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ABSTRACT 17 

Dengue virus (DENV) and other mosquito-borne flaviviruses are highly dependent on the 18 

ribosomal stalk proteins, RPLP1 and RPLP2 (RPLP1/2), for efficient infection. Here, we show that 19 

RPLP1/2 function to relieve ribosome pausing within the DENV envelope coding sequence, 20 

leading to enhanced protein stability. We used ribosome profiling to evaluate viral and cellular 21 

translation in RPLP1/2-depleted cells. This revealed that ribosomes pause in the sequence coding 22 

for the N-terminus of the envelope protein, immediately downstream of sequences encoding two 23 

adjacent transmembrane domains (TMDs). RPLP1/2 function to enhance ribosome elongation at 24 

this position and increase viral protein stability, possibly by improving co-translational folding of 25 

DENV proteins. We also analyzed the effects of RPLP1/2 depletion on cellular translation. We 26 

find that RPLP1/2 affects ribosome density for a small subset of cellular mRNAs. However, meta-27 

analysis of ribosome positions on all cellular mRNAs revealed slightly increased accumulation of 28 

ribosomes downstream of start codons in RPLP1/2-depleted cells, suggesting that RPLP1/2 29 

enhance elongation efficiency. Importantly, we found that ribosome density on mRNAs encoding 30 

multiple TMDs was disproportionately affected by RPLP1/2 knockdown, implying a role for 31 

RPLP1/2 in transmembrane protein biogenesis. Together, our findings reveal insights into the 32 

function of RPLP1/2 in DENV and cellular translation.  33 

 34 
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INTRODUCTION 37 

The human genome encodes approximately 80 ribosomal proteins (RPs). Some are required for 38 

core ribosomal functions, and are thus required for translation of the majority of mRNAs, while 39 

others promote translation of subsets of cellular mRNAs (1–6).  Two RPs presumed to be of the 40 

latter class are the acidic phosphoproteins RPLP1 and RPLP2 (RPLP1/2) that form the ribosomal 41 

stalk together with RPLP0 (7). RPLP0 interacts directly with the GTPase-associated domain of 42 

28S rRNA and, late in ribosome biogenesis, recruits two RPLP1/2 heterodimers (8,9). RPLP0 and 43 

RPLP1/2 share similar sequences at their C-terminal tails that are important for recruiting eEF2. 44 

In vitro evidence indicates that RPLP1/2, and indeed the ribosomal stalk, act during translation 45 

elongation through promoting eEF2-dependent ribosomal translocation (10,11). While RPLP0 is 46 

required for widespread ribosome activity and cell viability in S. cerevisiae, deletion of RPLP1/2 47 

in Saccharomyces cerevisiae results in moderate to no change in overall translation and impacts 48 

the accumulation of a small number of proteins (12–15).  49 

Interestingly, we discovered a dramatic requirement for RPLP1/2 in the replication of several 50 

mosquito-borne flaviviruses: dengue (DENV), Zika (ZIKV) and yellow fever (YFV) viruses (16). 51 

The flavivirus genome is a capped, ~10.7 kb positive-strand RNA molecule that contains a single 52 

open reading frame (ORF) encoding a polyprotein that is cleaved co- and post-translationally at 53 

the endoplasmic reticulum (ER) membrane, the site of viral replication and assembly (17). Our 54 

previous study suggested that ribosome elongation through the complex viral ORF is impaired in 55 

cells depleted of RPLP1/2, consistent with their role in translation elongation, and implied that 56 

flaviviral genomes contain features responsible for their RPLP1/2 dependence.  57 

While ribosomal stalk proteins RPLP1/2 appear to be critical for expression of DENV proteins, we 58 

do not know the specific features of this complex mRNA that make it susceptible to depletion of 59 

these proteins. More generally, we do not understand how RPLP1/2 may differentially affect 60 

translation of specific cellular mRNAs. Here, we investigate the role of RPLP1/2 in both DENV 61 
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and cellular mRNA translation. Using ribosome profiling (RIBOseq) and mechanistic cell-based 62 

assays we identified a role for RPLP1/2 in relieving ribosome pausing downstream of two adjacent 63 

transmembrane domains (TMDs) in the DENV envelope coding region. Moreover, consistent with 64 

the role of RPLP1/2 in DENV protein biogenesis, we also found that depletion of RPLP1/2 65 

significantly decreases the stability of nascent DENV structural proteins. For host mRNAs, we 66 

found that RPLP1/2 knockdown disproportionately affects translation of mRNAs encoding 67 

proteins with multiple TMDs and results in accumulation of ribosomes at the 5′ end of open reading 68 

frames. Our study reveals new functions for RPLP1/2 in the biogenesis of flaviviral and cellular 69 

membrane proteins.70 
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RESULTS 71 

RPLP1/2 mitigate ribosome pausing in the DENV envelope (E)-coding region. 72 

We previously showed that RPLP1/2 are required for efficient expression of DENV proteins (16). 73 

To begin to understand how RPLP1/2 promote viral protein accumulation, we infected A549 cells 74 

with DENV (serotype 2, New Guinea C strain) at high multiplicity of infection (MOI) of 10 and 75 

analyzed viral NS3 protease levels over the course of six hours (h). We detected accumulation of 76 

NS3 in control cells as early as 2 h after infection (Fig. 1A). In cells that were depleted of RPLP1/2 77 

by siRNAs (siP), accumulation of NS3 was strongly reduced at all time points in which it was 78 

detectable compared to nonsilencing control (NSC) siRNA, confirming that RPLP1/2 are required 79 

for the biogenesis of DENV proteins (Fig. 1A).  80 

DENV infection is a multi-step process involving entry and uncoating of viral genomes, 81 

translocation of genomic mRNA to the endoplasmic reticulum (ER), and translation/maturation of 82 

viral proteins which occurs in tight association with ER (17,18). To identify which of these steps 83 

was affected by RPLP1/2 depletion, we infected control and RPLP1/2 knockdown A549 cells with 84 

DENV at an MOI of 10 for 2.5 hours and then determined the levels and subcellular localization 85 

of DENV RNA in ER and cytosolic compartments. RPLP1/2 knockdown did not diminish the total 86 

abundance or ER localization of intracellular DENV RNA (Fig. 1B). We conclude that RPLP1/2 87 

knockdown does not affect DENV entry or genome localization to the ER, suggesting that 88 

RPLP1/2 are likely required for efficient translation of DENV RNA.  89 

To investigate the role(s) for RPLP1/2 in DENV translation, we carried out ribosome profiling 90 

(RIBOseq), which allows characterization of ribosome footprints on mRNAs en masse (19). 91 

