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Summary  14 

DEAD-box RNA helicase Ded1 is thought to resolve secondary structures in mRNA 5′-15 

untranslated regions (5′-UTRs) that impede 48S preinitiation complex (PIC) formation at the 16 

initiation codon. We reconstituted Ded1 acceleration of 48S PIC assembly on native mRNAs in a 17 

pure system, and recapitulated increased Ded1-dependence of mRNAs that are Ded1-18 

hyperdependent in vivo. Stem-loop (SL) structures in 5′-UTRs of native and synthetic mRNAs 19 

increased the Ded1 requirement to overcome their intrinsically low rates of 48S PIC recruitment. 20 

Ded1 acceleration of 48S assembly was greater in the presence of eIF4F, and domains mediating 21 

one or more Ded1 interactions with eIF4G or helicase eIF4A were required for efficient 22 

recruitment of all mRNAs; however, the relative importance of particular Ded1 and eIF4G 23 

domains were distinct for each mRNA. Our results account for the Ded1 hyper-dependence of 24 

mRNAs with structure-prone 5′-UTRs, and implicate an eIF4E·eIF4G·eIF4A·Ded1 complex in 25 

accelerating 48S PIC assembly on native mRNAs.   26 
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Introduction 27 

In canonical translation initiation in eukaryotes, a ternary complex (TC), consisting of 28 

eukaryotic initiation factor 2 (eIF2), Met-tRNAiMet, and GTP, along with eIF1, eIF1A, eIF5, 29 

eIF4B, and eIF3, binds to the small (40S) ribosomal subunit to form a 43S pre-initiation complex 30 

(PIC). The 43S PIC binds to the 5¢-end of mRNA and scans the 5¢-untranslated region (UTR) to 31 

identify the start codon, resulting in the formation of the 48S PIC. eIF4F complex, comprised of 32 

eIF4E (a cap binding protein), eIF4G (a scaffolding protein), and eIF4A (DEAD-box RNA 33 

helicase), interacts with the mRNA m7G cap and aids in recruitment of the 43S PIC to the 5¢-end 34 

of the mRNA (reviewed in (Dever et al., 2016; Hinnebusch, 2014)).  35 

eIF4A promotes 48S PIC formation in vitro and translation in vivo of virtually all 36 

mRNAs regardless of their structural complexity (Pestova and Kolupaeva, 2002; Sen et al., 2015; 37 

Yourik et al., 2017). Yeast eIF4A is a weak helicase when unwinding RNA duplexes in vitro 38 

(Rajagopal et al., 2012; Rogers et al., 1999). Recent evidence suggests that mammalian eIF4A 39 

modulates the structure of the 40S subunit to enhance PIC attachment (Sokabe and Fraser, 2017). 40 

Ded1 is a yeast DEAD-box RNA helicase that promotes translation in vivo of reporter mRNAs 41 

with longer or structured 5¢-UTRs (Berthelot et al., 2004; Chiu et al., 2010; Sen et al., 2015). 42 

Like eIF4A, Ded1 is essential for yeast growth and stimulates bulk translation initiation in vivo 43 

(Chuang et al., 1997; de la Cruz et al., 1997). However, ribosome profiling of conditional ded1 44 

mutants revealed that native mRNAs with 5¢-UTRs that are longer and more structured than 45 

average yeast 5¢-UTRs exhibit a greater than average reduction in translational efficiency (TE) 46 

on Ded1 inactivation (Ded1-hyperdependent mRNAs); whereas mRNAs with shorter and less 47 

structured 5¢-UTRs exhibit increased relative TEs in ded1 cells (Ded1-hypodependent mRNAs) 48 

(Sen et al., 2015).  49 
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Yeast Ded1 can unwind model RNA duplexes and act as an RNA chaperone or RNA-50 

protein complex remodeler in vitro (Iost et al., 1999; Bowers et al., 2006; Yang and Jankowsky, 51 

2006). Ded1 can physically interact individually with eIF4E, eIF4G, and eIF4A, as well as with 52 

eIF4A and eIF4G simultaneously in an RNA-independent manner (Hilliker et al., 2011; Senissar 53 

et al., 2014; Gao et al., 2016). Ded1 interacts with eIF4A through its N-terminal domain (Ded1-54 

NTD) and this interaction is required for stimulation of Ded1’s RNA-duplex unwinding activity 55 

by eIF4A (Gao et al., 2016). Yeast eIF4G contains three RNA binding domains, N-terminal 56 

RNA1, central RNA2, and C-terminal RNA3 (Berset et al., 2003); and while none of the three is 57 

essential, simultaneous deletion of RNA2 and RNA3 is lethal (Park et al., 2011). In vitro, eIF4G 58 

variants lacking any of the three RNA binding domains exhibit similar affinities for eIF4A, 59 

support similar rates of ATP-hydrolysis by the eIF4F complex (albeit with higher Km values for 60 

ATP), but lack the preference of WT eIF4F for 5¢-overhang substrates during unwinding 61 

(Rajagopal et al., 2012). The Ded1 C-terminal domain (Ded1-CTD) interacts with the eIF4G-62 

RNA3 domain, and Ded1-eIF4G interaction decreases the rate of RNA unwinding while 63 

increasing Ded1 affinity for RNA in vitro (Hilliker et al., 2011; Putnam et al., 2015). Ded1 also 64 

interacts with the RNA2 domain of eIF4G and with eIF4E (Senissar et al., 2014), but the 65 

physiological relevance of these interactions are unknown. 66 

We previously demonstrated functions of eIF4F, eIF4B, and eIF3 in stimulating the rate 67 

and extent of mRNA recruitment by 43S PICs in a fully purified yeast system for native RPL41A 68 

mRNA, containing a short and relatively unstructured 5¢-UTR (Mitchell et al., 2010). Although 69 

Ded1 is essential in vivo, it was dispensable for recruitment of this mRNA in vitro. Considering 70 

that RPL41A was judged to be Ded1-hypodependent in vivo by ribosome profiling of ded1 71 

mutants (Sen et al., 2015), we asked whether recruitment of Ded1-hyperdependent mRNAs 72 
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would require Ded1 in the reconstituted system. We investigated whether the presence of defined 73 

stem-loop (SL) structures in native or synthetic mRNAs would confer greater Ded1-dependence 74 

for rapid recruitment in vitro. Finally, we examined the role of the RNA2 and RNA3 domains of 75 

eIF4G and the NTD and CTD of Ded1 that mediate Ded1 interactions with the eIF4F complex in 76 

promoting Ded1’s ability to accelerate mRNA recruitment by 43S PICs. Our findings 77 

demonstrate that Ded1 accelerates recruitment of native and synthetic mRNAs, overcoming the 78 

inhibitory effects of structured leader sequences and conferring relatively greater stimulation for 79 

mRNAs hyperdependent on Ded1 in vivo, all in a manner consistent with stimulation by 80 

formation of a Ded1-eIF4F complex. 81 

 82 

Results 83 

Ded1 enhances the rate of recruitment of all natural mRNAs tested 84 

We set out to reconstitute the function of Ded1 in 48S PIC assembly in a yeast translation 85 

initiation system comprised of purified components (Mitchell et al., 2010; Walker et al., 2013; 86 

Yourik et al., 2017). Pre-assembled 43S PICs, containing 40S subunits and factors eIF1, eIF1A, 87 

eIF5, eIF2·GDPNP·Met-tRNAi, eIF4G·4E, eIF4A, eIF4B, and eIF3, were pre-incubated with or 88 

without Ded1, and reactions were initiated by addition of ATP and 32P-labeled m7Gppp-capped 89 

mRNA (synthesized in vitro). Formation of 48S complexes was monitored over time using a 90 

native gel electrophoretic mobility shift assay (EMSA) to resolve free and 48S-bound mRNAs. 91 

An ~20-fold excess of unlabeled-capped mRNA was added to reaction aliquots at each time 92 

point to quench further recruitment of 32P-labeled mRNA (“pulse-quench”). By varying the 93 

concentration of Ded1, this assay yields the apparent rate constants (kapp) for 48S PIC formation 94 

at each Ded1 concentration, the maximal rate at saturating Ded1 (kmax), the Ded1 concentration 95 
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required for the half-maximal rate of 48S formation (K1/2), and the reaction endpoints 96 

(percentage of mRNA recruited) at each Ded1 concentration. The addition of non-radiolabeled 97 

mRNA in the quench did not dissociate the pre-formed 32P-labeled 48S complexes (Figs. S1A, 98 

S2E). Our purified Ded1 hydrolyzed ATP in an RNA-dependent manner with kcat and K"#$% 99 

values consistent with previous measurements (Figs. S1B-D) (Iost et al., 1999; Senissar et al., 100 

2014). Moreover, the Ded1 bound a fluorescently labeled single-stranded mRNA in the presence 101 

or absence of ADP or ADPNP with KD values consistent with published values (Fig. S1E) 102 

