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 35 

Abstract 36 

 37 

Trypanosoma brucei is an evolutionarily divergent protozoan parasite that causes human and 38 

animal African trypanosomiasis and is transmitted by tsetse flies. To prepare for transmission, 39 
trypanosomes differentiate from proliferative slender forms into cell cycle–arrested, 40 

transmission-competent, stumpy forms in a density-dependent process  reminiscent of 41 
bacterial quorum sensing (QS). This QS signalling response is triggered by extracellular 42 

oligopeptides generated by parasite-secreted peptidases. Here, we performed quantitative 43 

genome-wide fitness profiling in developmentally competent ‘pleomorphic’ parasites using 44 
Direct RNAi Fragment Sequencing (DRiF-Seq), to uncover novel QS regulators responsive to 45 

the physiological QS oligopeptide signal. We identify two kinases—an AGC family kinase and 46 

a TbAKT-like kinase—that act upstream of all QS pathway components previously identified 47 
using the non-physiological pathway activator, pCPT-cAMP. Deletion of either kinase reduces 48 

slender-to-stumpy differentiation in vitro, in vivo, and in response to sequence-specific 49 

dipeptides. Mutational analysis defined the distinct evolutionary features of TbAKT-like, with 50 
phosphoproteomic analyses identifying the deadenylation factor NOT5, which inhibits QS, as 51 

a potential substrate. Despite the complete absence of GPCR- or RTK-based signalling in this 52 
divergent eukaryote, the involvement of AKT in trypanosome QS underscores the deep 53 
evolutionary conservation of this canonical eukaryotic signalling pathway and offers AKT-54 

centred therapeutic opportunities for parasite control. 55 
 56 
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Introduction 71 

 Quorum sensing (QS) describes a density-dependent form of cell-cell communication 72 
in which cells produce, detect and respond to signals, enabling populations to coordinate their 73 

behaviour according to the environmental cues received. Widely described in the bacterial 74 

world, secreted signalling molecules accumulate in the extracellular environment and are 75 
detected by neighbouring cells, allowing the bacteria to monitor community density. Once at a 76 

critical cell density, there is a coordinated change in gene expression that, depending on the 77 

nature of the signal, elicits a change in group behaviour1. In addition to bacteria, QS has been 78 
described across a diverse range of other systems, such as pathogenic fungi, social insects 79 

and single-celled eukaryotic parasites2, 3, 4, 5. In the latter, QS amongst individuals can drive 80 

cell development, facilitate the invasion of new niches and, ultimately, influence infection 81 
outcome. 82 

 83 

The protozoan parasite Trypanosoma brucei, the causative agent of Human and 84 
Animal African Trypanosomiasis in Sub-Saharan Africa, undergoes a complex lifecycle 85 

comprising multiple differentiation events within their mammalian host and tsetse fly vector. 86 
Successful transition between developmental forms requires the parasites to respond rapidly 87 
to environmental cues and appropriately regulate their gene expression. One such transition 88 

occurs as the trypanosomes prepare for transmission. Upon inoculation by the tsetse fly, T. 89 
brucei infections are established in the mammalian host by proliferating, morphologically 90 
‘slender’ forms. However, as the parasitaemia increases, these slender form cells differentiate 91 
into G1/G0 cell-cycle arrested, morphologically ‘stumpy’ form cells6, 7, 8. Differentiation from 92 

slender to stumpy cells is accompanied by many physiological and gene expression changes 93 
that preadapt the cells for transmission and life-cycle progression. The best characterised 94 
route to activate this developmental transition is via density-dependent quorum-sensing7, 8, 9. 95 

 96 
 The signal by which T. b. brucei cells communicate parasite density is extracellular 97 
oligopeptides, generated by the proteolytic digestion of host substrates by trypanosome-98 

secreted peptidases10, 11. As the oligopeptides accumulate, they are transported into 99 
trypanosome cells by the cell-surface transporter TbGPR8911, and this stimulates a signal 100 
transduction pathway that results in morphological, physiological and transcriptomic changes 101 

that promote stumpy formation11, 12. To characterise this signal transduction pathway,  studies 102 

have exploited the ability of laboratory-adapted monomorphic cells (which have reduced 103 
sensitivity to the physiological oligopeptide signal) to undergo cell cycle arrest and become 104 

‘stumpy-like’ in response to cell permeable pCPT-cAMP12,13. Particularly, a genome-wide RNAi 105 

screen in a monomorphic cell line selected for parasites that became refractory to pCPT-cAMP 106 
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upon doxycycline-inducible silencing of genes involved in the QS signal transduction 107 

pathway12. This identified approximately 30 molecules that assembled into a coherent 108 

signalling pathway, comprising protein kinases (e.g. NEK1714, TbDYRK15), protein 109 
phosphatases (PP1, PTEN), predicted RNA-binding effector molecules (e.g. RBP7) as well as 110 

hypothetical proteins of unknown function. 111 

 112 
 Further characterisation of dependency relationships in the QS signal transduction 113 

pathway demonstrated that the signalling cascade is complex, operating in a branched, non-114 
linear fashion with both ‘slender retainer’ (i.e. molecules whose activity acts to maintain cells 115 

as the slender form and that would not have been identified in the initial RNAi screen) and 116 

‘stumpy inducer’ molecules (i.e. whose activity acts to promote differentiation)14. The 117 
molecules TOR4, RDK1/2 and ZFK are all negative regulators of differentiation, with their 118 

deletion promoting developmental progress16, 17, 18. Post-translational modifications also 119 

control stumpy formation, with the phosphorylation of AMP-activated kinase (AMPK) a1 120 

observed during in vivo differentiation, its activation potentially being achieved via an increase 121 

in intracellular ROS or possibly through release of inhibition by TbGSK319. Furthermore, co-122 
ordination of stumpy-inducing and stumpy-inhibiting arms of developmental control has been 123 
observed, with the stumpy-promoting kinase TbDYRK acting to inhibit the slender retainer 124 

NOT5 and activate the stumpy promoting ZC3H2015 by phosphorylation of each molecule. 125 
 126 

 The use of cell permeable pCPT-cAMP and monomorphic RNAi libraries to identify 127 
trypanosome QS signalling components excludes molecules operating upstream of its point 128 

of input to the pathway and those specific to developmentally competent pleomorphic 129 
parasites. Here, we used a quantitative, genome-wide fitness profiling approach, DRiF-Seq20, 130 

in cells competent for stumpy formation to identify the signalling events operating early in the 131 

QS signalling pathway. We identify and validate two kinases, of which one, TbAKT-like, 132 
represents a canonical regulator of cell signalling events coordinating responses to 133 
extracellular stimuli across the eukaryota. As highly divergent eukaryotes, trypanosomes lack 134 

G-protein coupled receptor-based or receptor tyrosine kinase signalling, yet the central role of 135 

TbAKT-like in trypanosome QS highlights the deep evolutionary conservation of this signalling 136 
network across eukaryotes. It also provides a framework to understand, and 137 

pharmacologically interrupt, developmental transitions relevant to these and other protozoan 138 

pathogens.  139 
 140 

 141 

 142 
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 143 

Results 144 

 145 

DRiF-Seq identifies novel determinants of signal sensitivity 146 

 147 

We deployed Direct RNAi Fragment Sequencing (DRiF-Seq), an inducible genome 148 
scale RNAi approach that provides a quantitative measure of gene fitness in a differentiation 149 

competent, pleomorphic cell line (strain EATRO1125,  AnTat1.1)20. This had the advantage of 150 
profiling fitness changes in response to the physiological oligopeptide quorum sensing signal, 151 

contrasting with studies that used the cell permeable cAMP analogue pCPT-cAMP in a 152 

developmentally incompetent (monomorphic) cell line12. Brain-heart infusion (BHI) broth, a 153 
source of complex oligopeptides that drives stumpy formation in a concentration dependent 154 

manner11, was used to induce differentiation. Thus, for 2 replicates, a DRiF-Seq AnTat-155 

TTLibrary population (covering 94% of the core genome excluding subtelomeres, with a mean 156 
of 10 RNAi fragments per gene) was grown for 72hrs, maintaining cell density below 1x106 157 

cell/ml, with RNAi induced and in the presence of 10% BHI (Figure 1A and Figure 1B). The 158 
custom read adapters incorporated into the DRiF-Seq RNAi vector allow for direct sequencing 159 
of both ends of a given RNAi fragment, ‘barcoding’ each individual clone. Thus, when a gene 160 

is knocked down that reduces the BHI response, a quantitative increase in sequencing reads 161 
can be determined that reflects relative over-representation of the clone expressing this RNAi 162 

fragment in the final population compared to input. Conversely, parasites silencing genes that 163 

do not affect quorum sensing show reduced representation as cells enter BHI-induced cell-164 

cycle arrest, as do parasites that silence genes important for cell fitness. A tetracycline-induced 165 
library population grown for 72hrs in the absence of BHI was also sampled, allowing 166 
discrimination of a general gain of fitness (GoF) phenotype (over representation of a silenced 167 

gene in both +BHI and -BHI conditions) from specific loss of BHI response upon gene 168 
knockdown (over-representation in the +BHI conditions only).  169 
 170 

Between 24 and 48hrs following the start of BHI-selection, growth of the induced DRiF-171 
Seq RNAi populations slowed as cells began to enter cell cycle arrest, with outgrowth of BHI 172 
resistant cells occurring following 48hrs growth (Figure 1B). Conversely, the ‘minus BHI’ 173 

induced population continued proliferation. Sequencing of the RNAi inserts from the 0hr and 174 

two 72hrs induced populations (i.e. minus and plus 10% BHI) allowed for the calculation of 175 
each gene’s Z score (standard deviations to the mean) in either condition, revealing the 176 

associated gain of fitness (GoF, positive score) or loss of fitness (LoF, negative score) 177 
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phenotypes in the presence or absence of BHI (Figure 1C, left panels, Supplementary Data 178 

1). Under each condition, the replicates demonstrated high reproducibility, with r2 values of 179 

0.991 and 0.986 for the minus BHI and plus BHI, respectively (Figure 1C, right panels). To 180 
focus on molecules potentially involved in early differentiation events, we narrowed down the 181 

results to a set of ‘priority’ genes that fulfilled the following criteria in both replicates 182 

(Supplementary Figure 1A):  an FDR <0.05 in either the -BHI or +BHI condition and a positive 183 
Z score in +BHI conditions that was greater than the Z score recorded in the -BHI condition. 184 

This generated a ‘longlist’ of 137 genes that contained four previously identified QS signalling 185 
components that satisfied the selection criteria (highlighted in blue with gene annotations in 186 

Figure 1C): HYP2 (Tb927.9.4080), ZC3H20 (Tb927.7.2660), AMPKa2 (Tb927.3.4560) and a 187 

dual-specificity phosphatase (Tb927.7.7160). Of the remaining genes on our longlist, a 188 
shortlist of 17 genes was selected to investigate further for their effects on the BHI response 189 

(Figure 1C, yellow dots, Supplementary Figure 1B). This list contained genes expected to 190 
encode kinases, post-transcriptional regulators of gene expression, proteins involved in 191 
trafficking, cAMP signalling molecules and hypothetical proteins, amongst others 192 

(Supplementary Figure 1B). In addition to these, a further 4 genes were investigated, 193 
Tb927.6.4000, Tb927.9.11000, Tb927.10.7740, Tb927.7.1580, which each gave negative Z 194 
scores in both -BHI and +BHI conditions, but significantly less so in the +BHI conditions (Figure 195 

1C). We hypothesised that these might represent genes that are important for parasite fitness 196 
but also involved in QS.  197 

 198 
To validate that selected ‘hits’ from the DRiF-Seq dataset conferred a reduced BHI 199 

response when knocked down, 21 independent doxycycline-inducible RNAi lines were 200 
generated in the pleomorphic AnTat1.1 90:13 cell line, each targeting a selected gene. For 201 

each, multiple clones were screened by qRT-PCR to identify those giving effective gene 202 

silencing 72hrs after RNAi induction (data not shown). Thereafter, triplicate technical replicates 203 
were made for one clone for each gene, confirming gene silencing by least 50% of the 204 
uninduced cell lines in all but 3 cases, Tb927.2.2430 (CK2A2), Tb927.3.2990 (Hypothetical 205 

protein) and Tb927.10.1540 (ZC3H30) (Supplementary Figures 2A and 2B, inset). Following 206 

confirmation of gene knockdown, the growth of each RNAi line was assayed for 72hrs either 207 
with or without induction of RNAi and with or without 10% BHI (Supplementary Figures 2A and 208 

