO immunoprecipitated sequences. No antibody control was used to distinguish unspecific
cloned sequences. (n=50 per assayed condition).
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Figure S5. SNF2PH depletion features and expression profile. (A) Time curse knock down of SNF2PH in
Bloodstream form. Rabbit anti-SNF2PH antiserum was used to monetarize protein depletion by western blot
analysis. (B) SNF2PH depletion reduced growth of bloodstream form cells. Using inducible RNAi, two
independent clones showed an abrupt growth arrest upon 72h of doxycycline induction. Black line: Parental cell
line (Parental). Discontinuous red line: Uninduced SNF2PH RNAI (dox-). Continuous green line: Induced SNF2PH
RNAi (dox+). (Student T-test *p<0.01). (C) Reduction of the active VSG221 expression is reported after 48h of
RNAi induction in all clones analyzed, whereas inactive VSG expression is clone dependent. Triplicate
fluorescent measures are represented as the average +SEM from three independent SNF2PH RNAI clones for
both Renilla (active VSG-ES promoter, upper panel) and Luciferase (inactive VSG-ES promoter, lower panel)
reporters in a DRALI cell line. (D) SNF2PH KD reflects clone variability in inactive VSG transcription. Relative
transcripts levels for FLuc reporter gene upstream an inactive VSG-ES assessed by RT-gPCR upon 48h of
doxycycline induction. Data from three independent clones with standard error of the mean were normalized
with U2 mRNA, transcribed by pol lll. (Student’s T-test: *p<0.05, **p<0.01, ***p<0.001). (E) Scatter plot
showing telomeric BES expression by RNA-seq analysis of SNF2PH depleted cells. Inactive VSG-ESs upregulation
occurs only in a subset of the inactive telomers, while other inactive BESs appear to be unaffected. Thus, BES
deregulation seems to be variable within each of the clones analysed, consistent with different reporter
activities detected by the VSG-ES promoters (Fig S5C). SNF2PH is included as KD control. Data from two
independent clones are presented compared with two RNAs isolated from the parental cell line.
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Figure S6. SNF2PH is required for maintenance of bloodstream form stage-specific expression profile. (A)
Proportion of cells expressing VSG221 and Procyclin at several time-points during differentiation.
Differentiation is accelerated when SNF2PH is depleted. Error bars represent means + SD of two representative
biological replicates. (B) Representative microscopy images at differentiation time-points. Double indirect 3D-IF
was performed with rabbit anti-VSG221 (red), mouse anti-Procyclin (green) and DAPI staining (Blue) upon 3
mM of cis-Aconitate induction. Scale bar, 15 um. (C) Volcano plot showing upregulated genes (117) versus
downregulated (1) in SNF2PH. The log2 FC and FDR (-log10 FDR) values are shown. (D) Volcano plot showing
most upregulated (397) and downregulated (340) genes in SNF2APH considering FDR<0.05.
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Appendix lll: Buffer composition

Isolation of T. brucei in

Bloodstream form transfection blood

Separation buffer (SB)

Cytomix
Reagent Concentration Reagent Concentration
EGTA 2mM NaCl 44 mM
KCl 120 mM NazHPO4 57 mM
CaCl, 0.15 mM NaH2PO4 3mM
2KPO4 10 mM Glucose 10 mM
HEPES 25 mM pH 8.0
MgCl2.6H20 5mM
Glucose 0.50% Phosphate buffered saline (PBS)1x
BSA 100ug/ml
Hypoxanthine 1mM Reagent Concentration
pH7.6 NaCl 136.9mM
KCl 2.68mM
Trypanosome Dilution Buffer (TDB) NazHPO4 10.14mM
Reagent Concentration KH2PO4 76mM
Na;HPO4 20 mM pH 7.2
NaH:PO4 2mM
NaCl 80 mMm Isolation of Genomic DNA from T. brucei
MgSO04 5mM
Glucose 20 mM EA buffer
pH7.7 Reagent Concentration
TrisHCI pH 8.0 10mM
Procyclic form
transfection Nacl 250mM
NP-40 0.5
ZPFM
Reagent Concentration EB buffer
Nacl 132 mMm Reagent Concentration
kel 8 mM TrisHCI pH 8.0 10mM
NaH:POs 8 mM NaCl 250mMm
KH2PO4 1.5mMm EDTA pH 8.0 10 mM
MgOAC.4H,0 1.5mMm DS 0.5
CaCl 90uM
pH7.0
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Chromatin Immunoprecipitation (ChIP)

ChlIP Lysis buffer

Appendix Il

ChIP LiCl buffer

Reagent Concentration Reagent Concentration
SDS 1.00% LiCl 0.25M
EDTA pH 8.0 10 mM NP-40 1.00%
Na-
TrisHCI pH 8.0 50 mM Deoxycholate 1.00%
PMSF 1mM EDTA pH 8.0 1mM
DTT 1mM TrisHCl pH 8.0 10 mM

ChIP Dilution buffer

ChIP TE buffer

Reagent
SDS
Triton X-100
EDTA pH 8.0
TrisHCI pH 8.0
NaCl
PMSF
DTT

Concentration
0.01%
1.10%

1.2mM

16.7 mM

150 mM
1mM

1mM

Reagent Concentration
TrisHCI pH 8.0 10 mM
EDTA pH 8.0 1 mM

ChlIP Elution buffer

Reagent Concentration
SDS 1.00%
NaHCO3 0.1M

ChIP Low Salt buffer

Reagent
SDS
Triton X-100
EDTA pH 8.0
TrisHCI pH 8.0
NaCl

pH 8.0

Concentration
0.10%
1.00%
2mM

20 mM

150 mM

ChlIP High Salt buffer

Reagent
SDS
Triton X-100
EDTA pH 8.0
TrisHCI pH 8.0
NaCl
pH 8.0

Concentration
0.10%
1.00%
2mM

20 mM

500 mM
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Purification of recombinant
proteins in E. coli

Protein purification Lysis Buffer

Appendix Il

Purification of TbSUMOT06K

cell line conjugates

TbSUMOQ™ conjugates Lysis buffer

Reagent Concentration
Sodium phosphate 20 mM
NaCl 0.5M
DTT 1mM
PMSF 1mM
Leupeptin 1pg/ml
EGTA 1mM
Lysozyme 100 mg/ml
Imidazole 20 mM
pH 7.4
Lauryl Sarcosine 0.10%
Urea 8M

Reagent Concentration
Urea 6M
TrisHCI 50 mM
NaCl 500 mM
R-mercaptoethanol 5mM
pH 7.5

TbSUMO™%K conjugates Buffer 1

SUMOylation assay in bacteria

In vitro SUMOylation Lysis buffer

Reagent Concentration
NaCl 150 mM
TrisHCI 500 mM
Lysozyme 0.4 mg/ml
Triton X-100 0.10%
EDTA 10 mM
PMSF 1 mM

Purification of complexes in T. brucei

HA Magnetic beads

Reagent Concentration
Urea 8M
TrisHCI 10 mM
Na2HPO4 100 mM
NaH:PO4 100 mM
Imidazole 10 mM
R-mercaptoethanol 5mM
pH 8.0

TbSUMOQ™% conjugates Buffer 2

Reagent Concentration
Urea 8M
TrisHCI 10 mM
Na;HPO4 100 mM
NaH2PO4 100 mM
Imidazole 10 mM
R-mercaptoethanol 5mM

pH 6.3

TbSUMO™ conjugates Elution
Reagent Concentration Reagent Concentration

HEPES pH 7.4 20 mM Urea 8M

Sodium citrate 50 mM TrisHCI 10 mM

MgCl> 1mM Na2HPO4 100 mM

CaCl, 10 uM NaH:PO4 100 mM

CHAPS 0.10% Imidazole 200 mM
Protease inhibitors 2x R-mercaptoethanol 5mM

pH 8.0
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Co-immunoprecipitation assays (Co-IP)

Lysis buffer SNF2PH IP

Reagent
Urea
HEPES pH 7.5
NaCl
N-ethylmaleimide

NP-40

Concentration
6M
50 mM
500 mM
20 mM

0.50%

Lysis buffer to determine SNF2PH SUMOylation

Reagent
HEPES pH 7.5
NaCl
N-ethylmaleimide
NP-40

Urea

Protease inhibitors

Concentration
50 mM
500 mM
20 mM
0.50%
6M

2x

Dilution buffer to determine SNF2PH

SUMOylation
Reagent Concentration
HEPES pH 7.5 50 mM
Nacl 500 mM
N-ethylmaleimide 10 mM
NP-40 1.00%
Lauryl Sarcosine 0.50%
EDTA 0.1 mM
Protease inhibitors 1x

Lysis buffer for Phosphorylated

proteins
Reagent Concentration
HEPES pH 7.4 20mM
Sodium citrate 50 mM
MgClz 1mM
CaCl 10uM
NP-40 1.00%
Lauryl Sarcosine 0.50%
N-ethylmaleimide 10 mM
Protease inhibitors 2x
PhosphoStop 1x
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Appendix Methods of SNF2PH Protein tagging, purification and antibody
production

AM I: Generation of a HA tagged cell line expressing SNF2PH

We first generate a single allele tagging of SNF2PH from the construct pTAP-HA-nSNF2PH-Hyg
replacing a single allele by read-through insertion. Furthermore, we proceeded to replace the
second copy of the endogenous SNF2PH gene by switching the resistance gene to Blasticidin.
Double allele tagging considerably improved the monoallelic expression of SNF2PH. Positive
clones obtained in the second round after Blasticidin selection (2.5ug/ml). Then they were
checked by amplification of the upstream region containing the Hygromycin or Blasticidin
resistance genes, and the respective 3’ UTR SNF2PH gene in order to assess the appropriate
replacement of both endogenous copy of the targeted gene (S7A Fig). The generated
monoclonal antibody mAb 11C10E4 allowed us to detect the HA tagged version of SNF2PH,
also it was detected using the mAb against HA (Roche) (S7B Fig). In order to improve SNF2PH
detection, we decided to clone a 3 HA epitope upstream the N-terminus of SNF2PH protein, as
well as to generate a powerful plasmid expressing tool for other genes of interest. For this
purpose, we amplified a PCR product containing the remaining 2 HA epitopes and then
subcloned in pTAP-HA -PHD-Hyg to finally obtain p3HA -PHD-Hyg. The construct was
sequenced to ensure that the triple HA epitope was in frame under the T7 promoter. Next, we
cloned into p3HA- PHD-Hyg the previous N-Terminus SNF2PH fragment to obtain the p3HA-
nSNF2PH-Hyg. Then, the Hygromicin resistance gene was replaced by Blasticidin, yielding to
p3HA-nSNF2PH-Bla with the aim of knocking the other allele copy. After the first round of
selected clones for p3HA-nSNF2PH-Hyg, we performed a second electroporation to target to
the second endogenous copy of SNF2PH to ensure a complete 3 HA tagged protein expression
(see Tables 4 and 6 for cloning details). From the selected clones to analyze, only two of them
were positive for 3 HA tagging in both SNF2PH endogenous copies (S7C Fig). Next, we
confirmed the expression levels of these positive clones after 24h of Doxycycline induction

(S7D Fig).
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Figure S7. Cloning steps to generate a stable 3HA tagged SNF2PH cell line. (A) Diagnostic PCR from genomic
DNA for the selected double allele tagged SNF2PH clones. Lanes correspond to the amplified region between
SNF2PH 3’UTR and the Hygromicin and Blasticidin resistance gene, respectively. (B) Expression and detection
of endogenous and tagged SNF2PH. Bloodstream form T. brucei cell line expressing HA epitope in both allele
copies (3HA-SNF2PH), detected by both monoclonal antibody anti-SNF2PH or anti-HA epitope (~105kDa). (C)
Diagnostic PCR of genomic DNA extracted from the clones during the second round of antibiotic selection.
Each clone was analyzed by the amplified 3'UTR fragment of SNF2PH followed by the upstream region of the
Hygromycin or Blasticidin resistance gene (Hyg R and Bla R, respectively). Clones 3 and 4 were positive for the
3 HA tagged version of SNF2PH in both allele copies (Green box). (D) WB analysis of 3HA SNF2PH expression in
clones 3 and 4 induced with Doxyciclin (Dox) using the monoclonal antibody against HA epitope (Roche).
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AM II: Purification of recombinant 6His-cSNF2PH in E. coli KRX cells
To generate polyclonal and monoclonal antibodies against SNF2PH, we expressed the C

terminal domain of this protein into the plasmid pET28a (pET28a(+)- 6xHis-cSNF2PH, Tables 4
and 6) to avoid the restriction sites at the N terminus of the protein that did not let to clone
the fragment. After the expression in KRX cells, we scaled the culture up to 2-3 L of LB media
with kanamycin selection (25 pg/ml media), including 1 mM IPTG and 0.01% arabinose to allow
the transcription from the KRX promoters. We previously stablished the optimal conditions for
yielding enough amount of recombinant 6HiscSNF2PH by a pilot expression assay (4h at 372C).
We also checked its solubility by detergent titration and urea addition, giving rise into a mostly
insoluble fraction with a low representation of the soluble portion (S8A Fig). We joined
together fractions with a high representation of the purified protein with a relative molecular
weight of 46.2 kDa and dialyzed against 1 L of PBS per ml of fraction at 4°C. We quantified final
dialyzed fraction by Bradford and evaluated in an SDS-polyacrylamide gel testing the purity.
Then, we performed successive rounds of 6His cSNF2PH protein purification in order to obtain
enough amount of recombinant protein to be inoculated into both mice and rabbit for
monoclonal and polyclonal antibody production, respectively, along with obtaining suficient

antigen to be adsorved in ELISA plates.

AM llI: Production of SNF2PH polyclonal and monoclonal antibodies
First, we produced a polyclonal antibody in mouse after five intraperitoneal inoculations (with

uncomplete adjuvant) of the recombinant C-T domain of SNF2PH expressed in E. coli KRX cells.
The final antiserum was titrated in a blot assay to determine the optimal working dilution. The
polyclonal antibody was able detect a 105 KDa band corresponding to SNF2PH in subsequent
serial dilutions (S8B Fig). Next, we produced a monoclonal antibody by a fusion of mice spleen
cells with a SP cell line. This allowed us to obtain hybridoma cells producing a specific antibody
against a SNF2PH epitope depending of the antibody expression of the clone generated,
evaluated by ELISA assay performed in 96-well plates with adsorbed 6His cSNF2PH protein. We
started with a first lineage of clones (parents) that diverged in subclones with an epitope-
specific antibody expression from the tested supernatant. Out of the obtained subclones, only
one of them (mAb 11C10E4) succeed to produce a monoclonal population of antibodies
allowing SNF2PH detection (S8C Fig). Finally, we obtained ascites by growing hybridoma cells
within the peritoneal cavity to produce a fluid (ascites) containing a higher concentration of
SNF2PH antibody. This method provides higher yield of antibody than a cell culture hybridoma
supernatant (S8D Fig).
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Figure S8. Recombinant 6HiscSNF2PH purification and monoclonal antibody production. (A) Coomassie stain of
purified 6HiscSNF2PH fractions in a 15% polyacrylamide SDS-gel. Crude extracts from lysed bacterial cells were
evaluated for 6His cSNF2PH expression (46.2 kDa) upon IPTG and arabinose induction before Ni2*-NTA column
purification (second lane). After Ni2*-NTA column, the apparent expressed band disappeared, ensuring a truthful
affinity union of the histidine charges and the Nickel ions (third lane). Then, we eluted using an increased
imidazole gradient that competes with interaction His-Ni2* interaction by a greater affinity for Nickel ions than
histidine. We observed that the optimum imidazole concentration for His cSNF2PH elution was around 300 mM
(sixth lane) yielding a notably purity by qualitative evaluation after Coomassie stain. (B) Titration of the
polyclonal antibody produced in mice against SNF2PH. (C) WB analysis of each supernatant containing
monoclonal antibodies produced by a subcloned hybridoma lineage. (D) Titration of TbOSNF2PH mAb ascite in a
preparative T. brucei protein extract. The yield of the obtained TbSNF2PH ascites increased up to 1:6400-fold
dilutions.
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Second, we decided to produce polyclonal antibodies in rabbit to improve the affinity or
solving any handicap in any of the molecular approaches for the monoclonal antibody. After 5
inoculations of 500 pg recombinant protein per dose and rabbit, we isolated the whole
antisera containing the unpurified polyclonal antibody. We also included a control of no
immunized sera before initiating the immunizations (preimmune serum or prebleed). Titration
of the 5" bleed showed a majority band corresponding to the endogenous SNF2PH in a total
Trypanosoma brucei protein extract together with other unspecific bands (S9A Fig). Next, we
purified the polyclonal antibody in order to reduce the background and improve the specificity
of the antibody. To address it, we use Aminolink Plus Immobilization Kit (Thermo Fisher) that
allows the purification of antibodies by immobilizing them in a agarose beads which has been
previously activated with aldehyde groups to enable a covalent coupling via primary amines (-
NH,). It was necessary to concentrate the recombinant protein into a minimal volume in order
to facilitate the coupling with the agarose beads by using Amicon Centrifugal Filter units
(Millipore) for concentration and purification of biological solutions. We applied 4 ml of
dialyzed purified protein to obtain approximately 100ul of concentrated protein in successive
rounds of centrifugation, yelding to 1.5 ml of concentrated protein at 2.17 pg/ul. After the
coupling of the protein, we added the antiserum and eluted by pH change followed by a
neutralization to avoid antibody denaturation. We quantified the eluted antibodies using
Nanodrop Spectrophotometer with absorbance measured at 280 nm. We joined fractions with
higher concentration and titrated by WB. (S9B Fig). Finally, we stablished the optimal dilution
for the antibody (1:1000) (S9C Fig).
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Figure S9. Production and purification of SNF2PH polyclonal antibody (A) Serial dilutions of the polyclonal
antibody anti-SNF2PH produced in rabbit from the 5% bleed. The strength of the signal from the antisera
against SNF2PH could be diluted up to 1:12800. (B) Titration of the joined purified fraction for the polyclonal
antibody against SNF2PH. The Lanes of blot analysis show the signal for SNF2PH from the 5t bleed (5t bleed),
the not bound antiserum fraction (Flow throught), no signal for prebleed antiserum (Prebleed), and serial
dilutions of the purified fraction of anti-SNF2PH pRbAb (last 4 lanes), being 1:1000 an optimal dilution to work
with. (C) Representative blot for purified anti-SNF2PH pRbAb at 1:1000 dilution. Although the binding of the
antibody throughout the agarose beads is effective, there is an important loss of specific SNF2PH antibodies
due to its excess in the flow through.
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AM |V: Stablishing the optimal conditions for Immunoprecipitation using the polyclonal
antibody anti-SNF2PH
The purpose of generating a polyclonal antibody against SNF2PH comes from the restriction of

the monoclonal in its application for other molecular methods such as Immunoprecipitation
(IP) and Chromatin Immunoprecipitation (ChIP) assays. In these last two techniques we did not
succeed in a concluding result leading to a lack of reproducibility. On the other side, we face
the problem of specificity of the animal species in terms of antibody cross reactivity when in
the assay there are present antibodies from closer families. Having a polyclonal antibody
against SNF2PH produced in rabbit gives us the chance of performing IP assays without any
interference in the blot assay when mice or rat antibodies are used. For this reason, we sought
for the optimal IP conditions for the polyclonal antibody against SNF2PH. Our starting point
was the detergent titration in denaturing conditions to preserve the reversible link of the
SUMO modification group. So, we choose NP-40 at two concentrations (0.1 and 1%) and
combined, or not, with Triton X-100, SDS and Lauryl Sarcosine at 0.5% in a background of 1M
urea. A Trypanosoma cell extract was lysed with 1% NP-40 and 6M of urea previously to be
diluted and distributed at the assayed conditions. After an overnight incubation of the
polyclonal antibody anti-SNF2PH in each case, the antibody was eluted with heat after serial
washing steps. Eluted immunoprecipitated products were subjected to a WB analysis using the
previously generated monoclonal antibody against SNF2PH. We also included the total protein
extract as a starting point to evaluate the efficiency of the IP (Input) (S10 Fig). Results showed
an increased IP efficiency for polyclonal anti-SNF2PH antibody with 1% NP-40 and 0.5% Lauryl
Sarcosine in denaturing conditions (1M urea). At this point, we set up the conditions for SUMO

immunoprecipitation complexes in addition to other molecular approaches.
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IP: anti-SNF2PH antiserum (c13)
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Figure S10. Setting up the conditions for anti-SNF2PH polyclonal antibody. Western blot assay against SNF2PH
mAb reveals the finest efficiency for SNF2PH polyclonal antibody immunoprecipitation depending on
denaturing conditions. Lanes represent different condition assayed; including an input of the whole lysed
extract before and after being diluted (Lysed extract (0.3%) and Input total extract (0.3%), respectively). Less
efficiency was reached in presence of NP-40 alone, whereas the combination with other detergents improved
it. From the highest to lowest efficiency order; Lauryl Sarcosine, SDS and Triton X-100.

178



10. Appendix Publications

179



180



Article

v o

TRANSPARENT OPEN
PROCESS ACCESS

EMBO

reports

SUMOylated SNF2PH promotes variant
surface glycoprotein expression in
bloodstream trypanosomes

Andreu Saura®, Paula A Iribarren?, Domingo Rojas-Barros, Jean M Bart®, Diana Lépez-Farfan®,
Eduardo Andrés-Leén?, Isabel Vidal-Cobo*, Cordula Boehm?, Vanina E Alvarez?, Mark C Field** &

Miguel Navarro™”

Abstract

SUMOylation is a post-translational modification that positively
regulates monoallelic expression of the trypanosome variant
surface glycoprotein (VSG). The presence of a highly SUMOylated
focus associated with the nuclear body, where the VSG gene is tran-
scribed, further suggests an important role of SUMOylation in regu-
lating VSG expression. Here, we show that SNF2PH, a SUMOylated
plant homeodomain (PH)-transcription factor, is upregulated in the
bloodstream form of the parasite and enriched at the active VSG
telomere. SUMOylation promotes the recruitment of SNF2PH to the
VSG promoter, where it is required to maintain RNA polymerase |
and thus to regulate VSG transcript levels. Further, ectopic overex-
pression of SNF2PH in insect forms, but not of a mutant lacking the
PH domain, induces the expression of bloodstream stage-specific
surface proteins. These data suggest that SNF2PH SUMOylation
positively regulates VSG monoallelic transcription, while the PH
domain is required for the expression of bloodstream-specific
surface proteins. Thus, SNF2PH functions as a positive activator,
linking expression of infective form surface proteins and VSG regu-
lation, thereby acting as a major regulator of pathogenicity.