(Banroques et al., 2008; Iost et al., 1999).  103 

We began by analyzing the effect of Ded1 on recruitment of RPL41A mRNA, a short 104 

transcript of 310 nucleotides (nt), with 5¢-UTR of only 24 nt (Figs. 1A, S1F), and a low degree of 105 

predicted secondary structure (Mitchell et al., 2010). RPL41A behaved like a Ded1-106 

hypodependent mRNA in ribosome profiling experiments, exhibiting increased relative TE in 107 

ded1 mutant versus WT cells (Sen et al., 2015). Consistent with this, recruitment of RPL41A 108 

mRNA in vitro was achieved previously without Ded1 (Mitchell et al., 2010). Nevertheless, with 109 

our more sensitive pulse-quench approach, we found that addition of saturating Ded1 increased 110 

the kmax of RPL41A by ~2.8-fold from 0.95 ± 0.1 min-1 to 2.7 ± 0.3 min-1 (Figs. 1B, cf. blue vs. 111 

orange, & S1G-red), with a K&/'()*&  of 58 ± 8 nM (Fig. 1C). Thus, despite its low Ded1-112 

dependence relative to most other mRNAs in vivo, RPL41A recruitment is appreciably 113 

stimulated by Ded1 in vitro.  114 

We next examined Ded1 stimulation of another Ded1-hypodependent mRNA, HOR7, and 115 

several Ded1-hyperdependent mRNAs, SFT2, PMA1, OST3, and FET3, which exhibited reduced 116 

TEs in ded1 versus WT cells (Sen et al., 2015). SFT2 and PMA1 mRNAs are noteworthy in 117 

containing SL structures in their 5¢-UTRs detected in vivo (Rouskin et al., 2014). Because these 118 
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mRNAs exceed the maximum length that can be resolved by EMSA (~400 nt), we generated 119 

reporter mRNAs with the 5¢-UTR and first 60 nt of coding sequences (CDS) of each mRNA 120 

(Figs. 1A, S1F). (For brevity, we refer to these reporter mRNAs simply by their gene names.) 121 

Without Ded1, the rate of HOR7 recruitment was 1.3 ± 0.16 min-1, and saturating Ded1 122 

stimulated recruitment by ~2-fold (kmax = 2.8 ± 0.4 min-1) with a K&/'()*&of 115.5 ± 17 nM, results 123 

that were similar to those for Ded1-hypodependent RPL41A (Figs. 1B, 1C, S1G-blue curve). 124 

Strikingly, without Ded1, the four Ded1-hyperdependent mRNAs were recruited at rates 2.5- to 125 

15-fold lower compared to the two Ded1-hypodependent mRNAs (Fig. 1B, blue), and these rates 126 

increased by an order of magnitude on addition of Ded1 (Figs. 1B, orange & bottom panel; 127 

S1G). The Ded1-hyperdependent mRNAs also required higher Ded1 concentrations to achieve 128 

these maximal rates (Fig. 1C). The acceleration of mRNA recruitment by Ded1 required its 129 

ATPase activity, as ATPase-deficient Ded1 variant Ded1E307A (Figs. S1C-D) (Iost et al., 1999) 130 

did not accelerate recruitment of any mRNAs (Fig. S1H). 131 

PMA1 and OST3 also exhibited low endpoints of recruitment without Ded1, 30 ± 5% and 132 

41 ± 4%, respectively, which increased to 91 ± 2% and 86 ± 3%, respectively, on Ded1 addition 133 

(Fig. 1D). It was suggested that Ded1 acts as an RNA chaperone to aid transitions between 134 

different RNA conformations (Yang et al., 2007). In fact, two or more conformers of OST3 (and 135 

other mRNAs) were observed in native gel electrophoresis that likely represent differently 136 

folded, stable mRNA conformers, and Ded1 resolved each of them into one major species (Fig. 137 

S1I). Perhaps only one of these conformers of PMA1 and OST3 is competent for 48S PIC 138 

assembly, and Ded1 facilitates isomerization among them.  139 

Interestingly, a linear relationship was observed between the fold-acceleration by Ded1 140 

and the K&/'()*& , such that Ded1-hypodependent and Ded1-hyperdependent mRNAs cluster 141 
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separately from each other along the line (Fig. 1E). One explanation could be that Ded1-142 

hyperdependent mRNAs have a higher rate-limiting activation energy barrier for 48S PIC 143 

assembly in the absence of Ded1 compared to the Ded1-hypodependent mRNAs, consistent with 144 

the latter’s relatively higher rates of recruitment without Ded1 (Fig. 1B, blue bars, RPL41A and 145 

HOR7 versus SFT2, PMA1, OST3, and FET3). Accordingly, the hyperdependent mRNAs require 146 

relatively higher Ded1 concentrations to lower this barrier to the point at which a Ded1-147 

independent step becomes rate limiting (SFT2 and PMA1) or where Ded1 cannot lower the 148 

Ded1-dependent barrier further (OST3 and FET3) (Fig. S1J).  149 

Taken together, the data presented above demonstrate that mRNAs with long and 150 

structured 5¢-UTRs, found to be hyperdependent on Ded1 for translation in vivo, are inherently 151 

less capable of PIC recruitment and more dependent on Ded1 for rapid recruitment in vitro than 152 

are mRNAs hypodependent on Ded1 in vivo. 153 

 154 

Secondary structures in the 5¢-UTR increase Ded1-dependence in 48S PIC assembly 155 

 Given that mRNAs with heightened Ded1-dependence in vivo have a greater than 156 

average potential to adopt secondary structures involving the 5¢-UTR (Sen et al., 2015), we 157 

investigated if the stable SL structures previously detected in the 5¢-UTRs of SFT2 and PMA1 158 

were responsible for their elevated Ded1 dependence (Rouskin et al., 2014). To this end, we 159 

introduced mutations to eliminate the SL in each mRNA, or (for SFT2) to strengthen the SL 160 

(Figs. 2A, S2A-B). Without Ded1, the SL-disrupted version of PMA1, PMA1-M, showed ~2-fold 161 

higher endpoints of recruitment than WT PMA1 (PMA1-M = 62 ± 2.5%, PMA1 = 30 ± 5%, Fig. 162 

2B, gold). PMA1-M was also recruited at rates ~4-fold higher than PMA1 (kmax = 1.2 ± 0.1 min-1 163 

(PMA1-M) vs. 0.33 ± 0.06 min-1 (PMA1); Fig. 2C, blue), consistent with the idea that the SL 164 
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inhibits mRNA recruitment. Ded1 increased the rate of PMA1-M recruitment to yield a kmax 165 

similar to that for PMA1 (Fig. 2C, orange), but at a much lower Ded1 concentration for PMA1-M 166 

(K&/'()*& = 40 ± 6 nM) versus PMA1 (~280 nM) (Fig. 2D; S2C, black vs. purple). Similar results 167 

were observed for the SL-disrupted SFT2 variant, SFT2-M, as follows. Compared to WT SFT2 168 

mRNA, SFT2-M showed an ~2-fold faster recruitment in the absence of Ded1 (0.88 ± 0.08 min-1 169 

vs. 0.44 ± 0.05 min-1 Fig. 2C, blue) and an ~2-fold lower Ded1 concentration required to 170 

accelerate recruitment to half the maximum rate: K&/'()*& = 119 ± 7 nM (SFT2-M) vs. 236 ± 18 171 

nM (SFT2) (Figs. 2C, orange; 2D; S2C, green vs. orange curves). Importantly, both PMA1-M 172 

and SFT2-M mRNAs clustered with the Ded1-hypodependent mRNAs instead of the Ded1-173 

hyperdependent mRNAs in the plot of fold-acceleration versus K&/'()*&  (Fig. 2E, blue). In contrast, 174 

the SFT2-M2 variant harboring a SL of enhanced stability (DG° = -19.1 kcal/mol vs. -9.4 175 

kcal/mol for WT SFT2; Figs. 2A, S2A, and S2B) was not recruited without Ded1, and exhibited 176 

only low-level recruitment at the highest achievable Ded1 concentration (Fig. S2D). These 177 

results strongly suggest that Ded1 accelerates the recruitment of WT SFT2 and PMA1 mRNAs, 178 

and increases the end-point of PMA1 recruitment, in part by melting the SL structures in their 5¢-179 

UTRs. As the PMA1 SL is ~120 nt from the 5¢-cap, it is likely that Ded1 resolves the SL to 180 

accelerate scanning of the PIC through the 5¢-UTR. 181 

 182 

Evidence that Ded1 stimulates the PIC attachment and scanning steps of initiation 183 

Although Ded1-hypodependent mRNAs RPL41A and HOR7 lack any strong, defined 184 

SLs, Ded1 still stimulated their recruitment (Fig. 1B). Similarly, even after removal of SLs, the 185 

PMA1-M and SFT2-M mutant mRNAs were still stimulated by Ded1 (Fig. 2C). In addition to 186 

defined, stable SLs in 5¢-UTRs, natural mRNAs likely form large ensembles of weaker structures 187 
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involving interactions of nucleotides within the 5¢-UTR or between 5¢-UTR nucleotides and 188 

nucleotides in the CDS or 3¢-UTR (Kertesz et al., 2010; Yourik et al., 2017), which might also 189 

contribute to Ded1-dependence during PIC attachment or scanning. To test this hypothesis, we 190 

examined recruitment of chimeric mRNAs with synthetic 5¢-UTRs attached to the CDS and 3¢-191 