2B). For 7 of the 21 lines, a reduction in BHI-induced cellular arrest following RNAi induction 209 

was observed (Supplementary Figure 2A), thus validating that the DRiF-Seq approach could 210 
identify novel determinants of BHI sensitivity. Further validation of the selected RNAi lines was 211 

also performed using basement membrane extract (BME) supplement as a refined source of 212 

oligopeptide signal (Supplementary Figure 2C). BME is rich in extracellular matrix components 213 
and promotes stumpy formation through the QS signalling pathway in a concentration 214 
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dependent manner21. RNAi knockdown of 3 of the 6 BHI validated genes (Tb927.7.220 RNAi 215 

was not tested) resulted in reduced cellular arrest following 72hrs growth in the presence of 216 

BME (Supplementary Figure 2C(i)): Tb927.11.8060 (a putative SNARE associated golgi 217 
protein likely involved in golgi trafficking), Tb927.4.4590 (a putative AGC family kinase, 218 

henceforth referred to as TbAGCK-QS) and Tb927.6.2250 (TbAKT-like kinase).  A summary 219 

of all tested RNAi lines and the resulting BHI/BME resistance phenotypes is presented in 220 
Supplementary Figure 3. 221 

 222 
 223 

Knockout of TbAGCK-QS or TbAKT-like validates involvement in QS  224 

 225 

 To explore QS signalling events, subsequent experiments focused on the two RNAi-226 
validated protein kinases, TbAGCK-QS and TbAKT-like. To ensure effective depletion beyond 227 

the levels achieved by RNAi silencing, we performed a CRISPR-mediated gene knockout in 228 
the T. brucei AnTat1.1 J1339 cell line (Figure 2A)22. Knockout of each kinase was confirmed 229 
by PCR using genomic DNA (Supplementary Figure 4). When grown in vitro in 10% BHI, the 230 

kinase null mutant lines showed an enhanced  phenotype compared to their respective RNAi 231 
lines, responding significantly less to BHI treatment than the parental control (Figure 2B). In 232 
addition, the TbAKT-like null mutant exhibited enhanced growth in ‘minus BHI’ conditions 233 

compared to the parental line.  234 
 235 

To confirm that the reduction in BHI sensitivity was due to kinase gene deletion and 236 
not a progression to monomorphism following multiple rounds of transfection, two alleles of 237 
each gene were added in a step-wise manner back into their respective endogenous loci using 238 

CRISPR Cas9. To allow expression of the rescue copies to be detected, three Ty epitopes 239 

were added to either the N- or C- terminus of TbAGCK-QS (N-TY3-TbAGCK-QS) and AKT-240 
like (TbAKT-like-TY3-C), respectively, after assessment of effect of the tag position on each 241 

protein’s ability to rescue BHI responsiveness. For each kinase, expression of the rescue 242 

copies could be detected by Western blot, with higher expression when two rather than one 243 
allele was restored (Figure 2C, left panels). Addition of one copy of TbAKT-like-TY3-C (single 244 

addback, sAB) partially rescued the null mutant phenotype, with single addback mutants 245 

displaying increased sensitivity to growth in 10% BHI compared to the null mutants (Figure 246 
2C(i), right panel). Addition of a second TbAKT-like-TY3-C copy (double addback, dAB) did 247 
not confer increased BHI sensitivity, potentially due to the multiple rounds of transfection and 248 

selection driving the development of monomorphism. For the TbAGCK-QS null, addition of 249 

one copy of N-TY3-TbAGCK-QS entirely restored BHI sensitivity to that of the parental line 250 

and addition of a second copy enhanced the response such that the double addback mutants 251 
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were significantly more sensitive to BHI treatment than the parental lines (Figure 2C(ii), right 252 

panel). As a further measure of differentiation competence in the addback lines compared to 253 

the parental and kinase null mutants, cells were tested for expression of the stumpy form 254 
marker protein PAD123 96hrs after exposure to 10% BHI (Figure 2D). Here, transfection of 255 

knockout lines with 2 rescue copies of TbAKT-like-TY3-C or 1 copy of N-TY3-TbAGCK-QS 256 

restored PAD1 protein to the parental level. Again, a second rescue copy of N-TY3-TbAGCK-257 
QS resulted in enhanced differentiation competence compared to the parental line, with a 258 

mean of 75.3% (± 0.3) cells in the double addback populations expressing PAD1 on their 259 
surface compared a mean of 34% (± 5.2) in the parental populations. 260 

 261 

 262 

Knockout of TbAGCK-QS or TbAKT-like reduces response to a QS-activating 263 

dipeptide 264 

 265 

 The above data demonstrated that deletion of either TbAKT-like or TbAGCK-QS 266 
generated a reduced response to BHI and BME, both models for oligopeptide-mediated QS 267 
signalling. To directly assay whether TbAGCK-QS and TbAKT-like were involved in 268 

oligopeptide-mediated signalling, stumpy formation in each null mutant was monitored after 269 
exposure to synthetic dipeptides as tool compounds to drive oligopeptide signalling. A previous 270 
screen had found that dipeptide mixtures with asparagine (N) at their N termini were most 271 
effective at inducing cell cycle arrest compared to other dipeptides, and conversely that 272 

dipeptides with glutamic acid (E) at their N termini were not11. Therefore, a sub-library of 20 273 
dipeptides was synthesised with asparagine at their N terminus followed by one of the 20 274 
amino acids. Based on the results of a previous study11, the dipeptides E-A and E-V were also 275 

synthesised as negative controls. Thereafter, the pleomorphic AnTat1.1 J1339 line was grown 276 

in triplicate for 72hrs in the presence of 500µM each dipeptide, maintaining cell concentrations 277 
below the threshold for QS-based cell cycle arrest (1x106 cells/ml), and their cumulative growth 278 

compared to that of a ‘DMSO only’ control (Figure 3A). Due to low yields following peptide 279 

purification or poor solubility in DMSO, the dipeptides N-D, N-H, N-S and N-T were tested at 280 
250µM (Supplementary Figure 5) and the two dipeptides N-P and N-R were not tested. At 281 

72hrs following dipeptide exposure, growth was significantly reduced in parasites exposed to 282 

N-G, N-L, N-W, N-Y and, in particular, N-F which remained the only dipeptide able to 283 
significantly reduce growth when used at 250µM (Supplementary Figure 5). This indicated 284 

sequence-specificity of the oligopeptide response and that N-F was a useful tool compound 285 

to study QS. 286 

 287 



 9 

 Initially, the growth of the pleomorphic AnTat1.1 J1339 cell line when exposed to N-F 288 

was compared with that of the monomorphic Lister 427 cell line, which has lost its capacity for 289 

QS through laboratory passage (Figure 3B, left panels). In contrast to the pleomorphic cell 290 
line, which showed reduced growth with the dipeptide, treatment with N-F had no effect on the 291 

monomorphic Lister 427 cell line and the population remained proliferative at 72hrs. Moreover, 292 

following 72hrs growth in the presence of N-F, cells in the pleomorphic population had 293 
shortened flagella, an evident undulating cell membrane, expanded flagellar pocket and 294 

expressed PAD1 across their cell body - all being morphological indicators of stumpy formation 295 
(Figure 3B, right panels; Figure 3D). A mean of 93.9% (± 2.8) PAD1-positive cells were also in 296 

the 1K1N conformation (i.e. containing 1 kinetoplast and 1 nucleus, indicative of the G1/G0 297 

phase of the cell division cycle, data not shown). In contrast, in the monomorphic population 298 
no cells exhibited these stumpy form characteristics.  299 

 300 

 Having confirmed that the dipeptide N-F induced stumpy formation in pleomorphic 301 
cells, the TbAGCK-QS and TbAKT-like null mutants were grown for 72hrs in the presence of 302 
500µM N-F and assayed for growth arrest and PAD1 expression. Despite some slowed 303 

growth, this was less than for the parental cell line for both mutant cell lines (Figure 3C), and 304 
PAD1 expression was significantly reduced (Figure 3D). This confirmed that TbAGCK-QS and 305 

TbAKT-like are involved in the trypanosome response to oligopeptide induced differentiation 306 
in vitro. 307 
 308 

  309 

Knockout of TbAGCK-QS or TbAKT-like delays differentiation in vivo 310 

 311 

 To confirm that each kinase contributed to QS in vivo, triplicate female MF1 mice were 312 

infected with the parental, TbAKT-like or TbAGCK-QS null mutant parasites and assessed for 313 
stumpy formation during the first peak of parasitaemia. For all conditions, parasitaemia peaked 314 

between days 5 and 6 days post infection (p.i.), followed by either a plateau or drop in 315 

parasitaemia (Figure 4A, left panels). Interestingly, infection with TbAKT-like null mutants did 316 
not result in hyper-parasitaemia compared to the parental controls, as might be expected for 317 

a cell line with reduced developmental competence, contrasting with the difference in growth 318 

observed in vitro (Figure 2B(i)). Infection with TbAGCK-QS null mutants resulted in elevated 319 
parasitaemia compared to the TbAKT-like null mutants and 2 out of 3 parental line infections, 320 
but never surpassed the highest parasitaemia recorded in the parental line infections. 321 

However, whilst the parental populations were enriched for cells with hallmarks of the stumpy 322 

form, such as loss of the free flagellum and an elaborated undulating membrane, both the 323 

kinase null mutant populations predominantly maintained a slender form morphology (Figure 324 
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4A, right panels). Supporting this, the mean distance between the kinetoplast and nucleus 325 

(longer in slender form cells and shorter in stumpy form cells) reduced significantly on day 326 

7p.i. for the parental cells but remained unchanged for either kinase mutant (Figure 4B). To 327 
confirm reduced stumpy formation in the kinase null mutant lines, the proportion of cells that 328 

remained apparently proliferative during the course of infection was assessed by quantitating 329 

those with a 2K1N (2 kinetoplasts, 1 nucleus) or 2K2N configuration, representative of cells in 330 
active proliferation. Whilst the proportion of actively replicating cells reduced from day 4 p.i. to 331 

day 7 p.i. for all cell lines, cellular arrest was reduced in the kinase null mutants (8% (± 2.2) 332 
and 11.2% (± 3.3) 2K1N/2K2N for TbAKT-like and TbAGCK-QS, respectively) compared to 333 

1.6% (± 0.8) for the parental cell line on day 7 p.i. (Figure 4C). Supporting this, the proportion 334 

of cells in each population expressing PAD1 was significantly reduced on day 7 p.i. in both 335 
kinase null mutant lines compared to the parental control (Figure 4D). Hence, deletion of either 336 

TbAGCK-QS or TbAKT-like did not fully abolish stumpy formation in vivo but delayed the onset 337 

of developmental progression. 338 
 339 

TbAKT-like and TbAGCK-QS are positioned upstream of all known QS signal 340 

transduction molecules 341 

 342 
 To position TbAKT-like and TbAGCK-QS in the characterised QS signalling pathway, 343 
the cell permeable cAMP analogue that activates the pathway downstream of the membrane 344 

TbGPR89 and presumably other early signalling components was tested for its effects on 345 
TbAKT-like and TbAGCK-QS null mutants (Figure 5A). It was hypothesised that if either kinase 346 
was positioned upstream of where pCPT-cAMP activates QS signalling, the null mutants would 347 

arrest in response to treatment with pCPT-cAMP since the downstream signalling pathway 348 

would still operate. Conversely, if either kinase was positioned downstream of where pCPT-349 
cAMP acts, the null mutants would continue replicating since the signalling pathway would be 350 
incomplete. Other kinases identified as being QS signal transduction pathway components - 351 

MEKK1, TbDYRK, NEK17 and AMPK - all confer reduced response to pCPT-cAMP treatment 352 
upon their knockdown or knockout, therefore placing them downstream of where pCPT-cAMP 353 
activates QS signalling12. As controls, the parental AnTat1.1 J1339 cell line and TbDYRK 354 

knockout cells were grown in the presence of pCPT-cAMP over 72hrs, maintaining cell density 355 

below 1x106cells/ml (Figure 5B). As expected, the parental cell line arrested its growth in 356 
response to pCPT-cAMP, whilst the TbDYRK knockout cell line remained proliferative. 357 