Keywords antigenic variation; plant homeodomain; post-translational modi-
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Introduction

Antigenic variation, the major mechanism by which African trypa-
nosomes evade the host immune response, is mediated by switching

expression between immunologically distinct variant surface glyco-
protein (VSG) genes [1]. The active VSG gene is transcribed poly-
cistronically by RNA polymerase I, together with several expression
site-associated genes (ESAGs), from a large telomeric locus (40—
60 kb), known as a VSG expression site (VSG-ES), currently named
bloodstream ES (BESs) [2]. In the mammalian bloodstream form
(BF), where antigenic variation occurs, only one of ~15 VSG-ES
genes is transcribed at a given time, resulting in monoallelic expres-
sion and a dense surface coat comprised of a single VSG type [3-5].
The active VSG-ES is recruited to a nuclear compartment, the
expression site body (ESB), which facilitates monoallelic transcrip-
tion [6-8]. Interestingly, small ubiquitin-like modifier (SUMO) post-
transcriptionally modified proteins are associated with the ESB
within a highly SUMOylated focus (HSF) [9]. However, in the insect
or procyclic form, VSGs are not expressed and procyclin glycopro-
teins cover the parasite surface [10].

SUMOylation is a large and reversible post-translational modifi-
cation (PTM) that regulates many critical processes, including tran-
scription, protein—protein interactions, protein stability, nuclear
localization, DNA repair, and signaling [11]. In Trypanosoma brucei,
there is a single SUMO ortholog, which is essential for cell cycle
progression of the procyclic form [12]. Proteomic analyses of SUMO
substrates in this life stage identified 45 proteins involved in multi-
ple cellular processes, including epigenetic regulation of gene
expression [13]. Transcription factors are well known SUMO targets,
whose activity can be modulated in both gene silencing and activa-
tion [14]. In T. brucei BF, SUMO-conjugated proteins were detected
highly enriched in the nucleus in a single focus (HSF) associated
with the ES body (ESB) and in the active VSG-ES chromatin,
suggesting chromatin SUMOylation acts as a positive epigenetic
mark to regulate VSG expression [9]. Chromatin SUMOylation to the
active VSG-ES locus is required for efficient recruitment of RNA
polymerase I in a SUMO E3 ligase (TbSIZ1/PIAS)-dependent
manner, suggesting protein SUMOylation facilitates the accessibility
of additional transcription factors [9].
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Thus, we sought to identify major SUMO-conjugated proteins in
the mammalian infective form and found a novel protein annotated
as a transcription activator in the database (Tb927.3.2140). Struc-
tural conserved domain predictions suggest that Tb927.3.2140 is a
member of the Snf2 (Sucrose Nonfermenting Protein 2) SF2 heli-
case-like superfamily 2 of chromatin remodelers [15-17] and also
contains a plant homeodomain (PHD). Thus, we designate the
protein SNF2PH.

Here, we show that SNF2PH is a developmentally regulated
protein enriched at chromatin of the VSG-ES (BES) telomere, partic-
ularly at promoter regions when modified by SUMO. SNF2PH deple-
tion leads to reduced VSG transcription and upregulation of
developmental markers for the insect stage. ChIP-seq data suggest
SNF2PH binds to selective regions in chromatin, in addition to the
active VSG-ES, like developmentally regulated loci, rDNA, SL-RNA,
and, interestingly, also to clusters of tRNA genes, which function as
insulators for repressed and active chromatin domains in other
eukaryotes. SNF2PH is strongly downregulated in quiescent (pre-
adapted to host transition) trypanosomes generated in both pleo-
morphic  (differentiation-competent) and monomorphic (by
AMPKal-activation) strains. Further, SNF2PH expression is nega-
tively regulated in the insect procyclic form. Most importantly, over-
expression of SNF2PH in the insect form triggers the expression of
bloodstream stage-specific surface protein genes, suggesting a role
as positive regulator of differentiation. Thus, SNF2PH links immune
evasion with pathogenicity.

Results

Trypanosome SNF2PH is SNF2_N-related protein that contains an
unusual plant homeodomain

SUMOylation is a hallmark of epigenetic VSG regulation at the level
of chromatin and nuclear architecture [9]. The highly SUMOylated
focus (HSF) detected by a specific mAb against TbSUMO in the
nucleus of bloodstream form (BF) trypanosomes was recently asso-
ciated with the nuclear body ESB [9], the site for VSG-ES monoal-
lelic expression [6]. Recognition of HSF together with the detection
of highly SUMOylated proteins at the active VSG-ES chromatin by
ChIP analysis suggests that a number of SUMOylated proteins are
mechanistically involved in regulation of VSG expression [9]. There-
fore, identifying these proteins is a novel approach for the discovery
of factors involved in VSG regulation. To identify abundant SUMOy-
lated proteins, we performed a non-exhaustive proteomic analysis
utilizing BF protein extracts from a cell line expressing an 8His-HA-
tagged SUMO (see Materials and Methods). LC-MS/MS analyses of
His-HA-affinity-purified extracts robustly identified several proteins
(see Appendix Table S1). Particularly, interesting was Tb927.3.2140
(length 948 aa), a protein annotated in the TriTrypDB database as a
transcription activator, which contains a conserved SNF2 family N-
terminal domain.

Comparative analyses of Th927.3.2140 at CDART [18] and the
NCBI CDD domain database identified three conserved domains:
DEXHc_Snf, e-value 9.4e™7*, SF2_C_SNF, e-value 8.0e ",
PHD5_NSD, e-value 6.2e”'*. Structural CD predictions suggest
than Tb927.3.2140 is a member of the Snf2 family (Sucrose
Nonfermenting Protein 2) from the SF2 helicase-like superfamily 2
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of chromatin remodelers [15-17], which regulate DNA accessibil-
ity to facilitate central cellular processes as transcription, DNA
repair, DNA replication and cell differentiation [15,16]. Next,
searching for Tb927.3.2140 homologues using DELTA-BLAST
against UniProtKB/SwissProt database, identified a protein
member of the SWI/SNF family, SMARCA1 (e-value, 4e™ ')
(SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A member 1) also known as the global tran-
scription activator SNF2L1 (length, 1054 aa) (homonyms SWI;
ISWI; SWI2; SNF2L; SNF2L1; SNF2LB; SNF2LT; hSNF2L;
NURF140) all described to be involved in transcription for either
gene activation or gene repression [16]. In addition to the SNF2 N
domain, a conserved helicase C-terminal domain was also
detected, known to function as a chaperon-like in the assembly of
protein complexes. Interestingly, Tb927.3.2140 also contains a
plant homeodomain (PHD) that is absent from other known
trypanosome chromatin remodelers. The PHD is a conserved
homeodomain involved in development [19] that binds H3 tails
and reads unmodified H3 tails [20] as well as H3 trimethylated at
Lys4 (H3K4me3) [21] or acetylated at Lys8 and Lysl4 [22,23].
The PH domain is conserved in histone methyltransferases,
including murine HMT3 and human NSD3 (Appendix Fig S1).
Thus, we named this chromatin-remodeling factor trypanosome
SNF2PH.

SNF2PH is developmentally regulated and associated with the
ESB nuclear body

In order to investigate SNF2PH protein expression, we raised a
monoclonal antibody (mAb) (11C10E4) against the recombinant
protein expressed in bacteria. Western blot of total protein extracts
and immunofluorescence (IF) showed that SNF2PH protein levels
are developmentally regulated, with higher expression in the blood-
stream compared to the insect form (Fig 1A and Appendix Fig S2).
The specificity of mAb11C10E4 was demonstrated as SNF2PH levels
in whole cell extracts were markedly reduced in RNAi cells
(Fig 1B).

Subcellular localization of SNF2PH by 3D-deconvolution IF (3D-
IF) microscopy with mAb11C10E4 showed a nuclear localization,
with disperse distribution in the nucleoplasm, including puncta and
enrichment at the nucleolar periphery (Fig 1C). To determine
whether SNF2PH associates with the active VSG-ES locus, we used
a GFP-lacl targeted VSG-promoter cell line [6]. We detected 38.8%
(n = 55) colocalization (Pearson’s correlation coefficient) with GFP-
tagged active VSG-ES using an anti-GFP rabbit antiserum and
mADb11C10E4 anti-SNF2PH (Fig 1D). Statistical analysis showed
even lower association in 2K1N cells (S-G2) (Fig EV1A), suggesting
that SNF2PH association with the active VSG-ES locus occurs in a
cell cycle-dependent manner.

To investigate the association with the HSF, we stained cells with
anti-TbSUMO mAb [9] and anti-SNF2PH antiserum (Materials and
Methods). 3D-IF showed colocalization between SNF2PH and HSF
in 53.7% of the cells (n = 67)) (Figs 1E and EV1B), likely due to the
highly dynamic nature of protein SUMOylation. Similar colocaliza-
tion in 53.49% of the cells was observed between SNF2PH and the
ESB (Figs 1F and EV1C), indicated by extranucleolar pol I signal
visualized with a YFP-tagged RPB5z (specific RNA pol I subunit 5z
[24]) (Figs 1F and EV1C).

© 2019 The Authors
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SNF2PH is SUMO conjugated

To investigate whether SNF2PH is a bona fide SUMO-modified
protein, we carried out immunoprecipitation (IP) utilizing the anti-
TbSUMO mAb [9] and anti-SNF2PH antiserum under denaturing
conditions to capture only proteins with covalent SUMO modifi-
cations. IP suggested that SNF2PH is SUMOylated when analyzed by
Western blotting using the anti-TbSUMO mAb on a SNF2PH
immunoprecipitate (Fig 2A). The reciprocal experiment, using anti-
SNF2PH antiserum on a TbSUMO immunoprecipitate reproducibly
detected SNF2PH conjugated to TbSUMO (Fig 2B).

While IP demonstrates that SNF2PH is SUMOylated, it is
unknown whether nuclear conjugation with SUMO is associated
with dispersed nuclear foci or localization to a specific subnuclear
site. We performed Proximity Ligation assays (PLA) (O-link
Bioscience), an IF method where a signal is produced only if two
proteins, or a protein and its PTM, are within 40 nm. After a first IF
experiment using anti-SUMO mAb and the SNF2PH antiserum,
secondary species-specific antibodies conjugated with oligonu-
cleotides are hybridized to the two PLA probes to produce a DNA by
rolling circle replication. As the PLA assay detected positive amplifi-
cation this suggests that SNF2PH is SUMOylated in situ in both the

© 2019 The Authors
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Figure 1. SNF2PH is a developmentally regulated protein associated

with the expression site body (ESB) and highly SUMOylated focus (HSF).

A SNF2PH is differentially expressed in T. brucei developmental stages. The
mammalian infective form, bloodstream form (BF), and the insect form,
procyclic form (PF).

B Knockdown of SNF2PH by inducible RNA interference in bloodstream form
leads to protein depletion after 24 h. (5 x 10° cells/lane): parental,
uninduced (dox ™), and induced (dox*). Total cell extracts were analyzed by
Western blotting using the anti-SNF2PH mAb.

C SNF2PH is diffusely distributed in the nucleoplasm with certain enrichment
in the nucleolus. Panels show DAPI and green channels after IF with the
anti-SNF2PH mAb (11C10E4). Scale bar, 1 pm.

D SNF2PH associates with the active VSG-ES. A cell line with a GFP-Lacl tag
in the active VSG-ES [6] was subjected to double 3D-IF using anti-SNF2PH
mADb (red), anti-GFP rabbit antiserum (green) and DAPI staining. Maximum
intensity projections of deconvolved slices containing the GFP signal are
shown (arrowhead). (D’) Inset shows a higher magnification of the nucleus
including anti-SNFPH and anti-GFP fluorescence signals colocalization
mask (white). Scale bar, 1 pm.

E Colocalization analysis of SNF2PH with the Highly SUMOylated focus (HSF).
SNF2PH associates with the HSF (arrowhead) in bloodstream form nucleus.
Indirect 3D-IF analyses were carried out using the rabbit anti-SNF2PH
antiserum (red) and the anti-TbSUMO mAb 1C9H8 (green) [9]. Scale bar,

1 pm.

F  CSNF2PH partially colocalizes with YFP-tagged TbRPB5z in the ESB. A cell
line expressing an N-terminal fusion of a Yellow Fluorescent Protein (YFG)
with the RNA pol I-specific subunit RPB5z described previously [24] was
used to analyze by double 3D-IF a possible association of SNF2PH with the
ESB. The 3D-IF was performed using the anti-SNF2PH mAb (red) and rabbit
anti-GFP antiserum (green) that recognizes the Yellow GFP variant.
Deconvolved slices containing both SNF2PH and the extranucleolar ESB
(arrowhead) are represented as maximum intensity projections. (F’) Inset
shows a higher magnification of the nucleus including anti-SNF2PH and
anti-GFP fluorescence signals colocalization mask (white). Scale bar, 1 pm.

nucleolus and nuclear periphery in one (84.12% =+ 0.25%) or two
puncta (15.88% =+ 0.25%) (Appendix Fig S3).

The low signal of SNF2PH antibody in TbSUMO IP experiments
is likely a consequence of the dynamic nature of SUMOylation,
yielding a small population of SUMOylated SNF2PH form at any
given time; similar behavior has been demonstrated for TbRPAI
(RNA Polymerase I largest subunit) [9] and additional SUMO
proteins in T. brucei [25]. To determine which domains of SNF2PH
are SUMOylated, we used an E. coli strain expressing the complete
T. brucei SUMOylation system [13]. We evaluated two different
constructs encompassing the SNF2PH N-terminal or C-terminal
domain (SNF2PH-N and SNF2PH-C, respectively), bearing a Flag
tag. We co-expressed SNF2PH-N and SNF2PH-C in E. coli with
TbSUMO (already exposing the diGly motif) and both activating
enzyme subunits (TbEla/TbElb) plus the conjugating enzyme
(TbE2). SNF2PHN appears as a single band migrating at the
expected position when expressed alone in E. coli (Fig 2C, lane 1)
or when co-expressed with a partially reconstituted system (lanes
2 and 3). when co-expressed with the complete
SUMOylation system, additional slower-migrating bands can be
detected (lane 4), suggesting that the N-terminal domain of
SNF2PH can be SUMO conjugated. In contrast, the C-terminal
domain is not a target of SUMOylation since it is only detected as
a single protein band at the expected position of the unmodified
protein (Fig 2D).

To confirm heterologous SUMOylation of SNF2PHN, we
performed in vitro deconjugation reactions using the specific
T. brucei SUMO isopeptidase TbSENP. As shown in Fig 2E, the

However,

EMBO reports  e48029 | 2019 3 0f 18



EMBO reports

Andreu Saura et al

A C D
P SNF2PH-N SNF2PH-C
12 3 4 KhDa 1 2 3 4
N KDa 179}
N
o 130]
KDa o SUMOylted 100}
250 100l | |sNFEPHN 70]
150 we 704 - %
anti- — 40
100 55 SNF2PH-C
- - ——
TbSUMO 40- Ty < SNF2PH-N €«
75 mAb 35 I
1P % “
25
QLQ
QQ\
@.\ @3@@\&6 15 15
KDa \TQ G? :2\ anti-Flag anti-Flag
2281 . e F
1 anti- N
00 - e SNF2PH-N-TbSUMO-E1-E2 SNF2PHN
75 | To 4+ TbSENP Kba 12
KDa _ _ , NEM 170
130 132 - . SUMOylated
100 - .
B SUMOyated Y i B
704 SNF2PH-N —
IP 55 4
S 55 .- — 40_
NP N - | < SNF2PHN
&\Qt\ «i\\’@q@&% 401 - - < SNF2PH-N 1
KDa Y™ ? 25
250- 1 1 ] WB %
150 anti-SNF2PH
100 pRb
a-Flag
250- we 25 154
150 ‘ anti-
1004 | { TbSUMO anti-Flag .
mAb anti-Flag

Figure 2. SNF2PH is SUMOylated in vivo in trypanosomes and in vitro using a SUMOylation heterologous system.

A

Immunoprecipitation (IP) of bloodstream SUMOylated proteins revealed that SNF2PH is SUMOylated. A nuclear fraction was lysed in urea-containing buffer, and

proteins were immunoprecipitated with rabbit anti-SNF2PH antiserum or unspecific antiserum (prebleed) and probed with anti-TbSUMO mAb 1C9H8 (arrow). As a

control, IP samples were reprobed with SNF2PH antiserum (below).

(lower panel). Inp: Input, IP (0.5%).

A reciprocal IP experiment was performed using anti-TbSUMO mAb and probed with SNF2PH antiserum. As a control, the blot was reprobed with anti-TbSUMO mAb

Anti-Flag Western blot analysis of SNF2PHN performed on soluble cell extracts from induced cultures of E. coli transformed with pET28-SNF2PHN-3xFlag alone (lane

1), or in the background of an incomplete (lane 2, pACYCDuet-1-TbE1la-TbE1b; lane 3, pCDFDuet-1-TbSUMO-TbE2) or a complete (lane 4, pCDFDuet-1-TbSUMO-TbE2

plus pACYCDuet-1-TbEla-TbE1b) SUMOylation system.
Similar samples as described in (C) were analyzed for SNF2PHC.

Cell lysates of E. coli heterologously expressing SNF2PH and the complete T. brucei SUMOylation system were incubated at 28°C in the absence (—) or presence (+) of

recombinant TbSENP. The deconjugation activity of TDSENP was specifically inhibited by the addition of 20 mM NEM. Reaction mixtures were analyzed by Western

blot using anti-Flag monoclonal antibodies.

Western blot analysis of SUMOylated SNF2PHN pattern performed on soluble cell extracts from a complete bacterial SUMOylation system using a wild type version

of SUMO (lane 1) or a Lys-deficient version of SUMO (TbSUMO K9R) unable to form chains (lane 2).

additional slowly migrating bands observed when SNF2PHN was
co-expressed with the T. brucei SUMOylation bacterial system (lane
1) completely disappear upon treatment of cell lysates with ThSENP
(lane 2), and the deconjugation ability of TbSENP was specifically
inhibited by addition of 20 mM NEM (lane 3). To investigate the
nature of SUMOylation of SNF2PHN, we compared the patterns
obtained in the bacterial system when replacing wild-type SUMO
with a variant unable to form SUMO chains (Fig 2F). In the latter
case, a doublet near the 55 kDa marker can be detected, suggesting
that there are at least two major sites for SUMOylation in the
SNF2PH N-terminus.
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SNF2PH is highly enriched at active VSG-ES promoter chromatin

To investigate SNF2PH occupancy at VSG-ES loci, we performed
chromatin IP (ChIP) using anti-SNF2PH antiserum in a promoter-
tagged cell line. To overcome the problem of highly homologous
sequences at the promoter region among the 15 telomeric VSG-ESs,
we developed a tagged cell line (Dual-reporter Renilla Active Luci-
ferase Inactive or DRALI) (loci of interest schematic in Fig 3A). The
reporter genes in the DRALI cell line allowed us to determine
SNF2PH occupancy at the region downstream of the promoter in
either active or inactive VSG-ESs. First, we analyzed occupancy of

© 2019 The Authors
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SNF2PH by ChIP and quantitative PCR (qPCR), which detect signifi-
cant SNF2PH enrichment at the RLuc gene downstream of the active
VSG-ES promoter (P < 0.001) as well as at the active VSG221 gene
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located in the telomere of BES1 (P < 0.01). However, FLuc located
downstream of an inactive VSG-ES promoter (Fig 3A) was not
significantly detected (Fig 3B). SNF2PH enrichment was also not
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Figure 3. SNF2PH is highly enriched upstream of the active VSG-ES chromatin while is detected to a lesser extent in silent promoters.

A Schematic representation of loci of interest in DRALI, the dual-reporter cell line (not to scale). Two reporters were inserted, Renilla luciferase gene (RLuc) downstream
of the Active VSG221-ES (BES1) promoter and firefly Luciferase gene (FLuc) downstream of an Inactive VSG-ES (DRALI). Few other inactive VSGs known to be telomeric
in this strain are also represented (VSG121 (BES3), VSGJS1 (BES13), and VSGVO2 (BES2)). Schematic representations for other chromosomal loci (ribosomal DNA and
procyclin locus) are shown. Color code: gray (reporters), green (active VSG-ES), red (Inactive VSG-ESs), blue (procyclin locus). Arrow (promoters).

B Chromatin at the active VSG-ES is enriched for SNF2PH. Chromatin immunoprecipitation (ChIP) analysis by quantitative PCR of reporter sequences inserted
downstream of the VSG-ES promoters indicates SNF2PH is highly enriched at the active VSG-ES (RLuc) (BES1) compared to an inactive VSG-ES promoter (FLuc)

(***P < 0.001). SNF2PH enrichment on the active telomeric VSG221 (BES1) compared to inactive VSGs (VSG121 (BES3), VSGJS1 (BES13), and VSGVO2 (BES2)) was also
significant (*P < 0.05-**P < 0.01). SNF2PH occupancy was detected at the splice leader promoter (SL promoter, pol II-transcribed) and EP procyclin (P < 0.05), as well
as the rDNA promoter (P < 0.01) (Student’s t-test) *P < 0.05 **P < 0.01, ***P < 0.001). ChIP analyses are shown as the average of at least three independent
experiments with standard error of the mean (SEM). Data are represented as percent of input immunoprecipitated (% input).