UTR of native RPL41A (Yourik et al., 2017). A synthetic mRNA dubbed “-SL” (for “minus 192 

stem-loop”) contained a 67 nt 5¢-UTR comprised of CAA repeats that is devoid of stable 193 

secondary structure (Figs. 2A, S2B). Without Ded1, -SL was recruited rapidly at a rate of 1.9 ± 194 

0.2 min-1 (Fig. 2C, blue), ~2-fold faster than RPL41A (Fig. 1B, blue) or the SFT2-M and PMA1-195 

M variants lacking SLs (Fig. 2C, blue), consistent with the idea that weaker interactions formed 196 

by 5¢-UTRs of native mRNAs lacking SLs can inhibit recruitment. Ded1 increased the kmax of -197 

SL recruitment by ~ 3-fold (Figs. 2C, orange; S2F, red), comparable to the increases observed for 198 

SFT2-M, PMA1-M (Fig. 2C, lower), and RPL41A (Fig. 1B, lower). This stimulation of -SL 199 

recruitment was achieved at a relatively low Ded1 concentration comparable to, or lower than, 200 

those observed for SFT2-M, PMA1-M (Fig. 2D), and RPL41A (Fig. 1C). Hence, -SL mRNA 201 

clustered with the Ded1-hypodependent mRNAs shown in the plot of K&/'()*&	versus fold-increase 202 

in kmax (Fig. 2E, green, -SL). The finding that Ded1 significantly stimulates 48S PIC assembly on 203 

-SL, containing a 5¢-UTR incapable of forming stable structures on its own, suggests that Ded1 204 

has a second role in mRNA recruitment, in addition to unwinding stable structures in 5¢-UTRs. 205 

To analyze whether Ded1 can stimulate the PIC attachment step of 48S assembly, we 206 

examined the synthetic CP-8.1 mRNA with a stable SL (predicted DG° = -8.1 kcal/mol) inserted 207 

in a cap-proximal location 5 nt from the 5¢-end of -SL mRNA. We also analyzed a third synthetic 208 

mRNA, CD-8.1, containing the same SL inserted 45 nt downstream from the cap of -SL, 209 

reasoning that this cap-distal SL might impede scanning without interfering with PIC attachment 210 
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at the cap (Figs. 2A, S2A, S2B). As expected, both synthetic mRNAs with SLs had order-of-211 

magnitude lower rates of recruitment compared to -SL in the absence of Ded1 (Fig. 2C, blue, 212 

inset), indicating that SLs in either location strongly inhibited 48S PIC formation. Ded1 213 

increased the maximal rate of CP-8.1 recruitment by ~5-fold, such that the maximal rate for CP-214 

8.1 was still ~6-fold below that of -SL (Figs. 2C; S2F, blue vs. red), and ~2-3-fold below that of 215 

RPL41A, HOR7, SFT2, OST3, and PMA1 (Figs. 2C, 1B). Moreover, CP-8.1 exhibited an ~7.6-216 

fold higher K&/'()*& versus -SL (Fig. 2D). As a result, CP-8.1 lies between the Ded1-217 

hyperdependent and Ded1-hypodependent mRNAs, and deviates from the line in the plot of 218 

K&/'()*& versus fold-increase in kmax (Fig. 2E, green, CP-8.1). This deviation is due to the fact that 219 

CP-8.1, like the Ded1-hyperdependent mRNAs, is inefficiently recruited in the absence of Ded1; 220 

but unlike the Ded1-hyperdependent mRNAs, its recruitment is accelerated by Ded1 only ~5-221 

fold. These results suggest that Ded1 is not very effective at reducing the inhibitory effect of a 222 

stable cap-proximal SL on PIC attachment, even at saturating Ded1 concentrations. In contrast, 223 

Ded1 conferred an ~17-fold acceleration of recruitment for CD-8.1 (Fig. 2C), and a high Ded1 224 

concentration was required to achieve the half-maximal rate (Figs. 2D; S2F, green vs. red), 225 

similar to the behavior of the native Ded1-hyperdependent mRNAs (Figs. 1B-C). Judging by the 226 

relative positions of CD-8.1 and CP-8.1 on the plot of Fig. 2E, it appears that Ded1 is better at 227 

resolving the inhibitory effect of the synthetic SL in a cap-distal versus cap-proximal location in 228 

the 5¢-UTR. Interestingly, the same conclusion was reached previously from analyzing the 229 

relative effects of a cold-sensitive ded1 mutation on expression of reporter mRNAs containing 230 

cap-proximal or cap-distal SLs (Sen et al., 2015). 231 

Having observed that the strength of a 5¢-UTR SL influences the degree of Ded1-232 

dependence, as observed with WT versus mutant derivatives of SFT2 and PMA1 (Fig. 2C), we 233 
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went on to analyze synthetic mRNAs containing cap-distal SLs of predicted stabilities either 234 

higher (-10.5 kcal/mol) or lower (-3.7 kcal/mol) than that of CD-8.1. Each of these SLs, present 235 

in CD-10.5 and CD-3.7, respectively, reduced the recruitment rate in the absence of Ded1 by 236 

~20-fold compared to that of -SL, similar to the results for CD-8.1 (Fig. 2F, blue). This result 237 

suggests that eIF4E·eIF4G·eIF4A alone cannot efficiently mitigate the inhibitory effects of cap-238 

distal SLs of even moderate stability, such as that in CD-3.7, consistent with previous findings 239 

(Yourik et al., 2017). As expected, Ded1 strongly stimulated the recruitment rate of CD-3.7, by 240 

~25-fold, slightly more than the ~15-fold observed for CD-8.1 (Fig. 2F); however, Ded1 241 

conferred only a modest ~2-fold acceleration of CD-10.5 recruitment (Fig. 2F). One possibility 242 

to explain these last results would be that the cap-distal SL in CD-10.5 is too stable for efficient 243 

unwinding by Ded1, limiting Ded1’s ability to accelerate 48S assembly on this mRNA.  244 

In summary, our analysis of synthetic mRNAs supports the notion that Ded1 can 245 

accelerate mRNA recruitment by enhancing scanning through cap-distal secondary structures, 246 

such as the SLs that occur naturally in SFT2 and PMA1 mRNAs; although if the structure is too 247 

stable, Ded1 has a limited ability to unwind it. Additionally, it appears that Ded1 also partially 248 

mitigates the inhibitory effects of cap-proximal secondary structures on PIC attachment at the 249 

mRNA 5¢-end, although not to the same degree that it overcomes cap-distal structures. 250 

 251 

Ded1 stimulation is completely dependent on eIF4G·eIF4E for a subset of mRNAs and all 252 

mRNAs require eIF4A in the presence or absence of Ded1 253 

Ded1 has been shown to interact physically with eIF4F components eIF4G and eIF4A in 254 

a manner that influences its ability to unwind model RNA substrates (Gao et al., 2016; Hilliker et 255 

al., 2011; Senissar et al., 2014).  Accordingly, we examined whether its interactions with eIF4F 256 
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influence Ded1’s ability to accelerate 48S PIC assembly. As eIF4E is co-purified with eIF4G 257 

(Mitchell et al., 2010), and eIF4E is required for full activity of the eIF4F complex, all 258 

experiments involving eIF4G utilize the eIF4E·eIF4G heterodimer, hereafter referred to simply 259 

as eIF4G. We performed mRNA recruitment assays in the presence and absence of eIF4G and 260 

Ded1 for (i) Ded1-hypodependent mRNAs RPL41A, HOR7, -SL, and SFT2-M; (ii) Ded1-261 

hyperdependent mRNAs SFT2, OST3, and CD-8.1; and (iii) CP-8.1, which exhibits intermediate 262 

behavior between groups (i) and (ii) mRNAs in the relationship between K&/'()*& and kmax 263 

stimulation (Fig. 2E). As described above, in the presence of eIF4G, all eight mRNAs can be 264 

recruited in the absence of Ded1, and Ded1 increased their recruitment rates to different extents 265 

(Figs. 3A-H, blue vs. orange). RPL41A, HOR7, and -SL, which contain very short (RPL41A and 266 

HOR7) or unstructured (-SL) 5¢-UTRs, were recruited at relatively low (but measurable) rates in 267 

the absence of both eIF4G and Ded1 (Figs. 3A, 3B, 3F, tan bars); and Ded1 conferred no 268 

increase in their apparent rates in the absence of eIF4G (Figs. 3A, 3B, 3F, cf. green vs. tan, 269 

orange vs. blue). The complete dependence of Ded1 on eIF4G to accelerate recruitment for these 270 

three mRNAs is consistent with the idea that Ded1 acts exclusively in the context of the 271 

eIF4G·eIF4E·eIF4A·Ded1 quaternary complex (Gao et al., 2016). The same might be true for 272 