However, when either the TbAGCK-QS or TbAKT-like null mutant cell lines were grown in the 358 
presence of pCPT-cAMP however, both cell lines arrested their growth similarly to the parental 359 

cell line (Figure 5C). This demonstrated that TbAKT-like and TbAGCK-QS are positioned 360 
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above where pCPT-cAMP activates QS signalling and thus above all other QS signal 361 

transduction components identified to date.  362 

 363 

Domain and functional analysis of TbAGCK-QS and TbAKT-like kinases 364 

 365 

 To understand how each kinase might operate in QS, the proteins were analysed for 366 

predicted domains, localisation or function. Tb927.4.4590 encodes a putative 560aa 367 

serine/threonine AGC family kinase with no predicted domains beyond that of the central 368 

kinase core (Supplementary Figure 6A). Outside of this kinase core, structure could not be 369 
predicted with high confidence using AlphaFold (Supplementary Figure 6B). The AGC family 370 

of kinases are poorly represented in T. brucei, with most members being highly unconventional 371 

and not able to be assigned to a conserved subfamily from higher organisms24,25. In the insect 372 
form of the parasite, N-terminally mNG-tagged TbAGCK-QS was found to give a weak 373 

cytoplasmic signal (www.tryptag.org). When analysed at TriTrypDB.org, the majority of 374 
syntenic orthologs for Tb927.4.4590 in kinetoplastids had C-terminal PH domains, but none 375 
of those from African trypanosomes had this domain (Supplementary Figure 6C). Furthermore, 376 

Tb927.4.4590 and its syntenic orthologs from all Trypanosoma, Bodo saltans and 377 
Paratrypanosoma confusum encode for kinases that are significantly shorter than other 378 
kinetoplastid representatives (Supplementary Figure 6C). Although lacking a C-terminal PH 379 

domain, adding 3xTy epitopes to the C terminus of Tb927.4.4590 rendered the protein unable 380 
to complement the null mutant (Supplementary Figure 6D), suggesting that its C terminus may 381 
play an important role in protein function. 382 
 383 
 TbAKT-like kinase, Tb927.6.2250, encodes a serine/threonine kinase, also from the 384 

AGC family of kinases, with an N-terminal PH domain, central kinase core and C-terminal 385 

regulatory domain (Figure 6A) - a domain structure common to all eukaryotic AKTs. Across its 386 
full length, TbAKT-like shares 34.2%, 43.2% and 57.6% sequence identity with human 387 

(HsAKT1), Leishmania donovani (Ld-RAC/AKT-like) and Trypanosoma cruzi (TcAKT) 388 

homologs respectively, and across only the kinase core 46.3%, 53.5% and 53.5% sequence 389 
identity (Supplementary Figure 7A). HsAKT1-3 act as ‘central nodes’ for a diverse range of 390 

signalling networks, regulating cellular survival, proliferation, growth and metabolism, amongst 391 

other processes26. Inactive cytosolic HsAKT1 is recruited to the plasma membrane when 392 

stimulated RTKs or GPCRs activate PI3K, leading to PIP3 production at the plasma 393 

membrane. HsAKT1 binds PIP3 through its PH domain, undergoing a conformational change 394 

that exposes two phosphorylable sites that are critical for kinase activity- T308 and S473. 395 

 396 
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To assess the function of predicted key domains and residues in TbAKT-like, 8 different 397 

TbAKT-like mutants (mutations depicted in red on Figure 6A schematic) were expressed in 398 

the TbAKT-like null mutant background at the endogenous genomic location and each tested 399 
for their ability to restore sensitivity to BHI in comparison to a single intact allele of the kinase 400 

(TbAKT-likeWT sAB). To allow detection of protein expression, 3xTy epitope tags were added 401 

to the C terminus of the mutant and wild type kinase (Figure 6B), with sequence integrity being 402 
confirmed for all mutant lines (Supplementary Figure 7B). Initially, the requirement for TbAKT-403 

like kinase activity was tested by assaying the response to BHI when the catalytic triad 404 
(D257N) or the ATP binding site (K163A) was mutated. Mutant cell lines, alongside the 405 

parental, kinase null and TbAKT-likeWT sAB line were assayed over 96hrs and relative growth 406 

in the presence or absence of BHI determined (Figure 6C, Supplementary Figure 7C). Unlike 407 
the wild type protein, mutation of either the catalytic triad or ATP binding site prevented growth 408 

arrest in response to BHI, indicating that the kinase activity of TbAKT-like is required for the 409 

QS response (Figure 6C). 410 
 411 
Also, the two sites predicted to be the equivalent of the HsAKT T308 and S473 412 

activating phosphosites, T290 and T450 respectively, were mutated (Figure 6C). When 413 
individual non-phosphorylatable mutants for these sites were generated, relative growth of the 414 

T290A mutant in BHI was similar to that of the null mutant, indicating non functionality; 415 
whereas the BHI response was restored in the T450A mutant, demonstrating functionality. A 416 
mutant that expressed a kinase that was non-phosphorylatable at either of the phosphosites 417 

simultaneously showed no significant change in BHI sensitivity compared to the T290A mutant 418 
alone (Figure 6C). For each of these two sites, phosphomimetic mutants (T290D and T450D) 419 
were also generated. The T290D mutant arrested growth similarly to the TbAKT-likeWT sAB 420 

line, demonstrating a return to functionality. In contrast, the T450D phosphomimic was 421 
significantly more sensitive to BHI than either the T290D or the TbAKT-likeWT sAB line (Figure 422 

6C). In combination, these results support a mechanism of kinase activity regulation for 423 

TbAKT-like similar to HsAKT, whereby phosphorylation of the T290 phosphosite is required 424 
for basal kinase activity, but the additional phosphorylation of the T450 site can enhance this 425 

activity or substrate specificity. 426 

 427 
 The PH domain of HsAKT plays a dual role in the kinase regulation, blocking access 428 

to the T308 and S473 phosphosites in its inactive state and facilitating recruitment to the 429 

plasma membrane upon PIP3 production whereupon it undergoes a conformational change 430 

to release autoinhibition. To investigate the role of the PH domain in TbAKT-like, a truncated 431 

kinase from which the entire PH domain was deleted was expressed in the TbAKT-like null 432 

mutant background. In the presence of 10% BHI, there was no significant difference in relative 433 
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growth between the PH domain truncated mutant line and the TbAKT-likeWT sAB line, 434 

indicating a functional BHI response (Figure 6C, Supplementary Figure 7C). The PH domain 435 

truncated mutant may still respond to BHI because PIP3 binding is not required to alleviate 436 

steric hindrance of the T290 and T450 phosphosites.  437 

 438 

TbAKT-like regulates QS via an inactivating phosphorylation of the slender 439 

retainer, TbNOT5 440 

 441 

 Having placed TbAKT-like upstream of previously identified QS signalling pathway 442 

components and identified the residues important for its activity, we wanted to understand how 443 
its kinase activity might regulate the QS signalling pathway. To identify substrates of TbAKT-444 

like during differentiation, a mass spectrometry-based label-free quantitative 445 
phosphoproteomics approach was taken using parasites grown in vivo to maximise the 446 

physiological relevance of any observed changes. Samples were derived from six mice 447 

infected with either parental (WT) cells or TbAKT-like null (KO) cells, with parasites harvested 448 
and purified either at the ascending phase of the infection (3 mice/cell line) or at the first peak 449 
(day 6 of infection), when parental cells were mainly stumpy (3 mice/cell line). This aimed to 450 

identify proteins phosphorylated in the parental cell lines at peak parasitaemia but not in the 451 
kinase null mutants. Supplementary Figure 8A shows the parasitaemia at which the 12 protein 452 
samples (3x WT Ascend, 3x KO Ascend, 3x WT Peak, 3x KO Peak) were extracted from cells 453 
purified from the blood. In each case, the developmental status of the cells from which the 454 

protein samples were extracted was assayed by staining for PAD1 expression and analysis of 455 
their cell cycle status (Figures 7A and 7B). The proportion of cells in the population in 1K1N 456 
configuration increased from the ascending to peak phases of parasitaemia and was not 457 

significantly different between the two cell lines. However, the kinase null mutants expressed 458 

significantly less PAD1 at the peak phase of parasitaemia, confirming the delayed 459 
differentiation of the TbAKT-like cells.  460 

 461 

The parasite material was then subject to phosphoproteomic analysis. Data processing 462 
and analysis revealed that one sample (WT Peak PE replicate 3) fell below quality thresholds 463 

and was excluded from the analysis (Supplementary Figures 8B, C and D). From the 464 

remaining samples, a total of 6074 unique proteins were identified in the ‘total protein’ samples 465 
and 3657 unique phosphopeptides were detected in the phospho-enriched (PE) samples, with 466 

correlation coefficients between replicates ≥0.986 at the protein level and ≥0.94 at the 467 

phosphopeptide level, demonstrating excellent reproducibility (Supplementary Figure 9).  468 
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Initially, a protein level comparison was performed between conditions (WT Ascend, 469 

WT Peak, KO Ascend, KO Peak) using the data acquired from the ‘total’ protein samples. As 470 

expected, principal component analysis demonstrated that 75.2% of the variation (PC1) at the 471 
protein level could be explained by differentiation status, i.e. ascending vs peak (Figure 7C). 472 

Whilst the ‘ascending phase’ replicates from the WT and KO conditions overlapped, there was 473 

separation of the WT and KO conditions at the peak phase of parasitaemia, confirming that 474 
deletion of TbAKT-like had a greater effect on cells undergoing differentiation than during 475 

logarithmic growth. Next, differential analysis between each of the pairwise comparisons was 476 
performed, filtering the results for proteins with a log2fc >1.5 in either direction and with an 477 

adjusted p value ≤0.05. Overall, 327 proteins were significantly more abundant in the WT Peak 478 

vs WT Ascending conditions and, as anticipated, many of these were proteins known to be 479 
expressed in stumpy forms, such as PADs and TCA/OXPHOS components, with gene 480 

ontology (GO) analysis also identifying an enrichment for proteins involved in the metabolic 481 

reprogramming of the stumpy form as it prepares for transmission (Supplementary Figure 10A, 482 
Supplementary Data 2). In comparison, only 65 proteins were significantly more abundant in 483 
the Peak samples compared to the Ascending samples of the AKT-like null mutant. Amongst 484 

the 65 proteins were known stumpy markers and GO enrichment again identified an 485 
enrichment for proteins involved in metabolic programming (Supplementary Figure 10B, 486 

Supplementary Data 2), thus demonstrating that the TbAKT-like null parasites had 487 
commenced differentiation but that they were either blocked in their progression or delayed 488 
compared to the WT parasites. When the WT and KO cells were compared, no proteins were 489 

identified that were differentially expressed in the ascending phase of the parasitaemia (Figure 490 
7D (left)). However, 49 proteins were significantly more abundant in the WT vs KO samples at 491 
peak parasitaemia (Figure 7D (right), Supplementary Data 2). As expected, the list of 49 492 

proteins contained multiple mitochondrial proteins and enzymes linked to the metabolic 493 
reprogramming that occurs in stumpy and procyclic forms, as well as the stumpy marker 494 

proteins PAD1, PAD2, PAD4, NrkA and ESAG9. In addition to these characterised markers, 495 

an uncharacterised AGC/RSK family S/T kinase, Tb927.11.5860, was significantly more 496 
abundant in the peak WT samples than peak KO samples (log2fc -1.75) and could represent 497 

a further signalling transduction component of the QS pathway (Figure 7D (right). 498 

 499 
To identify potential TbAKT-like substrates during differentiation, and thus determine 500 

how their delay in life cycle development could be regulated, phosphopeptide level data was 501 

then analysed. Unlike the protein level data, principal component analysis demonstrated that 502 
only 32.4% of variation between the conditions (PC1) could be explained by progression 503 

through differentiation, and furthermore there was less overlap between the KO and WT 504 
samples at the ascending phase of parasitaemia (Figure 7E). Following differential analysis of 505 
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phosphopeptide abundance between WT and KO samples at the ascending and peak phases 506 

of parasitaemia, filtering for a log2fc in either direction >1.5 and an adjusted p value ≤0.05, 2 507 

phosphopeptides were identified that were significantly less abundant in the KO samples in 508 
the ascending phase of parasitaemia, and 104 phosphopeptides were significantly less 509 

abundant in the KO samples at the peak phase of parasitaemia (Figure 7F, Supplementary 510 