Furthermore, this approach permitted the widespread identification of cellular mRNAs that are 92 

perturbed by RPLP1/2 knockdown. For the RIBOseq experiments we transfected A549 cells with 93 

either a non-silencing siRNA (NSC) in triplicate or with three independent siRNAs targeting 94 
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RPLP1 (siP1) or RPLP2 (siP2_1 and siP2_4) to rigorously identify RPLP1/2 cellular target mRNAs 95 

(Fig. 1C). Knockdown of either RPLP1 or RPLP2 leads to depletion of both proteins as previously 96 

described (16,20) (Fig. S1). We infected the cells at MOI of 10 for 2.5 hours post-infection (hpi), 97 

a time at which DENV translation is active (Fig. 1A), and performed RIBOseq in parallel with 98 

RNAseq to assess the translational landscape (see Methods). The RIBOseq datasets showed a 99 

strong triplet periodicity of the 5′ read positions, which reflects ribosomal translocation (19) (Fig. 100 

S2) and suggests that the RIBOseq data were of high quality, accurately representing ribosome 101 

protection of mRNA.   102 

Upon depletion of RPLP1/2 we found that the average ribosome density (RPF TPM / RNA TPM) 103 

on the DENV ORF was 35% higher than control cells (Fig. 1D). Increased ribosome density was 104 

observed throughout the sequences coding for each of the DENV proteins (Fig. S3 and S4), 105 

suggesting increased translation initiation. An increase in translation initiation is consistent with 106 

our previous observation that overall cellular protein synthesis is slightly increased in RPLP1/2 107 

depleted A549 cells as measured by metabolic labeling experiments (16). It is likely that increased 108 

initiation is caused by a feedback mechanism triggered by reduced levels of RPLP1/2 (see below).  109 

A prominent area of high ribosome density in both control and RPLP1/2 depleted cells was 110 

observed on nucleotide (nt) positions 1025-1035 of the DENV genome, at the 5′ end of envelope 111 

(E) protein coding sequence (Solid Arrow; Fig. 1E-G). Importantly, ribosome density at this site 112 

increased disproportionately in RPLP1/2-depleted cells suggesting that this region contains a 113 

natural ribosomal pausing site that is exacerbated by RPLP1/2 knockdown (Fig. 1E). Levels of 114 

RNAseq reads in this region (Fig. 1F and G) could not explain the alteration in RIBOseq reads, 115 

further suggesting that ribosomes pause in this region of the DENV RNA. Focusing on nucleotides 116 

400-1600 (Fig. 1G), which includes the region of ribosome pausing at its center, we noted that 117 

the cumulative distributions of RNAseq reads were not significantly different between control and 118 

RPLP1/2 depleted samples (KS test p = 0.066) (Fig. 1G). In contrast, for the RIBOseq read 119 
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distributions there was a clear difference at nucleotides 1025-1035 (KS test p < 1x10-15) (Fig. 1G). 120 

Together, these observations suggest that this region of the DENV ORF contains feature(s) that 121 

induce ribosome pausing and this is exacerbated under conditions of low RPLP1/2 levels.  122 

RPLP1/2 depletion reduces protein accumulation in a manner that depends on prM 123 

transmembrane domains 124 

The location of the putative pause site at the 5′ end of the E protein coding region is positioned 125 

such that ribosomes would be predicted to pause immediately after the second TMD in prM has 126 

fully emerged from the exit tunnel (Fig. 2A). We therefore mapped the sequences that determine 127 

sensitivity to RPLP1/2 depletion. We generated HeLa cell lines that encode viral structural 128 

proteins: mature capsid (C) alone, C with prM (C-prM), C and prM with E lacking the C-terminal 129 

208 aa (C-prM-EΔ208), and C and prM with E lacking the C-terminal 10 aa (C-prM-EΔ10) (Fig. 2A). 130 

Each ORF codes for an N-terminal HA tag and C-terminal FLAG tag. Our previous work 131 

demonstrated that a C-prM-E construct efficiently expressed both C-prM fusion and E. The former 132 

is not cleaved into C and prM in the absence of the NS3 protease (16).  133 

These constructs were designed to allow mapping of sequences that determined sensitivity to 134 

RPLP1/2 depletion. In cells expressing tagged capsid alone (C), RPLP1/2 depletion led to a 2 to 135 

2.5-fold increase of HA-C-FLAG levels (Fig. 2B). Similarly, RPLP1/2 knockdown led to increased 136 

levels of HA-C-prM-FLAG, which migrated as two products of approximately ~33 kDa and ~37 137 

kDa, as previously observed (16). These proteins likely represent isoforms with different post-138 

translational modification(s) and both isoforms were increased by ~2-fold (Fig. 2C). The increases 139 

in protein levels may reflect increased initiation rates on the transgene mRNAs due to a feedback 140 

loop responsive to RPLP1/2 levels. This suggests that the effects of RPLP1/2 on DENV 141 

translation occur downstream of the prM protein. 142 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/713016doi: bioRxiv preprint 

https://doi.org/10.1101/713016
http://creativecommons.org/licenses/by-nc-nd/4.0/


In cells expressing HA-C-prM-EΔ208-FLAG, the N-terminus of E protein was efficiently cleaved 143 

from prM by host signal peptidase resulting in N-terminal HA-C-prM and C terminal E Δ208-FLAG. 144 

In contrast to results with HA-C-prM-FLAG, expression of the ~33 kDa HA-C-prM isoform did not 145 

increase with RPLP1/2 depletion and the ~37 kDa HA-C-prM isoform decreased approximately 146 

33% (Fig. 2D). The cleaved C terminal Δ208-FLAG protein also decreased by a similar amount 147 

upon RPLP1/2 depletion. In cells expressing HA-C-prM-EΔ10-FLAG we did not observe any FLAG-148 

specific bands, possibly because the tag was cleaved by host signal peptidase. Importantly we 149 

noted no difference in HA-C-prM expression but a strong decrease in the levels of two isoforms 150 

of E protein, which we detected using viral E protein antibodies (Fig. 2E). These data indicate that 151 

sequences within the first 287 codons of the E ORF lead to decreased accumulation of E protein 152 

upon RPLP1/2 depletion. These sequences contain the ribosome pausing region mapped above 153 

to nt 1025-1035 of the DENV genome by RIBOseq.  154 

Previous studies have suggested that ribosomes can stall or pause downstream of sequences 155 

encoding TMDs (21–23). We wondered whether the TMDs present at the C-terminus of prM could 156 

explain the substantially different sensitivity to RPLP1/2 depletion between the HA-C-prM-FLAG 157 

and HA-C-prM-EΔ208FLAG constructs. In HA-C-prM-FLAG the two tandem prM TMDs (TMD2 and 158 

TMD3) and the short 3 aa cytosolic loop between them span 34 aa, and are unlikely to have fully 159 

emerged from the ribosomal exit tunnel before the ribosome reaches the stop codon. In the HA-160 

