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Abstract 7 

Background 8 

The eukaryotic parasite Plasmodium falciparum causes millions of malarial infections 9 

annually while drug resistance to common antimalarials is further confounding eradication 10 

efforts. Translation is an attractive therapeutic target that will benefit from a deeper 11 

mechanistic understanding. As the rate limiting step of translation, initiation is a primary driver 12 

of translational efficiency. It is a complex process regulated by both cis and trans acting factors, 13 

providing numerous potential targets.  Relative to model organisms and humans, P. falciparum 14 

mRNAs feature unusual 5’ untranslated regions suggesting cis-acting sequence complexity in 15 

this parasite may act to tune levels of protein synthesis through their effects on translational 16 

efficiency.  17 

Methods 18 

Here, we deployed in vitro translation to compare the role of cis-acting regulatory 19 

sequences in P. falciparum and humans. Using parasite mRNAs with high or low translational 20 

efficiency, the presence, position, and termination status of upstream “AUG”s, in addition to 21 

the base composition of the 5’ untranslated regions, were characterized.  22 

Results 23 
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The density of upstream “AUG”s differed significantly among the most and least 24 

efficiently translated genes in P. falciparum, as did the average “GC” content of the 5’ 25 

untranslated regions. Using exemplars from highly translated and poorly translated mRNAs, 26 

multiple putative upstream elements were interrogated for impact on translational efficiency.  27 

Upstream “AUG”s were found to repress translation to varying degrees, depending on their 28 

position and context, while combinations of upstream “AUG”s had nonadditive effects. The 29 

base composition of the 5’ untranslated regions also impacted translation, but to a lesser 30 

degree. Surprisingly, the effects of cis-acting sequences were remarkably conserved between P. 31 

falciparum and humans.  32 

Conclusion 33 

While translational regulation is inherently complex, this work contributes toward a 34 

more comprehensive understanding of parasite and human translational regulation by 35 

examining the impact of discrete cis-acting features, acting alone or in context.  36 

Keywords 37 

In vitro translation, translation initiation, upstream “AUG”s, upstream open reading frames 38 

Background 39 

 As the primary cause of severe malaria, Plasmodium falciparum remains a major global 40 

health threat. In 2018, approximately 228 million cases of malaria led to 405,000 deaths, 41 

primarily of children under the age of 5 [1]. Control and eradication of P. falciparum is 42 

complicated by widespread or emerging drug resistance to all common antimalarial drugs [2–43 

4]. To circumvent drug resistance, targeted therapeutic development has the potential to 44 

generate novel antimalarials with unique mechanisms of action. Unfortunately, targeted 45 
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development is hindered by an incomplete understanding of the basic molecular processes of 46 

P. falciparum and how they differ from human biology.  47 

 48 

Recently, translation has emerged as a potentially druggable pathway [5–7]. While no 49 

clinically approved antimalarials target cytoplasmic translation [5], there are promising new 50 

candidates to distinct translational mechanisms. For example, there is a growing number of 51 

compounds targeting tRNA synthetases [8,9], M5717 (formerly DDD107498) is currently in 52 

human trials and inhibits eukaryotic elongation factor 2 [6,8], and MMV008270 has been shown 53 

to selectively inhibit parasite translation through an unknown mechanism of action [10]. 54 

Currently no candidates are known to target translation initiation. 55 

 56 

Eukaryotic translation initiation determines the rate of translation of a given mRNA, 57 

referred to as the translational efficiency (TE) [11,12]. Initiation at the proper translation start 58 

site (typically an “AUG” start codon) relies on interactions between the start codon and the 59 

local sequence context (the Kozak sequence) with the initiator Met-tRNA and other initiation 60 

factors [13–15]. TE can additionally be regulated by cis-acting sequence elements throughout 61 

the 5’ untranslated region (5’ UTR), the sequence proceeding the translation start site. In 62 

particular, upstream “AUG”s (uAUGs) are commonly observed regulatory features that are 63 

divided into two groups: those that initiate open reading frames that extend beyond the 64 

translation initiation site, and those that are terminated, meaning they form upstream open 65 

reading frames (uORFs) by having an in-frame stop site proceeding the protein coding region 66 

[16–18]. These cis-acting regulatory elements lower TE through many potential mechanisms 67 
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including by initiating translation out of frame from the downstream ORF, by adding long amino 68 

acid extensions at the N-terminus, or by sequestering ribosomes within the 5’ UTRs [19–21].  69 

A well-documented example of uAUG/uORF driven regulation is GCN4 in Saccharomyces 70 

cerevisiae. The 5’ UTR of GCN4 contains four short uORFs that themselves are differentially 71 

translated under conditions of stress. Based on the availability of translation initiation factors, 72 

the uORFs modulate the translation rate of the primary protein coding region to fit the 73 

organisms current nutrient conditions [22,23]. While this example is deeply understood, it is 74 

not broadly generalizable, and the rules by which such sequences exert influence on TE remain 75 

challenging to describe even for the most studied of eukaryotes. For example, numerous 76 

variables have been identified in other contexts that modulate the effect of uAUGs and uORFs, 77 

including the Kozak sequence of the uAUG itself and the reading frame relative to the 78 

translational start site [19,24].  79 

Studies of P. falciparum have confirmed that it possesses the expected eukaryotic cap-80 

binding factors required for cap-dependent translation initiation [25,26]. Additionally, gene 81 

specific studies show that uAUGs and uORFs can repress translation in P. falciparum and that 82 

the Kozak sequence of uAUGs along with uORF length may modulate their effect on TE [27,28]. 83 

This is particularly intriguing since P. falciparum has repeatedly been shown to have unusually 84 

long 5’ UTRs containing many uAUGs [18,29,30]. Together this suggests that multiple cis-acting 85 

factors within the 5’ UTRs of P. falciparum could act broadly to tune TE throughout the normal 86 

lifecycle, as opposed to regulating specific genes under extreme conditions, such as with GCN4 87 

regulation. However, extensive ribosome profiling from our lab revealed that transcription and 88 

translation rates are highly correlated throughout the intraerythrocytic life cycle with less than 89 
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10% of the transcriptome being under significant translational control [18]. Ribosome profiling 90 

also showed that the presence of uAUGs and uORFs did not appear to correlate with TE, which 91 

is in contrast to model organisms and classic paradigms like yeast GCN4.   Together this 92 

highlights that it remains difficult to predict how cis-acting sequences within a given 5’ UTR will 93 

affect TE, especially in disparate eukaryotic species. 94 

 95 

Here, we sought to understand the interconnected effects of 5’ UTR cis-acting 96 

regulatory elements with respect to TE in both P. falciparum and human cells through a highly 97 

reductionist approach. To do so, we deployed an in vitro translation assay for P. falciparum and 98 

developed an equivalent assay for human K562 cells. Using a pair of naturally occurring P. 99 

falciparum 5’ UTRs with differing TEs, the individual contributions of the sequence context, 100 

positionality, and termination status of uAUGs, along with the base composition of the 5’ UTR 101 

to TE, were systematically dissected to understand their contributions, in isolation and in 102 

combination. Together these data present a complex portrait of interacting elements within 5’ 103 