Data 3). We observed 29 proteins for which the protein level was statistically higher in the KO 511 
samples compared to the WT at peak parasitaemia. Of these, 12 had associated 512 

phosphopeptides that were not observed to change between the KO and WT samples at peak 513 
parasitaemia (highlighted in red in Supplementary Figure 11A). This set of 29 proteins was 514 

enriched for cell cycle regulators (GO term biological process, 9/29, Supplementary Figure 515 

11B), further supporting that the knockout of TbAKT-like delays cellular arrest in vivo.    516 
 517 

The AKT kinase is known to recognise a canonical motif on its substrates, RXRXXS/T, 518 

and thus the list of 106 phosphopeptides was searched for those where phosphorylation 519 
occurred at this motif. This identified 3 phosphopeptides (highlighted on Figure 7F). One of 520 
these, belonging to the hypothetical protein Tb927.9.7520, was significantly less abundant in 521 

the KO samples during both ascending and peak phases of parasitaemia, suggesting that it 522 
may be a TbAKT-like substrate involved in processes other than differentiation. The other two 523 

phosphopeptides, derived from Tb927.3.1920, Negative Regulator of Transcription (NOT5), 524 
and Tb927.10.14890, Kinesin Family Member C1 (KIFC1), were significantly less abundant 525 
only at the peak phase of parasitaemia, indicating that they may be substrates of TbAKT-like 526 

during differentiation. Importantly, the protein abundance for each of NOT5 and KIFC1 did not 527 
change during the progression from ascending to peak parasitaemia (Supplementary Figures 528 
11A and 11C), demonstrating a specific loss of phosphorylation at these sites following TbAKT-529 

like knock out, rather than changed protein abundance. The relative solvent accessibility score 530 
(RSA) for either RXRXXS/T phosphosite was calculated as ≥0.65, demonstrating high 531 

accessibility, further supporting the observations. 532 

 533 

Discussion 534 

 535 

 The signal transduction pathway underlying trypanosome quorum sensing presents 536 
one of the best characterised signalling pathways in any eukaryotic parasite despite these 537 
organisms representing some of the most evolutionarily divergent eukaryotes. Through 538 

genome-wide selection screens and analyses of molecular dependencies in the pathway, 539 

regulators operating at the level of metabolism, post translational modification, and gene 540 

expression control have been identified27. Moreover, the extracellular signals driving the 541 
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developmental response have been identified as has the cell surface molecule acting as a 542 

transporter or transceptor for the signal, TbGPR899. However, the earliest steps in the QS-543 

signalling pathway have remained uncharacterised because earlier screens relied on a cell 544 
permeable activator of the pathway able to promote arrest and some developmental events in 545 

laboratory-adapted monomorphic lines. Here we have exploited the development of DRiF-Seq 546 

technology20 in pleomorphic parasite lines responsive to the physiological oligopeptide QS 547 
signal to identify signalling molecules that operate upstream of any previously identified 548 

pathway component. The identification of the TbAGCK-QS kinase adds a previously unknown 549 
signalling component to the regulatory pathway controlling stumpy formation that operates at 550 

an early stage in the signalling cascade. More informatively, the identification of TbAKT-like 551 

kinase allows the trypanosome signalling pathway to be understood in the context of the 552 
extensive knowledge of eukaryotic environmental sensing mechanisms. 553 

 554 

 The canonical mode of AKT activation is initiated by an extracellular stimulus that is 555 
transduced via RTK or GPCR signalling, resulting in the generation of PIP3 production at the 556 
plasma membrane through the action of activated PI3K. Inactive cytosolic AKT is recruited to 557 

the plasma membrane and binds PIP3 via its PH domain. This causes a conformational change 558 
that alleviates the kinase’s steric inhibition and exposes activating phosphorylation sites that 559 

allow substrate recognition and phosphorylation to stimulate diverse signalling pathways. In 560 
trypanosomes, both RTKs and GPCRs are completely absent, such that the mechanism for 561 
initial stimulation after oligopeptides are transported through TbGPR89 remains unknown. 562 

Under our DRiF-Seq library conditions, we identified no candidate transmembrane protein 563 
gene whose silencing increased growth in the presence of BHI. However, such genes could 564 
have been missed in this particular experimental setup if their knockdown causes a strong 565 

fitness cost both in the presence and absence of BHI. Nonetheless, our demonstration of the 566 
importance of the N-terminal PH domain on TbAKT-like suggests conservation of membrane 567 

PIP3 signalling. Once steric hindrance by the PH domain is removed by PIP3 interaction, 568 

mammalian AKT is phosphorylated on its active loop at T308 through the action of PDK1. The 569 
trypanosome AKT-like conserves an equivalent phosphorylation site (T290) and we found that 570 

integrity of this site is necessary for BHI-mediated arrest, whereas use of a phosphomimetic 571 

mutation at the site potentiates the BHI response. Thus, phosphorylation at this residue is 572 
apparently important for TbAKT-like activation, although whether this is dependent upon T. 573 

brucei PDK1 is unclear. The T. brucei genome encodes an annotated PDK1 molecule 574 

(Tb927.9.4910) but our attempts to evaluate the contribution of this molecule to TbAKT-like 575 
regulation or developmental control were frustrated by a strong loss-of-fitness phenotype upon 576 

ablation of the protein (unpublished) and DRiF-Seq analysis did not show evidence of a 577 
significant fitness gain in BHI when this gene was silenced. Moreover, the T. brucei genome 578 
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encodes several 3-phosphoinositide-dependent protein kinase 1 related molecules such that 579 

alternative PDK-like molecules might regulate TbAKT-like kinase. One of these is TbAGCK-580 

QS identified in this DRiF-seq experiment, raising the intriguing possibility that this may be the 581 
kinase that phosphorylates and activates TbAKT-like. 582 

 583 

Integrity of a second canonical phosphoregulatory site in AKT kinases (T450 in the 584 
trypanosome protein) was less important for the BHI response, although an appropriately 585 

positioned mTORC interacting motif (TIM) was conserved in the trypanosome protein (F-X-X-586 
X-F-T)28. In eukaryotes, this motif is recognised by mTORC2 to promote phosphorylation at 587 

the AKT hydrophobic motif. The secondary importance of this phosphorylation event is 588 

consistent with other eukaryotic AKTs that require only active site phosphorylation (T308) for 589 
activity. However, mutating both T290 and T450 in TbAKT-like resulted in the lowest response 590 

to BHI of any tested mutant which might reflect the differing activity and substrate specificity 591 

of mammalian AKT kinases observed when each phosphorylation site is mutated individually 592 
or in combination29.  593 

 594 

 The cytosolic substrates of AKT are identifiable by their RXRXXS/T consensus motif, 595 
although variations on this have also been described. One well recognised substrate in 596 

eukaryotes is GSK3, with AKT inactivating the molecule to inhibit cell proliferation. The T. 597 
brucei genome encodes two GSK3 homologs - GSK3 short (Tb927.10.13780) and GSK3 long 598 
(Tb927.7.2420) - of which only GSK3 long encodes a canonical AKT substrate motif. GSK3 599 

short is known to be important for parasite proliferation and to interact with the stumpy 600 

promoting molecule AMPKb19,30,31; however, our phosphoproteomic analysis did not detect 601 

phosphorylated peptides from either molecule. One phosphorylated GSK3 long peptide was 602 

identified in our analysis but did not surpass significance limits. Instead, we focused on 603 

potential substrates that exhibited reduced phosphorylation during development at the AKT 604 
consensus recognition motif in the TbAKT-like null mutant. This identified three molecules, an 605 
uncharacterised hypothetical protein (Tb927.9.7520), KIFC1 and the NOT5 component of the 606 

CAF deadenylation complex.  607 

 608 
 KIFC1 is a cholesterol associating kinesin that regulates plasma membrane rigidity 609 

of trypanosomes, with involvement in the clearance of antibodies from the parasite surface in 610 

vivo and intracellular APOL1 trafficking32. A role has not been identified in the development to 611 
stumpy forms, but elevated cholesterol levels and reduced membrane fluidity are 612 

characteristics of these forms33 and may contribute to their relative tolerance to environmental 613 

stressors and antibody mediated lysis34,35. Hence this molecule may contribute to the 614 
regulation of stumpy formation or the development of several characteristics of stumpy forms 615 
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that have been classically described but for which there is no existing molecular knowledge. 616 

In contrast to KIFC1, NOT5 has previously been implicated in quorum sensing signalling. 617 

Specifically, analysis of proteins phosphorylated by the QS activating protein kinase TbDYRK, 618 
and whose phosphorylation status changed in both null and kinase dead mutants for that 619 

kinase, identified NOT5 as a potential TbDYRK substrate15. Moreover, in that study, RNAi 620 

mediated ablation of NOT5 accelerated stumpy formation in vivo, identifying the molecule as 621 
a ‘slender retainer’, i.e. a molecule that sustains parasites as the slender proliferative form. 622 

The phosphorylation site targeted by TbDYRK was distinct from that identified as differentially 623 
phosphorylated in the TbAKT-like null mutant during development, indicating that there is more 624 

than one site of regulation on the molecule. One or both are, however, expected to be 625 

inactivating phosphorylation events, such that TbAKT-like or TbDYRK, or both, as positive 626 
regulators of stumpy formation, would promote development by inhibiting slender retainers 627 

such as NOT5. NOT5 is a component of the CAF deadenylation complex, which acts as a bulk 628 

mRNA turnover machinery in trypanosomes36. Potentially, the inactivation of NOT5 and, 629 
consequently, CAF-mediated mRNA decay could stabilise mRNAs important in the transition 630 
between slender and stumpy forms (e.g. ZC3H2037, RBP712, etc), or prolong the longevity of 631 

stumpy forms by preserving the stability of general cellular mRNAs when transcription is shut 632 
down as part of stumpy development38. Other facets of developmental gene regulation may 633 

also be modulated by TbAKT-like since eukaryotic AKT mediated signalling events inhibit the 634 
cap binding translation factor eIF4E. In trypanosomes, eIF4E activity regulated by 4EBP 635 
appears to contribute to the ability of trypanosomes to transition between slender and stumpy 636 

forms39 and its phosphorylation is differentially regulated in a TbDYRK null mutant15. 637 
Moreover, translational repression is a key feature of stumpy forms40. 638 
 639 

 The canonical eukaryotic model of AKT signalling also interconnects with other 640 
regulatory components involved in trypanosome quorum sensing. For example, regulatory 641 

interaction between mammalian AMPKa1 and AKT has been characterised, with both positive 642 

and negative regulation described41,42, and in trypanosomes AMPKa has been identified as a 643 

positive contributor to stumpy formation, and other developmental steps, by both genome wide 644 

RNAi screening (AMPKa2)12,43 and biochemical characterisation (AMPKa1)19. This in turn can 645 

intersect with TOR signalling, with trypanosomes possessing an unusual TOR member 646 
(TOR4), that when depleted provokes the differentiation of monomorphic slender to stumpy 647 

forms, despite the normal insensitivity of these lines to the quorum sensing signal44. This 648 
generates a regulatory network of positive and negative factors centred on central energy 649 

sensing and cell proliferation control that is responsible for balancing the trypanosome’s 650 
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decision to maintain in the proliferative slender form or arrest and prepare for transmission as 651 

the arrested stumpy form.  652 

 In Figure 8, we collect the new information generated here and integrate this into 653 
existing understanding of quorum sensing signalling and AKT regulation of eukaryotic 654 

signalling control to provide a coherent picture of developmental control in the parasite. 655 

Although distinct parasites respond to distinct external cues, the regulation of arrest and 656 
proliferation is a central feature of the life cycle of most single celled eukaryotic parasites. 657 

Hence, while we focused on quorum sensing regulation, we anticipate that the same pathways 658 
and regulatory components will contribute to the developmental decisions in a wide range of 659 

kinetoplast and protozoan pathogens. Given the enormous investment in the pharmacological 660 

manipulation of the action of the key regulatory molecules implicated here in strategies to 661 
develop oncological therapies in humans, there are significant opportunities to identify new 662 

approaches to control parasite virulence and spread. The evolutionary divergence of these 663 

pathogens and the central importance of the signalling networks identified here also provide 664 
the ability to identify unique pathogen specific targets that may be less susceptible to the 665 
emergence of resistance. 666 

 667 

 668 

Methods 669 

 670 

Culturing and transfection 671 

Pleomorphic T. b. brucei EATRO 1125 AnTat1.1 90:13 cells45 were used to generate 672 
the inducible RNAi lines. The T. b. brucei AnTat1.1 90:13 cell line contains an integrated T7 673 