CP-8.1, whose observable stimulation by Ded1 also required eIF4G (Fig. 3H); however, because 273 

no CP-8.1 recruitment was observed without eIF4G, Ded1 might stimulate recruitment of this 274 

mRNA on its own at levels below the detection limit of the assay. The finding that CP-8.1 differs 275 

from -SL in showing no measurable recruitment in the absence of eIF4G (Figs. 3H vs 3F), 276 

suggests that the cap-proximal SL in CP-8.1 imposes a requirement for eIF4G. 277 

In contrast to the results described above, Ded1 can accelerate recruitment of SFT2, 278 

OST3, SFT2-M, and CD-8.1 mRNAs in the absence of eIF4G, with comparable apparent rates 279 
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afforded by eIF4G alone for SFT2, OST3, and CD-8.1 (Figs. 3C, 3D, 3G; green vs. blue), but 280 

well below the apparent rates observed with eIF4G for SFT2-M (Fig. 3E, green vs. blue). Thus, 281 

Ded1 can stimulate recruitment of these four mRNAs, at least to some extent, acting outside of 282 

the eIF4G·eIF4E·eIF4A·Ded1 complex.  283 

In contrast to eIF4G, omitting eIF4A from the reactions essentially eliminated 284 

recruitment of all mRNAs tested, yielding endpoints of <10%; with the exception of -SL, which 285 

was recruited at the low rate of 0.04 ± 0.01 min-1 with endpoints of 46 ± 3% (Fig. S3, red). 286 

Moreover, in the absence of eIF4A, Ded1 did not rescue recruitment of any mRNAs, nor did it 287 

increase the kapp or endpoints for -SL mRNA (Fig. S3, blue). Thus, eIF4A has one or more 288 

essential functions in mRNA recruitment that cannot be provided by Ded1, even for an mRNA 289 

such as -SL exhibiting appreciable recruitment in the absence of eIF4G (Fig. 3F, tan). This is 290 

consistent with the previous findings that eIF4A is required for robust translation of virtually all 291 

yeast mRNAs in vivo and in vitro (Sen et al., 2015; Yourik et al., 2017), and that DHX29 and 292 

yeast Ded1 cannot substitute for eIF4A in 48S PIC assembly on native β-globin mRNA in a 293 

mammalian reconstituted system (Abaeva et al., 2011; Pisareva et al., 2008). 294 

 295 

Interaction between the RNA3 domain of eIF4G and Ded1-CTD stimulates mRNA 296 

recruitment  297 

 The C-terminal RNA3 domain of eIF4G was shown to interact physically with the Ded1 298 

CTD (Hilliker et al., 2011) and to influence effects of eIF4G on Ded1 unwinding of a model 299 

RNA duplex in vitro (Gao et al., 2016; Putnam et al., 2015). Hence, we sought to determine 300 

whether this physical interaction between the CTDs of Ded1 and eIF4G is functionally relevant 301 
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in 48S PIC assembly by performing mRNA recruitment assays with a truncated eIF4G variant 302 

lacking RNA3 (eIF4G-DRNA3) or a Ded1 variant lacking the CTD (Ded1D-CTD) (Fig. S4A).  303 

 Without Ded1, the DRNA3 truncation of eIF4G had little or no effect on kmax for all 304 

seven mRNAs tested (Fig. 4A, compare blue bars to superimposed line/whiskers, the latter 305 

indicating results for WT eIF4G re-plotted from Fig. 3A-H for comparison, where the horizontal 306 

line shows the mean and the whiskers one SD from the mean). In the presence of Ded1, by 307 

contrast, DRNA3 conferred ~2-fold reductions in kmax for three mRNAs, RPL41A (DRNA3 – 1.5 308 

± 0.2 min-1; WT – 3.9 ± 0.5 min-1), HOR7 (DRNA3 – 1.8 ± 0.1 min-1; WT – 3.9 ± 0.3 min-1) and 309 

CP-8.1 (DRNA3 – 0.7 ± 0.03 min-1; WT – 1.3 ± 0.1 min-1), compared to the values observed for 310 

WT eIF4G (Fig. 4A, orange bars vs. line/whiskers). Somewhat smaller reductions in kmax were 311 

observed for SFT2 and SFT2-M (Fig. 4A). Thus, as summarized in Fig. 4B, deleting RNA3 312 

nearly eliminated the stimulatory effect of Ded1 on kmax values for RPL41A, HOR7, and CP-8.1 313 

(black vs. grey bars vs. dashed red line, the latter indicating no stimulation by Ded1). 314 

Importantly, when Ded1 was replaced with Ded1-DCTD in reactions containing WT 315 

eIF4G, we observed effects on kmax values and rate enhancements very similar to those described 316 

above for DRNA3 (Figs. 4D, 4E), which is consistent with a functional interaction between 317 

RNA3 and Ded1-CTD. (We verified that saturating concentrations of eIF4G-DRNA3 and Ded1-318 

DCTD were used in these experiments by showing that rates of recruitment for SFT2, RPL41A or 319 

HOR7 mRNAs were not elevated even at much higher concentrations of the variants (Figs. S4B, 320 

S4C, S4D, and data not shown). We also confirmed that Ded1-DCTD has RNA-dependent 321 

ATPase activity similar to that of the WT (Figs. S1B-C)).  322 

 We next examined whether eliminating eIF4G-RNA3 alters the concentration of eIF4G 323 

required to achieve half-maximal rate acceleration, ie. the K&/'),-./ . To this end, we first 324 
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determined the K&/'),-./  of WT eIF4G for each mRNA in the presence or absence of Ded1. For 325 

four native mRNAs and SFT2-M, the presence of Ded1 lowered the K&/'),-./ by factors of ~2- to 326 

2.5 (Fig. S5A, cols. 1-5, red vs. blue), consistent with the idea that Ded1 interacts productively 327 

with eIF4G on all five of these mRNAs. Contrary to the natural mRNAs, addition of Ded1 328 

increased the K&/'),-./  of -SL and CP-8.1 mRNAs, reaching values similar to those observed for 329 

the natural mRNAs in the presence of Ded1 (Fig. S5A, cols. 6 & 8, red vs. blue). (The K&/'),-./for 330 

CD-8.1 without Ded1 could not be determined accurately because of its endpoint defects at 331 

lower eIF4G concentrations.) Thus, the maximum stimulation of recruitment of the synthetic 332 

mRNAs in the absence of Ded1 can be achieved at relatively low eIF4G concentrations, but 333 

higher eIF4G concentrations are required to support the additional stimulation of recruitment 334 

conferred by Ded1. (See Fig. S5 legend for additional comments.) 335 

We then proceeded to determine the effect of eliminating RNA3 on the concentration of 336 

eIF4G required for the maximum recruitment rate in the absence of Ded1. For mRNAs RPL41A, 337 

HOR7, SFT2, SFT2-M, and -SL, the K1/2 values for eIF4G-DRNA3 did not differ substantially 338 

from those of WT eIF4G, although it was ~2-fold higher for CP-8.1 (Fig. 4C, blue bars vs. 339 

line/whiskers summarizing results for WT eIF4G taken from Fig. S5A). (The K&/'),-./  could not be 340 

accurately measured for CD-8.1 using eIF4G-DRNA3 due to endpoint defects.) In reactions 341 

containing Ded1, by contrast, the K&/'),-./ values for eIF4G-DRNA3 were increased by 2- to 5-342 

fold relative to the values determined for WT eIF4G for all mRNAs tested (Fig. 4C, red bars 343 

versus superimposed line/whiskers results for WT eIF4G taken from Fig. S5A). Thus, on 344 

removal of RNA3, relatively higher concentrations of eIF4G are required to achieve maximal 345 

rate stimulation by Ded1, supporting a functionally important interaction between RNA3 and 346 

Ded1. We also determined the effects of eliminating the Ded1 CTD on K1/2 values for Ded1.  347 
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Similar to the results obtained for eIF4G-DRNA3, higher K1/2 values were observed for Ded1-348 

DCTD versus WT Ded1 for four of the five mRNAs that exhibit appreciable rate stimulation by 349 

Ded1-DCTD (which excludes RPL41A and HOR7) (Fig. 4F, green bars versus superimposed 350 

line/whiskers results for WT Ded1 from Figs. 1C & 2D).  351 

 In summary, our results indicate that there is an interaction between eIF4G-RNA3 and 352 

Ded1-CTD that facilitates Ded1 function in mRNA recruitment to the PIC. The increased K1/2 353 

values evoked by eliminating either domain suggests that their interaction enhances assembly of 354 

the eIF4G·eIF4E·eIF4A·Ded1 tetrameric complex (Gao et al., 2016). The finding that increased 355 

concentrations of eIF4G-DRNA3 or Ded1-DCTD can rescue the rate (kmax) defects caused by the 356 

domain deletions for some mRNAs but not for others suggests that in certain mRNA contexts 357 

this interaction plays a role in addition to simply promoting interaction between eIF4G and 358 