C-prM-EΔ208-FLAG, however, both TMDs would be expected to have cleared the exit tunnel and 161 

integrated into the ER membrane since the stop codon is 287 codons downstream of the second 162 

TMD. To test whether or not the presence of TMD sequences in prM were required to confer 163 

sensitivity to RPLP1/2 knockdown, we established cell lines harboring expression constructs 164 

lacking either one (HA-C-prM∆3-EΔ208-FLAG) or both (HA-C-prM∆2/3-EΔ208-FLAG) prM TMDs and 165 

compared these to the parental HA-C-prM-EΔ208-FLAG construct (Fig. 3A). Deletion of either the 166 

distal TMD (TMD3) or both prM TMDs removed the signalase cleavage site and resulted in 167 
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accumulation of single fusion proteins that were detectable by antibodies to both tags. Upon 168 

RPLP1/2 knockdown we observed no statistical difference in protein levels (Fig. 3B and C), 169 

indicating that the TMDs, or the sequences that encode them, confer sensitivity to RPLP1/2 170 

depletion. Since both TMD constructs retained the putative ribosome pausing region (nts 1025-171 

1035), these data indicate that this sequence is not sufficient to confer RPLP1/2 sensitivity. We 172 

posit that the pause requires the presence of the upstream prM TMD(s) (see Discussion).  173 

RPLP1/2 promotes stability of viral proteins  174 

The rate of translation elongation intrinsically impacts the rate of protein synthesis, but it can also 175 

have important effects on nascent protein folding, maturation and stability. To address this, we 176 

directly analyzed the synthesis and turnover of HA-C-prM-EΔ208FLAG in RPLP1/2 depleted cells 177 

(Fig. 4A). We knocked down RPLP1/2 and 48 h later induced HA-C-prM-EΔ208-FLAG expression. 178 

The next day cells were labeled with [35S]-methionine/cysteine for 30 minutes, chased with cold 179 

methionine/cysteine and lysed at 0, 3 and 6 h time points. The lysates were subsequently used 180 

for immunoprecipitation (IP) with either HA or FLAG antibodies and IP fractions were subjected 181 

to SDS-PAGE and analysis using a phosphorimager. This analysis revealed that RPLP1/2 182 

knockdown elevated the incorporation of [35S]-methionine/cysteine into both HA- and FLAG-183 

tagged viral proteins during the 30 minute pulse (Fig. 4B and C). At the same time, quantification 184 

of protein turnover during the chase period showed increased degradation of both HA-C-prM and 185 

EΔ208-FLAG proteins in RPLP1/2 knockdown cells (Fig. 4B and C). This suggests that relief of 186 

ribosome pausing by RPLP1/2 promotes the folding of nascent DENV structural proteins that 187 

would be otherwise targeted by the cellular protein degradation machinery.  188 

RPLP1/2 depletion alters ribosome density on a minor subset of cellular mRNAs.   189 

RNAseq and RIBOseq data were analyzed to evaluate the effects of RPLP1/2 knockdown on 190 

cellular mRNAs (Table S1). Sequencing reads were mapped to 19,192 genes. We used one 191 
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principal transcript per gene based on the APPRIS database (24) to map the reads (see Methods). 192 

Interestingly, depletion of RPLP1/P2 had a small effect on overall mRNA levels (Fig. 5A) or 193 

translation measured by ribosomal-footprints (Fig. 5B) of host genes. When RPLP1/2 were 194 

depleted, we found only 103 genes were significantly altered at the transcript level and 274 genes 195 

altered at the translational level [q-value < 0.01, abs(log2 fold change) >1]. In both RNAseq and 196 

RIBOseq datasets, roughly twice as many genes were upregulated than downregulated (RNAseq: 197 

69 up, 34 down; RIBOseq: 176 up, 98 down; Fig. 5A and B).  In addition, we found that most 198 

translational changes were not driven by changes in mRNA levels (Fig. 5C). We observed that 78 199 

mRNAs had coordinated RNAseq-RIBOseq changes (54 increased and 24 decreased) and 196 200 

mRNAs exhibited changes only at the translational level (125 increased and 71 decreased). 201 

Additionally, 25 mRNAs were classified as exhibiting translation buffering as they were changed 202 

in RNAseq but not RIBOseq (15 increased and 10 decreased; Fig. 5C).   203 

Although most genes were unaffected, those that exhibited altered ribosome density may be 204 

translated more efficiently due to higher rate of initiation or less efficiently due to excessive 205 

ribosome pausing. To investigate this further, we knocked down RPLP1/2 in cells in the absence 206 

of virus infection and analyzed protein and mRNA levels for 7 genes that changed >2-fold in the 207 

RIBOseq dataset but <2-fold at the transcript level. Western blot analysis showed that all proteins 208 

examined were affected by RPLP1/2 depletion in a manner that positively correlated with 209 

ribosome density (Fig. S5A), indicating that the number of overall ribosomes translating an mRNA 210 

in the context of RPLP1/2 depletion correlated with protein accumulation. We observed that four 211 

(PARD6B, MIB1, XRN1 and TSPAN12) out of the seven selected genes exhibited relatively 212 

limited changes in transcript levels, compared to protein levels, as measured by RT-qPCR (Fig. 213 

S5B). For the remaining three genes (SEMA7A, PTPRO and MUC16), the change in protein level 214 

could be explained, at least in part, by changes at the transcript level, although the effect of 215 

knockdown on MUC16 transcript levels was not statistically significant. Notably, these latter genes 216 
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had relatively low overall expression levels as defined by TPM (Fig. S5B), suggesting that this is 217 

an important parameter to consider in validating mRNAs that are altered in ribosome density 218 

(RIBOseq normalized to RNAseq) by ribosome profiling analysis. 219 

To further assess the types of changes elicited by RPLP1/2 depletion, we quantified the changes 220 

in ribosome densities (RPF_TPM/RNA_TPM) on individual mRNAs using Riborex (25) (Fig. S6). 221 

Riborex measures changes in ribosome-densities using a generalized linear model to explicitly 222 

model the dependence of RPF abundance on RNA abundances. Using Riborex, we found that 223 

only 10 genes showed significant changes in ribosome densities, 8 of which had higher density 224 

upon RPLP1/2 knockdown [q-value < 0.01, abs(log2 fold change) >1]. Interestingly, all 8 of the 225 

mRNAs with increased ribosome density were ribosomal protein (RP) mRNAs. RPLP1/2 depletion 226 

resulted in generally increased ribosome density on mRNAs encoding cytosolic RPs but not 227 

mitochondrial RPs (Fig. S7A and B), possibly reflecting a feedback mechanism leading to 228 

enhanced ribosome biogenesis as a consequence of RPLP1/2 depletion. Because RPLP1/2 are 229 

known to bind the elongation factor eEF2 (26), we also measured levels of eEF2 and its kinase 230 

eEF2K, which is a repressor of eEF2 (27), in RPLP1/2 depleted cells by western blot. We 231 

observed that eEF2 levels were unchanged while eEF2K was strongly reduced due to RPLP1/2 232 

knockdown (Fig. S7C and D). The reduction of the inhibitory eEF2K provides further evidence for 233 

a feedback loop that may counteract RPLP1/2 deficiency. 234 

We also sought to identify mRNA sequence features which may correlate with changes in 235 

ribosome density, as described by Weinberg/Shah and colleagues (21). Using the Akaike 236 

information criterion, we selected a model that best predicted ribosome density data using the 237 

following sequence-based features: lengths of 5′ UTRs, 3′ UTRs and CDS, GC content of 5′ UTRs, 238 