RNA polymerase and Tet repressor. Pleomorphic T. b. brucei EATRO AnTat1.1 cells were 674 
transfected with the J1339 plasmid, kindly provided by Dr Jack Sunter, to create the J1339 675 

cell line that constitutively expresses T7 RNA polymerase and SpCas911. For screens using 676 

monomorphic trypanosomes, the T. b. brucei Lister 427 strain was used. 677 
 678 

Bloodstream form trypanosomes were maintained at 37°C and 5% CO2 in HMI-9 679 

medium46 supplemented with 20% foetal calf serum, 100U/ml penicillin and streptomycin and 680 
the appropriate selective drug. Transfections were performed as described in MacGregor et 681 

al.47. 682 

 683 

Animal experiments 684 

 The animal experiments in this work were carried out in accordance with the local 685 

ethical approval requirements of the University of Edinburgh and the UK Home Office Animal 686 
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(Scientific Procedures) Act (1986) under licence number PP2251183. For the experiments in 687 

this study, age-matched locally bred MF1 mice were used. Experimental infections were 688 

initiated via intraperitoneal injection with 1500 parasites in 200µl HMI-9. Infections were 689 
monitored daily by the Herbert and Lumsden matching method48. Parasites were purified from 690 

whole blood by passing the blood through a DEAE-C anion exchange column at pH7.8 with 691 

phosphate-buffered saline-glucose (PSG) buffer49. 692 
 693 

Treatment and sequencing of DRiF-Seq libraries 694 

An EATRO1125-specific DRiF-Seq library containing ∼260,000 independent RNAi mutants is 695 
described in D’Archivio et al., 202620. For quantitative analysis of mutant abundance, cells 696 

were grown such that no bottleneck smaller than 300x library complexity was encountered. In 697 

addition, to prevent stimulation of quorum sensing, cultures were maintained below 698 
1x106cells/ml. RNAi was induced for 3 days by addition of 1 µg ml-1 tetracycline, with or without 699 

supplementation of 10% (w/v) BHI to the culture medium, and libraries sampled at day 0 and 700 

day 3 of tetracycline induction. All samples were made in duplicate at >300x complexity (at 701 
least 75 million cells). 702 
Genomic DNA preparation and sequencing are described in D’Archivio et al., 202620. RNAi 703 

fragments were mapped to a longread plus Hi-C assembly of the T. brucei Lister 427 genome50 704 
and a posteriori noise estimation analysis were done as per D’Archivio et al., 202620. Between 705 

60-80 million Illumina reads were obtained for all samples, of which 98% passed filter after 706 
trimming. The total number of mappable fragments above threshold were 153,000 and 707 

152,000 for replicates 1 and 2 respectively, covering 94% of the core genes in the genome 708 
(across both replicates), with an average number of 11 independent RNAi fragments per gene. 709 
  710 

RNAi plasmid generation 711 

 The p2T7-177 RNAi plasmid uses two opposing T7 promoters to generate double 712 

stranded RNA and integrates into a 177bp transcriptionally silent repeat region on the 713 
minichromosomes51. RNAi target fragments were designed using RNAi software52, PCR 714 

amplified from T. b. brucei AnTat1.1 90:13 gDNA and the resulting cloned fragments cloned 715 

into pCR-Blunt II-TOPO (Invitrogen) and Sanger sequenced to confirm correct amplification. 716 
Primer sequences are indicated in Supplementary Data 4. RNAi fragments were digested with 717 

BamHI/HindIII and the excised fragments cloned into the p2T7-177 vector opened with the 718 

same enzymes. The final plasmids were digested with NotI prior to transfection and selection 719 
with 0.25µg/ml puromycin. 720 

 721 

qRT-PCR 722 
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 Prior to qRT-PCR analysis, RNAi was induced with 1µg/ml doxycycline (DOX) for 723 

72hrs. RNA was extracted using the Qiagen RNeasy Mini Kit as per the manufacturer’s 724 

instructions. RNA samples were DNase treated using the TURBO DNA-free kit (Ambion) as 725 
per manufacturers’ instructions. The SuperScript III- First Strand Synthesis System was used 726 

for first-strand cDNA synthesis with 500ng of RNA and using the oligo(dT)20 primer, as per the 727 

manufacturer’s instructions. qRT-PCR reactions were performed in triplicate on a LightCycler 728 
96 machine (Roche) using the SYBR Green PCR Master Mix (Applied Biosystems) and gene-729 

specific primers (Supplementary Data 4). PCR conditions were as follows: 10mins at 95°C, 40 730 
cycles x (15secs at 95°C, 60secs at 60°C). A final melting curve was obtained by gradient 731 

increase temperature from 60-95°C at a rate of 0.03°C/second. Transcript abundances were 732 

quantified relative to ZFP3 using the DDCT method. 733 

 734 

BHI resistance assays 735 

 Cells were seeded in 24-well plates at 1x105 cells/ml in triplicate in either HMI-9 or HMI-736 
9 supplemented with 10% BHI in a final volume of 2ml. For RNAi lines, each of the previous 737 

conditions were also performed either in the presence or absence of 1µg/ml DOX. Cell counts 738 
were taken every 24hrs for 72-96hrs using a CellDrop automated cell counter (DeNovix). If 739 
required, following each count, cells were diluted back to ~1x105 cells/ml in the appropriate 740 

medium to prevent overgrowth and accumulation of waste products. If a +DOX induced 741 
population was diluted, DOX was added to the fresh medium at the appropriate concentration. 742 
Parasite growth was plotted as cumulative cells/ml.  743 

 744 

BME resistance assays 745 

 To each well to be used in a 24-well plate, 200µl of Cultrex Basement Membrane 746 

Extract was added and allowed to gelify at 37°C for 30mins. Cells were seeded at 1x105 747 

cells/ml in 2ml on top of the gelified BME in triplicate and cultured for 72hrs without dilution. 748 
RNAi was induced by the addition of 1µg/ml doxycycline. Cells were counted using a 749 

haemocytometer every 24hrs.  750 

  751 

CRISPR/Cas9 mediated knockouts and addbacks 752 

 CRISPR/Cas9 mediated gene knockouts of either TbAKT-like or TbAGCK-QS were 753 
generated as described in Beneke et al.22 using the pPOTv6 plasmid and the primers listed in 754 

Supplementary Data 4. One transfection was required for each allele to be knocked out of the 755 
T. b. brucei J1339 strain. Correct integration of the construct and deletion of the targeted gene 756 

from the gDNA was confirmed by PCR using the primers indicated in Supplementary Data 4.  757 
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 To generate TbAKT-like-TY3-C or N-TY3-TbAGCK-QS addbacks, the wild type kinase 758 

CDS, flanked by either KpnI/BamHI (TbAKT-like) or HindIII/SacI (TbAGCK-QS), were first 759 

cloned into a pPOTv6 vector opened by the same enzymes. The repair templates were 760 
amplified using the primers listed in Supplementary Data 4. Since the knockout of TbAKT-like 761 

or TbAGCK-QS deleted the PAMs recognised by the sgRNAs used for the knockout 762 

transfections, new sgRNAs were designed using the EuPaGDT CRISPR gRNA Design Tool53 763 
to target an alternative PAM as close as possible to the original cut-site. The amplified repair 764 

templates and sgRNAs were used to transfect either TbAKT-like or TbAGCK-QS dKO 765 
parasites and replace the original resistance cassette inserted during knockout generation. 766 

One transfection was required per allele to be replaced. 767 

 768 

Western blotting 769 

 Western blotting to detect PAD1 (using aPAD1) or Ty tag (using aBB2) expression was 770 

performed as described by Cayla et al.15. 771 
 772 

Immunofluorescence analysis of PAD1 expression 773 

 For in vitro growth curve-derived cells, on the final day of the growth curve the 774 
remaining cells from each replicate were spun down at 800xg and then washed twice with 1X 775 

PBS. The pellet was resuspended in ~20µl PBS and the cells smeared across a microscopy 776 

slide that was then air-dried and fixed in ice-cold methanol. The slides were stored at -20°C in 777 
methanol until further use. For cells derived from a mouse infection, a drop of tail blood was 778 
smeared across a microscopy slide that was dried and fixed in methanol as previously 779 
described. 780 
 Methanol fixed slides were rehydrated in 1X PBS for a minimum of 5 mins and then 781 

blocked for 30-60mins in 2% BSA/1X PBS. The slide was washed once in 1X PBS and then 782 

incubated for 1-2hrs with a-PAD1 (Eurogentec) at 1:1000 diluted in 2% BSA/1X PBS. Excess 783 

primary antibody was removed and the slide washed for 3x5 minutes with 1X PBS before 784 

incubation with the respective secondary antibodies for one hour in the humidity chamber. For 785 

detecting VSG AnTat1.1 and PAD1 expression, an Alexa Fluor® conjugated a-rabbit secondary 786 

antibody (Invitrogen) was used at 1:500 diluted in 2% BSA/1X PBS. The slide was washed 787 
three times with 1X PBS. 788 

 For cell cycle detection, the slide was incubated with 10µg/ml 4’,6-diamidino-2-789 

phenylindole (DAPI) for 5mins in the dark. The slides were washed once in 1X PBS and 790 
mounted with Fluoromount G (Invitrogen). The slides were dried overnight in the dark and 791 

stored at 4°C until use. 792 
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 The cells were visualised using a Zeiss Imager Z2 microscope and at least 250 cells 793 

counted per sample (except for the dipeptide experiments where limited starting material 794 

required at least 100 cells to be counted per sample). Images were captured using a Prime 795 
BSI Camera (Teledyne Photometrics) and µManager 2.0 software54. Images were edited with 796 

Fiji55. 797 

 798 

Dipeptide synthesis 799 

Dipeptides were manually synthesized at room temperature in 10 mL polystyrene 800 

syringes fitted with porous polyethylene discs using common Fmoc-SPPS protocols. Solvents, 801 
excess of reagents and soluble by-products were removed by suction. Syntheses were carried 802 

out at a 0.1 mmol scale using Rink Amide resin. The Fmoc group was removed with 803 

piperidine/DMF (1:4) (1×1 min, 2×5 min). Amide couplings were carried out using Fmoc-AA-804 
OH (3eq.), DIPCDI (3eq.), OxymaPure (3eq.) in DMF for 1 h. The completion of the coupling 805 

step was confirmed using the Kaiser Test56. Before the next coupling cycle, the Fmoc group 806 

was removed as described above. In general, dipeptides were cleaved from the resin using 807 
95% TFA, 2.5% TIS 2.5% H2O for 1h. For dipeptides NC and NM, 2.5% DTT (w/v) was added 808 

to the cleavage mixture. The combined filtrates were collected into a round bottom flask, 809 
concentrated under reduced pressure and precipitated in cold Et2O. Purifications were 810 
conducted on PoraPak Rxn RP 6 cc reverse phase columns (400 mg) (WatersTM) using a 811 

gradient of H2O (0.1% FA) and ACN (0.1% FA). Purifications were monitored by liquid 812 
chromatography–mass spectrometry analyses in an Agilent 1260 Infinity at 35 °C using a 813 

Kinetex XB-C18 column (4.6 × 50 mm, 5 μm) (Phenomenex). H2O (0.1% formic acid) and ACN 814 

(0.1% formic acid) were used as mobile phases in a gradient from 5–95% ACN at a 1.0 ml 815 

min−1 flow rate. Pure fractions were combined and lyophilized to afford dipeptides as white 816 
solids (81-98% purities). Synthetic dipeptides were resuspended in DMSO at 250mM and 817 
stored at -20°C. 818 

 819 

Screening dipeptides  820 

 Cells were seeded in 48-well plates at 5x104 cells/ml in 1ml volume in triplicate in either 821 

HMI-9 or HMI-9 with 500µM or 250µM dipeptide. Cell counts were taken every 24hrs for 72hrs 822 
using a CellDrop automated cell counter (DeNovix). If required, following each count, cells 823 

were diluted back to ~5x104 cells/ml to prevent overgrowth and accumulation of waste 824 

products. If a dipeptide treated population was diluted, dipeptides were added to the fresh 825 
medium at the appropriate concentration. Parasite growth was plotted as cumulative cells/ml.  826 