C Distribution of SNF2PH across the genome. ChIP-seq analysis using the SNF2PH antiserum and T. b. brucei 427 genomic library (v4) excluding the telomeres.
Histogram illustrates peak enrichment of representative genes expressed as logy, fold enrichment (FE). This global analysis confirmed previous ChIP data locating
SNF2PH on developmentally regulated genes (EP and GPEET), RNA pol | driven rDNA (ribRNAs) and the SL cluster of small RNAs that are trans-spliced in every mRNA.
Interestingly, beside those essential genes for cell growth, SNF2PH occupies few other coding genes; noteworthy is H3V protein recently linked to the regulation of
VSG monoallelic expression [28]. In addition, SNF2PH was consistently enriched at tRNA gene clusters in 7 chromosomes. Due to highly homologous sequences
among ESAGs, all ES-related sequences as ESAGs genes, VSG basic copies located in chromosomal internal positions were excluded of this graph since we cannot rule
out whether the ChIP-seq reads came from the active VSG-ES (all sequences are included in Dataset EV1).

D Schema of VSG-promoter region indicating the location of ESPM PCR fragments amplified (upper panel). Detailed schema of the promoter region showing both
upstream and downstream (dw) BES from the tandem repeated promoters ESPM 1 and 4 (lower panel).

E Chromatin at the core promoter of the active VSG-ES is highly enriched in SNF2PH. ChIP-seq data using SNF2PH antiserum reveal a higher number of reads
corresponding to the sequence polymorphism of the BES1 at the PCR fragment 1, (ESPM1) mapping at the VSG-ES promoter (Fig 3D) described before in [9]. dw,

downstream promoter.

detected at VSG genes known to be located at silent telomeric ES
position in this strain [2], such as VSGI121 (VSG in BES3), VSGVO2
(BES2) and VSGJS (BES13) (Fig 3B). Altogether, the active VSG221
gene immunoprecipitated more efficiently than all inactive VSG
telomeric loci analyzed, suggesting SNF2PH associates preferentially
with the active ES telomere. Additionally, SNF2PH was detected at
other RNA pol I-transcribed loci, including rDNA and EP procyclin
promoters. Occupancy of SNF2PH at the two promoters of the
surface glycoprotein genes characteristic of mammalian and insect
forms (VSG-ES and EP) implicates SNF2PH in regulation of develop-
mental gene expression. Enrichment was also detected for the splice
leader (SL) promoter (P < 0.05) and coding regions. However,
SNF2PH was most enriched at the active VSG-ES chromatin
compared with EP and rDNA promoters.

In eukaryotes, chromatin remodelers are detected at RNA pol II
promoters and play important roles in their activity [26,27]. We
investigated the presence of SNF2PH in chromatin across the
genome, aside from the multiallelic VSG-ESs, to identify additional
genes targeted by this protein. We compared quantitative enrich-
ment profiles with ChIP-seq peak distribution and considered
0-mismatch error to avoid bias in polymorphic sequences within
repetitive chromosomal loci, leading to defined peaks (q value
< 0.05, Dataset EV1; Fig 3C). As demonstrated by quantitative
ChIP, the site of enrichment corresponded to developmentally
regulated loci EP and GPEET2 procyclin, and 18S ribosomal DNA
and SL-RNA-related sequences. Interestingly, SNF2PH localizes at
H3.V, a histone variant recently associated with VSG monoallelic
expression [28] and its own coding sequence. SNF2PH was also
significantly enriched at a substantial number of tRNAs gene
arrays located in chromosomes XI, X, VIII, VII, V, IV, and III
(Fig 3C); interestingly, tRNA clusters are known to function as a
chromatin insulators in eukaryotes from yeast to human, reviewed
in Ref. [29].

Figure 3B shows that SNF2PH is enriched at the active VSG-ES
(BES1) locus by ChIP gPCR analysis using unique sequences like
the Rluc reporter inserted downstream of the promoter and the
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VSG221 gene at the telomeric end. However, we wished to investi-
gate in detail a possible SNF2PH occupancy at the area adjacent to
the promoter; nevertheless, highly homologues sequences shared
among most of the VSG-ESs (BES1 to BES17 in ref. [2]) prevented
this analysis using a simple ChIP-seq alignment. We have previ-
ously reported polymorphisms in the sequence at particular
regions located at the core promoter and upstream the promoter
region, referred to as ES promoter PCR fragments 1 and 4 (ESPM1
and ESPM4) (schematically represented in Fig 3D) [9]. These
minor polymorphisms in the sequences allowed us to differentiate
among different BES promoter regions. In particular, PCR fragment
ESPM 4 and 1 yielded 14 different sequences when genomic DNA
was used as template (Appendix Fig S5A in [9]) providing consid-
erable covering of most of the BESs [2]. ChIP-seq data were gener-
ated from the immunoprecipitated chromatin with the anti-
SNF2PH serum, which was then PCR amplified with ESPM1 and 4
PCR primers, and the products were deep-sequenced (see Materials
and Methods). Reads were aligned to BES promoter sequences,
and an index file was built by combining the sequences from the
ESPM1 and 4 together in a single lane with the sequences from
the corresponding BESs (BES1, 2, 3, 4, 7, 7dw, 10, 10dw, 12, 13,
15, 15dw, 17, 17dw described previously [2]). Next, using Bowtie
software, the alignments of the reads were assigned to the BES
promoter index file, and the number of reads aligning to each BES
is shown in Fig 3D. These data showed that SNF2PH is enriched
at the active BES1, at the ESPM1, which corresponds to the core
promoter of the active BES1 (VSG-ES221). SNF2PH was detected
to a lesser extent at other BES promoters, suggesting that SNF2PH
is controlling inactive promoters as well (Fig 3D). Interestingly,
the most prominent increase of read counts was found at the
ESPM1 fragment region, where the actual ES promoter is located,
suggesting SN2PH is associated with the active core ES promoter
rather than the upstream promoter region (Dataset EV1). Together,
these data indicate that SNF2PH is located at several BES promot-
ers; however, it is most enriched at the active VSG-ES promoter
(ESPM1 of the BES1) (Fig 3E).

© 2019 The Authors
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SUMOylation functions to recruit SNF2PH at the active VSG-ES

SUMOylated chromatin-associated proteins are enriched upstream
of the promoter region in T. brucei [9]. We assessed the importance
of SUMOylation on SNF2PH targeting by mutating lysine residue 2
to alanine (K2A). K2 was selected as it was predicted as a modifi-
cation site (SUMO V2.0 Webserver (http://sumosp.biocuckoo.org/)
and is contained within the N-terminal region modified by the in

EMBO reports

bacteria SUMOylation system (Fig 2). SNF2PH K2A was expressed
with an HA tag from the endogenous locus (Fig EV2). We
performed ChIP qPCR analysis using anti-HA rabbit antiserum after
48-h expression of HA-SNF2PH K2A, using the parental cell line as a
control (Fig 4A). Expression of HA-tagged SNF2PH showed similar
occupancy to SNF2PH, but by contrast the HA-SNF2PH K2A mutant
was reduced in the active VSG221 telomeric locus (BES1) up to 4.6-
fold compared to inactive VSG genes, VSG121, VSGJS1, VSGVO2

A B ChIP K2A analysis
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Figure 4. Expression of a SUMO-deficient mutant reduces SNF2PH occupancy at the active VSG-ES.

A ChlIP analysis of mutant HA-SNF2PH K2A shows a reduction in the active telomeric VSG221 gene occupancy compare to the WT HA-SNF2PH. ChIP experiments were
carried out using the anti-HA antibody and chromatin isolated from 3 independent clones expressing HA-SNF2PH K2A compared with a cell line expressing WT HA-
SNF2PH. The mean of the ChIP analyses from three clones is represented as fold enrichment. A non-tagged cell line (Single Marker) was included as a negative HA
control. Histogram shows the mean from three independent clones expressing the K2A mutant, and error bars represent means + standard error of the mean (SEM).

B Reads per locus relative to input (%). ChIP analysis using anti-HA antibody in HA-SNF2PH and HA-SNF2PH K2A cell lines aligned with the ESPM1/4 index library
containing the sequences from all the BES amplicons. ChIP analysis of the HA-SNF2PH versus the mutant HA-SNF2PH K2A generated ChlP libraries. Control 1; C1,

PromSSR7 3U; Switch Strand Region promoter, Chr.7.

C In situ detection of SUMOylated SNF2PH using a Proximity Ligation Assay (PLA) is reduced in mutant SNF2PH K2A. Percentage of nuclei showing positive amplification
signal in PLA assay analyzed as described before [9]. Histogram comparing the % PLA positive cells is represented separately for two independent clones

overexpressing the HA-SNF2PH K2A mutant. Trypanosome transgenic cell lines usually vary considerably in protein expression level and kinetic, leading to a

considerable degree of variability. Notwithstanding, both cell lines showed a decrease in PLA-positive nuclei upon expression of SNF2PH K2A. WT HA-SNF2PH c1 PLA-
positive 73.98% (n = 246 total cells) versus HA-SNF2PH K2A Clone 2.2, positive PLA 11.47% (n = 514). WT HA-SNF2PH c2 PLA-positive cells 64.43% (n = 298) versus

HA-SNF2PH K2A Clone 2.8 PLA-positive cells 41.39% (n = 387).

© 2019 The Authors
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(located at the telomeric end of the BES3, BES13, and BES2, respec-
tively [2]).

In order to determine whether K2A mutation also affects to
SNF2PH occupancy at the promoter region, we constructed a ChIP-
seq index library including all the BES sequences from PCR regions
ESPM1 and 4 (Fig 3D) and map the reads PCR amplified from DNA
immunoprecipitated using anti-HA antibodies and chromatin from
cell lines expressing HA-SNF2PH and HA-SNF2PH K2A (Fig 4B). As
controls we used gene Control 1, a promoter in chromosome 7,
SSR7 (Strand Switch Region, SSR) (sequence defined by the prom
SSR7 3U primers in Appendix Table S4) a RNA pol III (U2) were
included after input normalization (Fig 4B and Dataset EV2).
Sequence alignments using Bowtiel and 0 mismatch error yielded a
number of reads aligned in BES ESPM1/4 libraries at the active
promoter in BES1 and BES2 (highly sequence homologue) that were
reduced for the cell line expressing the mutant K2A, to approxi-
mately ~0.5-fold. Conversely, at inactive promoters of BES the
number of reads was increased (BES12) or no significantly changed
(BES7 and BES13). This result is consistent with mutation K2A
reduced protein SUMOylation, which decreases the occupancy of
SNF2PH in the active promoter chromatin (Fig 4B).

We also assessed the effect of the K2A mutation on SUMO conju-
gation by PLA. The PLA signal for 3HA-SNF2PH (69.20% =+ 4.77)
was considerably greater than for the HA-SNF2PH K2A mutant
(26.49% + 15.02, n = 2), suggesting that K2 is required for efficient
SUMOylation in situ (Fig 4C). We conclude that SNF2PH is mainly
located at the active VSG-ES and that this specifically requires
SUMO modification.

SNF2PH is a transcriptional activator that regulates
VSG expression

To obtain direct evidence for function, we knocked down SNF2PH
and analyzed the effect using the DRALI cell line. Western blot
demonstrated depletion of the protein after 24 h RNAi (Fig 1B and
Appendix Fig S4A) and a reduction to proliferation was also
observed suggesting SNF2PH is essential for normal fitness
(Appendix Fig S4B). RT-qPCR analysis after 48 h RNAI indicated
significantly reduced levels of RLuc and VSG221 mRNAs (P < 0.05),
without changes to RNA pol II- or pol IlI-transcribed control loci C1
and U2, respectively. No reduction was detected in mature or pre-
spliced rDNA + 780 RNAs (Fig 5A), suggesting SNF2PH depletion

Figure 5. SNF2PH depletion results in a reduction of active VSG expression.

Andreu Saura et al

decreases VSG expression specifically. Next, we analyzed TbRPAI
(pol T largest subunit) occupancy in VSG-ES chromatin in cells
depleted of SNF2PH by ChIP using anti-TbRPAI (Fig 5B). Upon
SNF2PH depletion, we detected lower levels of TbRPAI recruitment
to the active VSG-ES (BES1) including the active VSG221 telomeric
locus (P < 0.05). This also detected for the RLuc gene inserted
downstream of the active promoter (2.94-fold). A lower decrease at
the rDNA promoter and ribosomal 18S locus was not significant.
Hence, SNF2PH is specifically involved in recruitment of the RNA
polymerase to the active VSG-ES, suggesting SNF2PH is required for
active VSG-ES transcription.

While a reduction of the reporter at the active VSG-ES promoter
was detected upon RNAI in three independent clones, we found that
Fluc activity from inactive VSG-ES promoters was clone dependent
(Appendix Fig S4C). Relative expression of FLuc transcripts correlates
with the FLuc expression level (Appendix Fig S4D). We performed
RNA-seq analysis on paired groups of individual clones (Appendix Fig
S4E and Dataset EV3), which showed variability in the VSG that is
derepressed. Some, like VSG427-15 (BES10) and VSG-14 (BESS8), but
not all were upregulated, while the active BES1 telomeric VSG221
gene was consistently downregulated, suggesting that where SNF2PH
was depleted, random derepression of inactive VSG-ES promoters
occurred. Thus, SNF2PH depletion induced derepression of a cluster
of silent BES but not all, similar to recently reported for H3V-H4V KO
[28]. As the PH domain is known to bind Histone 3 tails, the H3V KO
[28] and SNF2PH depletion phenotypes may be related.

Next, we asked whether VSG protein expression was also
reduced in SNF2PH depleted cells. VSG221 protein levels in three
independent SNF2PH RNAi clones (Fig 5C) were significantly
decreased (P < 0.05) (Fig 5D). Decreased VSG221 at the cell surface
was also detected after SNF2PH RNAI by fluorescence-activated cell
sorting (FACS) (Fig 5E). These results indicate that SNF2PH func-
tions as positive transcription factor for VSG expression.

To identify factors associated with SNF2PH, we ectopically
expressed triple-HA-tagged SNF2PH followed by affinity purification
and LC-MSMS (Appendix Table S2 and Table EV1). Among the
identified proteins, we found mRNA splicing factor TbPRP9 and
nucleosome assembly protein, AGC kinase 1 (AEK1), a kinase
essential for the bloodstream form stage [30] and a TP-dependent
RNA helicase SUB2, (Tb927.10.540). Importantly, several previously
identified VSG transcription factors, including Sptl6 included in
FACT complex (Facilitates Chromosome Transcription) [31], the

A Reduced VSG-ES transcripts upon SNF2PH 48 h RNAIi. Quantitative RT-qPCR analysis indicates 43% reduction of VSG221 mRNA, validated by RLuc reporter
(*P < 0.05). No significant changes in ribosomal RNA transcripts were detected (18s and rDNA + 780).

B Reduced RNA pol | occupancy in the active VSG-ES upon SNF2PH depletion. TbRPAI analysis was carried out in 48 h RNAi-induced cell lines and the parental cell line
(DRALI). Statistical analysis shows a significant reduction of TbRPAI occupancy levels between parental and SNF2PH-depleted cells at the active VSG-ES (*P < 0.05).
Data from three independent clones with standard error of the mean (SEM) are represented as fold over non-specific antiserum. NS; nonsignificant.

C Quantitative Western blots of VSG221 expression in three independent SNF2PH RNAi clones using IR fluorescence. Anti-VSG221 and tubulin antibodies were
incubated with the same blot and developed using goat anti-rabbit IgG 800 and anti-mouse IgG 700 Dylight (Thermo Fisher). A standard curve based on tubulin-
normalized anti-VSG221 signal intensity was generated using different concentrations of parental cell extracts (R?=0.99).

D Quantitation of VSG221 expression relative to the parental cell line. Relative VSG221 protein levels appear to be reduced compared with the parental cell line

(*P < 0.05).

E FACS analysis of VSG221 expressing cells shows a decreased active VSG221 population upon SNF2PH depletion (continuous red line) performed on DRALI cell line.
Control: DRALI cell line population expressing VSG221. SNF2PH-dox*: induced SNF2PH-depleted cells. SNF2PH-dox : uninduced SNF2PH-depleted cells. Secondary Ab:

population incubated with secondary antibodies as a negative control.

Data information: All data are reported as the mean £ SEM for biological replicates (n = 3). *P < 0.05 using two-tailed Student’s t-test for paired observations.
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Figure 5.

proliferative cell nuclear antigen (PCNA) and a subunit from the
Class I transcription factor A [32] were also identified (Appendix
Table S2). Furthermore, RNA pol I subunit RPA135 and the RNA
pol II RPB1 were also found to co-purify with SNF2PH suggesting
possibly a transient interaction with RNA polymerases subunits, as
previously described for yeast SNF2. Together, these data suggest
that SNF2PH occupies a central position in VSG transcription regula-
tion and links to RNA pol II transcription.

© 2019 The Authors
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SNF2PH is required for the maintenance of the bloodstream
stage expression profile

The above results suggest that SNF2PH regulates VSG expression
however also interacts with a RNA pol II subunit and RNA binding
proteins suggesting SNF2PH may regulates the expression of addi-
tional genes. In addition, SNF2PH protein levels in the bloodstream
form are decreased in the insect form suggesting a possible function
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in development. To investigate that possibility, we knocked down
SNF2PH in bloodstream trypanosomes. Transcript levels for EP
procyclin (P < 0.01), PAD1 and PAD2 (Protein Associated with Dif-
ferentiation 1 and 2) were significantly upregulated (P < 0.05),
whereas MyoB levels decreased (P < 0.01) (Fig 6A). Relative mRNA
levels of ribosomal 18S and C1 were unchanged. An increase in EP
procyclin and PAD1/2 transcription followed by a reduction in
MyoB, similar to the transcript profile of the stumpy form, a transi-
tion to the insect stage [33,34].

Furthermore, we investigated whether SNF2PH depletion influ-
ences EP procyclin replacement dynamics during in vitro differentia-
tion from the BF to the PF. We triggered differentiation with 3 mM
cis-aconitate (Fig 6B). Under these conditions, SNF2PH-depleted
cells expressed higher procyclin transcripts at 4 h of induction,
whereas VSG221 mRNA levels were reduced compared to the
parental cell line. Surface protein analyses of EP procyclin and
VSG221 in SNF2PH-depleted cells by IF, found a ~2-fold faster
replacement of VSG by EP procyclin (Fig EV3).

To investigate additional genes regulated by SNF2PH, we
carried out RNA-seq upon knockdown in the bloodstream form
(Fig 6C). Eighteen representative differentially expressed genes
(DEG) with a false discovery rate (FDR) < 0.05 were found out of
8673 genes from two experimental replicates and 221 transcripts
with a P < 0.05 (Dataset EV4). Among them, clear upregulation of
genes related to the procyclic form, including procyclin genes
(EP1-2, GPEET2), followed by procyclin-associated genes (PAGI,
4 and 5) and expression site-associated genes (ESAG2 and 8),
some of them consistent with previous analysis in procyclic forms
[33] (Appendix Table S3). We also found upregulation of protein
associated with differentiation 1, 2 (PAD1 and PAD2), zing finger
family ZC3H18, and the receptor-type adenylate cyclase
GRESAG4-related transcripts. Conversely, genes with normally
higher expression in bloodstream form were downregulated,

Andreu Saura et al

including the alternative oxidase and glucose transporter THT-2
(Dataset EV4).

Given that SNF2PH expression is clearly reduced in the
procyclic stage (Fig 1A), we sought to investigate the gain-of-func-
tion phenotype induced by ectopic expression of SNF2PH in the
procyclic form. Interestingly, we detected an increase in silent
telomeric VSG121, VSGBn2, and VSGJS1 transcripts from two inde-
pendent clones in the procyclic form where no VSG is normally
expressed (Fig 6D).

To determine possible changes to global gene expression
induced by SNF2PH overexpression, we used RNA-seq and
compared the overexpressor and parental procyclic cell line
(Fig 6E). We found increased expression of ESAG3 from several
BES, ranging from 2.5 to 5.2- log FC, while the promoter adjacent
transferrin-binding protein ESAG6/7 increased 1.7 to 3.2- log FC
(Fig 6E and Dataset EVS5). Of the total mapped reads, 55.08%
were linked to telomeric bloodstream ESs (BESs), including BES1
(BES40 ~5.2- log FC), BES4 (BES28/98 ~4.5- log FC), BES2
(BES129/126 ~3.8- log FC), and BES13 (BES56/153/51/4 ~2.6- log
FC) (Fig 6E and Dataset EV5). Importantly, no expression of VSG
basic copies genes, located within internal chromosomal arrays,
was detected, ruling out global chromatin deregulation. These
results show that, in procyclic forms where no VSG is expressed,
overexpression of SNF2PH induced upregulation of telomeric
VSG-ES (BES) transcripts, suggesting that SNF2PH functions as a
central regulator of the BES. Thus, in BF, where SNF2PH is highly
expressed, this chromatin remodeler likely functions to promote
and maintain the expression of VSG-ES (BES).

Next, we analyzed the relevance of the SNF2PH plant homeo-
domain and overexpressed a truncated form of SNF2PH lacking the
PH domain (SNF2APH) (Fig 6F). RNA-seq analysis detected 737
genes (FDR < 0.05 and P < 0.01, out of 7,918 genes) differentially
expressed after overexpression of SNF2APH versus 118 genes

Figure 6. SNF2PH is required for maintaining infective form surface protein expression.

A Depletion of SNF2PH (48 h) in the bloodstream form results in an increase of procyclin and proteins associated with differentiation (PADs) transcripts. Procyclin,
PAD1, and PAD2 mRNAs are upregulated when SNF2PH is depleted. Results are the average from three independent clones and data normalized with U2 mRNA. Error
bars represent means + SEM. (*P < 0.05, **P < 0.01) using two-tailed Student’s t-test for paired observations.

B SNF2PH KD cells differentiate to procyclics more efficiently. The procyclin transcript is increased in SNF2PH KD-depleted cells during in vitro differentiation compared
with parental cell line. Parental and SNF2PH-depleted cells were treated with 3 mM cis-aconitate and temperature shift for 4 hours. Quantitative RT-PCR data from
two independent clones were normalized against C1 (RNA pol II-transcribed) as a housekeeping gene. Error bars represent means =+ standard deviation (SD).