Ded1. 359 

 360 

The RNA2 domain of eIF4G functions in Ded1-dependent mRNA recruitment 361 

Ded1 also interacts with the RNA2 domain of eIF4G (Senissar et al., 2014), but the 362 

importance of this interaction for Ded1 function is unknown. Comparing the eIF4G-DRNA2 363 

variant (with an internal deletion of RNA2) to WT eIF4G, we found that, as for RNA3, deletion 364 

of RNA2 influenced recruitment of the mRNAs to different extents. In reactions lacking Ded1, 365 

we observed no significant differences in kmax for any of the seven mRNAs examined (Fig. 5A, 366 

blue bars vs. line/whiskers for WT eIF4G data from Fig. 3, blue). By contrast, removal of RNA2 367 

increased the K1/2 for eIF4G-DRNA2 versus WT eIF4G by 3-5-fold for SFT2-M, -SL, and CP-8.1 368 

mRNAs in reactions lacking Ded1 (Fig. 5C, blue bars vs. line/whiskers from Fig. S5A). DRNA2 369 

also conferred an endpoint defect for SFT2 at lower concentrations, precluding determination of 370 

17

.CC-BY 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 June 21, 2018. ; https://doi.org/10.1101/353078doi: bioRxiv preprint 

https://doi.org/10.1101/353078
http://creativecommons.org/licenses/by/4.0/


 

its effects on the K1/2 for eIF4G. (Because of endpoint defects for CD-8.1 even with WT eIF4G, 371 

the importance of RNA2 cannot be evaluated for this mRNA.) Considering that DRNA3 372 

increased the K1/2 for eIF4G only for CP-8.1 in reactions lacking Ded1, it appears that RNA2 has 373 

relatively more important Ded1-independent functions than RNA3 in recruitment of particular 374 

mRNAs. 375 

Stronger effects of DRNA2 were observed in reactions containing Ded1, markedly 376 

reducing the kmax for the two mRNAs containing cap-distal SLs, SFT2 (kmax of 1.4 ± 0.1 min-1 vs. 377 

3.4 ± 0.1 min-1 for WT) and CD-8.1 (kmax of 0.7 ± 0.03 min-1 vs. 1.9 ± 0.2 min-1 for WT), with 378 

smaller reductions for SFT2-M and CP-8.1 (Fig. 5A, orange bars vs. line/whiskers; Fig. 5B, 379 

black vs. grey bars vs. dotted red line). By contrast, RNA2 was dispensable for maximal Ded1 380 

acceleration of RPL41A, HOR7, and -SL mRNA recruitment (Fig. 5B, black vs. grey bars). It is 381 

noteworthy that RPL41A and HOR7 exhibited the strongest dependence on RNA3 (Fig. 4B), but 382 

were insensitive to loss of RNA2 (Fig. 5B) for maximal rate stimulation by Ded1.  383 

All of the mRNAs exhibited increases in K1/2 for eIF4G-DRNA2 versus WT eIF4G (3-384 

20-fold; Fig. 5C, red bars vs. line/whiskers). Thus, eliminating RNA2 increases the concentration 385 

of eIF4G required for maximal Ded1 stimulation for all mRNAs tested, which might reflect its 386 

importance in promoting formation of the eIF4G·eIF4E·eIF4A·Ded1 complex, in the manner 387 

concluded above for RNA3. Elevated concentrations of eIF4G-DRNA2 enable maximum 388 

recruitment rates similar to those achieved with WT eIF4G for the mRNAs with lower degrees of 389 

structure – RPL41A, HOR7, and -SL; whereas the more structured mRNAs display varying 390 

reductions in kmax at saturating eIF4G-DRNA2 concentrations, with the two mRNAs harboring 391 

cap-distal stem loops – SFT2 and CD-8.1 – having the largest rate enhancement defects. This 392 
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suggests that RNA2 enhances Ded1 function on the structured mRNAs beyond its ability to 393 

simply stabilize Ded1-eIF4G interaction.  394 

 395 

The N-terminal domain of Ded1 enhances mRNA recruitment 396 

It was shown previously that the N-terminal domain (NTD) of Ded1 physically interacts 397 

with eIF4A, and is required for eIF4A stimulation of Ded1 unwinding activity in vitro (Gao et 398 

al., 2016; Senissar et al., 2014). We tested the effects of Ded1 on K1/2 of eIF4A and, as observed 399 

with WT eIF4G, Ded1 influenced K&/'),-.# differently on these mRNAs, providing evidence that 400 

Ded1 has functional interactions with eIF4A during mRNA recruitment (Fig. S5B). Hence, we 401 

examined the effect of eliminating the Ded1-NTD on recruitment of our panel of mRNAs. The 402 

kcat and Km values for RNA-dependent ATP hydrolysis were indistinguishable between WT 403 

Ded1 and the DNTD variant (Figs. S1C-D). For the SFT2, CD-8.1, and CP-8.1 mRNAs, which 404 

harbor defined SLs in their 5¢-UTRs, eliminating the Ded1 NTD decreased kmax by 1.5-2-fold, 405 

whereas the kmax values for RPL41A, HOR7, SFT2-M, and -SL mRNAs were not significantly 406 

altered by DNTD (Figs. 6A, purple bars vs. line/whiskers for WT Ded1; Fig. 6B). However, 1-2 407 

orders of magnitude higher K1/2 values for the Ded1-DNTD versus WT Ded1 were observed with 408 

all mRNAs except CD-8.1 (Fig. 6C, green bars vs. line/whiskers for WT Ded1). Thus, removing 409 

the Ded1 NTD significantly increases the concentrations of Ded1 required to achieve 410 

enhancement of recruitment of six out of the seven mRNAs tested. These data are consistent with 411 

the idea that interaction of eIF4A and the Ded1 NTD enhances assembly or stability of the 412 

eIF4G·eIF4E·eIF4A·Ded1 complex, and stimulates Ded1 helicase activity; although the Ded1-413 

NTD might also mediate important interactions with other components of the system. As with 414 
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deletions of the eIF4G RNA domains and Ded1-CTD, mRNA-specific defects were conferred by 415 

deleting the Ded1 NTD. 416 

 417 

DISCUSSION 418 

 Employing a purified yeast translation initiation system, we reconstituted the function of 419 

DEAD-box helicase Ded1 in stimulating the rate of 48S PIC assembly on both native and model 420 

mRNAs. This stimulation in vitro recapitulates the Ded1-dependence of translation of mRNAs 421 

observed in vivo using ribosome profiling, in which mRNAs having longer and more structured 422 

5¢-UTRs display hyper-dependence on Ded1 relative to mRNAs with shorter and less structured 423 

5¢-UTRs (Sen et al., 2015). We showed that defined SL structures both decrease rates of 48S PIC 424 

assembly in the absence of Ded1 and increase the fold-stimulation afforded by Ded1. These 425 

results provide direct biochemical evidence supporting the proposition that Ded1 enhances 426 

translation initiation in vivo by resolving secondary structures formed by 5¢-UTR sequences. Our 427 

results also showed that Ded1-accelerated recruitment of several mRNAs depends completely on 428 

the presence of eIF4G, and that domains mediating Ded1 interactions with eIF4G or eIF4A 429 

enhance Ded1 stimulation of 48S PIC assembly, consistent with the conclusion that Ded1 430 

binding to the eIF4G·eIF4E·eIF4A complex enhances its activity (Gao et al., 2016). However, 431 

Ded1 can also stimulate recruitment of some mRNAs in the absence of eIF4G, indicating that it 432 

can act independently of eIF4F as well. 433 

 434 

DEAD-box proteins Ded1 and eIF4A have complementary but distinct functions in mRNA 435 

recruitment 436 
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Inactivation of conditional Ded1 mutants in vivo results in a strong reduction in bulk 437 

polysomes and decreased expression of reporter mRNAs bearing unstructured 5¢-UTRs (Chuang 438 

et al., 1997; de la Cruz et al., 1997; Sen et al., 2015), suggesting that Ded1 promotes translation 439 

of most mRNAs, in addition to playing a more specific role for mRNAs with long, structured 5¢-440 

UTRs. Consistent with this, we observed that Ded1 increases the maximal rate of 48S PIC 441 

formation by ~2-3-fold on mRNAs with 5¢-UTRs with low degrees of secondary structure 442 

(RPL41A, HOR7, and SFT2-M), as well as on a synthetic mRNA with an unstructured 5¢-UTR (-443 

SL). eIF4A also enhances the translation of nearly all mRNAs in vivo, although, unlike Ded1 444 

where sizable sets of mRNAs are hyper- or hypo-dependent on its function, most mRNAs are 445 

similarly (strongly) dependent on eIF4A for translation (Sen et al., 2015). In line with these 446 

observations, in vitro, eIF4A promotes 48S PIC assembly on all mRNAs tested, increasing the 447 

kmax for the synthetic mRNA with unstructured 5¢-UTR (-SL) by 60-fold and even accelerating 448 

recruitment of completely unstructured model mRNAs by ≥ 7-fold (Yourik et al., 2017). 449 

However, although Ded1 and eIF4A both facilitate recruitment of most mRNAs, their functions 450 

are distinct. Both proteins are essential in vivo (Chuang et al., 1997; Linder and Slonimski, 451 