 827 

Computational analysis of TbAKT-like and TbAGCK-QS proteins 828 
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 Protein domains were identified using the built-in Protein Browser on TriTrypDB57 and 829 

the ExPASy ScanProsite Tool58. Multiple sequence alignments and phylogenetic trees were 830 

generated using CLUSTAL O(1.2.4)59 and the default parameters. Orthologous sequences of 831 
TbAGCK-QS and TbAKT-like were retrieved from the web databases TriTrypDB and 832 

UniProtKB60. The predicted TbAGCK-QS 3D predicted structure was obtained from the built-833 

in AlphaFold61 Structure Prediction Visualization Tool on TriTrypDB. 834 
 835 

Mutant production 836 

 DNA site-directed mutagenesis was performed on the wild-type TbAKT-like sequence 837 
cloned into a pCR-Blunt II-TOPO vector using the QuikChange II XL Site-Directed 838 

Mutagenesis Kit (Agilent Technologies) according to the manufacturers protocol. Sanger 839 

sequencing of the resulting DpnI treated plasmid confirmed insertion of the correct mutation. 840 
Primers used for site-directed mutagenesis are listed in Supplementary Data 4. The mutant 841 

TbAKT-like sequence was then digested from the cloning vector using KpnI and BamHI and 842 
ligated into a pPOTv6 HYG or BLE vector that had been opened using the same enzymes 843 
(resulting in mutant TbAKT-like-TY3-C). The mutant CRISPR/Cas9 repair template and 844 

sgRNAs were amplified using the same primers as used for the wild-type TbAKT-like-TY3-C 845 
addbacks and used to transfect the TbAKT-like dKO parasite line. One transfection was 846 
required per addback rescue copy.  847 

 848 

pCPT-cAMP resistance assays 849 

 Cells were seeded at 5x104 cells/ml in 24 wells plates in triplicate in either HMI-9 or 850 

HMI-9 supplemented with 100µM 8-(4-chlorophenylthio)-cAMP (pCPT-cAMP, Sigma). Cell 851 

counts were taken every 24hrs for 72hrs using a CellDrop automated cell counter (DeNovix). 852 
If required, following each count, cells were diluted back to ~5x104 cells/ml in the appropriate 853 
medium to prevent overgrowth and accumulation of waste products. Parasite growth was 854 

plotted as cumulative cells/ml.  855 
 856 

Proteomics and phosphoproteomics sample generation 857 

 Four triplicate mouse infections were established as described above, 2 triplicate 858 

infections were established with ‘wildtype’ J1339 parasites and 2 triplicate infections with 859 

TbAKT-like null parasites. For each cell line, triplicate samples would either be taken during 860 
the ascending phase of parasitaemia or at the peak phase of parasitaemia. At the appropriate 861 

parasitaemia, parasites were purified from whole blood and washed 3 times in PSG. Protein 862 

samples were generated and resuspended in 8M urea/0.1M Tris pH8/1mM CaCl2 as described 863 

in McDonald et al.14.  864 
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 All protein samples were processed identically and in parallel, and subjected for MS 865 

analysis under the same conditions. Protein and peptide lists were generated using the same 866 

software and parameters. Per sample, 30µg of total protein was subjected to the Filter Aided 867 
Sample Preparation (FASP) protocol, and the samples digested as described by Wisniewski 868 

et al.62 with minor modifications. Briefly, each protein sample was added to a 10 kDa MWCO 869 

filter unit (Vivacon, UK) with 150 µl of denaturation buffer (8M Urea in 50mM ammonium 870 
bicarbonate (ABC) (Sigma Aldrich)) and spun at 14,000 x g for 20 min, then washed with 200µl 871 

denaturation buffer. The protein samples were reduced by the addition of 100 µl 10 mM 872 
dithiothreitol (Sigma Aldrich, UK) in denaturation buffer for 30 min at room temperature, and 873 

alkylated by adding 100 µl 55 mM iodoacetamide (Sigma Aldrich, UK) in denaturation buffer 874 

for 20 min at room temperature in the dark. The samples were washed twice with 100µl 875 
denaturation buffer and twice with digestion buffer (50mM ABC) before the addition of trypsin 876 

(Pierce, UK). The protease:protein ratio was 1:20 and proteins were digested overnight at 877 

37°C. Following digestion, samples were spun at 14,000 x g for 20 min and the flow-through 878 
containing digested peptides collected. The filters were washed with 100 µl of digestion buffer 879 
and the flow-through collected again. The filter unit eluates were acidified using 20 µl of 10% 880 

Trifluoroacetic Acid (TFA) (Sigma Aldrich). From each sample, 10% was spun onto StageTips 881 
as described by Rappsilber et al.63 and the remainder was subjected to phosphor-enrichment 882 

using MagReSyn® Zr-IMAC HP beads (ReSyn Biosciences, UK), following the company’s 883 
protocol. The phospho-enriched samples were then concentrated with StageTips as above.  884 
 885 

Mass spectrometry 886 

LC-MS analyses were performed on Orbitrap Exploris™ 480 (Thermo Fisher Scientific, 887 
UK) on a Data Independent Acquisition (DIA) mode, coupled on-line, to an Ultimate 3000 888 

HPLC (Dionex, Thermo Fisher Scientific, UK). Peptides were separated on a 50 cm (2 µm 889 

particle size) EASY-Spray column (Thermo Scientific, UK), which was assembled on an EASY-890 
Spray source (Thermo Scientific, UK) and operated constantly at 55oC. Mobile phase A 891 

consisted of 0.1% formic acid in LC-MS grade water and mobile phase B consisted of 80% 892 

acetonitrile and 0.1% formic acid. Peptides were loaded onto the column at a flow rate of 0.3 893 
μL min-1 and eluted at a flow rate of 0.25 μL min-1 according to the following gradient: 2 to 40% 894 

mobile phase B in 150 min and then to 95% in 11 min. Mobile phase B was retained at 95% 895 

for 5 min and returned back to 2% a minute after until the end of the run (190 min).  896 
Survey scans were recorded at 120,000 resolution (scan range 350-1650 m/z) with an ion 897 
target of 5.0e6, and injection time of 20ms. MS2 was performed in the orbitrap at 30,000 898 

resolution with a scan range of 200-2000 m/z, maximum injection time of 55ms and AGC target 899 

of 3.0E6 ions. HCD fragmentation was used with stepped collision energy of 25.5, 27 and 30. 900 

Variable isolation windows were used throughout the scan range, ranging from 10.5 to 50.5 901 
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m/z. Narrow isolation windows (10.5-18.5 m/z) were applied from 400-800 m/z and then 902 

gradually increased to 50.5 m/z until the end of the scan range. The default charge state was 903 

set to 3. Data for both survey and MS/MS scans were acquired in profile mode. 904 
The DIA-NN software platform version 1.9.2.64 was used to process the DIA raw files 905 

and search was conducted against the Trypanosoma brucei brucei complete/reference 906 

proteome (from Uniprot, released in September, 2025). Precursor ion generation was based 907 

on the chosen protein database (automatically generated spectral library) with deep-learning 908 

based spectra, retention time and IMs prediction. Digestion mode was set to specific with 909 
trypsin allowing maximum of one missed cleavage. Carbamidomethylation of cysteine was set 910 

as fixed modification. Oxidation of methionine, acetylation of the N-terminus and 911 

phosphorylation of serine threonine and tyrosine were set as variable modifications (one per 912 

peptide). The parameters for peptide length range, precursor charge range, precursor m/z 913 
range and fragment ion m/z range as well as other software parameters were used with their 914 

default values. The precursor FDR was set to 1%. Spectral library was created with information 915 
from the FASTA database. 916 

 917 

Proteomic and phosphoproteomic analysis 918 

 Statistical enrichment analysis for both the total and phospho-proteomes were 919 

performed using the bioconductor package DEP2 in R65,66. A filtering threshold was applied 920 

such that proteins/peptides were preserved for further analysis when 1) there was no more 921 
than one missing value within replicates, and 2) they were identified in at least 30% of the 922 
samples. For the phospho-proteome, sample WT Peak PE replicate 3 fell below quality 923 
thresholds and was excluded from the analysis. The data were log2 transformed and 924 
normalised by variance stabilising transformation. Missing values were then calculated by 925 

Random Forest imputation using the R missForest package67, with variables processed in 926 

decreasing order, and with 100 trees per variable forest. Differential enrichment analysis was 927 

performed on protein/peptides by a moderated t-test using limma with manually defined 928 

contrasts68. Multiple testing correction was applied using the Benjamini & Hochberg method 929 
to calculate the adjusted p-values. Proteins and phosphopeptides presenting a fold change 930 

>1.5 and an adjusted p-value <0.05 in a given condition were considered statistically enriched. 931 

 932 

Statistical Analysis 933 

 All statistical analyses, except for the proteomic and phosphoproteomic datasets, were 934 

carried out in GraphPad Prism version 10 (GraphPad Software, La Jolla, California, USA, 935 
www.graphpad.com). For individual experiments, n values are included in the Figure Legend. 936 

http://www.graphpad.com/
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A p-value <0.05 was considered significant. Sample blinding was not performed for the 937 

immunofluorescence microscopy analysis. 938 

 939 

Data Availability 940 

 The mass spectrometry proteomics data have been deposited to the 941 

ProteomeXchange Consortium via the PRIDE69 partner repository with the dataset identifier 942 

PXD085218.  943 
All DRiF-Seq DNA sequencing data associated with this work are available in the 944 

European Nucleotide Archive (www.ebi.ac.uk/ena) under Study Accession ERA37367393. 945 
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Figure 1: DRiF-Seq identifies novel determinants of BHI sensitivity 1178 

(a) Schematic representation of the DRiF-Seq-based approach to identify genes whose 1179 

silencing confers resistance to 10% brain heart infusion (BHI) broth. 1180 
(b) Cumulative growth (cells/ml) of pleomorphic AnTat-TTLib cells over 72hrs either in the 1181 

presence (yellow) or absence (blue) of 10% BHI for two replicates. 1182 

(c) Left: DRiF-Seq results for each replicate. Each dot represents a different gene detected, 1183 

the red dots represent an FDR <0.05 in the +BHI conditions. The X axis presents the Z score 1184 

calculated for a given gene in the -BHI conditions and the Y axis presents the Z score for the 1185 

same given gene in the +10%BHI conditions. The dotted line represents a Z score of 0 in 1186 
either condition. The further left a gene is on the plot, the more a LoF phenotype is observed 1187 

in -BHI conditions compared to the rest of the genome; whilst the higher the gene is on a plot 1188 

the more resistance to BHI is observed upon gene KD compared to the rest of the genome. 1189 
Genes that were identified by the Mony et al. 12 RNAi screen (plus ZC3H20) are highlighted in 1190 

blue. Genes for which RNAi lines were generated and tested in this study are highlighted in 1191 
yellow. Numerical gene annotations are all preceded by ‘Tb927’. Right: Correlation of Z scores 1192 
between the two replicates after 72hrs growth in the absence (top) or presence (bottom) of 1193 

10% BHI. The r2 value is shown within the plot. Each dot represents a different gene detected. 1194 
The dotted line represents an r2 of 1.  1195 

 1196 

Figure 2: TbAKT-like and TbAGCK-QS are regulators of in vitro differentiation 1197 

(a) CRISPR-Cas9 strategy used to knock out both copies of either TbAKT-like kinase or 1198 

TbAGCK-QS. 1199 

(b) Cumulative growth (cells/ml) over 72hrs of AnTat1.1 J1339 (i) TbAKT-like dKO or (ii) 1200 

TbAGCK-QS dKO cell lines (blue) compared to the parental AnTat1.1 J1339 cell line (yellow) 1201 
when grown either in the absence (bold line and filled symbol) or presence (dotted line and 1202 

open symbol) of 10% BHI. The plot shows the mean ± s.d, n =3. 1203 

(c) (i) Left: Western blot analysis, using a BB2 antibody, of TbAKT-like-TY3-C rescue copy 1204 
protein expression in the TbAKT-like single and double addback lines compared to the 1205 

parental J1339 and TbAKT-like dKO cell lines. Aldolase was used as a loading control.  Right: 1206 

Cumulative growth (cells/ml) over 96hrs of the AnTat1.1 J1339 parental cell line (yellow), 1207 
TbAKT-like dKO cell line (blue), TbAKT-like-TY3-C single addback (sAB, pink) and TbAKT-1208 

like-TY3-C double addback (dAB, teal) in the presence of 10% BHI (dotted lines and open 1209 

symbols). For reference, the growth of the parental J1339 cell line in the absence of BHI is 1210 
shown as the yellow bold line with filled symbols. The plot shows the mean ± s.d, n =3. (ii) 1211 

