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Abstract

Elongation has emerged as a highly regulated step in the multistage process of transcription.
Control of gene expression mediated through transcription elongation remains an unexplored
area of study in Toxoplasma gondii where the demands of complex lifecycle necessitates a
regulated transcription program. Here, we elucidate the central role of Spt5 homolog in T.
gondii mRNA transcription. We demonstrate that TgSpt5 functions in conjunction with a
small zinc finger protein TgSpt4. TgSpt5 interacts with TgRpb1, the largest subunit of RNA
polymerase Il and associates with actively transcribed genes. Enrichment of TgSpt5 towards
the 3” end of genes coinciding with P-Ser2 form of RNAPII, a marker of active elongation
further underscores its pivotal role in transcription. TgSpt5 undergoes phosphorylation
mediated through Toxoplasma Cdk9 homolog, TgCrk9, which appears crucial for its
function. Inhibition of TgCrk9, which also regulates RNAPII by differential phosphorylation
of its C terminal domain, results in loss of TgSpt5 enrichment at 3 sites of the genes and an
overall repressive effect on parasite progression. TgSpt5 along with TgSpt4 could
successfully complement the loss of function mutations in yeast counterparts emphasizing its
functional significance. Together, the results highlight the possible role of TgSpt5 in
transcript elongation regulated through phosphorylation by TgCrk9.

Introduction
Toxoplasma gondii, an intracellular protozoan parasite of the phylum Apicomplexa, infects
over one billion people worldwide with debilitating consequences for developing foetuses
and immunocompromised individuals [1]. It is in fact a common etiology of parasitic
abortion in livestock and has serious public health implications due to its potential for
zoonotic transmission. T. gondii is characterized by its complex lifecycle which involves
propagation in different hosts accompanied with considerable changes in gene expression.
The lifecycle requires gene expression to be fine-tuned to parasite progression with exquisite
temporal regulation in distinct stages and exclusive expression of nearly 5% genes in each
developmental stage [2]. This necessitates a robust gene regulation machinery with key role
of transcription and mRNA processing. Moreover, targeting transcriptional regulation may
potentially intervene parasite progression and provide a foundation to develop anti-parasitic
strategies.

Precise control of mMRNA levels requires regulation of RNA Polymerase 11 (RNAPII)

mediated transcript synthesis and mRNA processing at multiple steps. It has emerged in



recent years that transcription elongation is a highly regulated step in this process [3, 4]. An
array of transcription elongation factors has been demonstrated to facilitate this stage [5, 6].
The one transcription accessory protein factor that is conserved across all domains of life is
Spt5 or NusG family of proteins [7]. In eukaryotes and archaea, Spt5 functions in complex
with another protein factor Spt4. As opposed to Spt5, Spt4 protein conservation is limited to
eukaryotic and archaeal lineages [8]. These proteins which were discovered in a yeast genetic
screen for mutations that supress the defects caused by insertions of the transposon Ty
(Suppressor of Ty, Spt) [9] were subsequently found to regulate transcription elongation [10].
Spt4-Spt5 heterodimer has now emerged as one of the key transcription elongation factors
(TEF) which influence the RNAPII activity rendering the elongation complex stable and
processive [11].

Interestingly, homolog of Spt4-Spt5 TEF in metazoans were also found to inhibit
elongation in apparent contrast to its core function of stimulating RNAPII mediated
transcription [12]. The complex is termed as DRB (5, 6-dichloro-1-p-D-
ribofuranosylbenzimidazole) -sensitivity inducing factor (DSIF) in organisms where the
inhibitory function of Spt4-Spt5 has been demonstrated including mammals and Drosophila
[13]. This inhibitory effect manifested as RNAPII pausing at promoter proximal sites, relies
on Negative Elongation Factor (NELF), a second multi-subunit complex which is required
for DSIF activity [14]. The heterodimer thus regulates transcription elongation both
positively as well as negatively in conjunction with other protein partners. Spt5 function
appears to be essential across organisms [15-18], whereas Spt4 was found to be dispensable
in yeast, however, its importance in eukaryotes is yet to be fully understood [19].

Spt5 is modular in composition consisting of an N-terminal acidic domain, a NusG N-
terminal (NGN) domain, multiple KOW (Kyprides, Ouzounis, Woese) domains and a set of
short repeats at the C-terminus (C-terminal repeats, CTR). Spt4 is a small zinc finger protein
[20] which interact with the NGN domain of Spt5 [20], a domain which is also responsible
for interaction with RNAPII. Spt4 does not directly interact with RNAPII, however, it
increases the Spt5 binding affinity to RNAPII and the overall stability of the Spt5 protein [21,
22]. The binding of Spt4-Spt5 to RNAPII completely encircles the DNA-RNA hybrid and
promotes processivity through allosteric mechanisms [13]. Crystallographic studies have
further elaborated on this association revealing that eukaryotic Spt4-Spt5 bound to
transcribing RNAPII makes crucial contacts with non-template DNA strand and the newly
synthesized transcript exiting the polymerase [23]. The Spt4-Spt5 complex has also been
shown to associate with RNA polymerase I, regulating transcript elongation as well as rRNA
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processing [24, 25]. There is so far no evidence of Spt4-Spt5 involvement in regulation of
RNA polymerase 111 mediated transcription.

Multidomain protein, Spt5, harbours a repetitive motif (consensus= G-S-[R/Q]-T-P)
in its C-terminal repeat (CTR) region, similar to the C-terminal domain (CTD) of RNAPII
[18]. The sequence of repeats varies across species but a residue that can be phosphorylated
(Tyrosine, Serine, Threonine) is typically present. The phosphorylation observed at Spt5 CTR
is important for transcript elongation [18, 26-28], and is undertaken by P-TEFb comprising of
Cdk9 kinase and its cognate cyclin partner CycT in metazoans or its counterpart Burl kKinase
in yeast [29]. In metazoans, phosphorylated Spt5 is postulated to facilitate release of
elongating polymerase 11 from promoter proximal pause sites [12, 30]. In fact, promoter
clearance and promoter proximal pausing are considered critical rate limiting steps in
RNAPII mediated transcript elongation where DSIF complex plays an important role along
with multiprotein complex NELF and P-TEFb. A downregulation of expression of Cdk9 and
Spt5 impair normal transcription by RNAPII [29, 10, 15] and globally alters the distribution
of elongating RNAPII [31]. Spt5 also enables co-transcriptional recruitment of factors that
modify nascent RNA including 5’ capping which may be dependent on the phosphorylation
state of its CTR [32, 33].

While transcription elongation factor Spt5 is well studied in bacteria, yeast as well as
mammalian systems, it is yet to be characterized in protozoan parasites. In T. gondii, where
the demands of a complex lifecycle in varied host environments requires a tight
transcriptional regulation of mMRNA expression, the involvement of Spt5 like proteins and the
mechanism remain elusive. Importantly, absence of an important protein complex NELF that
essentially assists Spt5 to establish promoter proximal pausing, a rate determining step in
RNAPII mediated transcription is very intriguing and points towards a possible presence of
non-canonical factors or a unique mechanism in T. gondii.