C Scatter plot for differentially expressed genes (DEG) from RNA-seq analysis upon SNF2PH depletion (FDR < 0.05). Non-DEG: Non-differentially expressed genes. Up:

upregulated genes. Down: downregulated genes.

D Ectopic expression of SNF2PH in procyclic form upregulates telomeric VSG mRNAs. Histogram showing the relative expression of mRNA measured by gRT-PCR of VSG
genes located in different telomeric VSG-ESs (BES) genes after 48 h of induction of SNF2PH overexpression in procyclic form. This analysis included mRNAs from
telomeric VSG genes (BF stage-specific) not expressed normally in the insect procyclic form, including the VSG121 (BES3), VSGJS1 (BES13) VSGBR2 (BES15), and VSGVO2
(BES2). Data from two independent clones and parental controls are represented as normalized fold expression relative to C1 (RNA pol I transcribed) as a
housekeeping gene. Error bars represent means + SD from technical replicates for each independent clone.

E Ectopic expression of SNF2PH in procyclic induces expression of bloodstream form surface proteins. Scatter plot for differentially expressed genes (DEG) in RNA-seq
analysis shows upregulation of telomeric BESs. A significant increase of BES-associated genes (ESAGs) linked to telomeric BESs was detected after full-length SNF2PH
overexpression in the procyclic form. Data from at least two experimental replicates are represented as log, fold change (FC) for genes with FDR < 0.05 and
P < 0.001 after correction with the uninduced procyclic cell line. Relative mRNA levels of procyclic cells after 48 h of SNF2PH overexpression increase telomeric BESs,
including VSG221-ES (BES1; TAR40), VSG121-ES (BES3; TAR1S), VSGJS1-ES (BES13; TARS6), and VSGVO2-ES (BES2; TAR129), VSGR2-ES ES (BES15; TAR126), see (2) for
detailed BES and TAR nomenclature (Dataset EV5). Ectopic expression of SNF2PH full-length also induced invariant surface glycoprotein 65 (ISG65) genes (Dataset
EV5). Data from two independent clones and parental controls are represented as normalized fold expression relative to C1 (RNA pol Il transcribed) as a housekeeping

gene.

F Expression of bloodstream form surface proteins requires SNF2PH plant homeodomain. EP procyclins and other insect stage-specific markers (FDR < 0.05, P < 0.001)
are expressed in the SNF2PH mutant form lacking of the plant homeodomain (SNF2APH). No BF surface proteins like VSG-ES (BES related or ESAGs) neither invariant
surface glycoproteins (ISG65) genes were induced under ectopic expression of the SNF2APH mutant.
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Figure 6.

(FDR < 0.05 and P < 0.001, out of 8,451 genes) for SNF2PH full
length, illustrated in Fig EV3C and D. Most significantly, induction
of BES-related genes did not occur in cells overexpressing the

© 2019 The Authors
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SNF2APH mutant lacking the PH domain (Fig 6F), suggesting that
the PH domain is required to provide SNF2PH specificity to bind
and recognizes VSG-ES (BES) chromatin (Fig 6F and Dataset EV5).
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Significantly, beyond impacts to BES expression, invariant
surface glycoprotein ISG65 genes, transcribed exclusively in the
bloodstream form, were also significantly increased up to 6-fold in
procyclics ectopically expressing SNF2PH compared to the parental
procyclic cell line (Fig 6E). Importantly, ISG gene transcripts were
not detected in cell lines expressing SNF2APH (Dataset EVS5). We do
not know whether ISGG65 is expressed at the surface of these cells,
but consider it unlikely as we previously demonstrated that ectopi-
cally expressed ISGs are rapidly degraded in insect stage cells [35],
as well as with ectopic expressed mRNA VSG. As VSG is transcribed
by the RNA pol I and ISG65 by RNA pol II, this suggests that
SNF2PH acts beyond the telomeric BES, and may act as a global
transcriptional activator of surface protein genes irrespective of the
RNA polymerase involved.

These results suggest that the PH domain is essential to direct
SNF2PH to specific bloodstream form surface proteins genes,
promoting transcriptional activation. In metazoans, transcription
factors containing homeodomains determine cell fates during devel-
opment, and this is the chromatin-binding domain necessary to
regulate downstream target genes. Our results provide an important
contribution of the plant homeodomain in recognition epigenetic
chromatin patterns to regulate gene expression in trypanosomes, an
early-branching eukaryote.

SNF2PH is downregulated in quiescent stumpy forms

The stumpy form of pleomorphic trypanosomes is pre-adapted to
the metabolism required by the procyclic form for survival within
the insect vector. Given upregulation of stumpy form markers in
SNF2PH knockdown cells, we examined SNF2PH dynamics during
the stumpy to procyclic form transition. Recent evidences suggest
that the AMP-dependent kinase, AMPKal, is a key regulator of the
development of quiescence in bloodstream form trypanosomes [42]
reviewed in [43]. Upon AMPKal activation, stumpy-like differentia-
tion was induced in a monomorphic cell line. Quantitative Western
blots and RT-qPCR analyses of monomorphic cells treated with an
AMP analog showed a significant decreased in SNF2PH proteins
levels and transcripts (Appendix Fig SS5A). Reduction of SNF2PH
protein levels in stumpy-like cells obtained after AMPKa1 activation
by AMP suggests AMPK pathway negatively regulates SNF2PH
expression.

We also assessed the transcriptional profile in stumpy-like
forms induced by AMP treatment and compared with SNF2PH
knockdown. qRT-gPCR confirmed a transcriptional profile charac-
teristic of the stumpy form in untreated SNF2PH knockdown
versus AMP treated cells, in which relative mRNA levels for
SNF2PH transcripts were downregulated (P < 0.01; Appendix Fig
S5B). Interestingly, stumpy form-like transcriptome changes were
more prominent in cells treated with 5-AMP and depleted for
SNF2PH compared with 5-AMP alone and 5-AMP untreated
knockdown cells.

An important question, however, is whether SNF2PH downregu-
lation occurs naturally during in vivo differentiation of a wild-type
pleomorphic strain. Bloodstream pleomorphic trypanosomes
undergo differentiation from the proliferative to the quiescent
stumpy form throughout mice infection. SNF2PH protein levels
analysis in the pleomorphic AnTAT 90.13 strain decreased at 4-
5 days postinfection (Appendix Fig S5C), whereas AMPKal was

12 of 18 EMBO reports  e48029 | 2019

Andreu Saura et al

fully activated as previously described [42]. Taken altogether, these
data suggest that SNF2PH is negatively regulated during transition
to stumpy form and mechanistically linked to AMPKal activation
by an undefined mechanism.

Discussion

Antigenic variation in African trypanosomes is mediated by complex
regulatory mechanisms that secure monoallelic expression of a
single VSG, the fundamental basis of immune evasion. The
transcriptional state of VSG genes is maintained through several
generations and is the product of epigenetic mechanisms and
post-translational modifications (PTM) that mark the active VSG
genes. Several PTMs are associated with silencing the inactive VSG-
ESs [3], but SUMOylation is the only known modification associated
with the active VSG-ES [9]. A concentration of SUMOylated proteins
[9] is located adjacent to the expression site body where VSG gene
transcription occurs. Additionally, several chromatin-associated
SUMO-modified proteins are enriched at the active VSG-ES, and
chromatin SUMOylation is also required for efficient RPAI
recruitment [9].

Epigenetic factors are likely regulators of VSG transcription;
silencing of TbISWI, HDACs, and additional chromatin remodelers
such as ASF1, CAF1, and FACT, consistently results in similar
phenotypes, i.e., the derepression of normally silent VSG-ES
subtelomeric regions (reviewed in [4]). By contrast, pharmacologi-
cal inhibition of bromodomain chromatin remodelers leads to the
upregulation of both silent and basic copy VSG genes, suggesting a
role in maintaining global chromatin organization, rather than
specific action at the active ES [36]. Further, post-translational
histone modifications are associated with the repression of silent
VSG-ESs (see [37] for a review). Interestingly, proteins regulating
nuclear architecture also alter monoallelic VSG expression, includ-
ing the lamina proteins NUP-1 [38] and cohesin, where silencing
leads to a ~10-fold increase in VSG switch frequency [24]. Deletion
of histone variants H3.V and H4.V highly increases VSG switch
frequency via homologous recombination, and the telomeric VSG-
ES loci are confined to distinct compartments within the nucleus
[28]. Altogether, these data support a model where epigenetically
marked VSG-ES chromatin occupies a unique subnuclear compart-
ment, facilitating monoallelic expression [6].

The product of Tb927.3.2140 is a SUMO-conjugated protein
unregulated in the bloodstream form. Tb927.3.2140 possesses
domains homologous with the SWI/SNF family of chromatin
remodelers, e.g., SMARCAL, also known as the global transcription
activator SNF2L1, and SNF2 helicase domains. Thus, we named
the gene product SNF2PH. The SNF2 family N-terminal domain
participates in many processes [16], while the chromatin SWI/SNF
remodeler superfamily regulates either specific or global gene
expression. SNF2PH also contains helicase domains homologous to
transcriptional activators HsSMCAS5 and MsSMCA1 of the ISWI
subfamily (Appendix Fig S1). Interestingly, SNF2PH contains a
homeodomain that interacts directly with histone tails to regulate
development, the plant homeodomain (PHD), which is present in
histone methyltransferases, such as MmHMT3 and HsNSD3
(Appendix Fig S1). The H. sapiens chromatin remodeler CHD4-
based NuRD also contains a PHD [39] and was shown to act in
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both a positive and negative manner in regulating cell-specific dif-
ferentiation [16]. Multiple lines of evidence suggest that SNF2PH
has an architecture typical of transcriptional regulators and chro-
matin readers and similarly acts in both, positive and negative
manners, to regulate developmental stage-specific gene expression
of surface proteins in trypanosomes.

SUMO modification acts as a switch for the localization of
SNF2PH, and modified SNF2PH is recruited to the active VSG-ES
promoter, while unmodified SNF2PH is present at silent VSG
promoters. While we cannot be certain if this is cause or conse-
quence, loss of function associated with a non-SUMOylated mutant
of SNF2PH suggests an active role for SUMOylation in targeting.
SNF2PH depletion leads to downregulation of the active VSG-ES,
indicating a possible function as a positive regulator. This conclu-
sion is supported by an increased frequency of sequences related to
BESI in the ChIP-seq data, as well as upregulation of procyclin and
PAD genes after SNF2PH knockdown, suggesting a suppressive
function in the insect stage. Interestingly, ChIP-seq analysis revealed
SNF2PH occupancy at the H3.V locus, which suggests that SNF2PH
regulates H3.V expression, a histone variant crucial for regulating
VSG expression [28].

SNF2PH associates with several proteins, including histone chap-
erone Sptl6 [40] and proliferative cell nuclear antigen (PCNA),
essential for replication [41], suggesting a link between SNF2PH and
cell cycle progression. Another significant interactor is the CITFA-4
subunit of the RNA pol I promoter binding complex [31]. SNF2PH
also shows an association with RNA pol I subunit RPA135 and RNA
pol I subunit RPB1, the latter consistent with SNF2PH occupancy at
pol Il-transcribed loci (Fig 3B). This prompts us to speculate that
SNF2PH-pol 1I association facilitates accessibility of transcription
factors to regulate RNA pol II transcription.

SNF2PH depletion leads to expression of insect form genes,
which suggests a role in maintaining the BF chromatin state by
opposing control of the two major developmentally regulated
surface gene families, procyclins and VSGs. Importantly, overex-
pression of SNF2PH in the procyclic form leads to the expression of
bloodstream form telomeric VSGs and ESAGs, requiring the PH
domain to promote telomeric expression in a repressed VSG tran-
scriptional background. Consequently, this domain is apparently
required to maintain bloodstream form through developmental
regulation [19].

The stumpy form is a pre-adaptation to the insect host and
requires AMPKal activation [42]. 5-AMP analog treatment leading
to enhanced AMPKal activation in monomorphic cells resulted in
SNF2PH downregulation. Whereas AMPKal activation promotes
differentiation, reduced SNF2PH expression in stumpy forms
observed in wild-type pleomorphic trypanosomes during mice infec-
tion confirmed the biological relevance. This result rules out a possi-
ble SIF-independent induction of differentiation by VSG-ES
transcription attenuation described previously [44].

Interestingly, SNF2PH is enriched at tRNAs clusters on several
chromosomes (Fig 3C). tRNAs can act as insulators to prevent the
spread of silencing in S. cerevisiae [45,46] and in mammals to
prevent enhancers from activating promoters [47,48]. We detected
low colocalization of SNF2PH with GFP-tagged active VSG-ES
(Fig 1D), and even lower association in 2K1N cells (G2) (Fig EV1A),
which may suggest that the association of SNF2PH with the active
VSG-ES locus occurs preferentially in G1. Although such insulator
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function has not been described in trypanosomes, the presence of
SNF2PH at tRNA loci during interphase, as some insulator proteins
[49], suggests a tentative model where SNF2PH/tRNAs could act as
a chromatin domains organizer to maintain bloodstream stage-
specific surface protein gene expression.

The ISG65 genes are transcribed by RNA pol II from polycistronic
arrays located in core chromosomal regions, while VSG genes are
transcribed by RNA pol I from the VSG-ES (BES) telomeric locus.
Notwithstanding, the chromatin remodeler SNF2PH, utilizing the PH
domain as epigenetic reader, recognizes both distinct gene families.
This is suggested by SNF2PH ectopic expression in procyclic forms,
which led to a developmental epigenetic reprogramming, similar to
homeodomain proteins in other organisms. Furthermore, ISGs are
transcribed at similar levels for all allelic variants, while the VSG is
monoallelically transcribed at one out of 15 different telomeric BESs
[2]. Interestingly, SNF2PH overexpressed in procyclic forms lacking
SUMO induced then expression of all BES (Fig 6E), and monoallelic
expression of VSG genes was not achieved. We speculate that
SNF2PH SUMOylation is likely the modification that SNF2PH acquires
at the nuclear body ESB, where VSG-ES transcription occurs [6,9],
allowing SNF2PH to recognize and activate a single BES telomere
among the VSG multiallelic gene family.

In sum, SNF2PH requires SUMO modification to function as a
transcriptional activator of VSG-ES monoallelic expression, and the
PH domain is required for this and for maintaining the mammalian
infective form surface protein coat, ensuring continuous and proper
VSG and ISG surface display, essential for pathogenicity.

Materials and Methods
Trypanosome strains and cell lines

Trypanosma brucei brucei, bloodstream form (Lister 427, antigenic
type MiTat 1.2, clone 221a), 427 procyclic form and the pleomor-
phic AnTAT 90.13 were used in this study. The dual-reporter cell
line, DRALI, contains the Renilla luciferase (RLuc) gene inserted
405 bp downstream of the active VSG-ES promoter and the Firefly
luciferase (FLuc) gene downstream of an inactive VSG-ES promoter.
The insertion site was checked by sequencing the flanking region
from DRALI genomic DNA confirming RLuc inserted in the active
VSG221-ES (BES1), whereas FLuc was inserted downstream of the
inactive VSG-ES promoter BES15/TAR126 VSGbR-2/427-11. The
VSG221-ES GFP-tagging and YFP-TbRPB5z fusion were previously
described [24].

Recombinant proteins and monoclonal antibodies

C-terminal fragment of SNF2PH (Tb927.3.2140) was amplified by
PCR, and the PCR product was cloned into BamHI and HindIIl
sites of pET28a vector (Novagen) expressed as a C-terminal His
tag (Appendix Tables S5 and S6). The recombinant protein was
purified using NI Sepharose Fast flow 6 (GE Healthcare) and inoc-
ulated into mice to generate anti-SNF2PH (11C10E4) monoclonal
antibody (mAb), using standard procedures. Hybridomas were
screened against the recombinant protein by ELISA and further
confirmed by Western blot analysis using trypanosome protein
extracts that recognized the protein of the expected size.
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Hybridoma cell line 11C10E4 was grown as ascites. SNF2PH poly-
clonal antibody was obtained by affinity purification from rabbit
antiserum after several inoculations of the recombinant protein
using an Aminolink column (Pierce), following the manufacturer’s
instructions. Anti-TbSUMO (1C9H8) monoclonal antibody was
generated as previously described [9].

3xHA tagging of SNF2PH versions

A T. brucei bloodstream form cell line expressing a 3xHA-tagged
SNF2PH was developed by replacing both copies of the endogenous
gene. For the 3xHA K2A, one allele was replaced by the mutant
version due to cell viability. Procyclic form cells carrying both
3xHA-tagged full-length and truncated SNF2PH isoforms were
ectopically expressed from the ribosomal spacer. Cloning proce-
dures are detailed in Appendix Tables S5 and S6.

RNAi experiments

SNF2PH RNAi construct was made using the p2T7Bla vector [50].
Since most of the RNAI constructs using this vector are leaky, compar-
ative analyses always included addition of the dox induced (+) and
uninduced (—) RNAI in the parental cell line (DRALI). Amplified PCR
fragment corresponding to 1113-bp of C-term SNF2PH ORF was
cloned into BamHI and HindIlIl sites of p2T7Bla and transfected into
the dual-reporter cell line DRALI (Appendix Tables S5 and S6).
Synthesis of dsSRNA was induced by adding 1 pg/ml of doxycycline.
At least three independent clones were analyzed, and protein deple-
tion was confirmed by Western blot using specific antibodies.

RT-qPCR

RNA isolation, cDNA synthesis, and qPCR were performed as previ-
ously described [9]. Relative expression levels were referred to a
control (parental cell line) and normalized against a housekeeping
gene (U2, pol Ill-transcribed gene), using the software Bio-Rad CFX
Manager Software. Experimental conditions were performed in trip-
licate and analyzed by Student’s t-test. A detailed primer list is
found in Appendix Table S4.

RNA-seq analysis

Total RNA from at least two independent biological replicates of
both SNF2PH knock down (BF) and overexpression (PF) after 48 h
of doxycycline induction was used to generate a library from poli
(A) + mRNA isolated fragments. Libraries were sequenced on an
[llumina NextSeq 500 platform (150 cycles) in paired-end mode with
a read length of 2 x 76 bp and sequence depth of approximately 50
million reads per sample. The miARma-Seq pipeline [S1] was used
to analyze all transcriptomic data. In detail, this pipeline contains
all needed software to automatically perform any kind of differential
expression analysis. It uses fastqc to check the quality of the reads
and aligned them wusing hisat2 on T. brucei TREU427 refer-
ence genome (TritrypDB release 39). Subsequently, the aligned
reads are quantified and summarized for each gene using feature-
counts. Finally, gene counts are analyzed using the edgeR package
from Bioconductor. In such a way, all samples were size corrected
in order to be comparable and then normalized using the TMM
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method from the EdgeR package. TMM values for each gene were
used for the differentially expression analysis. RPKM values for each
gene were calculated from the normalized read counts values using
the rpkm method from edgeR. Genes transcripts isolated form unin-
duced versus induced SNF2PH RNAI cells with a [log,FC] > 1 (log,
of Fold Change) and FDR < 0.05) were considered as differentially
expressed. Additionally, miARma-Seq [51] generated a volcano plot
to facilitate the identification of genes that felt higher variation in
expression.

Chromatin Immunoprecipitation (ChIP) and ChIP
sequencing (ChiP-seq)

Bloodstream form T. brucei cultures were fixed and processed as
previously described [9]. Pre-cleared chromatin (5 x 107 cells per IP)
was incubated with each antibody (90 pg anti-SNF2PH, 6 pg anti-
TbRPAI 6 pg of rabbit anti-HA tag antibody (abcam), and 90 pg of
an unspecific antiserum). The immunoprecipitated products were
reverse crosslinked, and the extracted DNA was analyzed by quanti-
tative PCR (qPCR). For ChIP-seq analysis, the protocol was scaled for
a final concentration of ~5 ng of immunoprecipitated DNA. To
compare the amount of DNA immunoprecipitated to the total input
DNA, 10% of the pre-cleared chromatin saved as input was processed
with the eluted immunoprecipitated products before the crosslink
reversal step. Quantitative PCR was performed using SYBR green
Supermix (Bio-Rad) in a CFX96 cycler (Bio-Rad). IP percentages were
determined as previously described [9]. At least three independent
experimental assays were displayed and analyzed by Student’s t-test.
A detailed primer list is detailed in Appendix Table S4.

Generation of the ChIP-seq library

ChlIP-seq analysis in Fig 3D

Immunoprecipitated DNA (~5 ng) from each condition was evalu-
ated in a 2100 BioAnalyzer to assess fragmentation size and
subjected to end-repair enzymatic plus dA-tailing treatments further
to be ligated to adapters using the Illumina TruSeq DNA Sample
preparation kit, following the manufacturer’s instructions. Adapter-
ligated libraries were enriched with 15 cycles of PCR using Illumina
PE primers and purified with a double-sided SPRI size selection in a
range below 300 bp. Libraries were sequenced in an Illumina
NextSeq 500 platform leading to a 650,000 reads per sample. The
raw reads were processed using the miARma-Seq pipeline [51] to
measure quality, adapter sequence removal and read alignment.
Briefly, this software first assessed the quality of the sequences
using FASTQC tool kit. After that, adapter sequences were removed
using the cutadapt utility. Once reads were processed, they were
aligned against the Trypanosoma brucei Lister 427 genome obtained
from TriTrypDB version 34 using the BWA aligner with default
parameters. Later, final results obtained from miARma-seq were
processed with macs. Therefore, each paired sample (-f BAMPE)
chip (-t) was processed against the input sample (-c) to eliminate
general peaks in both types of samples using as organism size 2.7¢” (-g).
The correspondence of peaks between both types of samples (HA-
SNF2PH and HA-SNF2PH K2A) and with gene sequences was
carried out with the intersectBed script from bedtools using the gene
annotation provided by TriTrypDB version 34 and visualized in GB
browser. A starting pool of 8 amplicons 18S, U2, C1, prom SSR7,
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ESPM-1/4, VSG221 (BES1), and VSG121 (BES3)) were combined
together in a single lane per condition (including respective inputs).
Coding sequences for 18 and U2 were used as reference genes to
evaluate the immunoprecipitation efficiency in each experimental
case. Differential peak distribution was represented as fold enrich-
ment relative to input and assessed by —logP value, considering a 0
nucleotide mismatch to discern telomeric sequences.