Left: Western blot analysis, using a BB2 antibody, of N-TY3-TbAGCK-QS rescue copy protein 1212 
expression in the TbAGCK-QS single and double addback lines compared to the parental 1213 
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J1339 and TbAGCK-QS dKO cell lines. Aldolase was used as a loading control. Right: 1214 

Cumulative growth (cells/ml) over 96hrs of the AnTat1.1 J1339 parental cell line (yellow), 1215 

TbAGCK-QS dKO cell line (blue), N-TY3-TbAGCK-QS single addback (sAB, pink) and N-TY3-1216 
TbAGCK-QS double addback (dAB, teal) in the presence of 10% BHI (dotted lines with open 1217 

symbols). For reference, the growth of the parental J1339 cell line in the absence of BHI is 1218 

shown as the yellow bold line with filled symbols. The plot shows the mean ± s.d, n =3. (d) 1219 
Percent PAD1 positive cells in the (i) AnTat1.1 J1339 parental (yellow), TbAKT-like dKO (blue), 1220 

TbAKT-like-TY3-C sAB (pink) and TbAKT-like-TY3-C (teal) or (ii) AnTat1.1 J1339 parental 1221 
(yellow), TbAGCK-QS dKO (blue), N-TY3-TbAGCK-QS sAB (pink) and N-TY3-TbAGCK-QS 1222 

dAB (teal) populations following 96hrs growth in 10% BHI. Cells were methanol fixed and 1223 

PAD1 positivity was determined by IFA using a PAD1 antibody. Data represents the mean ± 1224 
s.d for three biological replicates. At least 250 cells were counted per replicate. *** p ≤ 0.001, 1225 

**** p ≤ 0.0001 as determined by ordinary one-way ANOVA. 1226 

 1227 

Figure 3: TbAKT-like and TbAGCK-QS are involved in the response to a specific 1228 

QS-inducing dipeptide in vitro 1229 

(a) Cumulative growth of AnTat1.1 J1339 cells during 72hrs culture with 500µM dipeptide (teal) 1230 

relative to a DMSO treated control (dark blue). Predicted negative control dipeptides are 1231 
shown in yellow. The plot shows the mean ± s.d, n =3. * p ≤ 0.05, **** p ≤ 0.0001 as determined 1232 
by ordinary one-way ANOVA. 1233 
(b) Left: Cumulative growth (cells/ml) of AnTat1.1 J1339 (top) or Lister 427 (bottom) cells 1234 

cultured for 72hrs with either a DMSO only control (grey circles) or 500µM N-F (blue circles). 1235 
Data represents mean ± s.d, n =3. Right: IFA analysis of AnTat1.1 J1339 (top 4 panels) or 1236 
Lister 427 (bottom 4 panels) cells methanol fixed and stained for PAD1 expression using a 1237 

PAD1 antibody following 72hrs culture with 500µM N-F. Nuclear and kinetoplast DNA was 1238 

visualised by DAPI staining. The top 4 panels show examples of PAD1 positive cells in the 1239 
AnTat1.1 J1339 samples (approximately a third of the population). No such PAD1 positive 1240 

cells were observed in the Lister 427 cell lines. Scale bar, 10µm. 1241 

(c) Cumulative growth (cells/ml) of (i) TbAKT-like dKO or (ii) TbAGCK-QS dKO cells cultured 1242 
for 72hrs with either a DMSO only control (grey circles) or 500µM N-F (blue circles). Data 1243 

represents mean ± s.d, n =3 1244 

(d) Percent PAD1 positive cells in the AnTat1.1 J1339 parental (yellow), Lister 427 (blue), 1245 
TbAKT-like dKO (pink) or TbAGCK-QS dKO populations following 72hrs culture with 500µM 1246 

N-F. Cells were methanol fixed and PAD1 positivity was determined by IFA using a PAD1 1247 

antibody. Data represents the mean ± s.d for three biological replicates. At least 100 cells were 1248 

counted per replicate. **** p ≤ 0.0001 as determined by ordinary one-way ANOVA. 1249 
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 1250 

Figure 4: TbAKT-like or TbAGCK-QS gene deletion delays differentiation in vivo 1251 

(a) Left: Parasitaemia in triplicate MF1 mouse infections with the (i) AnTat1.1 J1339 parental, 1252 

(ii) TbAKT-like dKO and (iii) TbAGCK-QS dKO cell lines. Right: Representative images from 1253 
morphological analysis of cells isolated on the final day of infection. Nuclear and kinetoplast 1254 

DNA was visualised by DAPI staining. Scale, 10µm. 1255 

(b) Analysis of distance (µm) between the kinetoplast and nucleus of methanol fixed and DAPI 1256 
stained AnTat1.1 J1339 parental (yellow), TbAKT-like dKO (pink) and TbAGCK-QS dKO (blue) 1257 

cells isolated on days 4-7 post mouse infection. Each dot represents an individual cell, at least 1258 
250 cells were counted per biological replicate. The black line represents the median of 3 1259 

biological replicates. **** p ≤ 0.0001 as determined by Kruskal-Wallis test. 1260 

(c) Percentage of AnTat1.1 J1339 parental (yellow), TbAKT-like dKO (pink) and TbAGCK-QS 1261 
dKO (blue) populations that consisted of actively replicating cells as determined by counting 1262 

2K1N and 2K2N cells by IFA following DAPI staining. At least 250 cells were counted per 1263 

biological replicate. Data represents mean ± s.d, n =3. * p ≤ 0.05 as determined by two-way 1264 
ANOVA. 1265 

(d) Percentage of AnTat1.1 J1339 parental (yellow), TbAKT-like dKO (pink) and TbAGCK-QS 1266 
dKO (blue) populations that were PAD1 positive as determined by IFA following staining using 1267 
a PAD1 antibody. At least 250 cells were counted per biological replicate. Data represents 1268 

mean ± s.d, n =3. * p ≤ 0.05 as determined by two-way ANOVA. 1269 

 1270 

Figure 5: TbAKT-like and TbAGCK-QS are positioned upstream of all previously 1271 

identified QS signal transduction molecules  1272 

(a) Schematic and potential outcomes for pCPT-cAMP assays to place TbAKT-like and 1273 

TbAGCK-QS on the QS signalling pathway 1274 
(b) Cumulative growth (cell/ml) over 72hrs of a TbDYRK dKO cell line (teal) and the parental 1275 
AnTat1.1 J1339 cell line (yellow) cultured either with (dotted line and open symbols) or without 1276 

(sold line and filled symbols) in the presence of 100µM pCPT-cAMP. The plot shows the mean 1277 
± s.d, n =3. The position of the kinase with regard to where pCPT-cAMP triggers the QS 1278 

signalling pathway is denoted below the plot. 1279 

(c) Cumulative growth (cell/ml) over 72hrs of a (i) TbAKT-like dKO or (ii) TbAGCK-QS dKO 1280 
cell line (teal) and the parental AnTat1.1 J1339 cell line (yellow) cultured either with (dotted 1281 
line and open symbols) or without (sold line and filled symbols) in the presence of 100µM 1282 

pCPT-cAMP. The plot shows the mean ± s.d, n =3. Since both kinase null mutants arrest in 1283 

the presence of pCPT-cAMP, the kinases must both be positioned upstream of where pCPT-1284 

cAMP triggers the QS signalling pathway, as denoted below the plot. 1285 
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 1286 

Figure 6: TbAKT-like catalytic residues, lipid binding and the T290 phosphosite 1287 

contribute towards oligopeptide response 1288 

(a) Schematic of TbAKT-like. Mutations made in this study are shown above in red. Schematic 1289 
not to scale. 1290 

(b) Western blot analysis, using a BB2 antibody, of TbAKT-like-TY3-C mutant protein 1291 

expression compared to the parental J1339, TbAKT-like dKO, TbAKT-like-TY3-C WT sAB and 1292 
TbAKT-like-TY3-C WT dAB cell lines. Aldolase was used as a loading control. 1293 

(c) Cumulative growth of AnTat1.1 J1339 parental (yellow), TbAKT-like dKO (blue), TbAKT-1294 

like-TY3-C WT sAB (sAB, pink) and mutant TbAKT-like-TY3-C expressing (grey) cell lines 1295 
during 96hrs culture supplemented with 10% BHI relative to their own respective -BHI control. 1296 

The T290A/T450A mutant is depicted as TT/AA. The plot shows the mean ± s.d, n =3. * p ≤ 1297 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 as determined by ordinary one-way ANOVA. 1298 

 1299 

Figure 7: TbAKT-like places an inactivating phosphorylation on the slender 1300 

retainer NOT5 during in vivo differentiation 1301 

(a) Proportion of 1K1N (G1) cells in the parental AnTat1.1 J1339 (yellow) and TbAKT-like dKO 1302 
(blue) populations at the ascending and peak phases of parasitaemia, as determined by 1303 

microscopy analysis of methanol fixed and DAPI stained cells. Cells were fixed at the time as 1304 
sample extraction for phosphoproteomic analysis. At least 250 cells were counted per 1305 

biological replicate. Data represents mean ± s.d, n =3. 1306 
(b) Percentage of AnTat1.1 J1339 (yellow) and TbAKT-like dKO (blue) populations that were 1307 
PAD1 positive as determined by IFA following staining using a PAD1 antibody. Cells were fixed 1308 

at the time as sample extraction for phosphoproteomic analysis. At least 250 cells were 1309 

counted per biological replicate. Data represents mean ± s.d, n =3. * p ≤ 0.05 as determined 1310 
by unpaired t test. 1311 
(c) Principal component analysis (PCA) showing the top 2 principal components from the 1312 

protein level data. 75.2% of variance in the data (PC1) can be explained by the progression 1313 
of cells from slender to stumpy forms. Symbols are coloured by condition: WT Ascending, 1314 

blue; KO Ascending, pink; WT Peak, purple; and KO Peak, green. Each symbol represents a 1315 

different biological replicate. 1316 
(d) Volcano plot showing the differential analysis of protein abundance between the KO and 1317 
WT samples at ascending (left) and peak (right) phases of parasitaemia. The adjusted p value 1318 

cutoff was set to ≤ 0.05 and the log2fc cutoff to ≥1.5 in either direction. Each dot represents a 1319 

different protein. Blue dots are proteins that are significantly more abundant in WT samples 1320 

and red dots are those that are significantly more abundant in KO samples for each condition. 1321 
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Annotated genes are those that were identified as stumpy markers in Briggs et al70 as well as 1322 

the other the other known stumpy marker proteins, PAD1 (Tb927.7.5930), PAD4 1323 

(Tb927.7.5960), ESAG9 (Tb927.5.4620) and NrkA (Tb927.4.5390). 1324 
(e) Principal component analysis (PCA) showing the top 2 principal components from the 1325 

phosphopeptide level data. 32.4% of variance in the data (PC1) can be explained by the 1326 

progression of cells from slender to stumpy forms. Symbols are coloured by condition: WT 1327 
Ascending, blue; KO Ascending, pink; WT Peak, purple; and KO Peak, green. Each symbol 1328 

represents a different biological replicate.  1329 
(f) Volcano plot showing the differential analysis of phosphopeptide abundance between the 1330 

KO and WT samples at ascending (left) and peak (right) phases of parasitaemia. The 1331 

adjusted p value cutoff was set to ≤ 0.05 and the log2fc cutoff to ≥1.5 in either direction. Each 1332 
dot represents a different phosphopeptide. Blue dots are phosphopeptides that are 1333 

significantly more abundant in WT samples and dark red dots are those that are significantly 1334 

more abundant in KO samples for each condition. Bright red dots with annotation are the 1335 
phosphopeptides that contain the TbAKT-like substrate motif RxRxxS/T. The annotation box 1336 
contains the protein ID from which the phosphopeptide is derived and the peptide sequence 1337 

with the motif residues depicted in blue and the phosphorylated residue in green.  1338 
 1339 

Figure 8: TbAKT-like coordination of the trypanosome quorum sensing signalling 1340 

pathway based on the canonical eukaryotic model 1341 
After translocation by TbGPR89 of the oligopeptide quorum sensing signal, PIP3 generation 1342 
is catalysed from PIP2 by the activity of PI3Kinase. PIP3 recruits TbAKT-like to the 1343 
trypanosome inner membrane via its pleckstrin homology domain, this removing steric 1344 
hinderance and permitting activating phosphorylation of TbAKT-like by PDK1 and mTORC2. 1345 