UTRs that directly influence TE, most of which are similar in both P. falciparum and human.  104 

 105 

Methods 106 

 107 

Identifying characteristics associated with high and low TE from the 5’ UTRs of P. falciparum  108 

 109 

The ribosome profiling and mRNA sequencing data from the late trophozoite stage 110 

generated by Caro and Ahyong et. al. 2014 [18] were filtered for an abundance above 32 reads 111 

per million, a TE greater than zero, and a predicted 5’ UTR length above 175 nucleotides. 112 

Additionally, 30 genes that are not included in the PlasmoDB-28 P. falciparum 3D7 gene 113 
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annotations were removed. This resulted in a data set containing 2088 genes (Additional File 1). 114 

The 5’ UTR sequences were determined using the PlasmoDB-28 P. falciparum 3D7 genome. 115 

Sequence analysis was done using Python, K.S. tests were done using the Python SciPy package, 116 

and the data for Figure 1 was graphed using the Python Matplotlib package.  117 

 118 

Cloning length variations of PF3D7_1411400 and PF3D7_1428300 5’ UTRs 119 

The first step to generating the constructs used here was to create a Puc118-NanoLuc 120 

construct without a 5’ UTR (Additional File 2). Using In-fusion cloning the 5’ UTR and firefly 121 

luciferase enzyme from the EBA175-Firefly plasmid used previously [5,10] were replaced with 122 

the NanoLuc Luciferase (Promega) coding sequence. The plasmid generated, called P16, 123 

consists of: Puc118 backbone with a T7 promotor proceeding the NanoLuc Luciferase protein 124 

coding sequence followed by the 3’ UTR from PF_HRP2. 125 

 126 

To create the varying length 5’ UTR constructs, the 5’ UTR sequences of PF3D7_1411400 127 

and PF3D7_1428300 were amplified from P. falciparum W2 strain gDNA using Kapa 2G Robust 128 

DNA polymerase (Roche KK5024) with primers containing overhangs with the T7 promoter 129 

(forward primer) or NanoLuc (reverse primer). The P16 plasmid was amplified using Phusion 130 

polymerase (NEB M0530S) for the backbone (forward primer: ATGGTCTTCACACTCGAAGATTTC, 131 

reverse primer: CCTATAGTGAGTCGTATTAGAATTCG). The inserts and backbone were purified 132 

using a Zymo DNA Clean and Concentrator-5 (Zymo Research D4013). In-fusion reactions were 133 

performed per the In-fusion Cloning Kit (Takara 638918) instructions and reactions were 134 

transformed into Stellar Competent Cells (Takara 636766). 135 
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 136 

Cloning 5’ UTR 130 nucleotide constructs  137 

To generate the 130 nucleotide 5’ UTR constructs, long oligos containing an EcoRI-HF 138 

cut site, the T7 promoter, the desired 5’ UTR sequence, and a priming sequence to NanoLuc 139 

were purchased from Integrated DNA Technologies (forward primer: 140 

TGATTACGAATTCTAATACGACTCACTATAGG- desired 5’ UTR - ATGGTCTTCACACTCGAAGATTTC). 141 

The P16 plasmid was used as a template for PCR using Kapa 2G Robust with the reverse primer 142 

binding just after the BamHI-HF restriction site in Puc118 (reverse primer: 143 

CTGCAGGTCGACTCTAGA). PCR products were run on a 1% agarose gel to check the product size 144 

and purified using Zymo DNA Clean and Concentrator-5 (Zymo Research D4013). To create the 145 

cloning insert, purified PCR product was digested with EcoRI-HF and BamHI-HF at 37°C for 1.5 146 

hours and purified again using a Zymo DNA Clean and Concentrator-5 (Zymo Research D4013). 147 

For the cloning backbone, P16 was digested with EcoRI-HF and BamHI-HF at room temperature 148 

overnight (~12 hours), run on a 1% agarose gel, and gel extracted with the Zymoclean Gel DNA 149 

Recovery Kit (Zymo Research D4008). The insert and backbone were ligated using T4 DNA ligase 150 

(NEB M0202S) at room temperature for 30 mins and heat inactivated at 65°C for 10 mins. After 151 

heat inactivation, the reaction was transformed into Stellar Competent Cells (Takara 636766). 152 

All constructs were sequence verified. The sequences for all the 5’ UTRs evaluated can be found 153 

in Additional File 3.  154 

 155 

Generating reporter RNA for in vitro translation 156 
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All mRNA generating plasmids were digested with PvuII-HF (NEB R[Δ4]151L) and ApaLI-157 

HF (NEB R0507L) at 37°C for 3 hours. After digestion, templates were run on a 1% agarose gel to 158 

confirm cutting and the reactions were purified with Zymo DNA Clean and Concentrator-5 159 

(Zymo Research D4013). 1ug of linearized template was used in a 100uL T7 RNA Polymerase 160 

(purified in house) reaction that was incubated at 37°C for three hours. After T7 reactions were 161 

complete, 15uL TurboDNAse (ThermoFisher Scientific AM2238) was added, and reactions were 162 

incubated at 37°C for 15 minutes. The RNA was then purified using a Zymo RNA Clean and 163 

Concentrator-25 Kit (Zymo Research R1017). Eluted RNA was measured using the Qubit RNA HS 164 

Assay Kit (Thermo Fisher Scientific Q32852) then capped following the protocol for the Vaccinia 165 

Capping System (NEB M2080S) and purified one last time using Zymo RNA Clean and 166 

Concentrator-5 (Zymo Research R1013). Capped RNA concentrations were measured using the 167 

Qubit RNA HS Assay Kit (Thermo Fisher Scientific Q32852). Final RNA was diluted to 168 

0.25pmoles/ul for use in the in vitro translation assays. 169 

For the comparing capped veruses uncapped mRNA, uncapped RNA was incubated for 5 170 

minutes at 65°C to match the treatment of capped RNAs. The same RNA that was used in the 171 

vaccinia capping reaction was directly compared to the post-cap RNA.  172 

 173 

Generating P. falciparum in vitro translation lysates 174 

P. falciparum W2 strain (MRA-157) from MR4 was grown in human erythrocytes at 2% 175 

hematocrit in RPMIc medium (RPMI 1640 media supplemented with 0.25% Albumax II 176 

(GIBCOLife Technologies), 2 g/L sodium bicarbonate, 0.1 mM hypoxanthine, 25 mM HEPES (pH 177 
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7.4), and 50μg/L gentamicin), at 37°C, 5%O2, and 5%CO2. Cultures were maintained at 2-5% 178 

parasitemia.  179 

 180 

In depth step-by-step protocols for lysate generation have been previously published 181 