ChlIP-seq analysis in Fig 3E

To discriminate among the BES promoters, we carried out ChIP-seq
analysis using selected PCR ES Promoter Mapping (ESPM) regions
known to have sequence polymorphisms among different BESs, as
previously described [9]. A pool of amplicons of sequences of the
promoter regions ESPM1 and ESPM4 (Fig 3D, defined with the
primer include in Appendix Table S4) containing the corresponding
sequences from the BES1, BES2, BES3, BES4, BES7, BES7dw,
BES10, BES10dw, BES12, BES13, BES15, BES 15dw, BES17,
BES17dw, and 18S, U2, C1 as control were combined together in a
single lane to build an index file (ebwt), next the alignment was
done with bowtie -S -n0 command to consider a 0 nucleotide
mismatch to distinguish among few nucleotide sequence differences
in each BES, as described before [9]. The actual number of reads
aligned on each BES in represented in the histogram of Fig 3E.

Cell extracts and Immunoblots

Parasite cultures were collected by centrifugation and washed once
in Trypanosome Dilution Buffer (TDB) with 1X protease inhibitor
cocktail (Roche) and 20 mM N-ethylmaleimide (NEM) and pellets
were processed as previously described [9]. Western blot
membranes were incubated with anti-SNF2PH mAb ascites
(1:1,000), anti-SNF2PH affinity-purified antiserum (1:1,000) and
monoclonal anti-HA high affinity (1:500, clone 3F10, Roche Applied
Science). Mouse monoclonal anti-TbSUMO mAb ascites (1:1,000),
anti-Tubulin mAb (1:5,000), anti-MVP mAb (1:1,000), rabbit anti-
VSG221 antiserum (1:50,000), and rabbit mAb Phospho-AMPKa
(Thr172) (40H9) (1:1,000, Cell Signalling technologies) were used
as described previously [9,34,42].

Quantitative western blots

Quantitative Western blots analyses were performed as previously
described [9]. Membranes were incubated with anti-VSG221
(1:50,000), anti-SNF2PH affinity-purified antiserum (1:1,000), Tubu-
lin (1:5,000), and anti-MVP mAb (1:1,000). A standard curve based
on Tubulin-normalized anti-VSG221 signal intensity was generated
using different concentrations of parental cell extracts (R* = 0.99).
The standard curve regression was used to determine VSG221
expression levels in SNF2-depleted cell lines. For both detection of
AMPK phosphorylated levels and SNF2PH in in vitro and in vivo
assays, a MVP-normalized anti-SNF2PH and/or anti-p-AMPK were
used to quantify differences in signal intensity compared with the
parental condition.

Purification and identification of TbSUMO conjugates

To identify SUMO conjugates from a bloodstream form, T. brucei
cell line expressing an 8xHis and HA-tagged version of SUMO
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(Tb927.5.3210) was developed by replacing both copies of the
endogenous gene, see Appendix Tables S5 and S6. Purification of
conjugates was performed in denaturing conditions by nickel affin-
ity chromatography. After imidazole elution, the urea concentration
was decreased and SUMOylated proteins were subjected to a second
affinity purification step using an anti-HA agarose resin. Final conju-
gates were analyzed by mass spectrometry, and processing data was
performed as previously described [34].

Purification of protein complexes and identification by
Nano-LC-MS/MS

A total cell mass of 4.0 x 10'® procyclic form cells, strain
T. brucei 449 expressing the 3HA-tagged version of TbSNF2PH
was induced with 1 pg/ml doxycycline during 48 h and harvested
at 1,400 g rpm during 10 min at 4°C. The pellet is washed in
50 ml PBS 1x including protease inhibitors and subjected to cryo-
genic grinding, resulting in a lyophilized powder with all nuclear
components, as previously described [52]. Immunoprecipitation
assays were performed with 50 mg of lyophilized powder and
resuspended immediately in 1 ml of Lysis buffer (20 mM HEPES
pH 7.4, 50 mM sodium citrate, 1 mM MgCl,, 10 uM CaCl,, 2x
protease inhibitor cocktail (Roche), and 0.1% CHAPS), followed
by three cycles of sonication of 15 s at 50 W and centrifuged at
20,000 g during 10 min at 4°C. The supernatant containing the
nuclear fraction was incubated with 10 ul (0.1 mg) of previously
equilibrated HA-Magnetic beads and incubated during 2 h at 4°C
on rotation and washed three times, preserving the same buffer
conditions. HA-Magnetic beads were eluted at 99°C during 5 min
with 15 pl of NuPAGE SDS Sample buffer (Life technologies)
with 1.5 ul of NU PAGE SDS Sample Reducing Agent (Life tech-
nologies) and denatured at 99°C during 5 min prior to being
analyzed in an SDS-PAGE gel with silver stain. Sample prepara-
tion for MS analysis was eluted with 50 ul of 2% SDS and
20 mM Tris-HCl pH 8.0 at 72°C and precipitated with 100%
ethanol. After centrifugation, the sample was subjected to tryptic
digestion and reductive alkylation of Cys groups with 50 mM
iodoacetamide and finally vacuum-dried to be dissolved in 1%
acetic acid. Then, tryptic peptides mixtures were injected onto a
C-18 reversed phase nano-column (100 mM ID, 12 cm, Teknok-
roma) and separated in a continuous acetonitrile gradient. Eluted
peptides from the RP nano-column were fragmented in a LTQ-
Orbitrap Velos Pro mass spectrometer (Thermo Scientific). For
protein identification, the mass spectra were deconvoluted using
MaxQuant version 1.5 searching the T. brucei427_927_Tritryp-3.1
annotate protein database (37,220 proteins). Search engine analy-
sis was performed assuming the full trypsin digestion (strict
trypsin) in Mascot version 2.4.1. with pre-established parameters
(Fragment Tolerance: 0.60 Da (Monoisotopic) Parent Tolerance:
10.0 PPM (Monoisotopic) Fixed Modifications: +57 on C (Car-
bamidomethyl) Variable Modifications: -17 on n (GIn->pyro-Glu),
+16 on M (Oxidation), +32 on M (Dioxidation), +42 on n
(Acetyl)). To visualize MS-spec data, we used Scaffold Proteome
Software version 4.4.6 with a 0.5% peptide threshold and 5%
protein threshold and 1 peptide minimum. False discovery rates
(FDR) were calculated for both peptide and protein levels. A
non-tagged cell line (procyclic form 449) was used to subtract
contaminant proteins.
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Immunoprecipitation in denaturing conditions to detect
TbSUMO conjugates

For each immunoprecipitation (IP) experiment, 1.0 x 10'® blood-
stream form (BF) cells were used. Cells were washed in TDB with
1X protease inhibitor cocktail (Roche) and 20 mM NEM. Pellets
were resuspended at ~5.0 x 10° cells/ml in urea buffer (6M Urea,
50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM NEM, 0.5% NP-40, 2x
protease inhibitor cocktail (Roche)) and sonicated until their viscos-
ity was lost. The cell lysate was centrifuged at 20,000 g for 10 min
at 4°C, and the supernatant with the nuclear enriched fraction was
stored at —80°C. For immunoprecipitations, the nuclear extract was
diluted 1:6 with dilution buffer (50 mM HEPES pH 7.5, 500 mM
NaCl, 1% NP-40, 0.5% Lauryl Sarcosine, 0.1 mM EDTA, 10 mM
NEM, 1x protease inhibitor cocktail (Roche)) followed by overnight
antibody incubation at 4°C on rotation. Antibody concentration for
IP experiments was 180 pg/ml anti-SNF2PH rabbit antiserum,
800 pg/ml of anti-TbSUMO mAb 1C9HS, and 180 pg/ml of unspeci-
fic IgGs (prebleed antiserum). Previously equilibrated Protein G
Sepharose beads (Sigma-Aldrich) were added to each diluted extract
(~5.0 x 10° cells) containing the antibodies and incubated during
1 hr at 4°C on rotation to capture specific IgGs. Beads were washed
five times for 5 min at 4°C on a rotating wheel with 1 ml of wash
buffer (1 M urea, 50 mM HEPES pH 7.5, 500 mM NaCl, 1% NP-40,
0.5% Lauryl Sarcosine, 0.1 mM EDTA, 10 mM NEM, 1x protease
inhibitor cocktail (Roche)). Then, beads were eluted with 2x
Laemmli sample buffer and boiled at 99°C for 5 min. IP samples
and inputs were subjected to SDS-PAGE and quantitative Western
blotting using the appropriated antibodies.

3D-Immunofluorescence

Three-dimensional immunofluorescence (3D-IF) was carried out on
cells in suspension as previously described [24]. Mouse anti-
TbSUMO mAb 1:2,000, mouse anti-SNF2PH mAb 1:1,000, rabbit
anti-SNF2PH affinity-purified antiserum 1:1,000, rabbit anti-VSG221
antiserum 1:50,000, mouse anti-Procyclin mAb 1:500 (MyBio-
Source), and mouse anti-GFP mAb, 1:600 (Invitrogen) were used as
primary antibodies. Alexa Fluor 488 and Alexa Fluor 594 goat anti-
mouse or anti-rabbit (Invitrogen) were used as secondary antibod-
ies. Cells were DAPI stained. Pseudocoloring, colocalization analy-
sis, and maximum intensity projections were performed using
ImageJ Fiji program version 1.51n software (National Institutes of
Health), and one-way analysis of variance was used to compare the
Pearson’s coefficient value generated by the JACoP analysis plugin,
available under ImageJ Fiji. For the colocalization mask, the plugin
“Colocalization highlighter” was used where two points are consid-
ered as colocalized if their respective intensities are strictly higher
than the threshold of their channels, which was set to 80% and if
their ratio of intensity is higher than the ratio setting value of 80%.

In vitro Trypanosoma brucei SUMOylation assay in bacteria

In vitro reconstituted SUMOylation system was performed in Escher-
ichia coli BL21 (DE3) cells transformed with pCDFDuet-1-TbSUMO/
TbE2, followed by pACYCDuet-1-TbEla-TbE1b. Competent bacteria
were transformed again with pET28a(+)-3xFlag-SNF2PHN or
pET28a(+)-3xFlag-SNF2PHC (See Appendix Tables S5 and S6 for
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cloning details). Assessment of SUMOylation reaction and TbSENP
deconjugation assays were performed according to [13], and
samples were analyzed by Western blot using an anti-Flag M2
mouse monoclonal antibody 1:5,000 (Sigma-Aldrich). Horseradish
peroxidase-conjugated goat anti-mouse secondary antibody 1:5,000
(Sigma) was detected by Chemiluminescence using SuperSignal
West Pico Chemiluminescent Substrate (Pierce).

Proximity ligation assay

The PLA assay was performed as previously described [9] by using
the rabbit anti-SNF2PH affinity-purified antiserum (1:1,000) and
mouse anti-TbSUMO 1C9HS8 (1:2,000) as primary antibodies.

Luciferase assay

Luciferase assays were carried out using the Luciferase Assay
System (Promega®) following the manufacturer’s instructions from
bloodstream form culture (3 x 10° cells) of control and SNF2PH
depleted cells. Lectures were performed in a FB 12 Single Tube
Luminometer (Titertek-Berthold) with pre-established parameters
(2 s of delay time/10 s temp).

Fluorescent-activated cell sorting (FACS) analysis

SNF2PH RNAi bloodstream form induced cultures (1.5 x 107 cells)
were collected and processed as previously described [9] using anti-
VSG221 (1:3,000) as primary antibody. Alexa Fluor 488 goat anti-
rabbit (Invitrogen) was used as secondary antibody.

Differentiation to procyclic form

Differentiation from slender to insect procyclic form was induced by
3 mM cis-Aconitate (Sigma-Aldrich), with a temperature shift from
37°C to 28°C and switching the medium to Differentiating Trypano-
some Medium (DTM) as previously described [34]. The assessment
of the differentiation process was monitored by a double IF to detect
the expression of the surface glycoproteins using anti-procyclin and
anti-VSG221 antibodies.

AMP Analog treatment and obtaining in vivo stumpy forms

Parasites in culture at a low density (2 x 10° cells/ml) were incu-
bated with 8-pCT-2'-0-Me-5'-AMP (1 uM) (c078; Biolog Life Science
Institute) during 18 h. To avoid the AMPK activation caused by cell
density, the control and treated cells were analyzed at the same cell
density. Slender and stumpy forms of pleomorphic AnTat 90.13
were purified from Balb/c mice at 3-5 days postinfection as previ-
ously described [42].

Ethics statement

Slender (Lister 427, antigenic type MiTat 1.2, clone 221a) and
stumpy (pleomorphic AnTat 90.13) forms were isolated from Wistar
and Balb/C mice rats, respectively, in compliance with policies
approved by the Committee on Use and Care of Laboratory Animals
of the Institute for Parasitology and Biomedicine Lépez-Neyra,
National Spanish Research Council (CSIC-IPBLN).
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Statistical analysis

Statistical analysis was performed using two-tailed Student’s t-test
for paired observations using SigmaPlot Systat Software.

Data availability

RNA-Seq and ChIP-Seq datasets produced in this study are available
in the database: Sequence Read Archive PRINAS562785 (https://
www.ncbi.nlm.nih.gov/sra/PRINA562785).

Expanded View for this article is available online.
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Summary

Infective bloodstream form (BF) trypanosomes avoid the host immune response by
switching the expression of Variant Surface Glycoproteins (VSGs). Transcription of the
active telomeric VSG loci termed Expression Site (ES) occurs in a nuclear body, named
ESB, that is associated with a highly SUMOylated focus (HSF). SUMOylation is a large
PTM known to regulate many biological processes, as transcription and subcellular
localization. Chromatin SUMOylation is a distinct feature of the active VSG-ES locus
and is essential for efficient recruitment of RNA polymerase to the promoter, thus
functions as a positive epigenetic mark in this protozoa parasite. To approach the
complexity of the nuclear HSF, we first applied affinity purification of SUMO-conjugated
proteins and later site-specific MS/MS proteomic strategies aimed to identify
unequivocally SUMO substrates and the site of modification. This method allowed us to
discover 45 modified lysine residues in 37 proteins, some exclusively present in the BF
stage, suggesting SUMOylation possibly controls developmental regulation of target
proteins. Additionally, proximity ligation assays, identified SUMO-conjugated a distinct
nuclear localization site suggesting assembly of the HSF might involve protein-protein
interactions mediated by SUMO. Ours results suggest a model whereby protein
SUMOylation status underlies targets nuclear dynamics towards the HSF location.
Finally, and as a proof of concept, RNAI depletion of selected SUMO targets such as
H3V and TFIIS2-2, demonstrated regulated VSG expression. Altogether, our results
suggest that SUMO is critical to nuclear allocate factors to the unique site of VSG
transcription. In addition, SUMO it is a useful molecular bait to identify novel factors
involved in VSG antigenic variation of the parasite, which we made available to the field
for future studies.

Keywords

Trypanosoma brucei, Variant Surface Glycoprotein (VSG), Antigenic Variation, Post-
Translational Protein Modification (PTM). Small Ubiquitin-Related Modifier (SUMO),
High SUMOylation foci (HSF), SUMO-Conjugation, SUMOylation site-specific
identification, Lysine cleavage site, Epigenetic.

Abbreviated Summary

In trypanosomes infective form surface, the VSG protein is exchanged to avoid the host
immune response. VSG expression of the active telomeric ES occurs in a single nuclear
body known as the ESB, which contains proteins modified by the SUMO peptide. The
covalent addition of SUMO alters the interactive surface of target proteins leading to
distinct protein-protein interactions. Hence, we identify SUMO conjugated nuclear
factors and show that selected targets localize to a single site in the nucleus, further
depletion of particular targets deregulated VSG expression. We present a list of SUMO-
conjugated (and the K-modified) nuclear factors, which likely function as regulators of
gene expression for future studies.
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Introduction

Post-translational modifications (PTMs) are important routes to increase the versatility
of proteins encoded in the genome. Beyond small-molecule modifications (like
phosphorylation, alkylation, glycosylation, etc.) proteins can be modified with whole
protein moieties. Among them, ubiquitination is the best characterized however, many
other structurally related proteins have been described. The Small Ubiquitin-like
modifier (SUMO) has been shown to modulate important chromatin and nuclear
associated events such as chromatin remodeling, DNA repair, transcriptional regulation
and telomere maintenance. The covalent addition of SUMO typically alters the
interactive surface of the target protein leading to changes in its biological activity,
stability, and subcellular distribution, among other outputs. This large PTM functions
mainly by changing the targets protein-protein interaction and stability. SUMOylation is
a reversible and highly dynamic modification and as a consequence, only a minor
fraction of a target protein is normally found to be modified at a given time. Protein
SUMOylation takes place through the concerted action of a cascade of enzymes.
Firstly, the maturation step requires the action of a specific protease (Ulpl) to cleave a
few aminoacids at the C-terminal end of SUMO which then exposes a conserved
diglycine motif (diGly). This subsequently allows the ATP-dependent activation by the
E1 activation enzyme which is followed by its transfer to the cysteine residue of the E2
conjugating enzyme (Ubc9) to finally be conjugated to a Lys residue on the target
protein. SUMO conjugation to a substrate-specific lysine usually depends on E3-ligases,
forming an isopeptide bond between the SUMO C-terminal glycine residue and the e-
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amino group of the lysine residue in the target protein. Remarkably, the modified lysine
residue is usually embedded in a SUMO consensus motif (y-K-X-E, were y represents
L, I or V) (Flotho and Melchior, 2013; Han, 2018; Wang and Dasso, 2009). It is well
known that SUMO pathway is highly conserved among eukaryotic organisms and
constitutes an essential system in many of them.

In Trypanosoma brucei, the etiological agent of sleeping sickness in humans and
nagana in livestock, SUMO has proved to be essential, since it is necessary for normal
cell cycle progression (Liao et al., 2010), required for centrosome segregation (Obado
et al., 2011) and involved in the oxidative stress response (Klein et al., 2013).
Furthermore, other Kinetoplastid parasites such as T. cruzi and Leishmania possess a
functional SUMOylation system (Bayona et al., 2011). The identification of SUMOylated
proteins by site-specific proteomic analysis in the insect stage of T. brucei known as
procyclic form (PF), has led to the confident identification of 45 SUMOylated substrates,
most of them related to nuclear remodeling events (Iribarren et al., 2015a). Recently,
SUMO chain formation was proposed to function in chromatin organization and
telomere positioning in the nucleus of the insect form of the parasite (Iribarren et al.,
2018). Most importantly, protein SUMOylation in trypanosome pathogenesis is
becoming increasingly evident, as in the infective stage of the parasite, known as
bloodstream form (BF), this PTM regulates the expression of the Variant Surface
Glycoprotein (VSG) (Lopez-Farfan et al., 2014). African trypanosomes elude the host
immune response by switching the expression between VSGs, only one of which is
expressed at any given time. The recruitment of a single VSG-Expression Site (VSG-
ES) telomeric locus to a discrete nuclear body (ESB) underlies the mechanism
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responsible for VSG monoallelic expression (Navarro and Gull, 2001). A highly
SUMOylated Focus (HSF) was described as a novel nuclear structure that partially
colocalizes with the RNA polymerase | at the ESB (Lopez-Farfan et al., 2014).
Additionally, SUMOylation of chromatin-associated proteins is required for the active
transcriptional state of the VSG-ES and essential for efficient recruitment of RNA pol | to
the VSG-ES promoter. This mechanism employs a novel SIZ/PIAS SUMO E3 ligase
responsible for the VSG-ES chromatin SUMOylation, leading to a new positive
epigenetic mark (Lopez-Farfan et al., 2014).

Therefore, identifying SUMO-modified proteins in the infective bloodstream form of
the parasite constitutes a logical initial effort to discover novel factors involved in VSG
regulation. In this study, we performed a site-specific proteomic analysis using BF
protein extracts providing a list of novel SUMOylated substrates using the constitutive
expression of His-HA-TbSUMO ™% (Iribarren et al., 2015a; Tammsalu et al., 2015) now
for the first time in the infective form of T. brucei. SUMO targets were validated for a
number of the proteins using a SUMOylation ex vivo assay established in bacteria by
expressing T. brucei pathway machinery. We also addressed a possible single-site
location in the nucleus of the modified substrate and for selected factors, we
investigated a possible function in VSG expression to confirm at least some of the
identified proteins are indeed involved in VSG regulation. In summary, we have
identified novel SUMO substrates and the Lys conjugated sites, which provide new
insights into the functions regulated by SUMO throughout different developmental

stages.
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Results

Proteomic identification of SUMOylated proteins and SUMOylation sites in the
Bloodstream Form

The highly SUMOylated focus (HSF) detected in the nucleus of bloodstream form (BF)
trypanosomes (Lopez-Farfan et al., 2014) colocalizes with the nuclear body ESB, the
site for VSG monoallelic expression (Navarro and Gull, 2001). The high intensity SUMO
signal detected by an anti-TbSUMO monoclonal antibody at the nuclear site where VSG
transcription occurs suggests a considerable number of SUMOylated proteins might be
involved in VSG expression. Thus, we used SUMO as bait to identify novel factors
potentially associated with VSG expression utilizing proteomic MS/MS analyses of
affinity-purified extracts. Proteomic identification of SUMO substrates has become a
complex issue due to methodological and experimental constraints. To accomplish this
in the BF we first generated a cell line that constitutively expresses an 8xHis-HA-tagged
SUMO version by double replacement of endogenous alleles, as previously described in
the insect procyclic form (PF) (Iribarren et al., 2015a). This cell line displayed no
difference in proliferation under regular culture conditions compared to wild type (WT)
parasites, suggesting that SUMO function is not affected (data not shown). To isolate
SUMO conjugates from transfected cells we directly resuspended the parasite pellet in
6 M urea to avoid deconjugating peptidase activity as well as co-purification of non-
covalent SUMO interacting proteins. Cell extracts were later subjected to Ni**-NTA
chromatography coupled to HA-affinity enrichment and, after confirming the presence of
SUMO conjugates in the eluates by Western Blot (WB), samples were analyzed by
MS/MS proteomics. Using this approach, from three independent experiments, we were
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able to identify 194 potentially SUMOylated proteins that were not present in control
purifications, with a few reproducible candidates (8 proteins from experimental
replicates 2 and 3) (Table S1 (A,B,C)). The lack of reproducibility stressed the need to
utilize a different strategy that leads to a specific enrichment of SUMOylated proteins
allowing a confident large-scale identification of SUMO substrates.