3′ UTRs and CDS, upstream AUG counts, folding energies of 30-bp regions near start codons 239 

and transcription start sites, and codon adaptation index (CAI). We found that sequence-based 240 

features alone explain about 44% of variance in ribosome densities in NSC and RPLP1/2 depleted 241 
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conditions (Fig. S8A and B). However, we failed to identify any sequence-based features that 242 

correlate with changes in ribosome densities upon RPLP1/2 depletion relative to the NSC 243 

condition (Fig. S8C). 244 

To check if genes with significant changes at the transcriptional or translational levels were 245 

functionally related, we performed gene-set enrichment analysis of KEGG pathways. We found 246 

no pathways enriched at the mRNA abundance level, but at the translational level ribosomal 247 

protein genes were enriched (Fig S9A). We also performed GO category over-representation 248 

tests for both RIBOseq and RNAseq datasets and found that mRNAs encoding adherens and 249 

anchoring junction proteins were translationally altered but not affected at the transcript level (Fig. 250 

S9B and C; see below). 251 

Meta-gene analysis of RIBOseq reveals translation elongation defects in RPLP1/2 depleted 252 

cells.  253 

RPLP1/2 have been linked to translation elongation in several in vitro experiments that showed 254 

they bind to elongation factors and enhance translation by ribosomes that had been stripped of 255 

several RPs (10,28,29). Nevertheless, direct evidence that links RPLP1/2 to translation elongation 256 

in cells is lacking. As we observed ribosome pausing during translation of the DENV genome in 257 

RPLP1/2 depleted cells, we asked whether RPLP1/2 promotes ribosome elongation on cellular 258 

mRNAs. We performed a meta-gene analysis of ribosome footprints in the first 250 codons of all 259 

expressed ORFs. This analysis revealed that RPLP1/2 depletion leads to an accumulation of 260 

ribosomes in the first ~100 codons (Fig. 6A). To test whether distribution of ribosome protected 261 

fragments (RPFs) is skewed to the 5′ end of the mRNAs, which was observed to happen in other 262 

cases of translation elongation defects (30–33), we calculated a polarity score which uses 263 

RIBOseq data to reveal ribosome distributions on mRNAs (31). This score assigns a value 264 

between -1 and 1 to each gene based on the ribosome distribution along it. Relative enrichment 265 

of RPFs toward the 5′ end of mRNA yields a negative score, while enrichment toward the 3′ end 266 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/713016doi: bioRxiv preprint 

https://doi.org/10.1101/713016
http://creativecommons.org/licenses/by-nc-nd/4.0/


of the mRNA results in a positive score. The polarity score analysis of all expressed ORFs 267 

revealed a small but highly significant shift of ribosomes towards the 5′ end of ORFs when 268 

RPLP1/2 were depleted (Mean of the differences = 0.013, p = 2.2 x 10 -16) (Fig. 6B).  Thus, the 269 

high sensitivity of RIBOseq allowed us to detect global differences in elongation caused by 270 

RPLP1/2.  271 

Depletion of RPLP1/2 alters ribosome density on cellular mRNAs encoding membrane 272 

proteins.  273 

As noted above, GO term analysis suggested that mRNAs encoding adherens and anchoring 274 

junction proteins, which contain TMDs, were altered at the translational level. This analysis, as 275 

well as data obtained on DENV structural protein expression, prompted us to assess transcript 276 

levels and ribosome abundance status of mRNAs encoding integral membrane proteins 277 

containing one or more TMDs in control and RPLP1/2-depleted cells. Analysis of RNAseq data 278 

revealed small but significantly different changes due to RPLP1/2 knockdown, with mRNAs 279 

encoding two or more TMDs having overall lower levels when RPLP1/2 were depleted (Fig. 7A 280 

and B). In contrast, larger reductions in RIBOseq data were observed for mRNAs encoding 2 to 281 

4 or more TMDs, with the effect being stronger for transcripts encoding 5 or more TMDs (Fig. 7C 282 

and D). Thus, ribosome abundance is generally reduced by RPLP1/2 knockdown on mRNAs 283 

encoding proteins with multiple TMDs.  284 

To detect potential defects in ribosome elongation, we performed meta-gene ribosome distribution 285 

analysis to compare mRNAs encoding multiple TMD proteins to those that don’t. We calculated 286 

polarity scores for the different classes of mRNAs. Transcripts encoding 2 or more 287 

transmembrane domains exhibited slightly larger differences in polarity between control and 288 

RPLP1/2 depletion compared to mRNAs encoding 1 or no TMDs. (Fig. 7E). Together, these 289 

analyses suggest that RPLP1/2 promote increased ribosome abundance and elongation on 290 

mRNAs encoding topologically complex membrane proteins. 291 
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DISCUSSION 292 

The ribosome was initially viewed as a homogenous particle that indiscriminately translates 293 

mRNA, but a modern outlook suggests ribosomes are heterogeneous machines with multiple 294 

regulatory layers and specialized functions (34). Modifications on rRNA (35) and composition of 295 

RPs (6,34) vary among individual ribosomes and enhance translation of some mRNAs while 296 

disfavoring translation of others. The ribosome also modulates protein folding to facilitate 297 

attainment of native state (36–38). Thus, the ribosome should be considered a core regulator of 298 

protein biogenesis.  299 

While some RPs are known to be differentially required for the life-cycle of viruses (5,16,39,40), 300 

we lack a comprehensive understanding of how RPs affect different viruses and mechanisms by 301 

which they do so. Here, we focused on ribosomal stalk proteins RPLP1/2 which exhibit a striking 302 

requirement for flavivirus infectivity in cells and mosquitos (16), and were also found to be 303 

important for pneumoviridae and paramyxoviridae (41) . Conversely, depletion of these proteins 304 

has limited impact on global cellular translation or infectivity with other positive strand viruses 305 

tested (16). We discovered that RPLP1/2 mitigate ribosome pausing on the DENV RNA, showing 306 

for the first time that RPLP1/2 function in translation elongation and protein biogenesis. We 307 

identified a natural ribosome pause site in DENV RNA that is exacerbated by RPLP1/2 depletion. 308 