[5]. In summary, cultures were synchronized twice using 5% sorbitol six hours apart. Once 182 

cultures recovered to 10% parasitemia, they were used to seed two 500mL hyperflasks (Corning 183 

10031). When cultures reached the late trophozoite stage at 10−20% parasitemia, the cultures 184 

were centrifuged for 5 min at 1500g at room temperature with no break, the supernatant was 185 

removed, and 0.025–0.05% final saponin (exact amount determined by optimization of each 186 

batch of saponin) in Buffer A (20 mM HEPES pH8.0, 2mM Mg(OAc)2, 120mM KOAc) was added.  187 

Saponin lysed cultures were centrifuged at 4°C at 10,000g for 10 min in a Beckman Coulter 188 

J26XPI. Pellets were washed twice with buffer A with centrifuging between each wash and then 189 

were re-suspended in an equal volume to the pellet of BufferB2 (20 mM HEPES pH8.0,100 mM 190 

KOAc, 0.75mMMg(OAC)2, 2mMDTT,20% glycerol,1XEDTA-free protease inhibitor cocktail 191 

(Roche)), flash frozen, and stored in -80°C. Frozen pellets were then thawed at 4°C and lysed by 192 

passing them through a cell homogenizer containing a 4μm-clearance ball bearing (Isobiotec, 193 

Germany) 20 times by hand or using a custom build machine [31]. The whole-cell lysate was 194 

then centrifuged at 4°C at 16,000g for 10 min and the supernatant was flash frozen and stored 195 

at -80°C. The experiments performed here used a pool of lysates from multiple different 196 

harvests that were each individually tested for a minimal activity of 10
4 

using a high expression 197 

RNA containing NanoLuc (A[WT]) and the Promega Nano-Glo Luciferase assay system (Promega 198 

N1110). Pooled lysates were then optimized for the needed amount of Mg(OAc)2 and an 199 
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optimal incubation time at 37°C, in this case 3mM final concentration Mg(OAc)2 and 57 200 

minutes. 201 

 202 

Generating K562 in vitro translation lysates 203 

K562 suspension cells were cultured in RPMI 1640 media supplemented with 10% fetal 204 

bovine serum, 10mM Hepes (pH 7.2-7.5), and 0.5mg/mL Penicillin-Streptomycin-Glutamine. 205 

Cultures were maintained by splitting to 10
5
 cells/mL and were counted using a BD Accuri.  206 

 207 

When cells reached 10
6
 cells/mL, the cultures were centrifuged for 5 min at 1500g at 208 

room temperature and the supernatant was removed. Pellets were washed twice with buffer A 209 

with centrifuging at 1500g at 4°C between each wash. Finally, pellets were re-suspended in an 210 

equal volume of Buffer B2 and flash frozen in liquid nitrogen. Cell lysates were generated from 211 

the frozen pellets using the same methodology as P. falciparum lysates, but with the cell 212 

homogenizer containing a 12 μm-clearance. Lysates that produced over 10
4 

luminescence units 213 

sing a high expression RNA containing NanoLuc Luciferase (A[WT]) and the Promega Nano-Glo 214 

Luciferase assay system (Promega N1110) in preliminary tests were pooled and optimized for 215 

the needed amount of Mg(OAc)2 and incubation time using A[WT] mRNA, in this case 1.5mM 216 

final concentration Mg(OAc)2 and 12 minutes. 217 

 218 

In vitro translation protocol 219 

In vitro translation reactions for P. falciparum and K562 lysates were set up identically. 220 

3uL of buffer B2 and 2uL of 0.25pmole/uL RNA were placed into 384-well plates. A master mix 221 
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of 3.5uL lysate with 0.5uL 100uM complete amino acid mix (Promega L4461) and 1uL 10x 222 

translation buffer (20mM Hepes pH 8, 75mM KoAc, 2mM DTT, 5mM ATP, 1mM GTP 200mM 223 

creatine phosphate, 2ug/ul Creatine kinase, and the pre-determined concentration for each 224 

lysate pool of Mg(OAc)) was added to each well. Reactions are then incubated for the pre-225 

determined amount of time at 37°C, then placed on ice to stop the reactions. 8uL of reaction 226 

was mixed with 8uL of Nano-Glo buffer/substrate mix following the Nano-Glo Luciferase Assay 227 

System (Promega N1110) instructions. Luminescence was measured on a Promega GloMax 228 

Plate Reader (Promega TM297) with a 6 second integration time. 229 

 230 

Analysis 231 

 232 

Experimental TEs 233 

 234 

All experiments were performed three separate times in triplicate, for a total of 9 values 235 

per mRNA tested (except for the capped and uncapped experiment which was done 3-4 times 236 

in duplicate). For each separate experiment, new mRNA was generated and capped. For the 237 

figures, each value was normalized to the mean of the triplicates from each separate run. All 238 

raw values and normalized values can be found in Additional File 4. The fold differences were 239 

log2 transformed and then used to calculate the mean and SEM. Graphs for the figures were 240 

made using a custom Python/Postscript script (Additional File 5). 241 

 242 

Predicted activity of multiple uAUGs 243 
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The percent repression of each uAUG individually was calculated by determining the 244 

percent of R[Δ1:Δ2:Δ3:Δ4] (the “maximum signal”). For the predictions, the percent repression 245 

of each uAUG in the model were multiplied together. 246 

 247 

Predicted Secondary Structures 248 

To evaluate for secondary structure, the ΔG of 30 nucleotide stretches of the 5’ UTR 249 

tiled with a 5 nucleotide separation was generated using RNAfold [32]. The predicted ΔG were 250 

then plotted using GraphPad Prism Software. 251 

 252 

Results 253 

Identifying putative cis-acting elements within the 5’ UTRs of P. falciparum that differ 254 

between genes with high and low TE 255 

To identify putative cis-acting sequences that regulate TE in P. falciparum, the ribosome 256 

profiling and mRNA sequencing data generated by Caro and Ahyong et. al. [18] was re-analyzed 257 

by comparing the 5’ UTR sequences of genes in the bottom 10% and top 10% of TEs during the 258 

late trophozoite stage (Figure 1A). Features within the 5’ UTRs were quantified, and the 259 

distributions from each set were compared. While the distributions of 5’ UTR length were not 260 

statistically distinct (K.S. test p=0.10 Supplemental Figure 1A), the distributions of uAUG 261 

frequency differed significantly and appeared distinctly separated when normalized to 5’ UTR 262 

length with lower TE genes tending to contain more uAUGs (K.S. test p= 3.36*10
-9

 and 263 

p=1.1*10
-21 

respectively) (Supplemental Figure 1B, Figure 1B) . This trend appeared to be most 264 

distinct closest to the protein coding region (Figure 1C). 265 
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 266 