Next, we applied a novel approach that specifically enriches SUMOylated peptides
and identifies the modified Lys in each SUMO target (Iribarren et al., 2015a; Tammsalu
et al., 2015). To do so, we generated a cell line expressing, in a tetracycline inducible
manner, the His-HA-TbSUMO with the T106K mutation, previous to the di-Gly motif
(His-HA-TbSUMO ™) The introduction of this mutation generates a T-shape peptide
after Lys-C digestion allowing the enrichment of SUMOylated peptides using a specific
anti-GG antibody and the unambiguous identification of the modified Lys residues by
MS. Cells expressing His-HA-TbSUMO™% were able to conjugate SUMO substrates
as were the non-tagged cell line (Figure 1A) and showed the typical SUMOylation
pattern, with a nuclear HSF, by indirect immunofluorescence analysis (Lopez-Farfan et
al., 2014) (Figure 1B). Transgenic cells showed no differences in cell growth compared
with the parental cell line (Figure 1C). Considering the limitations of BF culture
regarding cell density, His-HA-TbSUMO ™ expressing parasites were amplified in
Wistar rats and SUMOylated proteins were purified by nickel-affinity chromatography
under denaturing conditions (Figures 1D and E). Final eluates were subjected to Lys-C
digestion and further anti-GG enrichment of SUMOylated peptides, prior to MS/MS

identification.
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As displayed in Table 1, following this approach we were able to identify 45 lysine-
modified residues in 37 proteins. Most of the identified proteins showed one
SUMOylation site, whereas 6 of them (DNA Topo 1B, SMC-4, Polyubiquitin, rRNA
processing protein, DnaJ domain containing protein and hypothetical protein
Th927.9.13320) showed two sites, and one target (hypothetical protein
Tbh927.10.12030), three sites. Globally, 23 out of 37 proteins have experimentally
assigned or predicted function, whereas the remaining 14 correspond to hypothetical
with unknown function products. When comparing our data with the previously identified
proteins in PF, we found 15 SUMO-conjugated substrates shared between these two
developmental stages (Table S2) suggesting the existence of conserved processes
regulated by SUMO in both BF and PF developmental stages.

From the SUMO modified lysine residues identified, 21 of them were found in the
sequence context that matches either consensus or reversed consensus motif. Analysis
of SUMOylation sites with pLogo server (https://plogo.uconn.edu/) (O'Shea et al., 2013)
led to 19 out of the 45 mapped lysine acceptor residues in which statistical significant
positions contained V at position -1 (P-value < 0.05) and E at position +2 (P-value <
0.001) for a fixed K at position 0 (Figure 2). Interestingly, there was a considerably
enrichment of | at -1 compared with V preference at that position in PF data (log-odd:

3.026).

SUMO target validation
A challenge intrinsic for SUMO target proteins identification is the sub-stoichiometric
level and labile nature of this post-translational modification. Thus, we decided to
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validate some of the targets using a SUMOylation trypanosome-specific system by
expressing essential pathway subunits in bacteria (Iribarren et al., 2015b). This system
involves the co-expression in E. coli of the target of interest together with all
trypanosome SUMOylation enzymes (TbEla/TbElb and TbEZ2), including TbSUMO.
The selected candidates, RNA polymerase-associated protein CTR9 (Th927.3.3220)
and the Transcription elongation factor S-Il (TFI1S2-2) (Th927.2.3480), were expressed
in bacteria containing 3 copies of epitope tag Flag (3xFlag) as recombinant proteins
together with the complete trypanosome SUMOylation system, or along without the
system subunits as negative controls. After 5 h of induction with 1mM IPTG, whole
bacterial extracts were analysed by WB using anti-Flag antibodies. As shown in Figure
3A and B, CTR9 and TFIIS2-2 were successfully expressed in E. coli and only when the
target was co-expressed with the whole trypanosome SUMOylation machinery,
additional slower migrating bands were detected, suggesting larger bands correspond

to mono- and multi-/poly-SUMOylated forms of each protein appeared.

In situ analysis of SUMO mediated interactions
To investigate if SUMO could act either as a modifier or as a scaffold protein inside the
HSF, we performed a Proximity Ligation Assay (O-link Bioscience) between SUMO and
five substrates identified in the site-specific proteomic experiment: H3V, DNA
topoisomerase 1B, CTR9, Th927.10.14190 and TFIIS2-2.

PLA methodology utilizes target specific primary antibodies (raised in different
species) and the corresponding oligonucleotide-labeled secondary antibodies (PLA
probes). When the PLA probes are in close proximity, they support ligation and
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amplification of a product, which can be detected by a complementary fluorescently
labeled oligonucleotide.

To this end, we generated transgenic cell lines to N-terminally tag the proteins with a
3xHA epitope and their expression was analyzed after 24 h of doxycycline induction by
IFl. As shown in Figure 4, all targets exhibited a mainly nuclear localization in
agreement with their described function.

When we evaluated PLA reactions for each selected target using anti-SUMO and
anti-HA, positive signals were detected in the nucleus of all of them (Figure 5).
Interaction signals were observed in a percentage of the population (from 20-55% of the
cells depending on the cell line, Figure 5) in agreement with the high dynamic range of
this PTM. All together, these results imply the existence of multiple SUMOylated

proteins and/or SUMO-interacting proteins in a particular focus within the nucleus.

Functional analysis of selected SUMO substrates

To investigate a potential functional relevance of SUMO conjugated proteins identified
above in VSG expression, we depleted, by inducible RNA interference (RNAI), two of
the proteins since tackling the whole list was out of the scope of this work. We selected
factors related to transcription such as, TFSII2-2 and the histone H3V and analyzed
phenotypes after 24h of RNAIi (Figure 6A). Relative transcript levels by RT-gPCR
analysis of cells depleted of TFSII2-2 and H3V indicated a reduced expression of active
VSG221 (P<0.001 and P<0.05, respectively). Interestingly, the mRNA of a VSG located
in an inactive telomeric expression site, the VSG121, was significantly increased
(P<0.01 and P<0.001, respectively). The VSG121 messenger is normally detected from
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few cells (aprox. < 0.5%) in any population of VSG221 expressors that have undergone
in situ transcriptional switch to the previously inactive VSG121 expression site. These
results suggest the VSG switching frequency was increased after TFSII2-2 and H3V
depletion. A control gene named C1, transcribed by RNA pol II, remained unmodified in
any of the depletion experiments suggesting cell general fithess had not been severely
affected. However, 18S ribosomal rDNA expression was considerably reduced after
H3V depletion (P<0.05) suggesting this histone variant is required for RNA pol |
transcription.

To determine if TFIIS2-2 depletion compromises VSG regulation, we carried out a RNA-
seq assay. First, cells depleted in TFIIS2-2 did not show any significant growth defect in
doubling time (Figure 6B) and TFIIS2-2 depletion was evaluated by western blot
analysis using the specific TFIIS2-2 mAb (Figure 6C). RNA-seq analysis of TFIIS2-2
depleted cells led to the identification of 100 Differentially Expressed Genes (DEGS)
showing FDR<0.05 from 9313 background genes ( Figure 6D &Table S3). Out of the
DEGs, we found an overrepresentation upregulation of Bloodstream form Expression
Sites (BESs) associated to different telomeric Expression Site Associated Genes
(ESAGSs), including those related to the transferrin-binding protein and folate
transporter. Additionally, we found upregulation of PAGs and procyclin genes and other
DEGs that showed downregulation, involving some hypothetical proteins and the H3V,
proposing that TFIIS2-2 influences H3V regulation. All this data together suggests that
TFIIS2-2 regulates VSG expression by increasing transcriptional levels of previously
repressed inactive BES. Additionally, we analyzed switching events associated to H3V
depletion by double direct IF. After several passes, doxycycline induced parasites
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represented the 0.9% of VSG221/VSG121 double expressions, whereas no proportion
of cells were found to be related to VSG121 neither switched off cells (Figure 6E). This
result suggest that a lack of H3V increases recombination leading to a transcriptional
profile of inactive BES expression, excluding switching events. The global deregulation
observed for both active and inactive VSG-ES after depletion of these two SUMO-
conjugated proteins and the PLA analysis showed in Figure 5, suggest that
posttranslational modification by SUMO may influence thefunction of these factors in

VSG regulation, providing specificity.

Discussion

By consecutively changing the variant surface glycoprotein (VSG) coat, the parasite
Trypanosoma brucei undergoes antigenic variation and eludes the host immune
response. Previous work has shown that VSG transcriptional regulation occurs
epigenetically, representing a genuine example of monoallelic expression of a multigene
family (reviewed in (Cestari and Stuart, 2018; Duraisingh and Horn, 2016)). We have
proposed a model whereby the recruitment of a single VSG Expression Site (VSG-ES)
telomeric locus by the unique nuclear Body (ESB) underlies the molecular mechanism
that restricts the monoallelic expression of the VSG (Navarro & Gull, 2001) (reviewed in
(Navarro et al.,, 2007) (McCulloch and Navarro, 2016)). Recent results convincingly
support the ES body/VSG-ES unique interaction model for monoallelic expression,
providing insights into the epigenetic inheritance mediated by nuclear architecture
(Landeira, et al. 2009). Cohesin complex is important in preserving VSG-ES epigenetic
active inherency, as the knockdown of Cohesin led to the premature separation of the
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VSG-ES sister chromatids off the nuclear body ESB, triggering antigenic switching
(Landeira, et al. 2009). More recently, SUMOylation of chromatin was described as a
novel chromatin epigenetic mark that positively regulates VSG expression and stains a
focus in the nucleus (HSF) associated with the ESB (Lopez-Farfan, et al., 2014). Thus,
in this work we decided to uncover novel proteins associated with the nuclear body ESB
and likely related to antigenic variation by performing MS/MS proteomic analysis of
SUMOylated proteins isolated from infective bloodstream form (BF) extracts. Using this
alternative and novel approach allowed us to identify otherwise inscrutable factors
associated with the ESB and make them available to researchers in the field for
possible detailed studies in the future.

The identification of SUMO conjugates is a challenging process considering the
usually low proportion of the modified forms of a given protein and the susceptibility of
deconjugation by specific isopeptidases. Initial attempts to purify SUMO-conjugated
proteins in trypanosomes failed completely (Klein et al., 2013). In this work, we first
attempted to perform a large-scale identification of SUMO targets, using protein extracts
from the bloodstream form of the parasite, by affinity purification of His/HA-SUMO
conjugated proteins but did not achieve the high standard required. Thus, independent
purifications and MS/MS analyses identified proteins listed in Table S1A, B, C, which
showed low reproducibility and contained contaminant proteins, probably due to the lack
of a specific enrichment step. Nevertheless, this approach allowed us to identify several
targets (Table S1) that should be considered as genuine substrates, since they were
previously described as SUMO conjugated in other organisms such as yeast and
mammals. Therefore, many of these proteins ought to be considered the function of
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SUMO modification in each target for further investigation. In fact, several trypanosome
orthologs for example, Th927.10.740 (SMC4) and Th927.9.5190 (PCNA) are currently
under study in our groups, and to date, co-IP experiments confirmed that both are
SUMOylated proteins in trypanosomes (Rojas-Barros et al., & Iribarrenet al.,
unpublished). Furthermore, Th927.3.2140 (SNF2PH, formally known as Transcription
Activator) has been recently functionally characterized as a chromatin-remodeling
factor, whose locus reposition is regulated in a SUMO-dependent manner (Saura et al.,
EMBO Rep. In Press). This approach also identified well-known protein targets of
SUMO in other trypanosomes and several eukaryotic organisms including: DEAD/H
helicases, KU70, GTP-binding, elF4E, SMC family members, histones, DNA repair
proteins, etc. (Hendriks and Vertegaal, 2016; Iribarren et al., 2015a).

In addition to SUMO-conjugated identification of proteins, we unequivocally identify
the targets and most importantly the SUMOylation site/s in order to fully advance in
future functional analyses. Thus, we performed site-specific proteomics by generating
His-HA-TbSUMO ™%  expressing parasites followed by specific enrichment of
SUMOylated peptides with anti-GG antibodies, as previously described (Iribarren et al.,
2015a; Tammsalu et al., 2015). Following this approach we were able to unambiguously
identify a subset of 37 confident SUMOylated proteins and 45 modified Lys residues.
This data provides the first list of SUMOylated proteins in the infective stage of the
parasite. We used a similar approach to identify SUMO-conjugated proteins, one of
which was previously described in the insect stage, named Procycliclic Form (PF)
(Iribarren et al., 2015a). Thus, it is feasible to compare the protein profiles in the two
developmental stages in order to identify proteins that utilize SUMO at least as one as
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the PTMs, which may be involved in the complex parasite development (Rico et al.,
2017).

Eukaryotic organisms present a consensus SUMOylation site (y-K-X-E; y: aliphatic
aminoacid; X: any aminoacid) that seems to be conserved in a considerable number of
targets in the protozoa parasite T. brucei. Interestingly, in the PF developmental stage,
the aliphatic residue in position -1 is preferably V, whereas in the infective BF, both V
and | appeared in similar frequency. This data shows a higher flexibility in the
consensus SUMOylation site at this position in the bloodstream form of the parasite.

Most of the proteins modified by SUMO, identified in the infective form, are involved
in nuclear processes. These proteins include: histones, PCNA, DNA topoisomerase 1B,
RBP12 and SMC4, which strengthens SUMO relevance as a PTM that regulates
fundamental processes. Many of the substrates identified here in the BF (Table 1), were
also found to be SUMOylated in the PF stage (Iribarren et al., 2015a), suggesting a
conserved function by this PTM, regarding processes such as chromatin remodeling
and DNA/RNA metabolism. It is noteworthy that most of these conserved SUMO targets
are SUMOylated on particular lysines, highlighting the importance of specific residues
on their regulation. Differential SUMOylation sites in Drosophila melanogaster
Ultraspirace (Usp), a protein involved in development, suggests Usp modulates its
activity by changing molecular interactions (Bielska et al., 2012).

Interestingly, histone H2A, H3V, DNA topoisomerase IB, PCNA, SMC4, and the
hypothetical protein Th927.9.13320 constitute SUMO substrates that presented distinct
developmentally regulated modifications in the number and/or position of the acceptor
lysines between BF and PF (Table S2). Additional lysine acceptor sites observed in the
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infective form of the parasite suggest a stage-specific SUMO-mediated modification
which most likely acquires new functions linked to pathogenicity. This is in agreement
with  SUMO being essential for maintaining cell homeostasis when the parasite
encounters environmental stress such as: osmotic stress, hypoxia, heat shock, and
nutrient stress (Enserink, 2015), most of which occurs when parasites infect a
mammalian host through the bite of the insect vector. Thus, trypanosomes fine tune
nuclear targets, described above, probably remodel gene expression and activate
and/or repress chromatin, similarly to other eukaryotes (Niskanen and Palvimo, 2017).
In mice development, SUMO-specific protease 2 (SENP2) regulates epigenetic gene
expression by modification of the PTM status of Polycomb Repressive Complex 1
(PRC1), changing promoter affinity. Depletion of SENP2 down-regulates expression of
Polycomb regulated genes. It seems that SUMOylation increases binding affinity of
Pc2/CBX4 (PRC1 subunit) to H3K27me3. SENP2 specifically controls SUMOylation
status of Pc2/CBX4, which facilitates PRC1 binding to H3K27me3 leading to
transcriptional repression (Kang et al., 2010).

Most importantly, latest reviews remark on the importance of SUMO as a key
molecular PTM in the regulation of transcription factors and chromatin-associated
proteins involved in differentiation and developmental processes (Deyrieux and Wilson,
2017; Monribot-Villanueva et al., 2016).

Suppression of chromosomal rearrangements is controlled by SUMOylation in yeast,
in particular by Mms21, a SUMO ligase that maintains genome integrity and one of its
mayor substrates are the SMC-family proteins (Albuquerque et al., 2013). Unfortunately,
it is not currently known how SUMO functions in SMC proteins. We found SMC4 a
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subunit of the condensin complex (Structural Maintenance of Chromosome family), as a
reproducible SUMO target that interestingly, contains a stage-specific SUMOylation site
in the infective developmental form (K623) (Table S2). This result raises the possibility
that distinct SUMOylation sites of a subunit of the same protein complex may lead to
different biological outcomes in each developmental stage.

Additionally, the crosstalk between SUMO and other PTMs is a very interesting
feature to be considered as molecular mechanism to regulate protein targets. Histone
2A, for example, appeared to be highly acetylated in both developmental stages of T.
brucei (Moretti et al., 2018) on some of the lysine residues identified as SUMOylated by
site-specific proteomics. Overexpression and mislocalization of histone H3 variant
(CENP-A in humans and Cse4 in yeast) leads to aneuploidy in yeast and is detected in
human cancers. In yeast, the centromeric histone variant Cse4, is regulated by
SUMOylation mainly by Sizl and Siz2 E3 ligases at the lysine 65 (K65) and the
expression of cse4 K65R mutant leads to increased stability and mislocalization of cse4
K65R. All of which suggest that SUMO regulates protein stability and genomic
localization (Obkun et al., 2018).

It has been reported that T. brucei bromodomain factor 2 (TbBDF2) is able to
recognize hyperacetylated N-T of H2AZ, essential for cell growth (Yang et al., 2017),
but the role of SUMO on histone regulation has not been elucidated yet. Acetylation-
SUMOylation crosstalk is also observed in reader protein TRIM24 and histone H3
epigenetic modulation (Appikonda et al., 2018). Considering these facts, we cannot rule
out a fine-tuned epigenetic regulation network of histones that might be differentially
expressed in T. brucei life stages.
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Interestingly, polyubiquitin was also identified as SUMO substrate in BF. Although the
crosstalk between these two related modifiers has been described in other organisms
(Lamoliatte et al., 2017), this is the first report on SUMOylation of ubiquitin (Ub) in T.
brucei, revealing novel connections of these two PTMs in this organism. SUMO and Ub
can interact in different ways; by competing for the same Lys residue on a substrate,
regulating the enzymes of the pathways required for the modification or participating on
polyubiquitination of different substrates mainly for proteasomal degradation, among
others (Hunter and Sun, 2008). Hybrid chains have been described in humans,
comprising of ubiquitination of SUMO and SUMOylation of Ub (Hendriks and Vertegaal,
2016). In this way, the finding of SUMOylated ubiquitin and SUMO itself in our site-
specific proteomic study confirms the existence of SUMO-SUMO and SUMO-Ub chains
in BF parasites, suggesting a complex crosstalk between these pathways.

From the differentially SUMOylated substrates identified in BF, we highlighted
TFIIS2-2, a non-characterized trypanosome homolog of transcription elongation factor
(TFIIS). To date, two TFIIS homologues have been identified (TbTFIIS1 and TbTFIIS1-
2), with a cooperating activity to promote transcriptional regulation necessary for mRNA
transcription (Uzureau et al., 2008). Recent work demonstrated TFIIS2-2 interaction
with trimethylated histones H4K17me3 and H3K32me3 with its PWWP domain (Wang
et al., 2019), reinforcing its function as a histone PTM reader involved in transcriptional
regulation. Another interesting finding is the SUMOylation of the RNA polymerase
associated subunit CTR9, an essential factor that regulates several genes involved in
the control of gene expression (Ouna et al., 2012). This protein is one of the core
components of the PAF complex, implicated in the transition from transcriptional
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initiation to elongation (Yoo et al., 2013). Further validation of in vitro SUMOQOylation for
TFIIS2-2 and CTR9 indicates that the activities of these proteins might be influenced by
this PTM, and future mutational analysis will help to uncover its biological significance.

One of the most remarkable aspects of this work is the observation that five different
nuclear proteins (visualized by IFI, See Figure 4) can be recruited to a single intense
focus on the basis of their modification or association with SUMO (as demonstrated by
PLA analysis, See Figure 5). We believe that, similar to the role described for SUMO in
the formation of PML nuclear bodies (Matunis et al., 2006), TbSUMO could have a role
as a scaffold or "glue" protein mediating interactions between SUMO moieties of
SUMOylated proteins and SUMO binding motifs on SUMO interacting proteins.

Also noteworthy is the association link between SUMO PTM and VSG expression,
determined by functional depletion of the previously validated substrates. As showed in
Figure 6, TFIIS2-2 depletion led to a deregulation of VSG-ES, suggesting the
importance of SUMO maodification of this particular homolog as a requirement for its
regulatory role associated with VSG expression. Similarly, the H3V, previously found to
be enriched at telomeres (Lowell and Cross, 2004), showed significant inactive
expression upon depletion, probably due to an increased recombination since depletion
of H3V alone is not enough to induce switching itself, as previously reported (Muller et
al., 2018). This data agrees with the previously described role of H3V in maintaining
silencing of a subset of pol-I transcribed VSG genes (cite Schulz et al. 2016), while its
deletion increases its trancriptional silencing. These experimental evidences describe
for the first time an association of HSF related proteins and VSG regulation, remarking
the importance of this PTM in both antigenic expression and DNA accessibility.
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Given the high complexity to understand the specific role of each identified target in
VSG expression; our purpose is to provide a snapshot of detailed SUMOylated
substrates to facilitate further related studies highlighting its relevance into the antigenic
variation field, as we previously demonstrated. Moreover, we also speculate that given
the prominence of some of the identified targets into the HSF throughout the nucleus
assessed by PLA, might be presumably involved in VSG expression.