In this study, we identified and reported the presence of homologs of transcription
elongation factors Spt5 and Spt4 in the protozoan parasite T. gondii and gained insight into
how together they impact RNAPII mediated transcription. TgSpt4 and TgSpt5 interact with
each other and co-localize in the parasite nucleus. TgSpt5 interacts with TgRpb1, subunit of
RNAPII as demonstrated by co-immunoprecipitation reaction. Spt5 associates with RNAPII
on actively transcribed genes with the distribution indicating a possible role in transcription
elongation. Moreover, Spt5 undergoes phosphorylation which is in agreement with the
phosphoproteome data [34]. TgCrk9 is most likely responsible for this phosphorylation event
as it phosphorylates Spt5 in vitro and in vivo. TgCrk9 has previously been demonstrated to be
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crucial for TgRpb1 phosphorylation at the conserved serine -2 residue in the heptapeptide
repeats. The study further highlights TgCrk9 as the key kinase involved in T. gondii RNAPII
mediated transcription. Targeting of TgCrk9 by inhibitor DRB resulted in reduction of
elongating RNAPII marked by serine-2 phosphorylation towards the 3’ end of the gene
coinciding with Spt5 distribution. TgCrk9 inhibition also affected overall nRNA
transcription and stalled parasite progression. Thus, the study elucidated the key role of
TgSpt5 in mRNA transcription and its possible regulation by TgCrk9 which was unknown
thus far.

2. Materials and methods

2.1. Parasite culture

Toxoplasma gondii RH strain parasites were maintained in primary human foreskin
fibroblasts (HFF, ATCC) cells in Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated fetal bovine serum, 10 pg/mL Gentamicin and 2 mM | -glutamine at
37°C and 5% CO, in a humidified incubator. Freshly harvested parasites were purified by

filtration through 3.0 um filters (Nucleopore).

2.2. Cloning, expression and purification of Spt5, Spt4 and IMC1

Sequences encoding TgSpt5 (32-1169aa, excluding signal sequence), TgSpt5N (32-230aa),
TgSpt5M (231-830aa), TgSpt5C (831-1169aa), TgSpt4 (1-146aa) and TgIMC1 (1-609aa)
were amplified from T. gondii cDNA with specific primers (Supplemental Table 1) and
cloned into pET-21a expression vector (Invitrogen) between Ndel-Xhol sites. Proteins were
expressed in E. coli as C-terminally Hisg-tagged recombinant protein and purified on a
nickel-nitrilotriacetic acid-agarose resin column as described previously [35]. TgCrk9,
TgCrk7, TgCrk9-T1 & T2, TgCycL, TgCycH and TgRpb1-CTD proteins were used from the
previous studies [35, 36].

2.4. Antibodies

Mouse polyclonal antibodies to recombinant TgSpt5, TgSpt4 and TgIMC1 were produced by
primary injection with 30 pg of purified protein in Freund's complete adjuvant (Sigma)
followed by four boosts of 30 pg each in Freund's incomplete adjuvant (Sigma) at 2-weeks
intervals. Rabbit polyclonal antibodies were raised against TgSpt4 and TgIMC1 by



immunizing rabbits with 200 ug of recombinant protein mixed with appropriate Freund's
adjuvant. Serum was collected after three weeks of immunization.

In addition, we used the following commercial antibodies against RNAPII-CTD-P-Ser5
(ab5131, Abcam), RNAPII-CTD-P-Ser2 (ab5095, Abcam), Histone 3 (ab1791, Abcam),
Phospho-(Ser/Thr) antibody (ab117253, Abcam), GAPDH (ab9485, Abcam), Histidine
(H1029, Sigma), Alexa flour 488 (mouse, A11001, Thermo Fisher Scientific), Alexa flour
594 (mouse, A11037, Thermo Fisher Scientific), rabbit secondary HRP (31460, Thermo
Fisher Scientific) and mouse secondary HRP (31430, Thermo Fisher Scientific).

2.5. Immunofluorescence assay

HFF cells were grown in confluent monolayers on coverslip in 6-well plates and infected
with T. gondii RH parasites. The infected cells were fixed post 10 to 18 h of infection in 4%
paraformaldehyde, followed by permeabilization with 0.25% Triton X-100. The samples
were further blocked in 1% BSA and incubated sequentially with primary and secondary
antibodies. The following primary antibodies were used at the indicated dilutions: mouse
anti-Spt5 (1:500), mouse anti- Spt4 (1:500), rabbit anti-Spt4 (1:500), mouse anti-IMC1
(1:1000) and rabbit anti-IMC1 (1:1000). Alexa-conjugated secondary antibodies (Alexa
Fluor-488 or Alexa Fluor-594) were used at a dilution of 1:1000. The coverslips were
mounted with Vectashield medium (Vector, Laboratories) with DAPI (4’,6-diamidino-2-
phenylindole) on glass slide and images were captured with a Leica Confocal microscope

with 100X objective. Images were processed using LAS X software.

2.6. Yeast two-hybrid assay

Yeast two-hybrid assay was performed as per the manufacturer's guidelines (Clontech). Bait
and pray plasmids were constructed by cloning full length ORF of TgSpt5 (excluding signal
sequence) and TgSpt4 into either pGBKT7 or pGADT?7 vectors. TgCrk7-BD and TgCycH-
AD constructs were used from the previous studies [35]. Yeast strain Y2HGold was co-
transformed with Bait and pray plasmids and plated onto SD plates lacking Leu (leucine) and
Trp (tryptophan). The colonies were subsequently transferred to medium lacking Histidine,
Leucine and Tryptophan (-His/-Leu/-Trp) and Adenine, Histidine, Leucine, Tryptophan (-
Ade/-His/-Leu/-Trp). For spot assays, serial dilutions were prepared (ODggo) as 1, 10 %, 1072,
and 102 and plated on appropriate plates.

2.8. Immunoprecipitation assay



The IP from parasite proteins was undertaken using IP kit (Thermo Fisher Scientific)
following protocol detailed by the manufacturer. Filter purified parasites were collected,
washed in PBS and lysed in PBS with 0.5% NP40, 400mM NaCl and protease inhibitor on
ice for 1 h. Total protein extract obtained by centrifugation at 21,000 xg, 10 min at 4 °C.
Protein lysates were immunoprecipitated using appropriate antibody crosslinked to agarose
for 1 h at 4 °C. The immunoprecipitated protein complexes on the beads were washed three
times with lysis buffer and eluted. Elutes were then boiled in the Leamilli sample buffer at
95°C for 10 min and analysed by Western blotting. In all the IP experiments conducted for
protein interaction studies, 10% input samples were analysed. When an RNase treatment step
was added to the IP protocol, parasite lysate from the same experiment was treated with five
Kunitz units of RNase A (Sigma) prior to immunoprecipitation. After incubating for one hour
at room temperature, immunoprecipitations were performed as described above. For Lamda
protein phosphatase (A-PPase) experiment IP samples were treated with A-PPase for 30 min

followed by Western blot analysis using anti-phospho-(Ser/Thr) antibody.