Additionally, the distributions of GC content statistically differed between 5’ UTRs with 267 

low and high TE (K.S. test p=2.24*10
-5

) (Figure 1D). The positional effect followed a similar trend 268 

with repressed genes on average having a higher GC content, especially near the translational 269 

start site (Figure 1E). Together, this retrospective bioinformatic analysis suggested that these 270 

two features should be further investigated for their role in influencing TE with particular 271 

attention placed on the sequence region proximal to the translation start site. 272 

 273 

Evaluating P. falciparum and human K562 in vitro translation assays for measuring the effect 274 

of 5’ UTRs on TE 275 

To investigate the role of cis-acting elements within 5’ UTRs, an in vitro translation assay 276 

previously developed for identifying translation inhibitors against P. falciparum [5,10] was 277 

adapted using both P. falciparum W2 and H. sapiens K562 cellular extracts. To validate and 278 

optimize the platform for this purpose, two mRNAs transcribed in late trophozoites with 279 

significantly different TEs were identified, PF3D7_1411400 (a plastid replication-repair enzyme) 280 

representing a translationally repressed mRNA from the bottom 10% of TEs and 281 

PF3D7_1428300 (a proliferation-associated protein) representing a high translation mRNA from 282 

the top 10% of TEs. These two genes were chosen for their relatively similar 5’ UTR lengths and 283 

other properties (Figure 2A and B). The full length 5’ UTRs of both genes (Figure 2A) were 284 

cloned into a reporter construct driving expression of a luciferase enzyme and were evaluated 285 

for their effect on TE. 286 

 287 
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The 5’ UTR of PF3D7_1411400 is 730 nucleotides long, contains 15 uAUGs (13 form 288 

uORFs), and is 11.0% GC (Figure 2B). Using the data of Caro et. al. [18], the RNA abundance was 289 

measured to be 63.66 reads per million and the log2(TE) was -1.94. The 5’ UTR of 290 

PF3D7_1428300 is 775 nucleotides long, contains 10 uAUGs (all of which form uORFs), and is 291 

9.3% GC (Figure 2B). The abundance for the RNA was measured to be 522.93 reads per million 292 

and the log2(TE) was 1.75. Thus, the TE of the active gene is 12.2-fold higher than that of the 293 

repressed gene by ribosome profiling. In the P. falciparum in vitro translation assay, which 294 

effectively removes any influence from differential expression levels, the signal produced by the 295 

activating 5’ UTR was 24.5-fold higher than the signal from the repressive 5’ UTR (Figure 2B). In 296 

the K562 in vitro translation assay, the 5’ UTR from the active gene also out-performed that of 297 

the repressed gene by 5.3-fold (Figure 2C). Both in vitro translation assays recapitulated the 298 

difference in TE that was observed in vivo, albeit with different absolute magnitudes.   299 

 300 

As noted above, the 5’ UTR analysis of the ribosome profiling data suggested that 301 

differences between high and low TE 5’ UTRs appeared to be exaggerated closer to the 302 

translation start site. To investigate this while reducing the search space for cis-acting elements, 303 

each of the 5’ UTRs was progressively trimmed from the 5’ end (Figure 2C). In P. falciparum 304 

lysates, shortening the activating 5’ UTR to 549 nucleotides increased translation 4.2-fold, and 305 

reducing the UTR to 130 nucleotides further increased translation 1.9-fold, for a 7.9-fold total 306 

increase. Reducing the repressive 5’ UTR to 339 nucleotides similarly increased translation 3.15-307 

fold, but further reduction to 130 nucleotides resulted in no additional increases in P. 308 

falciparum. Similarly, in human K562 lysates, trimming of the 5’ UTRs resulted in an overall 309 
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increase in translation for both 5’ UTRs and increased the TE differential between the two 310 

(Figure 2B).  311 

 312 

 While trimming both 5’ UTRs increased their respective translation, the differential 313 

between the activating and repressive UTRs was magnified. At 130 nucleotides, the activating 5’ 314 

UTR outperformed the repressive 5’ UTR by 64-fold (Figure 2B), which had the added benefit of 315 

increasing the dynamic range between constructs. Hence forth, the minimal 130 nucleotide 316 

sequences were used as the platform for further dissection of cis-acting sequences and all 317 

subsequent 5’ UTRs evaluated were 130 nucleotides. The activating 130 nucleotide 5’ UTR 318 

derived from PF3D7_1428300 is denoted as A[WT] and the repressive 130 nucleotide 5’ UTR 319 

from PF3D7_1411400 is denoted as R[WT]. Reflective of the distinct distributions in uAUG 320 

abundance and GC abundance, R[WT] is 16.9% GC and contains four uAUGs, numbered 1-4 321 

based on distance from the translation start site. uAUGs 1 and 2 do not form uORFs and are in 322 

the +1-frame relative to the reporter gene starting at -13 and -22 nucleotides, while uAUGs 3 323 

and 4 both form uORFs at -66 and -101 nucleotides.  A[WT] is 7.7% GC and contains no 324 

upstream “AUG”s (Figure 2D).  325 

All the RNAs used herein were capped using Vaccinia Capping Enzyme (NEB M2080S). To 326 

verify that both lysates were sensitive to capping, capped and uncapped versions of the full 327 

length 5’ UTRs and the 130 nucleotide 5’ UTRs were compared (Supplemental Figure 2). Both 328 

lysates were sensitive to capping, with capped RNAs generally generating more luminescence 329 

(up to a 21.7-fold increase in P. falciparum and 7.1 in K562 with full length 1429300), especially 330 

in P. falciparum lysates. Additionally, in K562 lysates, uncapped RNAs with the full length 5’ 331 
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UTRs generated a more variable signal than capped RNAs. To promote scanning initiation, 332 

increase luminescence signal, and reduce noise, all further experiments in this study utilized 333 

capped RNA. 334 

Measurement of both independent and combined effects of uAUGs on translational 335 

repression  336 

The combined effect of the four uAUGs in R[WT] was first evaluated by mutating all four 337 

to “AUC”, denoted R[Δ1Δ2Δ3Δ4]. Conversion of all four alleviated repression by over 1000% in 338 

P. falciparum, and 337% in human lysates (Figure 3A). If each uAUG equally contributed toward 339 

repression, the expected result of maintaining any single uAUG would be a consistent relief 340 

from repression relative to R[WT]. However, individually maintaining each of the four uAUGs 341 

yielded significantly different degrees of translation (Figure 3B), ranging from a modest 2-fold 342 

increase with uAUG-3 alone (R[Δ1Δ2Δ4]) to a nearly 10-fold increase with uAUG-1 alone 343 