Our analysis of DENV structural protein expression suggests that RPLP1/2 function to relieve this 309 

ribosomal pause on the DENV RNA and promote stability of the nascent DENV proteins. 310 

Interestingly, the presence of the both prM TMDs conferred maximum sensitivity to RPLP1/2 311 

knockdown, indicating that these RPs may be generally important for biogenesis of integral 312 

membrane proteins, including other DENV proteins containing many transmembrane domains, 313 

namely NS2A/B and NS4A/B proteins. 314 

We found that ribosomes pause 32 codons downstream of the coding sequence for two adjacent 315 

TMDs in the prM protein. Considering that the exit tunnel of the ribosome accommodates 30-40 316 
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aa (42–45), the pause is predicted to occur once the second TMD has nearly or fully exited the 317 

ribosome tunnel. Membrane insertion of the TMD(s) or interaction of the C-terminal TMD with the 318 

translocon may cause ribosomes to pause at this site. The precise mechanism by which RPLP1/2 319 

act likely involves enhanced elongation in this region, leading to proper folding and stability of 320 

membrane proteins. Alternatively, RPLP1/2 could act through direct interactions with the nascent 321 

TMDs. This is the case for certain ER chaperones (46,47), which bind hydrophobic and charged 322 

amino acids of the nascent chain, leading to increased protein expression. In line with the latter 323 

hypothesis, RPLP1/2 levels have been previously shown to impact folding of the cystic fibrosis 324 

transmembrane conductance (CFTR) protein and to bind to hydrophobic and charged amino 325 

acids (48–50).  326 

Individual mRNAs exhibit features that shape the efficiency of their translation under varying 327 

conditions (21,51). Translation rate is usually determined at the level of initiation (52,53); however, 328 

alterations in ribosome elongation may impact the rate of protein synthesis as well as nascent 329 

protein folding and stability (54–56). Protein abundance is determined by the rates of synthesis 330 

and protein degradation. Since translation elongation can impact both of these rates, it is a critical 331 

process that impacts protein levels. In the case of membrane proteins, such as those encoded by 332 

flaviviruses like DENV, the insertion of the TMDs into the target membrane is believed to occur 333 

co-translationally (57,58). The local elongation rate at and around regions encoding TMDs may 334 

promote optimal insertion in the target membrane. It is thought that RNA and/or protein features 335 

associated with TMDs impact interactions with the translocation machinery (22,23). Some of 336 

these features include rare codons, charged amino acids, and hydrophobic residues which can 337 

induce ribosome pausing. Indeed, subdomains of proteins have been found to require optimal 338 

synthesis rates that promote efficient folding, as is the case for CFTR (48,59). Elongation rates 339 

that are either faster or slower than normal can prevent certain proteins from folding normally and 340 

may lead to aggregation (60,61). We observed a trend of increased ribosome density on DENV 341 
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and some cellular RNAs in RPLP1/2-depleted cells, consistent with an increase in translation 342 

initiation. Moderately increased global protein synthesis was previously observed by us in 343 

RPLP1/2 depleted A549 cells using a metabolic labeling assay (16). The increase in translation 344 

appears to stem from a feedback loop caused by knockdown of RPLP1/2. A recent study reported 345 

that mTOR can sense translation elongation defects (62), and this in turn leads to enhanced 346 

initiation and elongation of translation to attune for these defects (63). Moreover, another recent 347 

report showed that the ribosome stalk activates the eIF2 kinase, GCN2, which functions to 348 

reduce translation during nutrient stress (64). RPLP1/2 depletion led to generally increased 349 

ribosome density for mRNAs encoding RPs, suggesting enhanced ribosome biogenesis. Lastly, 350 

eEF2K which inactivates eEF2, was reduced compared to control cells. Thus, there are multiple 351 

potential mechanisms that may be responsible for enhanced protein synthesis in RPLP1/2 352 

deficient cells.  353 

A signature of translation elongation defects is the accumulation of ribosomes towards the 5′ end 354 

of the mRNA in meta-gene analyses (31,33,65). We observed this signature in our meta-gene 355 

and polarity score analyses, which is the first direct evidence in cells that RPLP1/2 functions in 356 

translation elongation. We also found that, similar to the DENV RNA which encodes many TMDs, 357 

mRNAs encoding two or more TMDs were affected by RPLP1/2 knockdown in terms of levels and 358 

distribution of RPFs. This may indicate that specific TMDs interact with the ribosome exit tunnel 359 

or translocon in a way that leads to ribosome pausing. At the individual gene level, many mRNAs 360 

encoding membrane proteins with two or more TMDs were unaffected by knockdown. We 361 

speculate that TMDs bearing certain features, which present challenges to the protein synthesis 362 

and membrane insertion machinery, require function of RPLP1/2. Such features could include 363 

charged or bulky amino acids (31) and rare codons (66). It will be of interest to identify these 364 

features that we posit will be shared between flaviviral and cellular mRNAs and/or proteins. In 365 
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summary, our findings offer new insights into roles for the highly conserved ribosomal stalk and 366 

further illuminate the critical connections between translation elongation and protein biogenesis. 367 

 368 

  369 
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MATERIALS AND METHODS 370 

Cell culture and viruses.  371 

A549 and Vero cells were grown in DMEM supplemented with 10% fetal bovine serum, non-372 

essential amino acids, 100 U/ml penicillin and 100 μg/ml streptomycin in a humidified incubator 373 

with 5% CO2 at 37°C. C6/36 cells were grown in RPMI 1640 supplemented with 10% fetal bovine 374 

serum, non-essential amino acids, 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified 375 

incubator with 5% CO2 at 28°C. Doxycycline-inducible HeLa cell lines were established using the 376 

Flp-In T-REx system. After transfection of required plasmids, HeLa Flp-In T-REx cells (67) (kindly 377 

provided by Elena Dobrikova, Duke University) were grown in medium with 100 μg/ml of 378 

hygromycin B and 2 μg/ml of blasticidin. DENV-2 (New Guinea C) stocks were derived from 379 

infected C6/36 cells. The focus forming assays to determine viral titers were performed in Vero 380 

cells as described previously (68).  381 

Cloning of expression constructs. 382 

The double tagged constructs with HA on the N-terminus and FLAG on the C-terminus which 383 

were used to make the HeLa Flp-In T-REx cells were amplified by PCR from a HA tagged DENV 384 

construct. The same forward primer was used to amplify all the constructs (GTACCG GTACCA 385 

TGTAC CCATAC GA) and each construct had a specific reverse primer, mature C (ATGCGG 386 