2.9. Chromatin immunoprecipitation assay

ChlIP was performed using a protocol described previously [36]. Briefly, HFF infected
(intracellular) parasites were cross-linked for 10 min with 1% formaldehyde in PBS and
quenched with 125 mM glycine for 5 min at room temperature. The HFF monolayers were
washed with PBS, scraped into PBS and then collected by centrifugation. The cell pellets
were resuspended in PBS and subsequently passed through 23-guage needle to release
intracellular parasites from HFF cells. The parasites were then centrifuged at 4°C for 15 min
at 700xg, resuspended in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NacCl, 1% NP-40,
0.1% SDS, 0.1% sodium deoxycholate, 1 mM EDTA, protease inhibitors) and the chromatin
was sheared by sonication yielding DNA fragments of 500-1,000 bp. The chromatin was
purified by centrifugation at 15,000 xg for 10 min at 4°C; 10% of the chromatin was saved as
the input sample and the remaining 90% was used for immunoprecipitation.
Immunoprecipitations were performed with respective antibodies overnight at 4°C with
rotation, washed, and the IP chromatin was eluted with 1% SDS in TE buffer. Both input and
IP chromatin were reverse cross-linked by treatment with proteinase K for 2 h at room
temperature and purified by phenol: chloroform method. The purified DNA was analysed by
real-time PCR using gene-specific primers.

2.10. Kinase assay



Kinase assays were performed as described previously [37]. Briefly, 0.5 pg to 1.0 pg of
TgSpt5/TgSptSN/TgSptSM/TgSpt5C/TgCrk9/TgCrk7/TgCrk9-T1&T2/TgRpb1-CTD ina 30
ul kinase reaction buffer (50 mM Tris-HCI pH 7.5, 10 mm MgCI2, 0.1 mM EDTA, 200 uM
ATP and 5 uCi y-32P ATP) were assayed at 30 °C for 30 min, supplemented with various
combinations of ~1.0 pg of TgCycL/TgCycH proteins. The reactions were stopped by the
addition of Laemmli sample buffer followed by boiling at 95°C for 10 min. The reactions

were electrophoresed on a 10 to 12% SDS PAGE gels and visualized by phosphorimager.

2.11. RT-gPCR analysis

Total RNAs from DMSO or DRB treated parasites were isolated by TRIzol (Invitrogen).
RNAs (DNase | treated) were used to generate cDNA using SuperScipt 111 reverse
transcriptase (Invitrogen). RT-qPCR was performed on the 7500 ABI apparatus using cDNA
samples with SYBR green PCR Master Mix. The nascent RNA levels were determined as
described [38]. The pre-mRNA levels of PCNA1, IMC1, MIC2, Bip and a-Tubulin genes
were determined using primers targeting specific exon-intron or intron-exon junctions, which
allowed quantitative analysis of newly synthesized pre-mRNA. Amplification of basal
MRNA of the IMC1 which is expected to be unaltered was used as control. The reactions
were performed in triplicates using the following cycle conditions: 95 °C, 15 min followed by
40 cycles 0of 94 °C, 30's; 55 °C, 40 s and 68 °C, 50 s. Relative transcript levels were
calculated by the AACT (where CT is threshold cycle) method.

2.12. Proliferation of T. gondii

Parasites inside the parasitophorous vacuoles (PVs) were counted as described [39]. HFF
cells grown on coverslips were infected with T. gondii at a multiplicity of infection of 5.
Following 2 h of infection, parasite infected HFF were subjected to DRB treatment for 24 h.
The coverslips were then washed with PBS and fixed using 4% paraformaldehyde and
scanned under the microscope. One hundred PVs were randomly selected, and parasite
replication was monitored by counting the number of tachyzoites per PV.

2.13. Apoptosis assay
Apoptosis analysis of HFF cells treated with DRB for 24 h was carried out by dual labeling
of cells with Annexin-fluorescein and propidium iodide (556547, BD Biosciences) followed

by flow cytometry measurements.



2.14. Yeast complementation

For complementation assays, yeast strains, Spt5 cold sensitive mutant and Spt4 deletion
mutant were used [10]. Full-length Spt5 and Spt4 genes of T. gondii and Saccharomyces
cerevisiae were amplified by PCR using specific primers (Supplementary Table 1) and
cloned into pYES3/CT yeast expression vector, enabling tryptophan selection and C-terminal
histidine tag facilitating protein detection. Cold sensitive strains were transformed with
plasmid carrying S. cerevisiae and T. gondii Spt5 and selected at the permissive (30°C) or
restrictive temperature (15°C) on SD-TRP plates. Yeast Spt4 mutant strain was similarly
transformed with plasmid carrying T. gondii or S. cerevisiae Spt4 gene or empty vector plated
on SD-TRP in presence or absence of 6-azauracil (6AU) selection and incubated at 30°C.
Western blot analysis was performed as described previously [40], to check for the
expression of the complemented genes in respective transformants using anti-His antibody.

ScGAPDH expression levels were used as a control.

2.15. Bioinformatics sequence analysis

Domain schematics of Spt5 protein from various organisms was generated using sequence
feature information available on the NCBI and ApiDB (ToxoDB, PlasmoDB) sites and My-
Domains image creator PROSITE (ExPASY). Phylogenetic analysis (cladogram) of Spt5
protein sequences from Toxoplasma gondii, Homo sapiens, Arabidopsis thaliana,
Saccharomyces cerevisiae, Cryptosporidium parvum, Theileria annulata and Plasmodium
falciparum was generated using Mega 7.0.25 by Neighbour-joining method with a bootstrap
value of 1000.

Results

3.1. Identification and in- silico analysis of T. gondii Spt5 and Spt4

Spt5 is the only transcription elongation factor found to be conserved in all three domains of
life [7]. Spt5 forms a complex with small zinc finger protein Spt4, termed Spt4-Spt5 in yeast
or DSIF in humans [13]. Spt4 is found only in eukaryotes and archaea while it is absent in
bacteria [8]. Spt5 appears to be essential in all three domains of life, whereas Spt4 has been
found to be dispensable in yeast [13]. In protozoan parasites Spt4 and Spt5 are yet to be
identified. We first attempted to identify these protein factors in T. gondii. BLASTP search of
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the Toxoplasma database (http://toxodb.org/toxo/) was undertaken to identify Toxoplasma
orthologs of Spt5 and Spt4 using amino acid sequences of yeast and human Spt5 and Spt4 as
query. The search resulted in hits for both Spt5 and Spt4 (TGME49_233000 and

TGME49 261220). TGME49 233000 codes for the Spt5 homolog and was termed TgSpt5.
The Spt4 homolog is encoded by TGME49 261220 and was called TgSpt4. Similarly,
putative Spt5 from important members of phylum Apicomplexa including Plasmodium
falciparum, Cryptosporidium parvum and Theileria annulata, were also identified. Amino
acid sequences of Spt5 and Spt4 of various organisms (Apicomplexa parasites, human, yeast
and Arabidopsis) obtained from UniProt database were used for further analysis. Sequence
identities of Spt5 of the enlisted members of apicomplexan were compared with those of
yeast, human and Arabidopsis counterparts using multiple sequence alignment tool: Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). TgSpt5 shares an overall ~24% identity
with its human and plant homologs while it is around 20% when compared with budding
yeast Spt5 (Supplementary Fig. 1). Among Apicomplexans, TgSpt5 shares approximately
34%, 30% and 27% identity with Theileria annulata, Cryptosporidium parvum and
Plasmodium falciparum respectively (Supplementary Fig. 1). Sequence identity is higher
when sequence of NGN domain which is important for interaction with Spt4 and RNAPII is
compared across organisms (>41% except with yeast where it is ~26%), highlighting its
functional importance (Supplementary Fig. 2). Amino acid sequence identity of TgSpt4 to
corresponding human protein is ~38% while with that of yeast and Arabidopsis counterparts
is 33% each (Supplementary Fig. 3). Among Apicomplexans, TgSpt4 shares nearly 47%
identity with Plasmodium falciparum and Theileria annulata relatives while it is ~45% when
compared to Cryptosporidium parvum (Supplementary Fig. 3).