1989); and Ded1 cannot substitute for eIF4A in vitro (Fig. S3), but it promoted recruitment of all 452 

mRNAs tested beyond the level achieved by saturating concentrations of eIF4A and 453 

eIF4G·eIF4E (Figs. 1B, 2C). 454 

We previously proposed that eIF4A stimulates a step of 48S PIC assembly common to all 455 

mRNAs, such as disrupting the ensemble of weak RNA-RNA interactions that impede PIC 456 

attachment to the 5¢-UTR or subsequent scanning (Yourik et al., 2017). In addition, eIF4A might 457 

also directly promote loading of mRNA onto the PIC, e.g. by modulating conformational 458 

changes in the 40S subunit or by threading the 5¢-end into the mRNA binding channel (Kumar et 459 
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al., 2016; Sokabe and Fraser, 2017). In common with eIF4A, Ded1 may enhance recruitment of 460 

all mRNAs by disrupting their global structures created by dynamic ensembles of base-pairing 461 

throughout their lengths. Unlike eIF4A, however, Ded1 can efficiently resolve more stable 462 

structures, including local stem-loops—achieving an order-of-magnitude acceleration for 463 

mRNAs with the most structured 5¢-UTRs. If the proposed Ded1 function in promoting 48S PIC 464 

formation by disrupting global mRNA structure requires lower Ded1 concentrations than its role 465 

in resolving more stable structures within or involving the 5¢-UTR, it would be consistent with 466 

our findings that mRNAs with SLs require higher Ded1 concentrations to achieve the much 467 

greater fold-stimulation of 48S assembly afforded by Ded1 compared to mRNAs lacking SLs 468 

(Figs. 1-2).  469 

 470 

Evidence supporting the functional importance of an eIF4G·eIF4E·eIF4A·Ded1 tetrameric 471 

complex 472 

 Ded1 alters the K1/2 of eIF4G and eIF4A for most mRNAs (Fig. S5), and these new K1/2 473 

values may signify the changes in the concentrations of eIF4A and eIF4G required for proper 474 

assembly of the eIF4G·eIF4E·eIF4A·Ded1 tetrameric complex on each mRNA. The effects of 475 

eliminating known interactions between Ded1 and eIF4G or eIF4A further suggests the 476 

importance of the tetrameric complex formation for Ded1 function. With only two exceptions 477 

(CP-8.1 for Ded1-ΔCTD and CD-8.1 for the Ded1-ΔNTD), we found that deleting the RNA2 or 478 

RNA3 domain of eIF4G, or the CTD or NTD of Ded1, increased the concentrations of the 479 

corresponding eIF4G or Ded1 variants required to achieve the half-maximal rate of 48S PIC 480 

assembly (ie., their K1/2 values) on each mRNA examined, as summarized by the heatmap in Fig. 481 

7A. This holds for the mRNAs with the shortest or least structured 5¢-UTRs (-SL, RPL41A, and 482 
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HOR7) as well as those with the most highly structured 5¢-UTRs (SFT2, CD-8.1, and CP-8.1). 483 

Because all of these domain deletions abrogate known interactions linking Ded1 to eIF4G or 484 

eIF4A, a plausible way to account for these findings is to propose that, regardless of the amount 485 

of secondary structure in the mRNA 5¢-UTR, rapid mRNA recruitment depends on Ded1 486 

functioning within the eIF4E·eIF4G·eIF4A·Ded1 complex; and that eliminating any interaction 487 

between Ded1 and eIF4G or eIF4A necessitates a higher concentration of the mutant variant for 488 

efficient complex formation. Judging by the magnitude of the increases in K1/2 conferred by 489 

eliminating different domains (Fig. 7A), it would appear that eIF4G-RNA2 and Ded1-NTD are 490 

generally more important than the eIF4G-RNA3/Ded1-CTD duo in promoting assembly or 491 

stability of the eIF4E·eIF4G·eIF4A·Ded1 complex. However, we cannot rule out the possibility 492 

that the domain deletions also impair a different interaction, for instance, with mRNA or another 493 

factor such as eIF4B or eIF3 that is crucial for rapid mRNA recruitment (Mitchell et al., 2010). 494 

 495 

Ded1 and eIF4G mutants affect the maximal rates for recruitment differently depending on 496 

the mRNA 497 

With some mRNAs, the maximum rate of recruitment observed with WT Ded1 and WT 498 

eIF4G (kmax) could also be achieved using elevated concentrations of the mutant variant; whereas 499 

in other cases, the observed kmax was diminished from the WT value even at saturating amounts 500 

of the mutant Ded1 or eIF4G variant. We regard such reductions in kmax as indicating impairment 501 

of a fundamental role of the deleted eIF4G or Ded1 domain in rapid recruitment of the affected 502 

mRNA. Accordingly, we summarized these effects for each factor truncation in a heatmap (Fig. 503 

7B) to evaluate the requirements for particular domains or interactions for maximum rate 504 

stimulation by Ded1 with each mRNA tested. 505 
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 It is evident from the heatmap that deletion of the eIF4G-RNA3 or Ded1-CTD domain 506 

confers a wide range of kmax reductions: 2-3-fold for RPL41A and HOR7; ~1.5-fold for SFT2, 507 

SFT2-M, and CP-8.1, and almost no change for -SL and CD-8.1 (Fig. 7B, cf. cols. 1-2, all rows). 508 

Importantly, however, in all cases the effects of deleting eIF4G-RNA3 and Ded1-CTD are 509 

similar for a given mRNA, supporting the proposition that these effects result from loss of the 510 

eIF4G-RNA3/Ded1-CTD interaction. Eliminating this interaction essentially abolishes the rate 511 

enhancement provided by Ded1 for recruitment of RPL41A and HOR7 mRNAs (Figs. 4B, 4E), 512 

indicating that the Ded1-CTD/eIF4G-RNA3 interaction is essential for the 513 

eIF4E·eIF4G·eIF4A·Ded1 complex (i.e., at saturating Ded1 concentration) to accelerate a slow 514 

step in 48S PIC assembly on these mRNAs (Fig. 7C(i)). This step is apparently enhanced 515 

through different interactions or is less rate-limiting for the other mRNAs tested. 516 

We observed a similar diversity of effects on kmax values depending on the mRNA for the 517 

eIF4G-RNA2 and Ded1-NTD deletions. DRNA2 had little effect on kmax for RPL41A and HOR7, 518 

in contrast to the deleterious effects of DRNA3 for these two mRNAs. Similarly, DRNA2 519 

markedly reduced the kmax for SFT2 and CD-8.1 by ~2.5-3-fold, whereas DRNA3 had little effect 520 

on these mRNAs (Fig. 7B, col. 3 vs. col. 1). Similar to DRNA3 however, DRNA2 decreased the 521 

kmax values for  SFT2-M and CP-8.1 by ~1.5-2-fold, with minimal effect on -SL mRNA (Fig. 522 

7B). In this case, the RNA2 domain appears to be most important for the ability of the 523 

eIF4E·eIF4G·eIF4A·Ded1 complex to stimulate recruitment of the two mRNAs with cap-distal 524 

SLs, SFT2 and CD-8.1; nearly dispensable for the mRNAs with the lowest degrees of structure, -525 

SL, RPL41A and HOR7; and of intermediate importance for CP-8.1 and SFT2-M. These 526 

observations suggest that RNA2 facilitates Ded1 function in melting out structures encountered 527 

by the PIC during attachment or scanning (Fig. 7C (ii-iv)). (Although SFT2-M lacks the major 528 
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cap-distal SL in WT SFT2, it contains an additional cap-proximal structure in vitro that might 529 

underlie its greater dependence on RNA2 versus -SL, RPL41A, and HOR7.)   530 

 Whereas deletion of the Ded1-NTD had the largest effect of the four eIF4G or Ded1 531 

truncations on K1/2 values (Fig. 7A), it had the smallest effects on maximal rates of recruitment, 532 

reducing kmax values between ~1.5 to ~2-fold for SFT2, CD-8.1, and CP-8.1, but having little 533 

effect on the other mRNAs (Fig. 7B). As all three affected mRNAs have stable SLs and the 534 

unaffected mRNAs do not, these data might indicate that the Ded1-NTD, presumably by 535 

interacting with eIF4A, modestly enhances the ability of the eIF4E·eIF4G·eIF4A·Ded1 complex 536 

to unwind stable secondary structures—complementing the function of eIF4G-RNA2 in this 537 

reaction (Fig. 7C (ii-iii)). 538 

 What is perhaps most striking about the effects of the eIF4G and Ded1 truncations on 539 

both the K1/2 (Fig. 7A) and kmax (Fig. 7B) values is that mRNAs have distinct patterns of 540 

responses. The various eIF4G-Ded1 domain interactions affect CP-8.1 and CD-8.1 recruitment 541 

quite differently even though these mRNAs differ only by the location of the same SL in an 542 

unstructured 5¢-UTR. This suggests that there is not a single, uniform mechanism through which 543 