Altogether, these results provide important new insights into the role of SUMO in
mediating the assembly of subnuclear structures, such as the HSF, and in regulating
the distribution of proteins between the HSF and the nucleoplasm, while at the same
time reinforcing its function as an epigenetic modification that regulates VSG

expression.
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Experimental procedures

Ethics statement

Isolation of parasites from Wistar IGS rats was performed by trained technicians in the
animal facility of the Institute of Parasitology and Biomedicine Lopez-Neyra (Spanish
National Research Council) IPBLN-CSIC. These samples were obtained in compliance
with policies approved by the Committee on Use and Care of Laboratory Animals of the

IPBLN-CSIC.

Trypanosome cell lines

Trypanosoma brucei single marker (derived from T. brucei bloodstream form, Molteno
Institute Trypanozoon antigenic type (MITat) 1.2; clone 221) cell line grown in HMI-9
medium supplemented of 10% inactivated Fetal Calf Serum was used for all

experimental procedures. Plasmid construct pLEW100v5-His-HA-TbSUMO 0%

was
previously described (Iribarren et al., 2015a). The His-HA-ThSUMO™%K transgenic
bloodstream form cell line and any others generated in this work was obtained by

transfection and selection procedures as previously described (Wirtz et al., 1999).

Plasmid Constructs

Full length sequences of CTR9 (Th927.3.3220) and TbTFIIS2-2 (Th927.2.3420) were
amplified by PCR from genomic DNA in order to construct the plasmids for substrate
expression, using the following primers: FwCTR9-Duet-Ncol (5'-
CCATGGCCATGCAATATATATCGGAAC -3) RvCTR9-Duet-Ncol ( 5-
CCATGGATATATTCC-3) FWTFIIS2-2-Duet-Ncol (5'-

21



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

CCATGGCCATGATTCCATCATTTGCTC -3) Rv TFIIS2-2-Duet-Ncol (5'-
CCATGGACTGTTCAGCACCATCCAC -3’). Final amplification products were cloned
into the expression vector pET28a-3xFlag to express both N and C-terminal 3xFlag
fusion proteins through Ncol restriction sites. Full length or N-terminal PCR products for
HA epitope tagging of H3V (Th927.10.15350), DNA topoisomerase 1B (Th927.4.1330),
CTR9, Hypothetical protein (Th927.10.14190) and TFIIS2-2 were cloned into the p3HA-
x-Hyg vector using the following set of primers (restriction sites and amplified PCR
products corresponding to the N-terminal or full-length appear specified as follows) :
H3v_Up (5-GGCAAGCTTCAGCTGATGGCGCAAATGAAGAAAATAAC-3’), H3v_Low
(5- GCCGGATCCCTCGAGTTAGTTACGCTCGCCTCGGAG-3’) Pvull/BamHI (Full
length), TopolB_Up (5- GGCAAGCTTCAGCTGATGGGTAAGGCACAGAAGCCG-3)),
TopolB_Low (5-GCCGGATCCCTCGAGGCAGCGAATGGGATGCTTC-3) Pvull/Xhol
(N-terminal), CTR9_Up (5’- GGCAAGCTTCAGCTGATGCAATATATATCGGAACCC-3’)
CTR9_Low (5-GCCGGATCCCTCGAGTGAACATTCAAGAGCTCTCTC-3’) Pwvull/Xhol
(N-terminal), Hypot_10.14190_ Up (5'-
GGCAAGCTTCAGCTGATGATTCATCCGAAGCTTATG-3') Hypot_10.14190 Low (5
GCCGGATCCCTCGAGTCAACAATGCCGTCGCTCGAT-3’) Pvull/BamHI (Full length),
TFIIS2-2_Up (5-GGCAAGCTTCAGCTGATGATTCCATCATTTGCTCCA-3’) TFIIS2-
2_Low (5-GCCGGATCCCTCGAGTCACTGTTCAGCACCATCCAC-3) Pwull/BamHI

(Full length). Final constructs were confirmed by sequencing.

Indirect immunofluorescence
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Parasites were harvested by centrifugation at 1400g for 10 min at room temperature,
washed and dried on slide, and then fixed in 4% paraformaldehyde (PFA) for 20 min.
Slides were, washed with PBS, blocked with 0.5% blocking reagent (Roche) and
incubated with rat monoclonal anti-HA (1:500) high affinity (clone 3F10, Roche Applied
Science) diluted in 0.5% blocking reagent. Anti-Rat Alexa-Fluor 488 were used as
secondary antibody (Invitrogen). Cells were DAPI stained and visualized with Zeiss
fluorescence microscope Axio Imager, equipped with the AxioVision system. Images
were treated using ImageJ Fiji program version 1.51n software (National Institutes of
Health). Three-dimensional immunofluorescence (3D-IF) was carried out as previously

described (Landeira et al., 2009).

Western blot analysis

Parasites (~1.5 x 10° cells per ml) were collected by centrifugation and washed once in
Trypanosome Dilution Buffer (TDB) with 1X protease inhibitor cocktail (Roche) and 20
mM N-ethylmaleimide (NEM). Pellets were resuspended in the same buffer at a
concentration of 1 x 10° cells per pl and further quantified by Bradford protein assay
(BioRad). Whole cell lysates were prepared by diluting 1:1 in 2x Laemmli sample buffer
and heated at 99°C for 5 min. Samples were loaded (~5 x 10° cells per lane or 40 pg of
proteins) in 4-20% precast polyacrylamide gels (Bio-Rad Laboratories) and analyzed by
Western blot using monoclonal anti-HA high affinity (1:500) (clone 3F10, Roche Applied
Science), mouse monoclonal anti-Flag M2 mouse monoclonal antibody (1:5000) (Sigma
Aldrich) and anti-TbSUMO clone 1C9H8 mAb ascites (1:1000) as previously described
(Lopez-Farfan et al., 2014). Horseradish peroxidase-conjugated goat anti-rat secondary
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antibody (Dako) (1:1000) was detected by chemiluminiscence using Lumi-Light Western
Blotting Substrate (Roche). Goat anti-Mouse IgG (H+L) DyLight 680 Conjugate (Thermo
Scientific) was scanned using an LI-COR Odyssey scanner and analyzed using

Odyssey IR imaging software 3.0.42.

Isolation of parasites from blood

Parasites expressing His-HA-TbSUMOT%%¢

were propagated in Wistar IGS rats
(Charles River UK) during 3 days to a final burden of 1 x 10° parasites/ml. After
bleeding, total extracted blood was diluted 1:1 with Phosphate buffered saline (PBS),
distributed in Ficoll Histopaque (Sigma) containing tubes and harvested at 1000 x g
during 10 min at 4°C. The supernatant containing the parasite ring phase was
transferred to a new tube containing Separation buffer (SB) and, after serum removal,
was then transferred into a pre-equilibrated DEAE column (Whatman DES52, pre-
swollen). After the addition of SB buffer into the DEAE column, the eluted parasites

were harvested at 1400 x g during 10 min at 4°C along with protease inhibitors

supplemented with 20 mM NEM and immediately resuspended in Lysis buffer.

Purification of ThSUMO ™% cell line conjugates

Isolated parasites (5x10'°) from Wistar IGS rats were collected by centrifugation,
washed with TDB supplemented with 20 mM NEM, immediately resuspended in lysis
buffer (6M Urea, 50 mM Tris-HCI, 500 mM NacCl, 5 mM R-mercaptoethanol, pH 7.5) for
a final concentration of ~4x10° parasites/ml and sonicated until loss of viscosity. Lysates
were centrifuged for 30 min at 46.000 x g and filtered by 0.2 um. Adjusted protein
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concentration for the cleared supernatant was adjusted up to 50 mg per ml of Ni**-NTA
resin (GE Healthcare), pre-equilibrated with lysis buffer, and incubated overnight at 4°C
with gentle stirring. The resin was then washed with 5 column volumes (CV) of Lysis
buffer, followed by 10 CV of buffer 1 (8M Urea, 10 mM mM Tris-HCI ,100 mM
Na;HPO,/NaH,PO,4, 10 mM Imidazol, 5 mM R3-mercaptoethanol, pH 8.0), 10 CV of
buffer 2 (8M Urea, 10 mM mM Tris-HCI ,100 mM Na;HPO4/NaH,PO,4, 10 mM Imidazol,
5 mM R-mercaptoethanol, pH 6.3) and 10 CV of buffer 1. Proteins were eluted three
times with 2 CV of elution buffer (8M Urea, 10 mM mM Tris-HCI ,100 mM
Na;HPO,/NaH,PO,4, 200 mM Imidazol, 5 mM R-mercaptoethanol, pH 8.0) and
concentrated by acetone precipitation (80% v/v). Eluted fractions were analyzed by WB
to validate the purification efficiency. Enrichment of His-HA-ThSUMO™ %K conjugates by
immunoaffinity purification with the K-e-GG-specific antibody after Lys-C or Lys-C/Glu-C

digestion was performed according to the published protocol (Tammsalu et al., 2015).

MS/MS proteomic analysis

Processed peptides were desalted using equilibrated C18-bonded silica StageTips
(Pierce) and vacuum-dried before reconstituting with 0.1% (v/v) of trifluoroacetic acid
(TFA). The protein mixtures were then separated using a linear acetonitrile gradient (5-
90%) in an EASY-nLC 1000 Liquid chromatography system coupled to Q Exactive mass
spectrometer via EASY-Spray ion source, including EASY-Spray analytical column (50
cm x 75 um &) and Acclaim PepMap 100 precolumn (2 cm x 75 um &) bypasses. For
protein identification, the mass spectra were deconvoluted using MaxQuant version
1.3.0.5 searching the TriTrypDB_8.0 TbruceilLister427 annotate protein database.
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Search engine was performed in Andromeda version 1.5.6.0 with pre-established
parameters (Fixed Modifications: Carbamidomethyl (C), Variable Modifications:
Oxidation (M), Acetylation (protein N-term), Gly-gly (K, not C-term), Phosphorylation
(Bielska et al.), Enzyme: Lys-C/P (3 max. missed cleavages), Lys-C/P and Glu-C (5
max. missed cleavages), Special amino acids: K, MS/MS Tolerance: 20 p.p.m, Main
search: 6, First search: 20 p.p.m., Top MS/MS peaks per 100 Da: 10). MS-spec data
was visualized with a false discovery rate (FDR) of 0.01% for peptide and protein

thresholds with 7 residues as a minimum peptide length.

Bioinformatic analysis
Analysis of consensus SUMO sequences were performed using pLogo web server and
conserved residues were scaled relative to Bonferroni-corrected statistical significance

values, using TriTrypDB-9.0_Thbrucei927 input data set as background.

In vitro SUMOylation assay in bacteria

SUMOylation assay in bacteria was performed as previously described (Iribarren et al.,
2015b). SUMOylation system was induced in Escherichia coli BL21 (DE3) cells
transformed with pCDFDuet-1-TbSUMO/TbE2, followed by pACYCDuet-1-ThEla-
TbE1b. Competent bacteria were transformed again with pET28-CTR9-3xFlag or
pPET28-TFIIS2-2-3xFlag. Cells containing the three plasmids were grown in Luria-
Bertani (LB) medium at 37°C to an ODggonm Of 0.6, and induced with 1 mM isopropyl 13-
D-1-thiogalactopyranoside (IPTG) for 5 h at 37°C with shaking (250 rpm). Harvested
cells were resuspended in lysis buffer (150 mM NaCl, 50 mM Tris HCI, 0.4 mg/ml
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lysozyme, 0.1% Triton X-100, 10 mM ethylene diamine tetraacetic acid (EDTA), 1 mM
phenylsulfonyl fluoride (PMSF)-pH 7.6) and sonicated. Centrifuged samples (70 ul)
were resuspended in Laemmli sample buffer with 100 mM DTT, boiled for 5 min and

analyzed by Western blot.

Proximity Ligation Assay

The PLA assay was done according to the manufacturer’s protocol (Olink Bioscience,
Uppsala, Sweden). Cells were dried on slides, fixed 20 min in 4% PFA and
permeabilized 20 min with 1% NP40. After blocking, primary antibodies (2 pg/ml rabbit
anti-HA tag antibody (abcam, ab9110) and mouse anti-ThSUMO 1C9H8 (1:2000)) were
incubated 1h. Then, the PLA probe solution containing the secondary antibodies
conjugated with oligonucleotides (PLA probe MINUS and PLUS) were applied.
Secondary species-specific antibodies conjugated with oligonucleotides would hybridize
to the two PLA probes if they were in close proximity (<40nm). The slides were then
incubated with the ligation solution together with the ligase which would join the two
hybridized oligonucleotides to a closed circle. The amplification mix containing
nucleotides and polymerase was applied to the slides. The oligonucleotide arm of one
of the PLA probes acts as a primer for rolling circle amplification (RCA) reaction,
generating a repeated sequence and extended product. Finally, the nuclei DNA were
stained with DAPI and the slides were examined under fluorescent microscopy. As
negative control and to discard cross-reaction signal, complete protocol was performed

in parallel using primary antibodies separately.
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RNAI experiments and RT-gPCR analysis

TFIIS2-2 and H3V constructs for RNA interference experiments were made as
previously reported using the p2T7Bla vector (Penate et al., 2009). PCR fragments for
each substrate were generated with the primers described in Plasmid Constructs.
Amplified PCR fragments corresponding to full-length sequences of TFIIS2-2 (1146 bp)
and H3V (420) were cloned into BamHI and Hindlll sites of p2T7Bla and transfected
into single marker cell line, used as reference control. Synthesis of dSRNA was induced
by adding 1pg/ml of doxycycline. At least three independent clones were analyzed.
Total RNA was isolated from 5x10” parasites using the RNAsy Mini kit (Qiagen),
previously treated with DNasel (Qiagen), following manufacturer’s instructions. The
RNA concentration was verified by nanodrop at Azgo/Azso ratio prior to cDNA synthesis
from 1 pg of RNA with the qScript cDNA Synthesis Kit (Quanta) following
manufacturer’s instructions. To discard genomic DNA contamination, an untreated
reverse transcriptase sample was included. gPCR was performed using SYBR green
Supermix (BioRad) in a CFX96 cycler (BioRad) with 1 pl of cDNA of undiluted and 1:100
dilution of single or multicopy genes, respectively, including 5 ul of 2x SYBR mix and
500 nM of each pair of primers in a final volume of 10 pl. Duplicate reactions were
subjected to a previous denaturalization during 3 min at 95°C, followed by 32 cycles of
30 sec at 95°C / 30 sec at 60°C / 30 sec at 72°C, with a final extension of 1 min at 72°C.
Fluorescent reads were measured during the extension step. Primer sequences
corresponding to 18S, C1, U2, VSG221 and VSG121 are detailed in (Lopez-Farfan et
al., 2014). Relative expression levels were referred to a control (parental cell line) and
normalized against a housekeeping gene (U2) using the software BioRad CFX Manager
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Software. Experimental conditions were performed in triplicate and analyzed by

Student’s T-test.
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Table 1. Site-specific identification of SUMOylated lysines and SUMOylated proteins in

T. brucei bloodstream form. The modified Lys residues appear in bold.

Gene ID Description SUMS)S/Iiantgd SUMOylated peptide Corrlsg{ilfsus
Th927.7.2830 Histone H2A 5 MATPKQAVKKASKGGSSRSV
Th927.7.6360 Histone H2A variant (h2aZ) 32 GVAMSPEQASALTGGKLGGKAVGPAHGKGKG
Th927.10.15350 H3V (h3vaR) 31 SVASRPIQAVARAPVKKVENTPPQKRHHRWR
Th927.4.1330 DNA topoisomerase IB. large subunit 20 QKPKSGEGKGKKVAVKDEEVNGKRVVVKKED +
47 KKEDMTEEKIKKVVIKEEENELEMVAAGMGP
Th927.1.1170 DNA-directed RNA polymerase subunit RBP12 (RBP12) 7 MLSYTVKEEVKDEKLPGANNFA +
Th927.3.3220 RNA polymerase-associated protein CTR9 838 LEDFKELHGHRVPQVKNENEGFAESPAPWFS +
Th927.9.10680 RNA polymerase IIl RPC4 171 AEPKHEAEFSVEGDVKVPVAETGNDGIAFLK Reversed
Th927.9.5190 Proliferative cell nuclear antigen (PCNA) 195 ALLRASHAPTVDPRSKGESDVKTEDEEADAC +
Th927.10.740 Structural maintenance of chromosome 4. (SMC4) 623 QIGNRMETPFTSPTPKAKRLFDLITPVNDRF +
1302 ERKRKRTGSTGDVQIKVEDEVACNNEAADIL
Th927.2.3480 Transcription elongation factor s-II (TFIIS2-2) 117 KAQAGEANERRVRGVKTEFADGGEQKAVEAP +
Th927.5.3210 Small ubiquitin-related modifier. putative (ThSUMO) 65 KSRTALKKLIDTYCKKQGISRNSVRFLFDGT
Th927.11.9920 Polyubiquitin 48 KEGIPPDQQRLIFAGKQLEEGRTLADYNIQK
63 KQLEEGRTLADYNIQKESTLHLVLRLRGGMQ
Th927.10.13720 RNA-binding protein. putative (RBP29) 313 GGEDTEPEKSATLPMKTESDSVSCPMEVNCN +
Th927.9.6870 RNA-binding protein. putative (RBSR1) 23 NIEKRATKKELLEFLKPMEEHIEDSWLARRP
Th927.9.15060 rRNA processing protein. putative 160/161 ARIEERAHRRAMKDQKKYGKEVQAEVLRQRA Reversed
Th927.10.1630 ATP-binding cassete sub-family e member 1 187 KMRVLLKPQYVDQVPKVTKGKVGDLLTKADE
Th927.10.14520 Basal body protein 371 VPAKDPGTAPSAVVAKSEKEEPPAAKTPRPT +
Th927.9.13880 Kinetoplastid membrane protein KMP-11 76 KFNKKMREHSEHFKAKFAELLEQQKNAQFPG
Th927.10.6720 Plasma-membrane choline transporter 16 MMQGFPSLGEKDPAAKPPAEGKPTSASGEKQ
Th927.9.9400 Ceramide phosphorylethanolamine synthase 312 SREVUEDGVPVAIVIKNEEMMNFDGKS
Th927.5.630 Acidic phosphatase 391 KDRKEDVASGSVHQGKGMPSTNIDPF
Th927.9.1560 DnaJ domain containing protein 407 KPTLKPSVSKSSISKKAPTTSGSAKKAPTKR
416 KSSISKKAPTTSGSAKKAPTKRVVKPVKKAG
Th927.5.370 75 kDa invariant surface glycoprotein. putative (ISG75) 514 DDINIEEGGAKSKNTKTAAGLDSDI
Th927.3.2350 Hypothetical protein 35 SRINQALELATKVTVKEEPDTENGGGKAAII +
Th927.11.5230 Hypothetical protein 24 AAIYARAEEAQNAPVKLQPVPAFELYKAARE
Th927.9.13320 Hypothetical protein 484 VADGLAAVGLPEIRKKTDEEGEAEAEVAVKP +
498 KKTDEEGEAEAEVAVKPEPVVSLDG
Tb927.10.12030 Hypothetical protein 100 GKGGTNKTSHDFELTKALAKDGSIHREKRRL Reversed
139 ERFHKGNAHYSVSDSKPTKRRKRDHSVDKDA
167 KDAVVEAEFGSQSINKKERSVKASRKDSNRE
Th927.4.2620 Hypothetical protein 235 ALTSAEERRHAEVDVKPNIYPTAT Reversed
Th927.3.4140 Hypothetical protein 455 ASIRQQMKNKKNAEIKVEEIEDVAVDDGAAA +
Th927.9.1410 Hypothetical protein 228 APEPLQCETEAVGNIKEELCKLQDSTAEVRL +
Th927.10.14190 Hypothetical protein 332 VVGRKRERRSCESGIKIEDHNNETVVEVGEL +
Th927.11.11840 Hypothetical protein 69 YCSRAPTEEKVVAQVKEEDGRGTGSSSRRNI +
Th927.10.15760 Hypothetical protein 2 MKSEGTPIPTRTPKSGK +
Th927.2.4520 Hypothetical protein 354 EDRYMFVVDQGNNTQKEILDGIRAYIGGEIE
Th927.11.4920 Hypothetical protein 138 KEKDFVHRYAEAKMKKSIPREESDDVAKKVA
Th927.3.5370 Hypothetical protein 11 MPFWKYFVITKPEVDDDDLPLAKHRI +
Th927.7.5660 Hypothetical protein 535 GPFTAHLLDPMPKFIKEETDTSKPAGLTKPR +
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Figure Legends

Fig. 1. Bloodstream form expression and localization of His-HA-TbSUMO ™% is similar
wildtype ThSUMO. A. Expressing His-HA-TbSUMO % parasites are able to conjugate
substrates. Protein cell extracts were prepared with 20 mM NEM and separated in a
10% acyilamide gel (5x10° cells/lane). Parental and 24 h doxycycline induced proteins
(TbSUMO ™%} were incubated against anti-HA mAb. The same blot was also probed
with anti-TbSUMO mAb (1C9H8) to detect endogenous SUMO conjugates. B.
Immunofluorescence analysis of parasites expressing His-HA-TbSUMO™%K (24 h after
induction) stained using an anti-HA antibody displayed a similar nuclear pattern
including the High SUMOylated Focus (HSF) detected by the monoclonal antibody
against ThSUMO in wild type cells as described previously (Lopez-Farfan, et al. 2014).
DNA content was stained with DAPI (blue). Merged signal image is shown. C. Growth
curve of His-HA-TbSUMO™%K strain with (Dox+) or without (Dox-) doxycycline
induction. D. Expression pattern of His-HA-TbSUMO™%K conjugates (TbSUMO %K)
from whole cell extracts after isolation from Wistar IGS rats (Charles River UK). Controls
for parental (Non tagged) and HA epitope (HA control) were included. Samples were
prepared under denaturing conditions and loaded in a 4-20% precast polyacrylamide
gel (BioRad). E. Western blot analysis of representative eluted fractions (Eluates 1-3) of
His-HA-TbSUMO ™% conjugates after Ni**"NTA purification in expressing parasites

isolated from Wistar IGS rat and lysed under denaturing conditions (Lysed extract

T106K).
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Fig. 2. Analysis of SUMOylation sites. Representation of over- and underrepresented
residues are shown above and below the X axis, respectively. Bonferroni-corrected
statistical significance values are represented in horizontal ruler lines above and below
the X axis. The Y axis corresponds to the logarithmic binomial probability of the
statistical significance. Red horizontal lines correspond to threshold values of +3.66,
considering p<0.05. Figure legend: n(fg): number of aligned sequences in the input data
set (foreground). n(dg): TriTrypDB-9.0_Tbrucei927 protein data set used as background

data.