Eukaryotic Spt5 is a multi-domain protein consisting of an N-terminal acidic domain,
the NGN (NusG N terminal) domain, multiple KOW (Kyprides, Ouzounis, Woese) domains
and C-terminal repeats (CTR). The NGN-domain allows interaction with Spt4 and Rpb1, the
largest subunit of RNAPII. The KOW domains which vary in number across species, are
important for protein-protein and protein-RNA/DNA interactions. These multiple KOW
domains are specific to eukaryotic Spt5 and are key to establishment of elongation complex.
A recent crystallographic study has delineated the contribution of different domains of Spt5
towards the formation of transcript elongation complex [23]. The CTR with its serine and
threonine residues is a target of phosphorylation which mediates recruitment of factors that
are involved in co-transcriptional processing and histone modification [13]. We analysed the

sequence of Spt5 in the light of its functionally important protein features and domain
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organization. We found that TgSpt5 bears all the signature domains including N terminal
acidic region, NGN domain, and multiple KOW domains except for a C terminal repeat motif
(Fig. 1A). Interestingly, the members of Apicomplexa have been found to lack the C terminal
repeat motif found in either yeast or metazoans. The domain architecture of Spt5 is conserved
across Apicomplexa with variations in terms of amino acid sequence length, number and
position of KOW domains and a variable C terminal domain (Fig. 1A). Apicomplexan Spt5
was observed to have lower number of KOW domains as compared to human Spt5 which has
6 of them. The variations may have significant mechanistic implications which requires to be
experimentally validated. The overall architectural conservation supports a central and
essential role for this protein.

Spt4 contains two functionally important domains zinc-binding motif and NGN
binding domain. The zinc-binding motif contains four invariant Cys residues responsible for
zinc binding while the NGN-binding domain is important for interaction with Spt5. The
comparison of Spt4 sequences revealed the conserved zinc-binding motif, including four
invariant Cys residues, and the NGN-binding domain (Supplementary Fig. 2) which is also
reflected in TgSpt4 (Fig 1B).

To understand the evolutionary relationship a phylogenetic tree was generated from
Sptb protein sequences from Toxoplasma gondii, Homo sapiens, Arabidopsis thaliana,
Saccharomyces cerevisiae, Cryptosporidium parvum, Theileria annulata and Plasmodium
falciparum. It shows TgSpt5 to be evolutionary closer to Theileria annulata Spt5 but has
branched away from the model eukaryotes yeast, humans as well as plants (Fig. 1C). This
suggest a possible divergence from canonical eukaryotic Spt5 in terms of functional and

mechanistic aspects.

3.2. TgSpts and TgSpt4 express in the tachyzoite stage of the parasite

Transcriptomic data indicated that TgSpt5 and TgSpt4 are expressed in all the developmental
stages including highly replicative tachyzoite stage [41]. To ascertain the endogenous protein
expression of TgSpt5 and TgSpt4, we utilized specific antibodies against these proteins. In
order to raise the antibodies, full length TgSpt5 and TgSpt4 were bacterially expressed and
purified using C- terminal histidine tags (Fig. 2A and 2B). Purified recombinant proteins
were used to generate specific mouse and rabbit polyclonal antibodies. Antisera obtained
against TgSpt5 recognized the recombinant protein as well as the native protein at the

expected molecular weight (~127 kDa) (Fig. 2C). TgSpt4 antisera recognized the
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recombinant protein and confirmed its native expression, both of which were in accordance
with the expected molecular weight (~16 kDa) (Fig.2D). Neither antibody showed any cross
reactivity with host cell (HFF-Human Foreskin Fibroblast) proteins.

The specific antibodies were further utilized to determine the localization of TgSpt5
and TgSpt4 proteins in the parasite using immunofluorescence analysis (IFA). T. gondii inner
membrane complex 1 (TgIMC1), a membrane skeletal protein present immediately beneath
the plasma membrane serves as a valuable morphological marker. For this study, we
bacterially expressed TgIMCL1 (Supplementary Fig. 4A) and raised specific polyclonal
antibodies against it. TgIMC1 antisera recognized both recombinant and native protein (~75
kDa) (Supplementary Fig. 4B). Both the proteins were predominantly localized in the parasite
nucleus (Fig. 2E and F), suggesting a possible role in transcription in T. gondii.

3.3. TgSptb forms a heterodimeric complex with TgSpt4

Spt5 interacts with small zinc finger protein Spt4 forming a complex which is an important
transcription elongation factor from yeast to mammals [13]. To identify and establish the role
of Spt5-Spt4 complex in transcription in the parasite, we first attempted to address whether
TgSpt5 indeed interacts with TgSpt4. In this regard, we first performed yeast two-hybrid
analysis using a GAL4BD-TgSpt5 fusion construct which was co-transformed with GAL4AD-
TgSpt4 into yeast Y2HGold strain. Interaction between two given proteins was determined by
examining growth on medium lacking histidine. TgSpt5 was able to interact with TgSpt4 in
the yeast two-hybrid assay as it could restore growth in medium lacking histidine (Fig. 3A).
Interaction between p53 with T-antigen and Lamin with T-antigen represented positive and
negative control respectively (Fig. 3A bottom panel). Interaction between parasite proteins,
cyclin dependent kinase TgCrk7 with TgCycH has been previously demonstrated [35] and
served as an additional control for the experiment. Reciprocal yeast two-hybrid experiment
was conducted by swapping bait and prey to rule out false positive interaction between
TgSpt5 and TgSpt4 (Supplementary Fig. 5). The yeast two-hybrid experiments strongly
indicate that TgSpt5 interact with the TgSpt4.

To further validate the yeast two-hybrid interaction, IFA experiments were
undertaken using antibodies raised against TgSpt5 and TgSpt4 in replicating tachyzoite
parasites. Dual labeling experiments showed that TgSpt5 and TgSpt4 co-localize in the
parasite nucleus (Fig. 3B). This observation supported the interaction of TgSpt5 with TgSpt4
and prompted us to examine whether TgSpt4 could be immunoprecipitated using TgSpt5
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specific antibodies. TgSpt4 successfully co-immunoprecipitated with TgSpt5 confirming the
interaction. Reciprocal Co-IP experiments yielded identical results (Fig. 3C). The tested
antibodies showed effective individual immunoprecipitation. Together yeast two-hybrid data
along with IFA and Co-IP experiments uphold the existence of a TgSpt5-TgSpt4

heterodimeric complex.

3.4. TgSPT5 associates with actively transcribed genes

Eukaryotic Spt5-Spt4 has been found to closely reflect the distribution of RNAPII on
transcribed loci [42]. This association with RNAPII starts early in transcription just down-
stream of the transcription start site and continues until the site of termination [43, 44]. In
fact, Spt5 NGN domain has been shown to directly interact with RNAPII primarily through
its Rpb1 domain [13]. This interaction is further stabilized in presence of Spt4, however, no
direct interaction of Spt4 with RNAPII has been observed so far [21].