CCGCCT ACTTGT CGTCAT CGTCTT TGTAGT CTCTGC GTCTCC TGTTCA AGATGT), C-prM 387 

(ATGCGG CCGCCT ACTTGT CGTCAT CGTCTT TGTAGT CTGTCA TTGAAG GAGCGA 388 

CAGCTG), HA-C-prM-EΔ208-FLAG (ATGCGG CCGCCT ACTTGT CGTCAT CGTCTT TGTAGT 389 

CCAGCC TGCACT TGAGAT GTCC), HA-C-prM-EΔ10-FLAG. For HA-C-prMΔTM2&3-EΔ208-FLAG 390 

(forward: AAACTT GGATCT TGAGAC ATATGA CAATGC and reverse: CCTATG CAACGC 391 

ATTGTC ATATGT CTCAAG) and HA-C-prMΔTM3-EΔ208-FLAG (forward: ACACCA TAGGAA 392 

CGACAC ATATGA CAATGC and reverse: CCTATG CAACGC ATTGTC ATATGT GTCGTT). 393 
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Transfections.  394 

Plasmid transfections to generate Flp-In T-REx cells were done using Lipofectamine 2000 395 

(Thermo Fisher Scientific) following the manufacturer’s instructions and medium was changed 5 396 

h after transfection. The siRNA transfections were carried out using RNAiMAX reagent (Thermo 397 

Fisher Scientific) following the manufacturer’s instructions in a forward transfection. All siRNAs 398 

used were from Qiagen, and the sequence of their sense strand is the following: siP1_1 (GAAAGU 399 

GGAAGC AAAGAA ATT), siP2_1 (AGGUUA UCAGUG AGCUGA ATT) and siP2_4 (GCGUGG 400 

GUAUCG AGGCGG ATT). For the RIBOseq and RNA sequencing experiments, transfections 401 

were optimized to knock down RPLP1/2 in 10 cm dishes, using a final siRNA concentration of 50 402 

nM and media was changed after 5 h of incubation. For other assays, a pool of siP1_1 and siP2_1 403 

(siP) was used at a final combined concentration of 30 nM.  404 

RNA extractions and RT-qPCR. 405 

RNA was extracted using Trizol LS (Thermo Fisher Scientific) and reverse transcribed using the 406 

High-Capacity cDNA synthesis kit (Thermo Fisher Scientific). The qPCR was performed using 407 

SYBR green mix (Thermo Fisher Scientific) on a StepOne Plus instrument (Applied Biosystems) 408 

to measure DENV RNA and 18S rRNA. The relative viral RNA levels were calculated using the 409 

ΔΔCT method. The following primers were used to amplify nucleotides 5755 to 5892 of the DENV 410 

genome (AF038403.1): (forward: GAAATG GGTGCC AACTTC AAGGCT and reverse: TCTTTG 411 

TGCTGC ACTAGA GTGGGT). For RT-qPCR of genes, the following primers were used: 412 

TSPAN12 (forward: TTAACT GCAGAA ACGAGG GTAG and reverse: GGAAAC AGCAAA 413 

CAGCAA TCA), MUC16 (forward: CAACTG ATGGAA CGCTAG TGA and reverse: GATGTG 414 

CCTGCT GGACTG), SEMA7A (forward: CGTCTG GAAAGG CCATGT AG and reverse: 415 

GGAAGT CAAAGA GGTAGA CCTTG), PARD6B (forward: GGGCAC TATGGA GGTGAA GA 416 

and reverse: TCCATG GATGTC TGCATA GC), MIB1 (forward: ACTGGC AGTGGG AAGATC 417 

AA and reverse: CATATG CTGCGC TATGTG GG), XRN1 (forward: GGATTT TGCACT ATTACT 418 
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ATCATG GA and reverse: GGAAAG GTGCAT AATGAT AAGGA), PTPRO (forward: GTGCTG 419 

TTCAAG AATGCT ACAG and reverse: ACAGAT GCTGGA CTGATG AC). For 18S rRNA the 420 

primers used were (forward: GTAACC CGTTGA ACCCCA TT and reverse: CCATCC AATCGG 421 

TAGTAG CG). 422 

Western blotting 423 

Cells were lysed in RIPA buffer (Cell Signaling Technologies). Proteins were fractionated on 4-424 

to-12% acrylamide gels (Novex, Thermo Fisher Scientific) under denaturing conditions. 425 

Antibodies used were anti-RPLP1 (Ab121190; Abcam), anti-RPLP2 (Ab154958; Abcam), anti-426 

mouse beta-actin (sc-47778; Santa Cruz Biotechnology), anti-DENV NS3 (GTX124252; 427 

GeneTex), anti-FLAG (F7425; Sigma-Aldrich), anti-HA (ab18181; Abcam), anti-TSPAN12 428 

(A05472-1; Boster-Bio); anti-MUC16 (sc-365002; Santa Cruz Biotechnology); anti-XRN1 (sc- 429 

165985; Santa Cruz Biotechnology); anti-SEMA7A (sc-374432; Santa Cruz Biotechnology); anti-430 

MIB1 (sc-393551; Santa Cruz Biotechnology); anti-PTPRO (sc-365354; Santa Cruz 431 

Biotechnology); anti-PARD6B (sc-166405; Santa Cruz Biotechnology); anti-eEF2K (sc-390710; 432 

Santa Cruz Biotechnology); anti-XRN1(ab70259; Abcam);  anti-eEF2 (2332; Cell Signaling 433 

Technology); anti-EMC4 (ab184544; Abcam). 434 

Ectopic expression of DENV constructs and cell fractionation. 435 

Cell fractionation to assess the relative amount of DENV RNA in the ER versus the cytosol was 436 

performed by plating 3 x 105 A549 cells per well in 6-well plates. Cells were infected for 2.5 h at 437 

an MOI of 10 and fractionated as described previously (18). Samples were then divided to perform 438 

either RT-qPCR or precipitated with TCA to concentrate proteins for western blot. To evaluate 439 

protein levels of DENV constructs in HeLa Flp-In T-REx cells, 3 x 105 cells were plated in each 440 

well of a 6-well dish, cells were induced with 1 g/ml doxycycline for 24 h and then lysed for 441 

western blot.   442 
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Metabolic labeling assays. 443 

HeLa cells expressing the HA-C-prM-EΔ208-FLAG construct were plated at 3 x 105 cells per well 444 

in a 6-well plate and were then transfected with a pool of siRNAs (siP1_1 and siP2_1) against 445 

RPLP1/2 at 30 nM total siRNA concentration. Two days later the media was changed and 446 

doxycycline was added. One day later, intracellular methionine and cysteine pools were depleted 447 

by incubation with DMEM lacking these amino acids for 20 minutes. Cells were then labeled with 448 

0.1 mCi of 35S methionine/cysteine for 30 minutes and chased with media containing cold 449 

methionine and cysteine. Cells were lysed and used for immunoprecipitation with HA (26181; 450 