Ded1 operates on all mRNAs; instead the diversity of structures in mRNAs requires that Ded1 544 

and the eIF4E·eIF4G·eIF4A·Ded1 complex can operate in multiple modes. The structural 545 

diversity inherent in mRNAs presents a challenge for the translational machinery because, once 546 

the eIF4F complex attaches to the 5¢-cap, structural elements could be oriented in a variety of 547 

locations in three-dimensional space relative to its functional domains (Fig. 7C). This problem 548 

could explain why eIF4G is so large and flexible and has multiple RNA- and factor-binding 549 

domains, which might confer sufficient plasticity to interact with mRNA structures presented in 550 

a variety of orientations and distances. Likewise, the multiple Ded1 binding domains on eIF4G 551 
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might allow Ded1 to assume different positions relative to the diverse mRNA structures it 552 

encounters on different mRNAs. The mRNA specificity of effects of the truncation mutants of 553 

Ded1 and eIF4G on both K1/2 and kmax values are consistent with the notion that the 554 

eIF4E·eIF4G·eIF4A·Ded1 complex can interact with and modulate the structures of mRNAs in 555 

different ways, with the mRNA structure dictating the particular interactions of Ded1 with eIF4G 556 

or eIF4A that are most crucial for rapid recruitment. 557 

 It is likely that the rate-limiting step(s) for 48S PIC formation will also vary depending 558 

on the unique structural features of the mRNA. For some mRNAs, PIC attachment to the 5¢-UTR 559 

might be rate-limiting because of structures proximal to the 5¢-end or because the 5¢-end is 560 

occluded within the global structure of the mRNA (Fig. 7D (i)). For other mRNAs, PIC 561 

attachment might be relatively fast, but scanning to the start codon could be impeded by stable 562 

structures that require Ded1 in the context of the eIF4E·eIF4G·eIF4A·Ded1 complex to resolve 563 

(Fig. 7D (ii)). Our data could be interpreted to suggest that the eIF4G-RNA2 domain is 564 

particularly important for Ded1 disruption of cap-distal structures during scanning, as its deletion 565 

most strongly reduces kmax values for the two mRNAs harboring cap-distal SLs, SFT2 and CD-566 

8.1, with a considerably smaller effect on SFT2-M lacking this SL (Fig. 7B). The eIF4G-567 

RNA3/Ded1-CTD interaction could have a role in PIC attachment as removing either of these 568 

two domains reduces kmax values for mRNAs presumed to have some global structure that might 569 

occlude the 5¢-end (all mRNAs except -SL and CD-8.1), with the largest effects on the two 570 

natural mRNAs with short 5¢-UTRs that might be sequestered within the global structures 571 

created by the bodies of these mRNAs (Fig. 7B, RPL41A and HOR7). Some mRNAs exhibited 572 

recruitment by Ded1 in the absence of eIF4G, including SFT2, SFT2-M, and CD-8.1 (Figs. 3D, 573 

3E, 3G) indicating that Ded1 is also capable of stimulating one or more aspects of 48S PIC 574 
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assembly outside of the context of the eIF4E·eIF4G·eIF4A·Ded1 complex on certain mRNAs 575 

(Fig. 7D (ii)). 576 

 These two possible models explaining the differential effects of the eIF4G and Ded1 577 

domain deletions on different mRNAs are not mutually exclusive. In fact, the proposal that the 578 

domains have some specificity for mediating PIC attachment versus scanning probably requires 579 

that they localize Ded1 to different parts of the mRNA because the former reaction would occur 580 

closer to the 5¢-end whereas the latter would occur distal to it. The length and flexibility of 581 

eIF4G, coupled with the complex network of interactions possible among eIF4G, eIF4E, eIF4A, 582 

Ded1 and mRNA, could have evolved to support the plasticity required to deal with the wide 583 

variety of mRNA shapes, sizes and structures that must be loaded onto PICs for translation in 584 

eukaryotic cells where transcription and translation are uncoupled. 585 

 586 

METHODS  587 

Preparation of mRNAs and charged initiator tRNA  588 

Plasmids for in vitro run-off mRNA transcription of Ded1-hypodependent and -589 

hyperdependent mRNAs were constructed using Gibson assembly (Gibson et al., 2009). The 5¢-590 

UTR and first 60 nucleotides of the coding region of OST3, SFT2, PMA1, HOR7, and FET3 591 

genes were PCR amplified from yeast genomic DNA (BY4741) and cloned into pBluescript II 592 

KS+ vector (Stratagene) using NEBuilder HiFi assembly according to the manufacturer’s 593 

instructions (New England Biolabs). In all mRNAs constructs, Xma1 restriction site was added 594 

at the end of the coding region during cloning to linearize the plasmids, and two G nucleotides 595 

were added at the beginning of the 5¢-UTR to improve transcription efficiency. Plasmids for 596 

transcription of SFT2-M, SFT2-M2, and PMA-1M mRNAs were derived from SFT2 and PMA1 597 
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plasmids, respectively, by mutating their 5¢-UTRs (Genscript Corp.). Plasmids for transcription 598 

of RPL41A, synthetic mRNAs with 5¢-UTR consisting of CAA repeats, and RPL41A ORF and 599 

3¢-UTR, and initiator tRNA were described previously (Acker et al., 2007; Mitchell et al., 2010; 600 

Yourik et al., 2017).  601 

mRNAs and initiator tRNA were transcribed by run-off transcription using T7 RNA 602 

polymerase and gel purified as described previously (Acker et al., 2007; Mitchell et al., 2010). 603 

mRNAs were capped (m7GpppG) using either a-32P radiolabeled GTP (Perkin Elmer) or 604 

unlabeled GTP and vaccinia virus capping enzyme (Mitchell et al., 2010). Initiator tRNA was 605 

methionylated in vitro using methionine and E. coli methionyl-tRNA synthetase, and charged 606 

Met-tRNAiMet was purified of contaminating nucleotides over a desalting column (Walker and 607 

Fredrick, 2008; Yourik et al., 2017). 608 

 609 

Purification of translation initiation factors 610 

Eukaryotic initiation factors- eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, eIF4G·4E (WT and 611 

mutants), eIF5- were expressed and purified as described previously (Acker et al., 2007; Mitchell 612 

et al., 2010; Rajagopal et al., 2012). 40S ribosomal subunits were prepared as described in 613 

(Munoz et al., 2017). Recombinant Ded1 proteins (N-terminal His6-tag, pET22b vector)- WT 614 

Ded1(1-604), Ded1E307A, Ded1-DCTD (1-535) and Ded1-DNTD (117-604) were purified as 615 

described previously (Gao et al., 2016; Hilliker et al., 2011) with some modifications. Ded1 616 

proteins were expressed in E. coli BL21(DE3) RIL CodonPlus cells (Agilent). Cells were grown 617 

at 37°C till OD600 of 0.5, cooled to 22°C, and induced with 0.5 mM IPTG overnight. Cells were 618 

re-suspended in the lysis buffer (10 mM HEPES-KOH, pH-7.4, 200 mM KCl, 0.1% IGEPAL 619 

CA-630, 10 mM imidazole, 10% glycerol, 10 mM 2-mercaptoethanol, DNaseI (1U/ml) and 620 
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cOmplete protease inhibitor cocktail (Roche)), and lysed using a French Press. Ded1 was 621 

purified over a nickel column (5 ml His-Trap column, GE Healthcare) followed by 622 

phosphocellulose chromatography (P11, Whartman). Purified protein was dialyzed into dialysis 623 

buffer (10 mM HEPES-KOH, pH 7.4, 200 mM KOAc, 50% Glycerol, 2 mM DTT) and stored at 624 

-80°C. Ded1-DNTD was purified with the same method as the wild-type Ded1 with the 625 

following modifications. The N-terminal His6-SUMO tag was removed by incubating nickel-626 

column purified protein with a His6-SUMO protease (McLab) at 4°C overnight, followed by 627 

second round of nickel column purification (Gao et al., 2016). 628 

 629 

mRNA recruitment assay 630 

48S PICs were assembled and native gel shift assay was performed as described 631 

previously (Mitchell et al., 2010; Yourik et al., 2017) with following modifications. Reactions 632 

were assembled in 1X Recon buffer (30 mM HEPES-KOH, pH 7.4, 100 mM KOAc, 3 mM 633 

Mg(OAc)2, and 2 mM DTT) containing 300 nM eIF2, 0.5 mM GDPNP·Mg2+, 200 nM Met-634 

tRNAiMet, 1 µM eIF1, 1 µM eIF1A, 300 nM eIF5, 300 nM eIF4B, 300 nM eIF3, 30 nM 40S 635 

subunits, eIF4A, eIF4E·eIFG, and Ded1. The non-hydrolyzable GTP analog GDPNP was used in 636 

forming the TC to stabilize the 43S and 48S complexes by preventing conversion to the 637 

eIF2·GDP state. The concentrations of eIF4A, eIF4E·eIFG, and Ded1 varied for recruitment of 638 

different mRNAs. eIF4A: RPL41A, HOR7, -SL, CP-8.1, and CD-8.1 = 7 µM; SFT2, SFT2-M, 639 