(R[Δ2Δ3Δ4]), indicating unequal contributions towards the overall level of repression. For K562 344 

extracts, the results were similar, although uAUG-2 alone (R[Δ1Δ3Δ4]) was the most repressive 345 

of the set, being even more so than the wild-type construct. Since uAUG-4 forms a uORF whose 346 

stop site overlaps with uAUG-3 and was eliminated by making uAUG-3 into “AUC”, uAUG-4 with 347 

a restored uORF was also evaluated (R [Δ1Δ2Δ3-uORF restored]). With the uORF restored, 348 

uAUG-4 confers minimal or no translational repression. These data demonstrate that each of 349 

the individual uAUGs in isolation possess differing repressive activities with respect to 350 

translation.  351 

 352 
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To further evaluate the repressive effects of uAUGs in a novel context, the four uAUGs 353 

from R[WT] were placed into A[WT] at the matching positions (Supplemental Figure 3). As 354 

expected, in P. falciparum, when all four uAUGs were present A[+1:+2:+3:+4], translation was 355 

repressed, 2.9-fold. Additionally, each uAUG individually repressed translation between 1.5-fold 356 

and 2.9-fold when the other positions were mutated to “AUC (Supplemental Figure 3). The 357 

results in K562 followed the same trends as P. falciparum.  358 

 359 

To explore potential interactions between uAUGs, pairwise combinations of the uAUGs 360 

in R[WT] were evaluated (Figure 3C). If uAUGs possess independent repressive potentials that 361 

do not affect each other, the repression by any two uAUGs would be the product of their 362 

respective potentials. For example, the two furthest uAUGs, uAUG-1 and uAUG-4, yielded 37% 363 

and 73% of the maximum translation of the derepressed construct R[Δ1Δ2Δ3Δ4] in P. 364 

falciparum lysates. Thus, if acting independently, the predicted yield for a 5’ UTR containing 365 

both uAUGs would equal 0.37 * 0.73, or 27%, of the maximum signal. The measured signal for 366 

this combination (R[Δ2Δ3]) was extremely close to the predicted value, 28.6%, suggesting that 367 

these two elements act independently and proportionately on translation. Evaluation of the 368 

remaining pairs of uAUGs revealed some notable combinations that likely highlight interacting 369 

pairs (Supplemental Figure 4). Of note, the predicted combination of uAUG-3 and uAUG-4 370 

(R[Δ1Δ2]) in P. falciparum underestimates the measured amount of translation (11% predicted 371 

versus 19% measured), suggesting an interaction between uAUG-4 and uAUG-3, which, as 372 

noted previously, marks the end of the uORF formed by uAUG-4. For K562 lysates, constructs 373 
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containing uAUG-2 differ most from their predicted values, indicating this element may be 374 

uniquely sensitive to the presence of the other uAUGs.  375 

  376 

Having examined all pair-wise combinations of the four uAUGs, each three-way 377 

combination was then evaluated (Figure 3D). Unlike the broad range of differing repressive 378 

activities observed for individual and pairwise uAUGs, trios of uAUGs all repressed translation 379 

to a similar or greater degree than R[WT]. Together these data indicated that uAUGs in isolation 380 

independently confer varying levels of repression; however, multiple uAUGs may combine to 381 

produce a concerted effect that was not predicted by their individual contributions.  382 

 383 

Investigating the effect of position and termination status on uAUG repression 384 

 Each of the uAUGs in R[WT] is distinct with respect to their Kozak context, their position 385 

relative to the translation start site, and their termination status. Previous work describing the 386 

Kozak context for P. falciparum suggests a string of adenosine bases preceding the start site is 387 

most commonly observed [28,33]. To assess the effects of uAUG positionality while maintaining 388 

a common Kozak, a cassette comprised of the -3 to +9 sequence from uAUG-3 was individually 389 

placed at five equally spaced positions within R[Δ1Δ2Δ3Δ4] beginning at -14 nucleotides from 390 

the reporter protein coding region (Figure 4). All cassettes were inserted in the +2 frame such 391 

that if translation initiated at these sites, no reporter should be translated in-frame. Two 392 

versions of the cassette were created, one maintaining the termination with a stop codon at 393 

the end of the cassette and one without (Figure 4A/B). For the five constructs containing a non-394 

terminating uAUG, all potential stop sites proceeding the protein coding region in-frame with 395 
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the 5’ most cassette were eliminated and the effect of these mutations alone in the presence of 396 

uAUG-3 (R[Δ1Δ2Δ4]*) were evaluated (Supplemental Figure 5A).  397 

 398 

Except for the -122 position, where the uAUG is 11 nucleotides from the 5’ cap, all 399 

cassette placements resulted in repression comparable to R[Δ1Δ2Δ4] (Figure 4C). Of note, the 400 

cassettes placed nearest to the 5’ cap had little effect on translation in either P. falciparum or 401 

K562 lysates (1.2-fold and 1.3-fold repression respectively). For P. falciparum, unlike the 402 

relative consistency of repression produced by uORF placement, the uAUG equivalent yielded a 403 

trend in repression. As the uAUG moved closer to the translation start site the repressive 404 

strength increased until maximum repression was achieved when the cassette was placed -41 405 

nucleotides from the translation start site (Figure 4C). In comparison, K562 lysates also yielded 406 

peak repression at the -41 position, but the pattern of repression induced by both the uORF 407 

and uAUG cassettes were more similar to each other and the trend observed for uAUG 408 

cassettes in P. falciparum. These experiments indicate that in both P. falciparum and K562 409 

lysates, the position of uAUGs contributes in part to downstream repression, however, 410 

termination status may also impact this effect, at least in the case of P. falciparum.   411 

 412 

Evaluating the effect of GC content on TE 413 

One distinguishing feature of the P. falciparum genome is an extreme bias in nucleotide 414 

content, especially within the intergenic regions that are ~90% AT [34]. As noted in Figure 1D 415 

and 1E, there is a significant difference in the distributions of GC content between the 5’ UTRs 416 

of genes with high and low TE with repressed genes exhibiting a higher GC bias. These 417 
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differences are evident within A[WT] and R[WT], which possess 7.7% GC, and 16.9% GC 418 

respectively. This GC bias is intensified in the 60 nucleotides closest to the translation start with 419 

A[WT] containing only 1.7% GC and R[WT] containing 15% GC (Figure 2D). To investigate the 420 

impact of GC content in the context of these two constructs, substitutions were systematically 421 

introduced into the proximal region of A[WT] to increase the GC content from 1.7% to a 422 

maximum of 30% GC (Figure 5A). Substitutions were maintained between constructs, no 423 

upstream “AUG”s were introduced, and significant secondary structures was avoided 424 

(Supplementary Figure 5). In P. falciparum lysates, between 1.7% and 20% GC there was no 425 

change in TE while at 30% GC translation was repressed 1.5-fold (Figure 5A). The repressive 426 

effect of the high GC content was 1.3-fold in human K562 lysates.  427 

 428 

The converse experiment of reducing the GC content of R[WT] was also carried out. The 429 