Pierce) or FLAG (A2220; Sigma) beads. IP fractions were transferred to a membrane that was 451 

exposed to a phophorimager plate for quantification of protein bands.         452 

RIBOseq and RNAseq experiments. 453 

 A549 cells were plated at 1.5 x 106 cells per 10 cm dish. Three 10cm dishes were transfected 454 

with NSC siRNA whereas three other dishes were transfected with either siP1_1, siP2_1 or 455 

siP2_4 siRNAs as described above. 48 h later cells were infected with DENV-2 (NGC strain) at 456 

MOI of 10 in a total volume of 10 ml, rocked every 15 minutes for 1 h and the infection was allowed 457 

to proceed for an additional 1.5 h. Cells were then flash frozen in liquid nitrogen without 458 

cycloheximide (CHX) pretreatment and cold lysis buffer containing CHX was used to lyse the cells 459 

on ice. The RIBOseq strategy was adapted from Ingolia and colleagues (19) with a few 460 

modifications. After nuclease digestion, samples were run on a 15-50% sucrose gradient and the 461 

80S ribosome fractions were collected. As described by Reid and colleagues (18), fractions were 462 

extracted using Trizol LS (Thermo Fisher Scientific), and rRNAs were removed using the Ribo-463 

Zero gold rRNA removal kit (Illumina, San Diego CA) according to the manufacturer's protocol. 464 

The remaining RNA was treated with PNK and then size selected by 15% denaturing PAGE. For 465 

adapter ligation and library building we used NEBNext Small RNA Library Prep Set (Illumina). 466 

Data can be accessed at the gene expression omnibus repository: GSE133111. 467 
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RIBOseq and RNAseq analyses. 468 

RNA-seq and footprinting reads were jointly mapped to the human transcriptome and DENV 469 

genome using the riboviz pipeline (69). Sequencing adapters were trimmed from reads using 470 

Cutadapt 1.10 using parameters ‐‐trim-n -O 1 ‐‐minimum-length 5. Trimmed reads that aligned to 471 

human/mouse rRNA were removed using HISAT2 version 2.1.0. Remaining reads were mapped 472 

to a set of 19,192 principal transcripts for each gene in the APPRIS database using HISAT2. Only 473 

reads that mapped uniquely were used for all downstream analyses. For genes with multiple 474 

principal transcripts, the first one in the list was chosen. Codes for selecting these transcripts were 475 

obtained from the riboviz package (https://github.com/shahpr/riboviz). For metagene analysis, we 476 

restricted analyses to genes with at least one data set (RNA-seq or footprinting across conditions) 477 

with 64 mapped reads, and genes with 0 read counts in any data set were ignored unless the 478 

mean read counts across all twelve data sets were >64.  479 

We used DESeq2 (70) to identify differentially expressed genes at the transcriptional and 480 

translational level separately and the DESeq2 engine of Riborex to determine differential 481 

ribosome densities between NSC and RPLP1/2 depleted conditions. For the metagene analysis, 482 

we aligned normalized reads of lengths 10-50 bp by their 5′ end as described previously. We 483 

performed the polarity score analysis as described previously by Schuller and colleagues (31). 484 

To identify sequence-based features of genes that might influence ribosome-density of 485 

transcripts, we performed model selection followed by multiple linear regression analysis. To 486 

identify the most informative features, we used a stepwise Akaike information criterion for model 487 

selection with both step-up and step-down model selection procedures. The model that best 488 

explained the data after penalizing for complexity included the following variables: lengths of 5′ 489 

UTRs, 3′ UTRs, and CDS, GC content of 5′ UTRs, 3′ UTRs, and CDS, upstream AUG counts, 490 

folding energies of 30-bp region near the start codon, and 30-bp region near transcription start 491 
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site, and codon adaptation index (CAI). Scripts for all the analysis and figures are available at 492 

github.com.   493 

  494 
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Figure Legends 782 

Figure 1. Ribosome profiling of DENV-infected control and RPLP1/2-depleted cells. (A) 783 

A549 cells were transfected with either non-silencing control (NSC) or a pool of siRNAs (siP). 784 

After 48 h, cells were infected with DENV at MOI of 10 at the indicated times points (hours) for 785 

western blot analysis of NS3 and b-actin. The right panel shows normalized NS3 levels for NSC 786 

(blue) and siP (red) transfected cells. (B) Infected cells that were transfected with the indicated 787 

siRNAs were fractionated into ER and cytosol compartments. Western blot of the ER resident 788 

EMC4 and cytosolic protein GAPDH is shown. RT-qPCR was used to quantify DENV RNA in 789 

each compartment under the different conditions. (C) Experimental design of the ribosome 790 

profiling experiment. (D) Ribosome density (RPF normalized to RNAseq) on DENV RNA under 791 

control and RPLP1/2 knockdown conditions is shown (*** p < 0.001). (E) The distributions of 792 

ribosome density under control (blue) and RPLP1/2 knockdown (red) conditions are shown. The 793 

arrow indicates a prominent localized area of increased ribosome density. (F) Cumulative 794 

distributions of reads mapping across the viral ORF were plotted for both RNAseq reads (left) and 795 

RPFs (right). (G) Zoomed-in views of the RNAseq read (left) and RPF (right) distributions at the 796 

5′ end of the E coding region are shown.  Arrows in panels F and G indicate location of the 797 

prominent ribosome density at the 5′ end of the E coding region. 798 

 799 

Figure 2. Effects of RPLP1/2 knockdown on expression of DENV structural proteins. (A) 800 

Schematic of DENV structural proteins and their topology in the ER membrane is shown. (B-E) 801 

Tetracycline inducible HeLa cells lines expressing the indicated tagged proteins were depleted 802 

for RPLP1/2 and analyzed by quantitative western blotting using anti-HA, anti-FLAG or anti-E 803 

antibodies. The quantification of the experiments are shown as graphs on the right which 804 

represents mean values +/- SD. Asterisks represent p values: * p< 0.05, ** p < 0.01, *** p < 0.001, 805 

**** p < 0.0001. 806 
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Figure 3. Deletion of transmembrane domain (TMDs) within the prM protein abrogates the 807 

effect of RPLP1/2 knockdown on viral protein expression. (A) Tetracycline inducible HeLa 808 

cells expressing DENV structural proteins were transfected with control or RPLP1/2 siRNAs and 809 

levels of HA-C-prM and E208-FLAG were analyzed by western blot using the respective tag 810 

antibodies. Analysis of cells expressing variants lacking TMD3 (B) or both TMD 2 and 3 (C) is 811 

shown. Quantification of the experiments is shown on the right. The graphs show mean values 812 

+/- SD. Asterisks indicate p values: * p< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 813 

 814 

Figure 4. RPLP1/2 knockdown increases the rates of DENV structural protein synthesis 815 

and turnover. HeLa cells expressing HA-C-prM-E208-FLAG were transfected with control or 816 