To test if TgSpt5 also interacts with RNAPII through Rpb1 subunit, we conducted Co-IP
experiments using TgRpb1 antibodies followed by western blot analysis using TgSpt5 and
TgSpt4 specific sera. The immunoprecipitation experiments were undertaken in presence of
RNase A to rule out the possibility that the interaction of Spt5 with Rpb1 is indirect, through
mutual association with RNA. TgRpb1 could effectively immunoprecipitate TgSpt5 in both
presence and absence of RNAse A. However, TgRpb1 antibodies could not
immunoprecipitate TgSpt4 under the same experimental conditions (Fig. 4A). In reciprocal
experiment, TgSpt5 could also immunoprecipitate TgRpb1 efficiently, both in presence and
absence of RNAse A supporting direct interaction between them.

To further verify the role of TgSpt5 in active transcription, we undertook chromatin
immunoprecipitation (ChlIP) experiments using TgSpt5 antibodies along with phospho-serine
5 (P-Serb) and phosho-serine 2 (P-Ser2) antibodies which are hallmarks of RNAPII engaged
in active transcription with former associated with initiation while latter with productive
elongation. We analysed the distribution of P-Ser2 and P-Ser5 with respect to TgSpt5 at the
actively transcribed Toxoplasma genes namely, PCNAL, Bip and IMC1 (Fig. 4B). TgBAG1
gene which is not expressed in tachyzoite stage [45] of the parasite is taken as non-
transcribed control. Histone H3 antibody was used as positive control for the ChIP
experiment. gPCR amplifications from different regions of the selected genes including
5’UTR, gene body and 3° UTR were used for ChIP analysis (Fig. 4B). We found that TgSpt5
echoes the distribution of P-Ser2 of RNAPII, both being predominantly enriched at the 3” end
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of genes as opposed to P-Ser5 of RNAPII which mostly localized towards the 5° end of the
genes (Fig. 4C-E). Both the phosphorylated forms (P-Ser2 and P-Ser5) of RNAPII as well as
TgSpt5 were not observed at the TgBAG1 gene loci (Fig. 4F). Positive control Histone H3
was found to be uniformly associated throughout all the selected genes (Fig. 4C-F). The
observed enrichment of TgSpt5 along with serine2 phospho form of RNAPII indicate a
possible role of TgSpt5 in RNAPII mediated transcription, potentially at the elongation phase
of the process. However, "TgSpt5 chromatin distribution is partly distinct from canonical
models where its distribution follows a pattern similar to that of total RNAPII which is in
more in agreement with its role as a processivity factor. A 5’ peak of Spt5 which is
observed, prior to its enrichment towards the 3’ end of the transcribed gene [46] has been
found to be missing for the genes tested in this study and requires to be looked at closely for
its biological significance.

3.5. TgSpt5 is phosphorylated by TgCrk9

Differential phosphorylation at important serine residues of the CTD of the Rpb1 subunit of
RNAPII is considered a regulatory step in the process of mMRNA synthesis [47]. Similar
targeting of Spt5 CTD has been observed from yeast to mammals and is considered a critical
step correlated with productive elongation [48-50]. The phosphorylation event is not only
important for ongoing transcript synthesis but co-transcriptional mRNA processing including
capping [33]. This phosphorylation is observed to be undertaken by Cdk9 homolog in yeast
as well as mammals where it is a part of the PTEFb complex. Interestingly in T. gondii, the
phosphoproteome data has provided evidence of phosphorylation at serine and threonine
residues in the C terminal region of TgSpt5 [34]. Moreover, a Cdk9 homolog called TgCrk9
has recently been reported to phosphorylate TgRpb1 CTD, at crucial Serine-2 residue with a
potential role as a key transcriptional kinase [36]. In the light of the cited observations, we
proceeded to investigate whether TgCrk9 is the kinase responsible for TgSpt5
phosphorylation. Recombinant proteins including TgSpt5, TgCrk9, TgCycL, TgCrk7,
TgCycH and TgRbp1-CTD to be used in the in vitro kinase assay were analysed using
coomassie stained gel following SDS PAGE (Fig. 5A). We find that TgCrk9 in presence of
its cyclin partner TgCycL phosphorylates TgSpt5 in vitro (Fig. 5B). In agreement with our
previous published data [36], TgCrk9 was able to phosphorylate TgRpb1-CTD (Fig. 5B).
Under the same experimental conditions TgCrk7, another key transcriptional kinase was

unable to phosphorylate TgSpt5 while it can efficiently phosphorylate TgRpb1-CTD (Fig.
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5B). The TgCrk9-T1&T2 mutant lacking kinase activity was unable to phosphorylate TgSpt5
(Fig. 5B). TgCrk9-T1&T2 used for this study is a kinase deficient mutant where two
Threonine residues located in the T loop domain of TgCrk9 kinase have been mutated
(T250A & T257A) [36].

Spt5 has been demonstrated to be phosphorylated at serine/threonine residues
harboured in the C-terminal repeat region in both yeast and mammalian systems. In absence
of a canonical C-terminal repeat region in TgSpt5, it is important to ascertain the location of
the potential phosphorylation sites and whether or not they are located at the C-terminal
domain. In order to map the region harbouring the potential phosphorylation sites, we
purified three different domains of TgSpt5: N terminal (Spt5N: 32-230aa), middle region
(Spt5M: 231-830aa) and C-terminal domain (Spt5C: 831-1169aa) proteins. We observe that
only Spt5C protein is getting phosphorylated while the SptSN and Spt5M proteins fail to do
so in presence of activated TgCrk9 kinase (Fig. 5C). In agreement with our experimental
observation, Toxoplasma phosphoproteome data [34] reveal that the only phosphorylation
marks in TgSpt5 are present at the C terminus (T961, S1001 & T1019). While these sites are
not present in a repeat sequence context nonetheless may serve to regulate Spt5 function like
the CTR regions of yeast and metazoans.

In vitro kinase assay supported TgCrk9 as the kinase responsible for TgSpts
phosphorylation. In order to investigate whether TgSpt5 undergoes phosphorylation in vivo
we immunoprecipitated TgSpt5 and immunoblot analysis was done with antibody specific for
phospho serine-threonine residue (Fig. 5D). The band detected by the phospho specific
antibody was diminished upon A protein phosphatase treatment establishing its specificity
(Fig. 5D). In previous study, TgCrk9 kinase activity was demonstrated to be selectively and
effectively inhibited in presence of DRB and flavopiridol [36]. The inhibition of TgCrk9 was
observed at considerably lower concentration for DRB as compared to flavopiridol.
Therefore, in this study we have used DRB for inhibiting kinase activity of TgCrk9. To test
the effect chemical inhibition of TgCrk9 on TgSpt5 phosphorylation, TgSpt5 was
immunoprecipitated from parasites treated with two different concentrations of DRB (10 and
15uM) or with DMSO. A dose dependent decrease in phosphorylation was observed with
increasing concentrations of Cdk9 selective inhibitor DRB while it remained unchanged upon
treatment with DMSO (Fig. 5E). Together the results suggest Crk9 as the kinase responsible
for Spt5 phosphorylation in T. gondii.
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3.6. Abolition of TgSpt5 phosphorylation abrogates RNAPII transcription and represses

parasite progression

Promising phosphorylation data prompted us to investigate the possible functional
implications of TgSpt5 phosphorylation by TgCrk9 for the parasite. ChIP analysis revealed
that treatment of T. gondii with TgCrk9 selective inhibitor DRB noticeably alters distribution
of TgSpt5 on transcribed gene loci as compared to the untreated control parasite. A marked
reduction in TgSpt5 enrichment at 3’ end was observed in presence of DRB as opposed to
untreated parasites on selected genes including PCNAL, Bip and IMC1 (Fig. 6A-C). The
distribution is again reflective of the P-Ser2 distribution across the genes tested which also
shows diminished association at 3’ end upon inhibitor treatment as compared to untreated
control (Fig. 6A-C). The P-Ser5 distribution with predominant enrichment at 5 end of genes
remains unaltered while total RNAPII shows increased association at 5’ end following
inhibitor treatment (Fig. 6A-C). The ratio of P-Ser5/RNAPII, P-Ser2/RNAPII and
Spt5/RNAPII were also calculated and the change in chromatin distribution of P-Ser5, P-Ser2
and Spt5 with respect to RNAPII across transcribed genes were plotted which clearly
recapitulated the previously observed distribution at all the selected genes (Fig. 6A-C and
Supplementary Fig. 6).