Fig. 3. In bacteria SUMOylation of CTR9 and TFIIS2-2 using trypanosome enzymatic
system. Validation of lysine acceptor sites for CTR9 (A.) and TFIIS2-2 (Han) by in vitro
SUMOylation assay in bacteria. Anti-Flag Western blot analysis performed on soluble
cell extracts from induced E.coli cultures transformed with pET28-CTR9-3xFlag (CTR9)
and pET28-TFIIS2-2-3xFlag (TbTFIIS2) alone (lane 1 in A. and B., respectively) or in
the complete SUMOylation system background (pCDFDuet-1-TbSUMO-TbE2 plus
pACYCDuet-1-TbEla-TbE1lb) for CTR9 (CTR9-SUMO-E1-E2, lane 2 in A. and
TbTFIIS2 (TbTFIIS2-SUMO-E1-E2, lane 2 in B). Anti-Flag signal intensity was scanned

using an LI-COR Odyssey and analyzed using ImageQuant software.

Fig. 4. N-Terminal 3-HA tagging of representative SUMO conjugated proteins.
Immunofluorescence analysis using anti-HA mAb of 3HA tagged SUMO conjugated
partners corresponding to H3V (Th327.10.15350), DNA topoisomerase 1B
(Th927.4.1330), CTR9 (Th927.3.3220), Hypothetical protein (Th927.10.14190) and
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TFIIS2-2 (Th927.10.14190) after 24 h of Doxycycline induction. DNA content was

stained with DAPI (blue). Merged anti-HA-DAPI images are shown.

Fig. 5. In situ analysis of SUMO mediated interactors. Cells expressing 3HA tagged
proteins were detected by in situ Ligand Proximity Assay in BF using rabbit anti-HA
polyclonal antibody (Abcam) and mouse anti-TbSUMO antibody after 24 h of
Doxycycline induction. Control reactions were performed without primary antibodies.
DNA was DAPI stained. Histogram shows the percentage of PLA-positive cells for the
TbSUMO/HA reaction. The % (+standard deviation) of positive PLA signals including
false positives from each antibody incubated alone were quantified in 100x objective. At
least 2 replicates per cell line were analyzed. Statistical analysis (Student T test)

*p<0.05 (referred to anti-HA positive PLA).

Fig. 6. Depletion of TFIIS2-2 and H3V deregulates both active and inactive VSG-ES. A.
Relative transcript levels upon 24h of RNAI shows deregulation of active VSG221 and
inactive VSG121. Only 18S ribosomal rDNA is altered after H3V depletion. C1 (AN1-like
zinc finger, Chr. X) is represented as a control locus for gPCR valdation. Results
represent the average from three independent clones and data normalized with U2
MRNA (meantSEM). Statistical analysis (Student T-test): p<0.05, **p<0.01, **p<0.01,
NS: Non-significant. B. Growth curve of TFIIS2-2 depleted cells with (Dox+) or without
(Dox-) doxycycline induction. C. Control of TFIIS2-2 depletion by RNAI for the assay
shown in D. Cell extracts (5x10° cells/lane) were analyzed by Western blotting (upper
panel) using the anti-TFIIS2-2 mAb (7E10G10). Ponceau (lower panner) shows loading
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control. Control and doxycycline induced (Dox+) and uninduced (Dox-) are shown. D.
Volcano plot showing overexpressed DEGs (FDR<0.05) after 24h TFIIS2-2 depletion in
bloodstream forms. E. Histogram illustrating the proportion of cells expressing VSG221,
VSG121, double expressers (Double VSG221/VSG121) and switched off cells (VSG221
off) by double direct IF after H3V depletion by RNAI. Statistical analysis (Student’s T-
test) shows difference in the mean within the control and induced (Dox+) cells in both

proportion of cells expressing VSG221 and VSG221/VSG121 (p<0.05).
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Supplemental tables

Table S1. Identification of putative SUMOylation substrates after tandem affinity HA/His
purification. Data from three independent proteomic purifications are represented in
separate tables (A, B, C) after background subtraction (control) for a protein and
peptide threshold of 95% and 0.5% FDR, respectively. Exclusive humber of peptides
for the identified substrate is shown.

Table S1A

Accession MW Identified Proteins (48/280) HA  Control
Number

Th927.10.740 155 kDa  structural maintenance of chromosome 4, putative (SMC4) 18 0
Th927.5.3210 12 kDa small ubiquitin-related modifier, putative (TbSUMO) 8 0
Th927.9.5190 32 kDa proliferative cell nuclear antigen (PCNA), putative 8 0
Th927.9.13320 55 kDa hypothetical protein, conserved 7 0
Th927.7.5310 73 kDa hypothetical protein, conserved 4 0
Th927.6.1070 102 kDa  hypothetical protein, conserved 4 0
Th927.3.4140 62 kDa hypothetical protein, conserved 3 0
Th927.7.5090 102 kDa  hypothetical protein, conserved 3 0
Th927.8.4990 70 kDa 69 kDa paraflagellar rod protein,PFR2 (PFR-B) 3 0
Th927.11.9920 77 kDa polyubiquitin, putative 2 0
Th927.5.4220 11 kDa histone H4, putative 2 0
Th927.3.5370 34 kDa hypothetical protein, conserved 2 0
Th927.7.3950 107 kDa  RNA-editing 3' terminal uridylyl transferase 1,KRET1 (KRET1) 2 0
Th927.4.1300 42 kDa hypothetical protein, conserved 2 0
Th927.11.3120 75 kDa nucleolar GTP-binding protein 1 (NOG1) 2 0
Th927.9.2490 67 kDa nucleolar protein (NOP66) 2 0
Th927.6.1250 57 kDa hypothetical protein, conserved 2 0
Th927.11.3300 108 kDa  hypothetical protein, conserved 2 0
Th927.5.1900 77 kDa hypothetical protein, conserved 2 0
Th927.7.3820 72 kDa hypothetical protein, conserved 1 0
Th927.7.660 53 kDa hypothetical protein, conserved 1 0
Th927.8.5850 467 kDa  hypothetical protein, conserved 1 0
Th927.5.2950 88 kDa hypothetical protein, conserved 1 0
Th927.10.16440 29 kDa variant surface glycoprotein, fragment 1 0
Tb927.1.2470 15 kDa histone H3, putative 1 0
Th927.3.5030 80 kDa KU70 protein (KU70) 1 0
Th927.4.2080 105 kDa  C2 domain containing protein (CC2D) 1 0
Th927.11.11840 14 kDa hypothetical protein, conserved 1 0
Th927.8.3680 70 kDa hypothetical protein, conserved 1 0
Th927.9.10680 17 kDa hypothetical protein, conserved 1 0
Th927.7.5530 42 kDa hypothetical protein, conserved 1 0
Th927.8.850 85 kDa hypothetical protein, conserved 1 0
Th927.3.1820 25 kDa mitochondrial RNA binding complex 1 subunit (MRB1820) 1 0
Th927.10.15660 86 kDa hypothetical protein, conserved 1 0
Th927.7.940 54 kDa protein kinase C substrate protein, putative,glucosidase Il beta subunit 1 0
Th927.9.4450 78 kDa hypothetical protein 1 0
Th927.7.4940 49 kDa variant surface glycoprotein (VSG, pseudogene), putative 1 0
-DECOY ? Th927.7.4940-DECOQY oligopeptidase... 1 0
Th927.4.2560 74 kDa cardiolipin synthetase, putative 1 0
Th927.10.1270 127 kDa  mismatch repair protein, putative 1 0
Th927.10.9360 57 kDa hypothetical protein, conserved 1 0
Th927.11.4510 197 kDa  hypothetical protein, conserved 1 0
Th927.8.1770 59 kDa hypothetical protein, conserved 1 0
Th927.8.5110 127 kDa  hypothetical protein, conserved 1 0
Th927.9.13060 58 kDa hypothetical protein, conserved 1 0
Th927.10.4080 127 kDa  hypothetical protein, conserved 1 0
Th927.7.4650 121 kDa  SNF2 DNA repair protein, putative 1 0
Th927.5.1290 52 kDa hypothetical protein, conserved 1 0




Table S1B

Accession

Number MW Identified Proteins (80/797) HA Control
Th927.8.7590 140 kDa receptor-type adenylate cyclase GRESAG 4 2 0
Th927.2.2380 97 kDa glycosyltransferase (GIcNAc), putative 1 0
Th927.10.11780 131 kDa hypothetical protein, conserved 1 0
Tbh11.v5.0784 139 kDa receptor-type adenylate cyclase GRESAG 4, putative 1 0
Th927.9.15980 43 kDa nucleoside transporter 1, putative 2 0
Th927.1.480 161 kDa leucine-rich repeat protein (LRRP) 1 0
Th927.5.1450 134 kDa ATP pyrophosphate-lyase, putative; adenylyl cyclase 1 0
Th927.7.3860 27 kDa PQ loop repeat, putative 1 0
Th927.4.470 22 kDa snoRNP protein garl 1 0
Th927.11.2510 146 kDa NUC173 domain containing protein 1 0
Th927.11.5020 187 kDa hypothetical protein 1 0
0i|261327151 25 kDa hypothetical protein 1 0
Th927.6.3520 74 kDa Uncharacterised ACR, YagE family COG1723 1 0
Th927.7.1010 20 kDa hypothetical protein, conserved 1 0
Th927.11.4380 72 kDa ATP-dependent DEAD/H RNA helicase, putative 1 0
Th927.6.4430 36 kDa homoserine kinase 1 0
Tb427tmp.01.2430 486 kDa hypothetical protein, conserved 1 0
Th927.5.2520 104 kDa TPR repeat, putative 1 0
Th927.9.10670 67 kDa bardet-biedl syndrome 1 protein 1 0
Th927.10.10770 67 kDa Generative cell specific 1 protein, putative 1 0
Th927.11.3130 71 kDa glycosomal transporter (GAT2) 1 0
Th927.7.530 171 kDa FYVE zinc finger, putative 1 0
Th927.3.2140 105 kDa transcription activator, putative 1 0
Th927.11.9890 63 kDa signal recognition particle receptor alpha subunit, putative 1 0
TM35_000231200 10 kDa hypothetical protein 1 0
Th927.1.4520 83 kDa Zinc finger, C3HC4 type (RING finger), putative 1 0
Th927.3.2790 125 kDa leucine-rich repeat protein (LRRP) 1 0
Th927.5.520 56 kDa stomatin-like protein, putative 1 0
Th927.9.210 53 kDa variant surface glycoprotein (VSG, pseudogene), putative 1 0
Th927.10.13490 31 kDa CAMK/CAMKL family protein kinase, putative 1 0
Th927.5.3830 34 kDa dihydroorotate dehydrogenase 1 0
Th927.11.14780 46 kDa phosphomannose isomerase 1 0
Th927.2.2400 85 kDa glycosyltransferase (GIcNAc) 1 0
Th927.10.11020 105 kDa DNA mismatch repair protein MSH2 1 0
Th927.2.2650 368 kDa hypothetical protein, conserved 1 0
Th927.8.4350 114 kDa hypothetical protein, conserved 1 0
Th927.11.10190 133 kDa telomerase reverse transcriptase, putative 1 0
Th927.11.16340 125 kDa Importin-beta N-terminal domain/HEAT-like repeat 1 0
Tbh10.v4.0134 54 kDa variant surface glycoprotein (VSG), putative 1 0
Th927.2.3280 48 kDa 65 kDa invariant surface glycoprotein 1 0
Th927.10.13900 39 kDa UDP-galactose transporter, putative 1 0
Th927.11.3550 32 kDa XPA-interacting protein, putative 1 0
Th927.10.9890 97 kDa hypothetical protein, conserved 1 0
Th927.10.1610 16 kDa hypothetical protein, conserved 1 0
Th927.6.430 138 kDa receptor-type adenylate cyclase GRESAG 4, putative 1 0
Th927.11.5740 109 kDa formin, putative; formin-like protein 1 0
Th927.10.13090 66 kDa PhoD-like phosphatase, putative 1 0
Th927.7.4130 256 kDa hypothetical protein, conserved 1 0
Th927.11.5070 93 kDa GPI ethanolamine phosphate transferase 3, putative 1 0
Th927.10.2880 304 kDa Voltage-dependent calcium channel subunit, putative 1 0
Th927.8.3940 63 kDa hypothetical protein, conserved 1 0
Th927.2.2920 49 kDa UAA transporter family, putative 1 0
Th927.1.4540 58 kDa hypothetical protein, conserved 1 0
Th927.3.1350 87 kDa hypothetical protein, conserved 1 0
Th927.3.1860 83 kDa ATP-grasp domain containing protein 1 0
Th927.6.1580 53 kDa polynucleotide kinase 3'-phosphatase, putative 1 0
Th927.6.4100 94 kDa hypothetical protein, conserved 1 0
Th927.7.1470 12 kDa Mitochondrial ATP synthase subunit c-3 1 0
Th927.7.2390 103 kDa Tripartite attachment complex protein 102 1 0
Th927.11.18060 28 kDa variant surface glycoprotein (VSG), (fragment)] 1 0
Th927.8.3840 80 kDa hypothetical protein, conserved 1 0
Th927.9.3860 80 kDa Dyggve-Melchior-Clausen syndrome protein 1 0
Th927.9.4850 53 kDa leucine-rich repeat protein (LRRP), putative 1 0
Th927.10.7580 111 kDa hypothetical protein, conserved 1 0
Th927.11.5020 187 kDa hypothetical protein, conserved 1 0



Th927.11.6580 77 kDa hypothetical protein, conserved 1 0
Th927.11.6830 109 kDa Domain of unknown function(DUF2779) 1 0
Th927.11.6920 173 kDa hypothetical protein, conserved 1 0
Th927.11.9750 73 kDa Protein of unknown function (DUF498/DUF598) 1 0
Th927.11.16210 81 kDa cAMP response protein 1, putative 1 0
Th927.10.15080 180 kDa WD40 Repeat 1 1 0
Th927.5.2930 43 kDa Mitochondrial ATP synthase subunit 1 0
Th927.6.1910 57 kDa hypothetical protein 1 0
Th927.7.1510 69 kDa pseudouridylate synthase | 1 0
Th927.7.5440 217 kDa hypothetical protein 1 0
Th927.8.4400 76 kDa hypothetical protein 1 0
Th927.7.4400 83 kDa inositol polyphosphate kinase-like protein, putative 1 0
Th927.5.2750 48 kDa Alpha/beta hydrolase family, putative 1 0
Th927.11.14250 59 kDa t-complex protein 1 subunit epsilon 1 0
Th927.11.7540 34 kDa electron-transfer-flavoprotein alpha polypeptide 1 0
Table S1C

Accession - .

Number MW Identified Proteins (66/243) HA Control
Th927.8.5580 526 kDa hypothetical protein, conserved 3 0
Th927.4.4130 100 kDa hypothetical protein, conserved 3 0
Th927.10.4170 292 kDa hypothetical protein, conserved 2 0
Th927.10.8750 39 kDa GTPase activating protein, putative 2 0
Th927.11.11900 98 kDa coatomer gamma subunit, putative 2 0
Th927.3.4030 135 kDa hypothetical protein, conserved 2 0
Th927.10.13900 39 kDa UDP-galactose transporter 2 0
Th927.3.4020 256 kDa phosphatidylinositol 4-kinase alpha, putative 2 0
Th927.4.840 46 kDa hypothetical protein, conserved 2 0
Th927.2.3370 44 kDa UDP-Gal or UDP-GIcNAc-dependent glycosyltransferase, putative 2 0
Th927.8.1130 158 kDa protein phosphatase with EF-Hand domains, putative 2 0
Th927.2.3320 48 kDa 65 kDa invariant surface glycoprotein 2 0
Th927.2.4950 156 kDa hypothetical protein, conserved 2 0
Th927.4.3870 135 kDa receptor-type adenylate cyclase GRESAG 4, putative 2 0
Th927.3.2140 105 kDa transcription activator 2 0
Th927.10.12890 91 kDa bifunctional aminoacyl-tRNA synthetase, putative 2 0
Th927.11.4380 248 kDa ATP-dependent RNA helicase, putative 2 0
Th09.v4.0017 (+1) 31 kDa rabl (small gtp-binding protein rabl, putative) 2 0
Th927.11.10670 134 kDa glycosyl hydrolase, putative 2 0
Th927.11.5060 120 kDa hypothetical protein, conserved 2 0
Th927.8.2450 34 kDa hypothetical protein, conserved 2 0
Th927.11.15470 71 kDa methionyl-tRNA formyltransferase 2 0
Th927.5.2420 103 kDa hypothetical protein, conserved 2 0
Th927.8.3190 33 kDa hypothetical protein, conserved 2 0
Th927.8.4500 85 kDa eukaryotic translation initation factor 4 gamma, putative 2 0
Tb09.v4.0016 54 kDa expression site- associated gene (ESAG) protein, putative 2 0
Tb927.3.4960 182 kDa kinesin, putative 2 0
Th927.10.6050 191 kDa clathrin heavy chain (CHC) 2 0
Th927.10.7350 198 kDa hypothetical protein, conserved 2 0
Th927.9.8040 98 kDa hypothetical protein, conserved 2 0
Th927.11.18230 50 kDa variant surface glycoprotein (VSG), putative 2 0
Th927.8.6970 74 kDa 3-methylcrotonyl-CoA carboxylase alpha subunit, putative 1 0
Th927.6.3150 501 kDa Hydin 1 0
Th927.10.13280 286 kDa hypothetical protein, conserved 1 0
Th927.11.1160 123 kDa hypothetical protein, conserved 1 0
Th927.7.1570 156 kDa hypothetical protein, conserved 1 0
Th927.11.9890 64 kDa signal recognition particle receptor alpha subunit, putative 1 0
Th927.8.3940 61 kDa hypothetical protein, conserved 1 0
Th927.10.9490 45 kDa expression site-associated gene 3 (ESAG3)-like protein 1 0
Th927.5.1560 84 kDa ATP-dependent DEAD/H RNA helicase, putative 1 0
Th927.10.1890 178 kDa calpain, putative,cysteine peptidase, Clan CA, family C2, putative 1 0
Th927.2.2400 85 kDa hypothetical protein, conserved 1 0
Th927.4.5530 51 kDa variant surface glycoprotein (VSG), putative 1 0
Th927.11.7290 162 kDa pantothenate kinase subunit, putative 1 0
Th927.10.6300 50 kDa hypothetical protein, conserved 1 0
Th927.7.1780 26 kDa Adenine phosphoribosyltransferase, putative 1 0
Th927.9.16250 53 kDa variant surface glycoprotein (VSG, atypical), putative 1 0
Th927.5.2660 98 kDa hypothetical protein, conserved 1 0
Th927.3.3150 87 kDa hypothetical protein, conserved 1 0
Th927.4.1060 124 kDa hypothetical protein, conserved 1 0
Th927.6.4430 36 kDa homoserine kinase, putative (HK) 1 0



Th927.9.10530
Th927.11.840
Th927.8.8140
Th927.7.3330
Th927.7.3770
Th927.9.11410
Th927.10.3970
Th927.11.12630
Th927.10.11420
Th927.8.2890
Th927.5.1320
Th927.5.2920
Th10.v4.0042
Th927.10.1610
Th927.3.2210

119 kDa
87 kDa
68 kDa
503 kDa
61 kDa
15 kDa
55 kDa
57 kDa
81 kDa
46 kDa
111 kDa
52 kDa
25 kDa
16 kDa
69 kDa

hypothetical protein, conserved
hypothetical protein, conserved

small GTP-binding rab protein, putative

hypothetical protein, conserved
hypothetical protein, conserved
unspecified product

hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
hypothetical protein, conserved
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Table S2. Comparative identification of specific lysine acceptor sites in BF and PF
developmental stages.

Gene ID Description SUMOylated lysine ~ SUMOylated lysine
BF PF
Th927.7.2830 Histone H2A K(5) K(5); K (9); K(10); K(129)
Tb927.10.15350  H3V (h3vaR) K(31) K(32)
Th927.4.1330 DNA topoisomerase B, large subunit K(20); K(47) K(13); K(20); K(47);
K(75)
Th927.1.1170 DNA-directed RNA polymerase subunit RBP12 (RBP12) K(7) K(7)
Th927.9.5190 Proliferative cell nuclear antigen (PCNA) K(195) K(201)
Th927.10.740 Structural maintenance of chromosome 4, putative (SMC4) K(623); K(1302) K(1302)
Th927.10.13720  RNA-binding protein, putative (RBP29) K(313) K(313)
Th927.10.14520  Basal body protein K(371) K(371)
Th927.3.2350 Hypothetical protein K(35) K(35)
Th927.11.5230 Hypothetical protein K(24) K(24)
Th927.9.13320 Hypothetical protein K(484); K(498) K(498)
Th927.3.4140 Hypothetical protein K(455) K(455)
Th927.9.1410 Hypothetical protein K(228) K(271)
Th927.11.11840  Hypothetical protein K(69) K(69)
Th927.3.5370 Hypothetical protein K(11) K(132)
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