RPLP1/2 siRNAs and then metabolically pulse-labeled with 35S-methionine/cysteine for 30 min 817 

followed by chase with cold methionine/cysteine. Cells were harvested after the pulse or 3 and 6 818 

hours after the chase for lysis and IP with a-HA and a-FLAG antibodies. (A) An autoradiogram of 819 

triplicate IP samples for HA-C-prM and E208-FLAG is shown for the pulse (0 h) and chase 820 

samples. Controls in the left lanes were not induced with tetracycline. (B) The left panel shows 821 

raw quantification of band intensities and the right panel shows levels normalized to the 0 h time 822 

point for HA-C-prM. (C) Same as in (B) except data show E208-FLG.  823 

 824 

Figure 5. Effects of RPLP1/2 depletion on transcript levels and ribosome density for 825 

cellular mRNAs.  The scatter plot of (A) RNAseq and (B) RIBOseq abundances between non-826 

silencing control (NSC) and a pool of siRNAs (siP) datasets. Estimates of abundances are based 827 

on average TPMs from triplicates. Red dots are genes identified at significantly different based 828 

on DESeq2 analysis [q-value < 0.01, abs(log2 fold change) >1]. (C) Comparison between RNA 829 

and RPF fold-changes indicate that most RPF changes are driven by changes at the RNA level. 830 
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  831 

Figure 6. Effects of RPLP1/2 knockdown on ORF ribosome distribution . (A) Metagene 832 

analysis of the average ribosome density from all expressed mRNAs is shown. Data were aligned 833 

at the start codon (position 0) for control (NSC, blue line) or RPLP1/2 knock down (siP, red line). 834 

RPLP1/2 depletion caused an accumulation of ribosomes in the first 100 codons. (B) Polarity 835 

score distributions for control and RPLP1/2 knockdown cells are shown. The plot shows a 836 

statistically significant reduction in polarity score comparing control and RPLP1/2 depletion (KS 837 

test p = 2.2 x 10-16).  838 

 839 

Figure 7. Effects of RPLP1/2 knockdown on translation of mRNAs encoding proteins with 840 

multiple TMDs. (A) Effects of RPLP1/2 knockdown on transcript levels encoding proteins with 841 

the indicated number of TMDs. (B) Same data as in panel (A) shown as overlapping distributions 842 

of log2 fold change. (C) Effects of RPLP1/2 knockdown on ribosome density for transcripts 843 

encoding proteins with the indicated number of TMDs. (D) Same data as in panel (C) shown as 844 

overlapping distributions of log2 fold change. (E) Polarity score distributions for mRNAs containing 845 

no TMDs, 1 TMD, 2-4 TMDs, 5 or more TMDs.  846 

 847 
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Supplementary Figure Legends 849 

Figure S1. Efficiency of RPLP1/2 depletion in A549 cells by siRNA.  Fractions of the samples 850 

used for RIBOseq and RNAseq were analyzed by western blot for RPLP1/2 and -actin. Blots are 851 

shown in (A) and quantification of signals in (B). The error bars represent standard deviations of 852 

three biological replicates. Statistical significance was assessed by a two-tailed Student's t test 853 

between NSC and experimental siRNAs. *** p < 0.001, **** p < 0.0001. 854 

 855 

Figure S2. Periodicity of read mapping in RIBOseq samples.  Meta-analysis of the reads at 856 

nucleotide positions for RIBOseq or RNAseq is shown near the (A) start and (B) stop codons. 857 

 858 

Figure S3. Ribosome density on DENV coding regions. RIBOseq reads (TPM) were 859 

normalized to RNAseq reads for each viral protein coding region on the DENV RNA.  860 

 861 

Figure S4. Distributions of DENV ribosome protected fragments (RPFs) and RNAseq reads 862 

normalized to library size.  (A) RIBOseq reads (RPFs) for each replicate is shown mapping to 863 

the DENV ORF. (B) Same as in (B) except for RNAseq reads.  864 

 865 

Figure S5. Follow up validation of genes by western blot and RT-qPCR analyses. (A) 866 

Quantitative western blotting was performed for the indicated proteins under NSC and RPLP1/2 867 

knockdown conditions. (B) For the selected genes  RT-qPCR was performed to measure 868 

transcript levels. * p< 0.05, ** p < 0.01, *** p < 0.001. 869 

 870 
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Figure S6. Effects of RPLP1/2 knockdown on ribosome density. For each gene the ribosome 871 

density (RIBOseq/RNAseq) is plotted under NSC and siP conditions. Red dots are genes 872 

identified as significantly different by riborex [q-value < 0.01, abs(log2 fold change) >1]. 873 

 874 

Figure S7. RPLP1/2 knockdown results in elevated ribosome density on RP mRNAs and 875 

decreased levels of eEF2K. (A) Ribosome density of RP mRNAs encoding components of the 876 

small subunit, large subunit or mitochondrial ribosomes is shown for NSC and siP conditions. (B) 877 

Effects of RPLP1/2 knockdown on mRNA (top) and RPF (bottom) levels for RP genes are shown. 878 

(C) Western blot analysis of eEF2 and eEF2K under control and knockdown conditions is shown. 879 

Data were quantified in (D). *** p < 0.001. 880 

 881 

Figure S8. Sequence features of mRNAs do not predict sensitivity to RPLP1/2 knockdown. 882 

A multiple regression model based on sequence-based features such as lengths of 5′ UTRs, 3′ 883 

UTRs, and CDS, GC content of 5′ UTRs, 3′ UTRs, and CDS, upstream AUG counts, folding 884 

energies of 30-bp region near the start codon, and 30-bp region near transcription start site, and 885 

codon adaptation index (CAI) predicts ribosome-density in both (A) NSC and (B) siP datasets. 886 

However, changes in ribosome-densities upon RPLP1/P2 knockdown cannot be explained by any 887 

sequence feature (C). 888 

 889 

Figure S9. KEGG pathway and gene ontology gene-set enrichment analysis of mRNAs altered 890 

by RPLP1/2 depletion. (A) Enriched KEGG pathways and associated fold-changes of significantly 891 

different genes at the translational level [q-value < 0.01, abs(log2 fold change) >1]. No pathways 892 

were enriched for significantly different genes at the transcriptional level. GO term gene-set 893 
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enrichment analysis for cellular components that change in the (B) RNAseq and (C) RIBOseq 894 

data with RPLP1/2 knockdown. 895 
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Figure 1 897 
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Figure 3 903 
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Figure 4 906 
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Figure 5 909 

 910 

  911 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 24, 2019. ; https://doi.org/10.1101/713016doi: bioRxiv preprint 

https://doi.org/10.1101/713016
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6 912 
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Figure S1 918 
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