In order to examine the effect of TgCrk9 inhibition affecting Spt5 phosphorylation on
RNAPII mediated transcription, effect of DRB treatment of parasite on pre mRNA level was
evaluated. Parasites were treated with 15 uM of DRB followed by RNA extraction and pre-
MRNA analysis using RT-qPCR at highly expressed genes including PCNAL, IMC1, MIC2,
Bip and a-Tubulin (Fig. 6D). Pre-mRNA levels were determined using primers targeting
exon-intron or intron-exon junctions of the candidate genes by RT-qPCR analysis. This
allowed quantitative analysis of newly synthesized pre-mRNA. The values were normalized
to total IMC1 mRNA (exonic region, basal level) which is expected to be unaltered.
Reduction in pre-mRNA levels was registered for all the genes tested upon TgCrk9 inhibition
(Fig. 6E). Effect of DRB treatment on overall parasite progression was also examined. Effect
of DRB treatment on T. gondii proliferation in HFF cells was assessed at 15 uM
concentration. DRB treatment limits parasite progression significantly as compared to
untreated parasites (Fig. 6F). To rule out the possibility that the parasite repressive effect
observed is due to inhibitor induced apoptosis affecting host cell viability and not due to
abrogation of TgCrk9 kinase activity, annexinV staining of host cells were performed upon

DRB treatment. Less than 8% host cells were positive for annexin V suggesting that the anti-

16



parasitic effect of DRB is most likely due to selective targeting of TgCrk9 (Fig. 6G). The data
is in agreement with previous studies [36] and highlights TgCrk9 as a key transcriptional

kinase.

3.7. TgSpts and TgSpt4 functionally complement S. cerevisiae counterparts

Our observations so far underscore TgSpt5’s contribution to RNAPII mediated transcription
with its potential significance for the elongation phase. To establish that Spt5 activity is
central to the process of transcription by way of being functionally conserved across
organism despite phylogenetic distance, we used a cross-species complementation approach.
Spt5 gene is essential across organisms including S. cerevisiae. A cold sensitive Spt5 strain in
S. cerevisiae has been previously utilized to characterize Spt5 function in yeast [10]. We
utilized the same strain which revealed the role of yeast Spt5 in transcription elongation to
test whether TgSpt5 is functionally preserved. Additionally, S. cerevisiae Spt4 deletion
mutant was also used in a parallel experiment to examine the functional importance of
TgSpt4 through heterologous complementation analysis. ScSpt5 cold sensitive strain was
transformed with TgSpt5, ScSpt5 along with empty vector (pYES3/CT) and growth of
transformed strain was assayed on SD-Trp plate at permissive (30°C) and non-permissive
(15°C) temperatures. Similarly, ScSpt4 deletion strain was transformed with TgSpt4, ScSpt4
and empty vector (pYES3/CT) and the growth of respective transformed strain was tested on
SD-Trp plates in presence or absence of 6AU at 30°C. Strains lacking Spt4 show sensitivity
towards 6 AU which reduces nucleotide levels in vivo [51] resulting in enhanced pausing and
transcriptional arrest of RNAPII [52].

TgSpt5 which shares 20% identity with ScSpt5 could successfully complement the
yeast cold sensitive strain similar to its yeast counterpart at non permissive temperature (Fig.
7A). TgSpt4 could also functionally rescue the mutant phenotype of ScSpt4 deletion mutant
similar to yeast Spt4 in presence of 6AU at 30°C (Fig. 7B). The empty vector control in each
case failed to show any growth. To ascertain TgSpt5 and TgSpt4 expression in respective
transformed strains, Western blot analysis using anti-His antibodies was undertaken. Both
Toxoplasma Spt5 and Spt4 were found to be expressing in the transformed strains (Fig. 7C).
Taken together; yeast complementation results establish that TgSpt5 and TgSpt4 have

important role in transcription in the parasite.
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Discussion

Studies have concluded that transcription of genes in parasite is regulated as per the
requirement of each developmental stage [2, 53] enabled by a robust gene regulatory system.
Also there are reasons to believe that transcription as a process may present attractive parasite
intervention possibilities considering compounds which modulate transcription have been
proposed to be used for treatment of fungal and viral infections and are selectively toxic to
cancerous cells [54, 55]. Therefore, it is imperative to understand and fully characterize this
fundamental process of transcription. Here we have identified and characterized an important
transcription elongation factor Spt5 which essentially aids RNAPII function in conjunction
with protein factor Spt4 in T. gondii.

Both TgSpt5 and TgSpt4 express in the tachyzoite stage of the parasite. TgSpt5 co-
immunoprecipitate with TgSpt4 and co-localize in the parasite nucleus. The heterodimeric
protein factor associates with transcribing polymerase through interaction of TgSpt5 with
TgRpb1, the largest subunit of RNAPII. Chromatin immunoprecipitation analysis which
demonstrates TgSpt5 distribution on actively transcribed genes where it co-localizes with
elongating RNAPII marked by phosphorylation at the serine-2 residue of C-terminal
heptapeptide repeats, predominantly enriched towards the 3’ end of the genes, indicates a
potential role in transcription elongation. This distribution was distinguishable from the
distribution of serine-5 phosphorylated form of RNAPII which was found mostly towards the
5’ end of the genes tested. We further demonstrate that TgSpt5 is phosphorylated most likely
by the Cdk9 homolog of the parasite, TgCrk9. Inhibition of this kinase resulted in
diminished enrichment of TgSpt5 towards the 3* end of gene mirroring the distribution of
elongating serine-2 phosphorylated RNAPII while the serine-5 phosphorylated form of
RNAPII remains unaffected. The distribution of TgSpt5 as observed by ChIP analyses is
partly distinct from the canonical pattern where it mostly follows the distribution of total
RNAPII [31, 42, 46] and is more in agreement with its role as a processivity factor which is
loaded before the elongation commences. The association of Spt5 with RNAPII have been
observed to take place right after initiation at the 5’ end of the genes [11, 56]. A Spt5 peak
canonically found near the transcription start site at the 5’ terminus, prior to its enrichment at
the 3’ end of the transcribed gene was observed to be absent in T. gondii. Interestingly,
similar chromatin distribution of Spt5 has also been observed in Arabidopsis [57].
Incidentally, Arabidopsis lacks NELF proteins, however, any correlation of the observed

distribution with lack of NELF proteins requires to be established experimentally. The
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observed chromatin distribution of TgSpt5 and its biological significance merits thorough
investigation including a genome-wide Spt5 chromatin association analysis.