GC content in the last 60 nucleotides of R[Δ1Δ2Δ3Δ4] was reduced to 5% by eliminating all GC 430 

content between 4 and 60 nucleotides from the translation start site and to 0% by removing all 431 

GC  (Figure 5B).  A maximum translation increase of approximately 2-fold was observed relative 432 

to R[Δ1Δ2Δ3Δ4], indicating a modest but measurable impact in this context.  These results were 433 

mirrored in K562 lysates (Figure 5B).  Together, the result of manipulating the GC content of the 434 

last 60 nucleotides of the 5’ UTR suggests that the impact on translation to be subtle, but 435 

sensitive to the overall context.   436 

 437 

Identifying additional cis-acting regulatory regions within R[WT] and A[WT] 438 
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  In addition to the study of specific elements predicted to impact TE, a series of 439 

systematic sequence swaps were investigated, in which regions from both the 5’ and 3’ end of 440 

R[WT] and A[WT] were exchanged. Beginning with the 3’ end of the 5’ UTR, 20, 40, and 60 441 

nucleotides were exchanged between R[WT] and A[WT] (Figure 6A and 6B). In the case of 442 

A[WT], introducing more sequence from R[WT] severely impacted TE. While some of this 443 

impact was anticipated due to the introduction of uAUG-1 and uAUG-2, additional decreases in 444 

translation were observed with sequence beyond these elements (A[60nt 3’ R]). Furthermore, 445 

the added impact beyond the introduction of uAUGs was observed only with P. falciparum 446 

lysates. For the converse experiments, exchange of sequence from A[WT] into R[WT] at the 3’ 447 

end resulted in increased translation (11.7-fold). This increase in translation was in part 448 

expected due to the elimination of uAUG-1 and uAUG-2, however the magnitude of the effect is 449 

greater than predicted from the experiments shown in Figure 3C. The effect in human K562 450 

lysates was markedly less with a maximum difference of 1.4-fold.  451 

 Sequence exchanges at the 5’ end were similarly carried out using 10, 20, and 30 452 

nucleotide swaps between A[WT] and R[Δ1:Δ2:Δ3:Δ4]. The latter construct was chosen over 453 

R[WT] to assess the impact in the absence of uAUGs. For P. falciparum, exchanging the first 10 454 

nucleotides of R[Δ1:Δ2:Δ3:Δ4] into A[WT] repressed translation 2.6-fold, with a final 3.7-fold 455 

repression exchanging 30 nucleotides. (Figure 6C). In contrast, exchanging the first 10 and 20 456 

nucleotides of A[WT] into R[Δ1:Δ2:Δ3:Δ4] activated translation up to 1.9-fold while exchanging 457 

30 nucleotides activated translation 3.5-fold. Note that the level of translation achieved in this 458 

latter construct matches the output of A[WT], demonstrating that in the absence of uAUGs, 459 
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exchanging the sequence elements within the first 30 nucleotides of the 5’ end of the 5’ UTR 460 

was sufficient to render A[WT] and R[Δ1:Δ2:Δ3:Δ4] approximately equivalent (Figure 6D).  461 

 462 

Discussion  463 

 Among eukaryotes, P. falciparum presents several distinct features that bear upon 464 

translation. First, the AT-rich genome contains frequent poly-adenosine stretches that alone 465 

necessitates unique adaptions of the translational machinery to prevent ribosome stalling or 466 

frameshifting [35,36]. Additionally, there are a limited number of ribosomal RNA copies within 467 

the genome, each with stage specific expression [37,38]. The transcriptome also features 468 

unusually long 5’ UTRs, the longest in late trophozoites being a remarkable 8229 nucleotides 469 

(PF3D7_1139300). Despite these features, previous studies suggest that P. falciparum initiates 470 

translation in a cap-dependent manner similarly to other eukaryotes [39,40].  471 

  472 

While the central initiation factors required for cap-binding have been bioinformatically 473 

identified and many of the essential interactions have been validated, questions remain around 474 

how these factors regulate translation initiation given P. falciparum’s unique 5’ UTR features 475 

[26,41]. Additionally, ribosome profiling has demonstrated that translation is an integral point 476 

of regulation for model eukaryotes [42,43], but for P. falciparum it reveals that less than 10% of 477 

transcripts are translationally regulated. Directly evaluating how these unusual mRNA features 478 

function in P. falciparum could reveal unique mechanisms that would be powerful therapeutic 479 

targets.  480 

 481 
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 A re-analysis of ribosome profiling data highlights two important features that differ 482 

between mRNAs at the top and bottom of the TE range. As shown in Figure 1, the presence of 483 

uAUGs and GC content are significantly different between highly translated and poorly 484 

translated mRNAs, a difference that appears exacerbated by proximity to the protein coding 485 

region. To explore and dissect the role of these features, two representative 5’ UTRs were 486 

chosen from the top and bottom deciles, the 5’ UTRs of PF3D7_1411400 and PF3D7_1428300. 487 

The differences in TE driven by these two 5’ UTRs were faithfully recapitulated using in vitro 488 

translation extracts generated from late trophozoites of P. falciparum W2 strain (Figure 2) and 489 

human K562 cells. Surprisingly, these differences were maintained when using only the 490 

proximal 130 nucleotides from each 5’ UTR, with A[WT] derived from PF3D7_1428300 and 491 

R[WT] from PF3D7_1411400. These two 130-nucleotide 5’ UTRs provided an ideal platform to 492 

evaluate the effects of uAUGs and GC content.  493 

 494 

uAUGs have long been appreciated as translational regulatory elements, and work by 495 

Marilyn Kozak demonstrated their repressive abilities in the early 1980s [20]. However, it 496 

remains difficult to predict the individual or joint repressive activities of uAUGs from sequence 497 

context alone, especially for non-model organisms. Additionally, it is unusually to have uAUGs 498 

so abundant throughout the transcriptome. Here, a reductionist approach was used to 499 

individually assess the repressive potential of each uAUG within R[WT] in isolation, and in 500 

combination (Figure 3). For many pairs, such as uAUG-1 and uAUG-4, the combined activity 501 

directly reflected a combination of each uAUG’s repressive strength. For others, like uAUG-3 502 

and uAUG-4, it was revealed that the combined effect of two uAUGs could be reduced by their 503 
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interaction. Since uAUG-3 is itself the in-frame stop site for uAUG-4, it reasonable to assume 504 

that the termination of uAUG-4 may interfere with initiation events at uAUG-3. These 505 

interactions make it difficult to predict the impact of multiple uAUGs without direct 506 

measurements as performed here.  507 

 508 

The sequence context surround an “AUG” is essential for determining the rate of 509 

initiation at that site [11,44,45], however, additional elements may affect the regulatory activity 510 

of an uAUG. Here, two possible modifiers were examined in detail, namely, the position of 511 

uAUGs relative to the protein coding region, and whether it forms a uORF (Figure 4). Both the 512 

position and termination status affect translation with the most dramatic result arising when 513 

the uAUG is positioned furthest from the protein coding region, only 11 nucleotides from the 5’ 514 

cap. At this distance neither the open uAUG nor the uORF repressed translation. One caveat of 515 

this study is that only one putative uORF was assessed. It is likely that the length and 516 

composition of the uORF sequence itself may modify the overall impact.  517 

 518 

Along with uAUG frequency, bioinformatic analysis of the 5’ UTR sequences from P. 519 

falciparum also reveals a statistically significant difference in GC content, with higher GC 520 

content corresponding to lower TE. While higher GC content could correlate with higher 521 

secondary structures, we wanted to evaluate if GC content alone could regulate translation. 522 