TbAKT-like then promotes the slender to stumpy transition through the activation of AMPK, 1346 

which feeds in to the characterised quorum sensing signal transduction pathway. TbAKT-like 1347 
also directly or indirectly inhibits slender retainer molecules such as TbTOR4, GSK and NOT5, 1348 

which is part of the CAF deadenylation complex. This may act to stabilise mRNAs important 1349 

for stumpy formation, or stabilise general cellular mRNAs to prolong the stumpy lifespan. 1350 
 1351 

Supplementary Figure 1 1352 

(a) DRiF-Seq results for each replicate. Each dot represents a different gene detected. 1353 
‘Priority’ genes which fulfilled the selection criteria for further consideration are highlighted in 1354 
turquoise. (b) Table showing the genes selected for further investigation alongside their 1355 

product description as given on TriTrypDB and Z scores/ log10(q value) for each given condition 1356 

and replicate experiment. 1357 
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 1358 

Supplementary Figure 2 1359 

(a) and (b) Cumulative growth (cells/ml) over 72hrs of AnTat1.1 90:13 p2T7-177 RNAi cell 1360 
lines that (a) showed resistance or (b) did not show resistance to 10% BHI upon induction of 1361 

RNAi. Cells were grown in triplicate in the absence (blue) or presence (yellow) of 10% BHI 1362 

with RNAi uninduced (bold line and filled symbol, -DOX) or induced (dotted line and open 1363 
symbol, +DOX). The identity of each targeted gene is shown above each plot. The AnTat1.1 1364 

90:13 parental cell line was used as a control. The plot shows the mean ± s.d, n =3. Inset: 1365 
qRT-PCR determination of transcript knockdown upon 72hrs continuous RNAi induction. Data 1366 

are presented as gene expression relative to the uninduced cell line (blue bar). Gene 1367 

expression in the induced cell line is shown as the yellow bar. Data were calculated from 1368 
technical triplicates for one biological replicate. (c) Growth (cells/ml) over 72hrs of AnTat1.1 1369 

90:13 p2T7-177 RNAi cell lines that did (i) or did not (ii) show resistance to basement 1370 

membrane extract (BME) upon the induction of RNAi. Cells were grown in triplicate in the 1371 
absence (blue) or presence (yellow) of BME with RNAi uninduced (bold line and filled symbol, 1372 

-DOX) or induced (dotted line and open symbol, +DOX). The identity of each targeted gene is 1373 
shown above each plot. The AnTat1.1 90:13 parental cell line was used as a control. The plot 1374 
shows the mean ± s.d, n =3. 1375 

 1376 

Supplementary Figure 3 1377 
Summary of BHI and BME resistance phenotypes observed in the tested RNAi lines. (a) Red 1378 
indicates no resistance, green indicates resistance, grey indicates not tested. (b) Red 1379 
indicates no resistance, orange indicates BHI resistance only, green indicates BHI and BME 1380 
resistance.   1381 

 1382 
Supplementary Figure 4 1383 

PCR confirmation of TbAGCK-QS and TbAKT-like knockout. (a) PCR strategy. PCR A uses 1384 

primers that bind to sites in the 5’ and 3’ UTRs that should be present in both WT and KO 1385 
cells. PCR B uses a forward primer that binds the kinase CDS and a reverse primer that binds 1386 

the 3’ UTR. PCR C uses a forward primer that binds the 5’ UTR and a reverse primer that 1387 

binds the kinase CDS. PCR D uses primers that bind the kinase CDS (b) Results from the 1388 
TbAKT-like dKO cell line (c) Results from the TbAGCK-QS dKO cell line.  1389 

 1390 

Supplementary Figure 5 1391 
Cumulative growth of AnTat1.1 J1339 cells during 72hrs culture with 250µM dipeptide (teal) 1392 

relative to a DMSO treated control (dark blue). Predicted negative control dipeptides are 1393 
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shown in yellow. The plot shows the mean ± s.d, n =3. *** p ≤ 0.001 as determined by ordinary 1394 

one-way ANOVA.  1395 

 1396 

Supplementary Figure 6 1397 

(a) Schematic of TbAGCK-QS with the kinase domain and key ATP binding/catalytic residues 1398 

depicted. Not drawn to scale. (b) AlphaFold prediction of TbAGCK-QS structure coloured by 1399 

predicted local distance difference test (pLDDT) score. (c) Multiple sequence alignment of 1400 

TbAGCK-QS with its syntenic orthologs from the reference kinetoplastid genome sequences 1401 

available on TritrypDB performed using Clustal Omega’s default parameters. TbAGCK-QS 1402 
syntenic orthologs that possess a C-terminal PH domain are highlighted in yellow. The branch 1403 

length is shown immediately to the right of each species. The length of each protein in amino 1404 

acids is shown to the right of the phylogenetic tree. (d) Cumulative growth (cell/ml) over 96hrs 1405 
of the AnTat1.1 J1339 parental cell line (yellow), TbAGCK-QS dKO cell line (dKO, blue), 1406 

TbAGCK-QS single addback (sAB, pink) and TbAGCK-QS double addback (dAB, teal) in the 1407 
presence of 10% BHI (dotted lines with open symbols). For reference, the growth of the 1408 
parental cell line in the absence of BHI is shown as the yellow bold line with filled symbols. 1409 

The same rescue construct was used to generate the cell lines on the left and the right, except 1410 
that for the cell lines depicted on the left plot the stop codon was not removed from the 1411 
TbAGCK-QS CDS, such that the Ty tag would not be translated. For the cells with no Ty tag 1412 

(left), the BHI resistance phenotype was rescued upon addback of one or two copies of 1413 
TbAGCK-QS. For the cells with the C-terminal TbAGCK-QS-TY3-C tag (right) no protein 1414 
expression could be detected (data not shown) and BHI resistance was not restored. The plot 1415 
shows the mean ± s.d, n =3. 1416 
 1417 

Supplementary Figure 7 1418 

(a) Multiple sequence alignment of TbAKT-like protein sequence with HsAKT1, Trypanosoma 1419 
cruzi AKT-like and Leishmania donovani AKT-like. The PH domain residues are highlighted in 1420 

yellow, the kinase core residues in blue and the regulatory domain residues in pink. (b) Sanger 1421 

sequencing confirmation of TbAKT-like mutations. (c) Cumulative growth (cells/ml) of AnTat1.1 1422 
J1339 parental (yellow), TbAKT-like dKO (teal), TbAKT-like-TY3-C WT sAB (sAB, pink) and 1423 

mutant TbAKT-like-TY3-C sAB expressing (orange) cell lines during 96hrs culture 1424 

supplemented either with (dotted line and open symbols) or without (solid line with filled 1425 
symbols) 10% BHI. The identity of the expressed mutant is given above each plot. The data 1426 
from these growth curves were used to plot Figure 5C. The plot shows the mean ± s.d, n =3. 1427 

 1428 

 1429 

 1430 
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Supplementary Figure 8 1431 

(a) Parasitaemia (parasites/ml) from MF1 mouse infections with the (i) AnTat1.1 J1339 1432 

parental and (ii) TbAKT-like dKO cell lines. For the ascending parasitaemia samples (blue), 1433 
cells were fixed and protein extracted on day 4 post infection, except for one J1339 replicate 1434 

where samples were collected on day 5. For the peak parasitaemia samples (yellow) cells 1435 

were fixed and protein extracted on day 6 post infection. (b) Number of proteins detected in 1436 
each ‘Total’ and phosphopeptide-enriched ‘PE’ replicate following normalisation and N/A 1437 

filtering. There were 2071 and 2015 proteins detected in WT PE Peak replicates 1 and 2 1438 
compared to only 479 in WT PE Peak replicate 3. (c) Missing data (white space) at the protein 1439 

level for each replicate in every condition. Where a value was detected for a given protein, the 1440 

space is shaded in black. The replicate samples (top) and proteins detected (left) were subject 1441 
to unsupervised hierarchical clustering. (d) Proportion (%) of the phosphopeptide level data 1442 

that consisted of N/A for each replicate in every condition. ‘Total’ samples are coloured pink, 1443 

phospho-enriched (PE) samples are coloured turquoise. The proportion of the data in WT PE 1444 
Peak replicate 3 is comparable to the level seen in the non-enriched ‘Total’ samples. 1445 

 1446 

Supplementary Figure 9 1447 
(a) Left: Number of proteins detected in the non-enriched ‘Total’ samples post-filtering. Right: 1448 
Pearson correlation heatmap for the protein level data. r2 values for each condition are 1449 

depicted below. Replicates were subject to unsupervised hierarchical clustering. (b) Left: 1450 
Number of phosphopeptides detected in the phospho-enriched ‘PE’ samples post-filtering. 1451 
Right: Pearson correlation heatmap for the phosphopeptide level data. r2 values for each 1452 
condition are depicted below. Replicates were subject to unsupervised hierarchical clustering. 1453 

 1454 

Supplementary Figure 10 1455 
(a) Left: Volcano plot showing the differential analysis of protein abundance between the 1456 

ascending and peak phases of parasitaemia in WT samples. The adjusted p value cutoff was 1457 
set to ≤ 0.05 and the log2fc cutoff to ≥1.5 in either direction. Each dot represents a different 1458 
protein. Blue dots are proteins that are significantly more abundant in samples taken at peak 1459 

parasitaemia and red dots are those that are significantly more abundant in samples taken 1460 
from ascending phase parasitaemia. Annotated genes are those that were identified as 1461 
stumpy markers in Briggs et al70 as well as the other the other known stumpy marker proteins, 1462 

PAD1 (Tb927.7.5930), ESAG9 (Tb927.5.4620), ZC3H20 (Tb927.7.2660), NrkA 1463 

(Tb927.4.5390), PAD4 (Tb927.7.5960), NrkB (Tb927.8.6930) and PIP39 (Tb927.9.6090) 1464 
Right: Gene ontology (GO) enrichment analysis of proteins that were significantly more 1465 

abundant in the WT peak samples than the WT ascending. (b) Left: As (a) but for the 1466 
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ascending and peak phases of parasitaemia in the KO samples. Right: Gene ontology (GO) 1467 

enrichment analysis of proteins that were significantly more abundant in the KO peak samples 1468 

than the KO ascending.  1469 

 1470 

Supplementary Figure 11 1471 

Log2fc change of phosphopeptides (x-axis) in KO vs WT samples plotted against the log2fc 1472 

of the respective protein level (y-axis) at Ascending (left) and Peak (right) parasitaemia. Each 1473 

dot represents a different phosphopeptide, with large circles having an adjusted p-value <0.05 1474 

and small transparent circles having an adjusted p-value > 0.05. Data was only plotted when 1475 
both protein and phosphopeptide level data was available. Colour scheme is as follows: Red, 1476 

peptides for which the protein level is significantly higher in the KO vs WT but for which there 1477 

is no reduction in phosphorylation in the KO; Blue, peptides that are significantly less 1478 
phosphorylated in the KO samples and for which the protein level remains stable; Orange, 1479 

Peptides for which protein level decreases in KO samples compared to WT but for which there 1480 
is no change in phosphorylation; Green, peptides for which protein level and phosphorylation 1481 
is decreased in the KO samples compared to the WT. (b) GO term biological process ‘cell 1482 

cycle regulation’ enrichment in the 30 proteins for which the protein level increase was not 1483 
associated with an increase in phosphorylation in the KO samples. (c) Volcano plots showing 1484 
the differential analysis of protein abundance between the KO and WT samples at ascending 1485 

(left) and peak (right) phases of parasitaemia. The adjusted p value cutoff was set to ≤ 0.05 1486 
and the log2fc cutoff to ≥1.5 in either direction. Each dot represents a different protein. Blue 1487 
dots are proteins that are significantly more abundant in WT samples and dark red dots are 1488 
those that are significantly more abundant in KO samples for each condition. Bright red dots 1489 
with annotation show the three proteins from which the TbAKT-like substrate motif containing 1490 

phosphopeptides that were significantly less abundant in KO samples were identified. Protein 1491 

level did not change in either comparison, thus demonstrating that the phosphopeptides are 1492 
differentially phosphorylated by TbAKT-like during differentiation and not degraded.  1493 
 1494 
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8