This study also highlights the role of TgCrk9 as a key transcriptional kinase with both
TgSpt5 and TgRpbl CTD as its primary substrates. Selective chemical inhibition of TgCrk9
showed a restraining effect on parasite progression with minimal effect on host cell viability
as examined by apoptosis assay. While more experimental evidence with respect to effect of
chemical inhibition on host cell viability requires to be assessed nonetheless targeting TgCrk9
appears to be a promising strategy for parasite control considering its significant impact on
the essential process of transcription.

Differential phosphorylation of Rpb1 CTD heptapeptide repeats is one of the key
transcription regulatory events. The distribution of the phosphorylated forms of RNAPII on
transcribed genes is well documented in metazoans and yeast [5, 58 and 59]. The same has
been recently demonstrated in Toxoplasma gondii [35, 36] where the kinases accomplish this
even in presence of uncanonical cyclin partners (TgCrk9-CyclinL) underscoring the
functional importance of the event. Phosphorylation of TgSpt5 may have similar regulatory
role in modulation of mMRNA transcription. Moreover, enrichment of Spt5 along with serine -
2 phosphorylated form of RNAPII at the 3’ end of the genes may have implications for
mRNA maturation particularly splicing and 3’ end processing as demonstrated previously
[60, 61].

Metazoan RNAPII accumulate at promoters of genes representing a population of
transcriptionally engaged polymerase called paused polymerase which is competent to
resume transcription. This pausing which is considered a mechanism of fine tuning
expression of actively transcribed genes is generally achieved by the action of Spt5
comprising the DSIF complex along with multiprotein complex NELF which together exert
this seemingly negative effect on transcription elongation. As noted previously in the text
homologs of the constituents of NELF have been found to be absent from Toxoplasma
genome suggesting either an uncanonical mechanism of transcriptional regulation of genes
underway in this parasite or likely involvement of novel, yet uncharacterized protein factors.
Dissociation of NELF from DSIF is considered the main step towards productive elongation
[42, 62]. Therefore, absence of NELF has posed an important question regarding the whole
process of transcription in the parasite including the existence of promoter proximal pausing
which is a rate limiting step in transcript elongation. It will also be interesting to draw
parallels with budding yeast where absence of pause inducing NELF proteins [63, 64] have

been correlated with lack of canonical RNAPII pausing as observed in Drosophila to man
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[65]. On the contrary in fission yeast pause like distribution of RNAPII have been observed
and appears to be a Spt4 dependent phenomenon [66]. Promoter proximal pausing still
remains to be fully understood mechanistically and biochemically. A recent structural study
provides detailed insights into the RNAPII pausing in presence of DSIF and NELF
underscoring the importance of both the protein complexes [67]. Also the consequence of
absence of NELF upon chromatin distribution of DSIF or Spt5 across different regions of a
transcribed genes needs to be fully assessed as noted with respect to the seemingly distinct
distribution pattern of TgSpt5 at the 5° end of the genes.

In metazoans, transition of paused RNAPII into its elongating form is facilitated by
the kinase activity of P-TEFb [12, 30, 68]. The restraining effect of NELF on RNAPII via
DSIF is observed to be relieved upon phosphorylation of Spt5 and RNAPII by P-TEFb [18].
Here we have demonstrated that both TgSpt5 and TgRpb1 CTD are targets of
phosphorylation by P-TEFb counterpart in Toxoplasma, however, in absence of NELF how
these phosphorylation events influence transcription requires further investigation. However,
it may be speculated that phosphorylation of TgRpb1 CTD and TgSpt5 may augment
productive mRNA synthesis by creating platform for recruitment of co-transcriptional RNA
processing and chromatin modifying factors as observed for other systems [26, 69-71]. These
activities which are directed by CTDs of Spt5 and Rpb1 triggered by phosphorylation,
regulates the association of various protein factors [72].

It is of importance to note here that in metazoans mMRNA capping enzyme has also
been observed to offset the inhibitory effect of NELF and DSIF on elongating polymerase
[73]. In fact, interaction between capping machinery and DSIF has also been reported [74]. In
T. gondii two such putative genes which have been found to be present (TGME49_ 305320,
TGME49 285520) may play a crucial role in the process of productive transcript elongation
in addition to its canonical duties as capping enzyme. A possible role of TgSpt5 in mRNA
maturation, particularly splicing may also be evaluated based on the overall decremental
trend of pre mRNA transcript levels upon abolition of phosphorylation resulting in
deregulation of Spt5 function. This is consistent with previous observation whereby mutation
in Spt5 has led to faulty splicing [75-77]. The observations may also be attributed to a
combined effect of abrogation of TgCrk9 kinase activity influencing both TgSpt5 and
RNAPII CTD. A downregulation of pre mRNA levels that we observe also indicate that
TgSpt5 may influence transcription initiation in line with a previous report [77]. Therefore, a

versatile role of TgSpt5 in transcription and RNA processing may be envisioned.
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Spt5 is an essential gene across the three domains of life and same may be anticipated
in T. gondii which would require conditional ablation strategy for studying the gene. A
genome wide transcript profiling of the mutant parasites may be valuable. This study also
poses questions with respect to significance of TgSpt4 whose functional relevance as a part of
Spts-Spt4 complex as well as its individual role requires thorough investigation. In
conclusion, the study has systematically characterized a key transcription factor, TgSpt5,
which functions to assist RNAPII possibly at the elongation phase of transcription. The study
has evaluated its role and regulation with respect to RNAPII driven transcription. Its
important role in transcription is regulated by phosphorylation mediated through TgCrk9
kinase, which has emerged as a key transcriptional kinase and a potential candidate for
targeting in T. gondii. Absence of key proteins which canonically functions in association
with Spt5 suggests a possible divergent molecular mechanism of transcription in the parasite.
Involvement of novel protein factors conferring unique mechanistic properties to the process
of transcription may not be ruled out. TgSpt5 may have yet uncharacterized unique functions

in the parasite which calls for in-depth investigation.
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Figure legends

Fig. 1. Domain organization and phylogenetic analysis of TgSpt5. (A) Schematic diagrams of
Spt5 from different organisms show conserved N- terminal acidic region, NGN domain,
KOW (Kyrpidis, Ouzounis, Woese) domains and C-terminal repeats (CTR). Protein
sequences were retrieved from UniProtKB database. The respective UniProt IDs of the
proteins analysed have been provided in parenthesis. Tg-Toxoplasma gondii (S8GAM4), Pf-
Plasmodium falciparum (W4I1V75), Cp-Cryptosporidium parvum (Q7YZ47), Ta-Theileria
annulata (Q4UAX3), Sc-Saccharomyces cerevisiae (P27692), At-Arabidopsis thaliana
(080770), Hs-Homo sapiens (000267). (B) Schematic diagram of Toxoplasma Spt4 protein
(A0A125YJIM8) shows zinc binding motif and NGN domain. (C) Phylogenetic tree generated
from the protein sequence data shows TgSpt5 to be evolutionary closer to Theileria annulata
Spt5 but has branched away from the model eukaryotes yeast, humans as well as plants.

Bootstraps values are mentioned at corresponding nodes of the phylogenetic tree.