Surprisingly, the results of manipulating GC content proximal to the protein coding region in the 523 

context of only these two chosen UTRs yielded corresponding changes in the predicted 524 

direction, albeit with small magnitudes when compared to the impact of uAUGs. In the active 525 
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context, translation became repressed relative to A[WT] at 30% GC content within 60 526 

nucleotides of the translational start. Within this 60-nucleotide region, only 31 (1.4%) of the 527 

2088 5’ UTRs from P. falciparum expressed in late trophozoites evaluated here are 30% GC or 528 

above (Figure 1A). Thus, few genes would be predicted to be impacted by these shifts in GC 529 

content alone. Eliminating GC content from the last 60 nucleotides of R[Δ1:Δ2:Δ3:Δ4] resulted 530 

in modest increases in TE (Figure 5B). In this case, of the 2088 5’ UTRs 273 (13.1%) are 5% or 531 

below within this region and 16 (0.8%) are 0%.  532 

 533 

Finally, to examine the effects of the sequences within A[WT] and R[WT]/ 534 

R[Δ1:Δ2:Δ3:Δ4] on translation, segments from the 5’ and 3’ ends were progressively exchanged 535 

between them (Figure 6). Sequence exchanges at the 3’ end of the 5’ UTR removed or 536 

introduced uAUGs, which resulted in the expected increases or decreases in TE respectively. We 537 

note that in each case, exchanged sequence beyond the uAUGs also impacted TE in P. 538 

falciparum, suggesting additional context within these regions. Sequence exchanges at the 5’ 539 

end were more impactful than would have been predicted. Specifically, 30 nucleotides of 540 

A[WT], when substituted into R[Δ1:Δ2:Δ3:Δ4], suggest a possible sequence with a role in 541 

regulating the rate of translation initiation.  542 

 543 

As an essential pathway throughout the parasite’s life cycle, protein synthesis is an 544 

attractive therapeutic target. However, since the mechanisms of eukaryotic translation are 545 

highly conserved, potential therapeutics must cross the challenging bar of being highly specific 546 

to P. falciparum. Here, in vitro translation was used to allow for direct comparison between P. 547 
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falciparum and human to identify unique effects on TE. Despite the large evolutionary distance 548 

between the two organisms, P. falciparum and K562 lysates yielded highly similar results in the 549 

context of the two short model UTRs used here. For developing therapeutics targeting 550 

translation initiation, avoiding host effects will be challenging, but in vitro translation can 551 

continue to be a valuable tool to directly measure differences between Plasmodium and 552 

humans [46].  553 

 554 

Finally, this work continues the task of uncovering the complexity of 5’ UTR cis-acting 555 

regulatory elements and their impact on TE in eukaryotes. In vitro translation has previously 556 

revealed the importance of the Kozak consensus sequence and uAUGs in model eukaryotes, 557 

such as Saccharomyces cerevisiae and mammalian cultures [21,47–49], while higher throughput 558 

selection and machine learning techniques have been used to probe the effect of 5’ UTR cis-559 

acting elements in these same systems [24,50]. However, working with non-model organisms 560 

such as P. falciparum poses unique challenges, such that many of these techniques cannot be 561 

readily utilized for comparative analysis. The highly reductionist approach taken here has the 562 

benefit of allowing specific and systematic hypotheses to be tested, although it is clear that 563 

higher throughput methods will be required to generalize these findings beyond these specific 564 

examples.   565 

 566 

Conclusions 567 

 Cis-acting features within the 5’ UTRs of eukaryotes regulate the TE of a given gene. 568 

While specific examples have previously been evaluated in model eukaryotes, P. falciparum 569 
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possesses unusual 5’ UTR characteristics, such as length, base content, and high uAUG 570 

prevelence, that suggest cis-acting upstream elements play a significant role in tuning 571 

translational efficiencies. Through extensive dissection of exemplar 5’ UTRs from P. falciparum, 572 

we measure the individual impacts of each putative element while comparing these same 573 

constructs in human lysates. The impact of these elements was found to be surprisingly similar 574 

in both systems. Since, unlike humans and most other studies eukaryotes, long 5’ UTRs 575 

featuring multitudes of uAUGs are common in P. falciparum, the precise configuration of these 576 

elements may have evolved to tune translation levels in this organism where other post-577 

transcriptional regulatory mechanisms may be absent.      578 

 579 

List of abbreviations 580 

uAUG—upstream “AUG” 581 

uORF—upstream open reading frame 582 
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 741 

 Figure Legends 742 

Figure 1: Comparison of features within the 5’ UTRs of genes in the bottom 10% (n=209) and 743 

top 10% (n=209) of TEs in the late trophozoite stage using data from Caro and Ahyong et. al. 744 

2014 [18].  745 

a) A histogram of the log2(TE)s of genes expressed in the late trophozoite stage included in 746 

subsequent analysis. The vertical dotted lines indicate the bottom 10% (yellow) and top 10% 747 

(blue) of 5’ UTRs.  748 
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b) The number of uAUGs normalized to the length of the 5’ UTRs in the bottom 10% (yellow) 749 

and top 10% (blue) of TEs in the late trophozoite stage. The two distributions are statistically 750 

distinct, KS test-statistic 0.47, p-value 1.4*10
-21

. 751 

c) The average number of uAUGs in the 5’ UTRs within a 130-nucleotide window sliding by 5 752 

nucleotides up to 1000 nucleotides of the bottom 10% (yellow) and top 10% blue.  753 

d) The distribution of GC content in the bottom 10% (yellow) and top 10% (blue) of TEs in the 754 

late trophozoite stage are statistically distinct, KS test statistic comparison of the two: 0.23 p-755 

value 2.24*10
-5

. 756 

e) The average GC content within a 130-nucleotides sliding window moving 5 nucleotides up to 757 

1000 nucleotides from the translation start site. Bottom 10% (yellow) and top 10% blue. 758 

 759 

Supplemental Figure 1: Further comparison of 5’ UTR features of genes in the bottom 10% and 760 

top 10% of TEs in the late trophozoite stage using data from Caro and Ahyong et. al. 2014 [18]. 761 

a) Distributions of the 5' UTR lengths from genes with high (blue) or low (yellow) TE. KS test 762 

statistic comparison of the two: 0.12 p-value 0.1
. 
 763 

b) Distributions of the total number of uAUGs in the 5' UTRs from genes with high (blue) or low 764 