Fig. 2. Expression and localization of TgSpt5 and TgSpt4. (A and B) Coomassie stained gel
showing uninduced, IPTG induced and purified recombinant histidine tagged TgSpt5 and
TgSpt4 proteins. (C and D) Expression of TgSpt5 and TgSpt4 in tachyzoite stage of parasite
was analyzed by Western blotting with anti-TgSpt5 and anti-TgSpt4 polyclonal antibodies.
The polyclonal antibodies recognized the recombinant as well as native proteins (TgSpt5
~127 kDa and TgSpt4 ~16 kDa). Antibodies did not show cross-reactivity with the host HFF
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cell proteins. (E and F) IFA images in tachyzoite stage show predominant nuclear localization
of TgSpt5 and TgSpt4. Scale bar 5 um.

Fig. 3. TgSpt5 interacts with TgSpt4. (A) Yeast two-hybrid interaction between GAL4BD-
TgSpt5 and GAL4AD-TgSpt4; and control constructs GAL4ABD-TgCrk7 and GAL4AD-
TgCycH was tested. To test the interaction, GAL4BD and GAL4AD constructs were
cotransformed and yeasts were spotted in serial dilution from 1 to 10°® on nutritionally
selective SD/-His/-Leu/-Trp or SD/-Ade/-His/-Leu/-Trp plates. (B) Immunoflorescence
analysis using anti-TgSpt5 and anti-TgSpt4 immune sera showed colocalization of the
proteins in the parasite nucleus. Nucleus was stained using DAPI. Scale bar 5 um. (C) IP
using anti-TgSpt5 antibody followed by immunoblotting (I1B) with anti-TgSpt4 antibody and
vice-versa were performed to confirm interaction between TgSpt5 and TgSpt4. TgSpt5 could
effectively co immunoprecipitate TgSpt4. Identical results were obtained for the reciprocal
experiment. Efficient immunoprecipitation was observed for individual TgSpt5 and TgSpt4

antibodies.

Fig. 4. TgSpt5 distribution on RNAPII transcribed genes. (A) IP using anti-TgRpb1 antibody
followed by immunaoblotting (IB) with anti- TgSpt5 antibody and vice-versa were performed
to confirm interaction between TgSpt5 and TgRpb1 subunit of RNAPII. IP was conducted
using parasite lysate treated with or without RNase A. TgRpb1 could effectively co-
immunoprecipitate TgSpt5 in both presence and absence of RNase A, however, it failed to
immunoprecipitate TgSpt4 under the same experimental conditions. Identical results were
obtained for the reciprocal experiment. Efficient individual immunoprecipitation was
observed for TgRpbland TgSpt5 antibodies. (B) Schematics of PCNA1, Bip, IMC1 and
BAG1 genes with targeted gPCR amplicons for ChlP analysis is indicated underneath. (C-F)
Distribution of P-Ser5, P-Ser2, TgSpt5 and TgH3 on PCNAL, Bip, IMC1 and BAG1 genes
was determined by ChIP of T. gondii parasites. Values were normalized against individual

inputs. Error bars, s.e.m. (n=3 independent experiments).

Fig. 5. TgSpt5 is phosphorylated by TgCrk9. (A) Coomassie stained gel showing purified
recombinant proteins: TgSpt5, TgCrk9, TgCycL, TgCrk7, TgCycH and TgRbp1-CTD used in
the in vitro kinase assay. (B) TgCrk9 in presence of TgCycL could phosphorylate TgSpt5 as
well as TgRpb1-CTD while TgCrk7 in presence of TgCycH could phosphorylate TgRpb1-
CTD however it failed to phosphorylate TgSpt5. TgCrk9 mutant deficient in kinase activity
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was also unable to phosphorylate TgSpt5 as well as TgRpb1-CTD. Lower panel shows
Coomassie stained gel showing various protein reaction lanes as loading control. (C) Kinase
assays were performed using recombinant TgSpt5N, TgSptM, TgSpt5C in the presence of
TgCrk9/TgCycL. Activated TgCrk9 kinase could phosphorylate TgSpt5C but not the
TgSpt5M and TgSpt5N. Coomassie stained gel showing loading of variants of TgSpt5
proteins in kinase reactions (Lower panel). (D) TgSpt5 phosphorylation was demonstrated
using IP with TgSpt5 antibody followed by lambda protein phosphatase (A-PPase) treatment
and Western blot analysis using anti-phospho-(Ser/Thr) antibody. (E) IP of TgRpb1 followed
by Western blot analysis for TgSpt5 phosphorylation in T. gondii parasites treated with
DMSO or 10 and 15 uM DRB shows progressive reduction of TgSpt5 phosphorylation with
increasing concentration of DRB. Similar level of TgRpb1 (lower panel D, E) indicates equal
amount of parasite proteins used in IP.

Fig. 6. Abolition of TgSpt5 phosphorylation abrogates mMRNA transcription. (A-C)
Distribution of RNAPII, P-Ser5, P-Ser2 and TgSpt5 on PCNAL, Bip, and IMC1 genes was
determined by ChIP of T. gondii parasites treated with 15 uM DRB for 2h. For each position
of genes, the ratio between P-Ser2 or Spt5 and total RNAPII is shown (A-C). (D) Schematic
of PCNAL, IMC1, MIC2, Bip and a-Tubulin genes with bar underneath indicating the relative
position of the region analysed by RT-gPCR. (E) RT-gPCR analysis of pre-mRNA of
PCNAL, IMC1, MIC2, Bip and a-Tubulin genes following 2 h of 15 uM DRB treatment. The
pre-mRNA levels of genes were determined using primers targeting specific exon-intron or
intron-exon junctions, which allowed quantitative analysis of newly synthesized pre-mRNA.
The values were normalized to total IMC1 mRNA (exonic region, basal level) which is
expected to be unaltered. (F) Intracellular multiplication of T. gondii parasites in HFF cells
following DRB treatment. The number of parasites in the parasitophorous vacuoles were
counted and converted into percentage. (G) Measurement of apoptosis in HFF cells was
undertaken following DRB treatment for 24 h using flow cytometry of annexin V-propidium
iodide double stained cells. Mean and SEM values were calculated from three biological
replicates. Data sets marked with asterisks are significantly different from control as assessed
by t-test: *P < 0.05, **P < 0.01 or ***P < 0.001.

Fig. 7. TgSpt5 and TgSpt4 functionally complements S. cerevisiae counterparts. (A) Yeast
strain with chromosomal copy mutation in Spt5 gene displaying cold sensitive phenotype was

transformed with plasmid encoding TgSpt5 and ScSpt5 along with empty vector
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(pYES3/CT). The growth was assayed at 30°C and 15°C.(B) Yeast strain with chromosomal
copy deletion of Spt4 gene showing sensitivity to 6AU was transformed with TgSpt4, ScSpt4
and empty vector and growth was assayed in presence and absence of 6AU at 30°C. (C) T.
gondii genes TgSpt5 and TgSpt4 expressed in the respective transformants as shown by
Western blotting using anti-His antibody. S. cerevisiae GAPDH was used as loading control

(lower panel).
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Highlights

e Spt (Suppressor of Ty) 5 functions is central to RNAPII mediated transcription in
Toxoplasma gondii

e TgSpt5 acts together with TgSpt4 forming a hetero-dimeric complex

e TgSpt5 associates with elongating RNAPII on actively transcribed genes
predominantly enriching at 3” ends

e TgSpt5 is likely regulated through phosphorylation by TgCrk9 kinase.
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