(yellow) TE. KS test statistic comparison of the two: 0.31 p-value 1.5*10
-5

. 765 

 766 

Figure 2: 130 nucleotides of the 5’ UTR from a translationally active (PF3D7_1428300) and 767 

repressed gene (PF3D7_1411400) were sufficient to drive distinct TE.  768 

a) The diagramed sequence of the full length 5’ UTRs from active PF3D7_1428300 and 769 

repressed PF3D7_1411400. uAUGs are marked by green triangles with the different shades 770 
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representing the three frames. The numbers between the two construct diagrams mark 771 

distance from the protein coding region. 772 

b) The lengths, uAUG count, uORF count, GC content, and translational efficiency (TE) for the 773 

chosen 5’ UTRs and genes obtained from the previously published ribosome profiling and 774 

mRNA sequencing [18] with the raw luminescence signal (PF RLU) produced by these 5’ UTRs 775 

driving NanoLuc (Promega) expression using P. falciparum in vitro translation. 776 

c) Log10(luminescence) from NanoLuc produced by 5' UTRs of decreasing length in P. falciparum 777 

lysates (red) and K562 lysates (grey). The different lengths were generated by shorting the 5’ 778 

UTRs from the 5’ end.  779 

d) Sequence comparison of the 130 nucleotides closest to the protein coding region of the 5’ 780 

UTRs from PF3D7_1411400 (R[WT]) and PF3D7_1428300 (A[WT]). The four uAUGs in R[WT] are 781 

labeled with the green triangles. uAUGs without in-frame stops are followed by a dotted line 782 

while uORF forming uAUGs are followed by a solid line with the stop is marked by a vertical 783 

line. The four uAUGs are labeled 1-4 based on their distance from the protein coding start site. 784 

 785 

Supplemental Figure 2: The raw luminescence signal from capped and uncapped RNAs in P. 786 

falciparum and K562 in vitro translation. 787 

Figure 3: Dissecting the effects of the four uAUGs in R[WT]. uAUGs were found to have a 788 

generally repressive effect on TE that can be dependent on the presence each other. Graphed 789 

for each is the average and SEM of log2(each experimental value normalized to experimental 790 

R[WT] mean). The dotted line marks the average log2(R[Δ1Δ2Δ3Δ4] normalized to R[WT]). For 791 
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each figure, to the left is a diagram of the sequences using the same annotations as Figure 2C. 792 

To the right of the diagrams are the results for P. falciparum and human K562s.  793 

a) The effect of removing all four uAUGs from R[WT].  794 

b) The effect of retaining a single uAUG   795 

c) The effect of removing each uAUG individually 796 

d) The effect of removing two uAUGs in combination 797 

 798 

Supplemental Figure 3: The 4 uAUGs from R[WT] exchanged into A[WT] at the same positions 799 

showing that the repressive effect is conferrable to other contexts. Graphed for each is the 800 

average and SEM of log2(each experimental value normalized to the experimental average of 801 

A[WT]).  802 

 803 

Supplemental Figure 4: Predicted repressive effect of combinations of the uAUGs in R[WT] 804 

based on their individual activities for a) P. falciparum and b) K562. 805 

 806 

Figure 4: Effect of equally spaced and out of frame, non-terminated uAUGs or uORFs on TE  807 

a) Sequence diagram of the two cassettes inserted into R[Δ1:Δ2:Δ3:Δ4] at 5 different positions. 808 

The green arrows mark the uAUGs, the solid line indicates the length of the uORF, and the 809 

dotted line marks the sequence downstream of the non-terminated uAUG  810 

b) The sequence diagrams to the left represent the 5’ UTRs containing the uORF cassette. To 811 

the right the uORF cassette and the non-terminated cassette are presented side by side. The 812 
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left set is from P. falciparum lysates while the right is from human. Graphed for each is the 813 

average and SEM of log2(each experimental value/ experimental mean of R[Δ1:Δ2:Δ3:Δ4]).  814 

 815 

Supplemental figure 5: To eliminate all downstream stop sites for moving the out of frame non-816 

terminated uAUG, 6-point mutations had to be added to the 5’ UTR. R[Δ1:Δ2:Δ4]
*
 was made 817 

with those point mutations to compare to R[Δ1:Δ2:Δ4]. Graphed for each is the average and 818 

SEM of log2(each triplicate value/ average of R[Δ1:Δ2:Δ3:Δ4] experimental triplicates)  819 

 820 

Figure 5: Evaluating the effect of GC content on translation  821 

a) Increasing GC content in A[WT]. Graphed for each is the average and SEM of log2(each 822 

experimental value/ experimental mean of A[WT])  823 

b) eliminating GC content in R[Δ1:Δ2:Δ3:Δ4]. Graphed for each is the average and SEM of 824 

log2(each experimental value/ experimental mean of R[Δ1:Δ2:Δ3:Δ4]) 825 

 826 

Supplemental figure 6: The predicted free energy of the secondary structure with in a 30-827 

nucleotide sliding window moved by 1 nucleotide across the 5’ UTRs used to evaluate the effect 828 

of GC content.  829 

Figure 6: Evaluating the effects of the ends of the 5’ UTRs on translation  830 

a) Swapping the 3’ end of R[WT] into A[WT] Graphed for each is the average and SEM of 831 

log2(each experimental value/ mean experimental A[WT])  832 

b) swapping the 3’ end of A[WT] into R[WT]. Graphed for each is the average and SEM of 833 

log2(each experimental value / mean experimental R[WT])  834 
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c) swapping the 5’ end of R[Δ1:Δ2:Δ3:Δ4] into A[WT]. Graphed for each is the average and SEM 835 

of log2(each experimental value / mean experimental of A[WT])  836 

d) swapping the 5’ end of A[WT] into R[WT]. Graphed for each is the average and SEM of 837 

log2(each experimental value / mean experimental R[Δ1:Δ2:Δ3:Δ4]).  838 

 839 

Additional Files 840 

Additional File 1: 5’ UTR analyzed. The data on the 2088 genes used for the analysis in Figure 1 841 

and Supplemental Figure 1, including the 5’ UTR sequences used, .xls.  842 

Additional File 2: P16 sequence. The plasmid sequence for P16 used to generate new 843 

constructs, . geneious. 844 

Additional File 3: 5’ UTR sequences. The sequences of all the 5’ UTR sequences evaluated in this 845 

manuscript, .fasta. 846 

Additional File 4: Figure data. All the raw and processed data used to generate the figures in 847 

this manuscript, .xls. 848 

Additional File 5: Figure generating script. The script used to generate the figures within the 849 

manuscript, .py.  850 
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