SFT2-M2, OST3, PMA-1, PMA-1M and FET3 = 15 µM. eIF4E·eIFG = 75 nM for all mRNAs, 640 

except OST3 (150 nM). Ded1: RPL41A and -SL = 250 nM, HOR7 = 500 nM, all other mRNAs = 641 

1 µM. The concentrations of initiation factors were saturating except for the titrant. Reactions 642 

were incubated at 26°C for 10 minutes, and were initiated by simultaneous addition of 15 nM 643 
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32P-m7G mRNA and 5 mM ATP·Mg2+. For kinetic analysis, 2 µl aliquot were removed at 644 

appropriate times, reactions were stopped by addition of 600-1000 nM non-radiolabeled m7G-645 

mRNA (same mRNA as the 32P-m7G mRNA), and loaded onto a 4% non-denaturing PAGE gel 646 

to separate 48S PICs from the free mRNA. Percentage of mRNA recruited to the 48S PIC was 647 

calculated using ImageQuant software (GE Healthcare). Data were fitted with a single 648 

exponential rate equation to calculate apparent rate of recruitment using KaleidaGraph software 649 

(Synergy). Apparent rates were plotted against the concentration of the titrant and fitted with 650 

hyperbolic equation to calculate the maximal rates of recruitment and the concentration of the 651 

titrant required to achieve the half-maximal rates (K1/2). To measure the maximal endpoints of 652 

recruitment, the reactions were incubated for 100-200 minutes (as judged by the kinetic 653 

experiments). Prism 7 (GraphPad) was used for the statistical analyses and bar-graph data 654 

representations. Heatmaps were made in RStudio using gplots and RColorBrewer libraries.  655 

Dissociation experiments were conducted to measure any off-rates (koff) to verify that the 656 

addition of unlabeled m7G-mRNA to stop the reactions did not result in the dissociation of 657 

already-formed 48S PICs. PICs were assembled, and reactions were initiated as described above. 658 

A 20-30-fold excess of same unlabeled m7G-mRNA was added before the reactions were 659 

initiated (no mRNA recruitment was observed) or after 2-20 minutes of incubation (depending 660 

on the kapp). Aliquots were loaded on the gel at indicated times, and percentage mRNA recruited 661 

was calculated. The data were fitted with a linear curve. 662 

 663 

ATPase assay 664 

NADH-coupled ATPase assay was performed as described in (Yourik et al., 2017). Ded1 665 

(100-500 nM) was added to reactions containing 1X Recon buffer, 2.5 mM 666 
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phosphoenolpyruvate, 1 mM NADH, 1/250 dilution of the PK/LDH mix (pyruvate kinase (600–667 

1,000 units/mL) and lactate dehydrogenase (900–1400 units/mL)), 2 µM uncapped RPL41A 668 

mRNA, and reactions were initiated by addition of 5 mM ATP·Mg2+. Reaction rates (V0) were 669 

calculated from linear slope of plot of NADH oxidation over time measured as absorbance A340. 670 

kcat was calculated by dividing V0 by Ded1 concentration. To estimate the Km of ATP, ATP was 671 

titrated at 0-10 mM concentrations. Rates were plotted against the concentration of the ATP and 672 

fitted with Michaelis- Menten equation to calculate the Km of ATP. 673 

 674 

Fluorescence anisotropy assay 675 

Fluorescent anisotropy assay was performed as described previously (Walker et al., 676 

2013). Briefly, ssRNA labeled with fluorescein at the 3¢-end was incubated with Ded1 677 

concentration (0-750 nM) in the absence of any nucleotide or in the presence of 5 mM 678 

ADP·Mg2+ and ADPNP·Mg2+ in 1X Recon buffer, and fluorescent anisotropies were measured 679 

with excitation and emission wavelengths of 495 nM and 520 nM, respectively. The data were 680 

fitted with a hyperbolic equation. 681 
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Fig. 1: Ded1 confers relatively greater acceleration of 48S PIC assembly in vitro for native 1 

mRNAs hyperdependent on Ded1 in vivo 2 

(A) Schematics of native RPL41A mRNA, and mRNA reporters for other native yeast mRNAs 3 

comprised of the 5¢-UTR and first 60 nt of the ORF. ORFs are depicted as boxes with an AUG 4 

start codon; wavy lines depict 5¢- and 3¢-UTRs of the indicated nucleotide lengths; black balls 5 

depict m7Gppp caps; SLs in the 5¢-UTRs of SFT2 and PMA1 identified in vivo are shown as 6 

hairpins, whose folding free energies are given in Fig. S2A. 7 

(B) Upper: Maximum rates of recruitment (kmax) in the absence (blue) and presence (orange) of 8 

saturating Ded1 for mRNAs in (A). Lower: Fold-changes in kmax with or without Ded1 ( kmax
+Ded1/ 9 

kmax
-Ded1) calculated from data in upper plot.  10 

(C) Concentrations of Ded1 resulting in half-maximal rates (K1/2
Ded1).  11 

(D) Endpoints of mRNA recruitment as percentages of total mRNA (15 nM) bound to 48S PICs 12 

(30 nM) in absence (gold) or presence (purple) of saturating Ded1.  13 

(E) Plot of K1/2
Ded1 from (C) versus fold-change in kmax

+Ded1/ kmax
-Ded1 from (B, lower) for each mRNA. 14 

Red points and error bars indicate mean values and one standard deviation, respectively, for each 15 

parameter. Line generated by linear regression analysis (Y = 24.02*X + 28.98, R2 = 0.944, P-16 

value = 0.001).  17 

(B-D) Bars indicate mean values calculated from the 3 independent experiments represented by 18 

the black data points. 19 

 20 

See Supplementary Figures 1 and 2 and Figure1_SourceData1  21 
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Fig. 2: Secondary structures in 5¢-UTRs confer Ded1-hyperdependence in accelerating 48S 22 

PIC assembly in vitro  23 

(A) Schematics of derivatives of natural mRNAs from Fig. 1A mutated to decrease (SFT2-M and 24 

PMA1-M) or increase (SFT2-M2) the stability of 5¢-UTR SLs; and synthetic mRNAs depicted as 25 

in Fig. 1A. The sequences of SLs and mutations are in Fig. S2A.  26 

(B) Endpoints of 48S PIC assembly reactions, determined as in Fig. 1D.  27 

(C) kmax values (upper) and fold-change in kmax (lower) in the presence versus absence of Ded1, 28 

determined as in Fig. 1B. The inset in the upper panel scales the y-axis to display the low kmax 29 

values for CD-8.1 and CP-8.1 mRNAs without Ded1. Note that Y-axis is discontinuous. 30 

(D) K1/2
Ded1values determined as in Fig. 1C.  31 

(E) Plot of K1/2
Ded1 from (D) versus fold-change in kmax

+Ded1/ kmax
-Ded1	from (C, lower) for the indicated 32 

mRNAs. Gray, blue, and green points indicate natural, mutated, and synthetic mRNAs, 33 

respectively, with error bars indicating 1 SD; line produced by linear regression analysis (Y = 34 

25.29*X + 15.28, R2 = 0.89, P-value < 0.001).  35 

(F) Apparent rate of mRNA recruitment of synthetic mRNAs with different strengths SLs in the 36 

cap-distal region in the absence (blue) and presence of Ded1 (orange). ∆G°: CD-10.5 = -10.5 37 

kcal/mol, CD-8.1 = -8.1 kcal/mol, and CD-3.7 = -3.7 kcal/mol. Note that Y-axis is 38 

discontinuous. 39 

(B-D, F) Bars indicate mean values calculated from the 3 independent experiments represented 40 

by the data points. (B-D) WT PMA1 amd WT SFT2 data is added from Fig. 1 for comparison. 41 

 42 

See Supplementary Figure 2 and Figure2_SourceData1  43 
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Fig. 3: Ded1 acceleration of 48S PIC assembly is completely dependent on eIF4G for a 44 

subset of mRNAs 45 

(A-H) Apparent rates (kapp) of 48S PIC assembly for the indicated mRNAs observed without 46 

eIF4G and Ded1 (tan bars), with Ded1 but no eIF4G (green bars), with eIF4G but no Ded1 (blue 47 

bars), or with both Ded1 and eIF4G (orange bars). Note the different Y-axis scale for -SL (F). 48 

 49 

See Supplementary Figure 3 and Figure3_SourceData1  50 
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Fig. 4: eIF4G-RNA3 and Ded1-CTD enhance kmax for the same subset of mRNAs while 51 

reducing K1/2 for nearly all mRNAs. 52 

(A) kmax values in absence (blue) and presence of saturating Ded1 (orange) with eIF4G-DRNA3.  53 

(B) The average fold-change in the kmax observed in the presence and absence of Ded1 (kmax
+Ded1/ 54 

kmax
-Ded1) with WT eIF4G (dark grey) and eIF4G-DRNA3 (light grey). Red line indicates no change 55 

in the rate on Ded1 addition. 56 

(C) K1/2 of eIF4G-DRNA3 in absence of Ded1 (dark blue) and presence of saturating Ded1 (red).  57 

(D) kmax observed in absence (blue) and presence of saturating Ded1-DCTD (purple).  58 

(E) The average fold change in the kmax ( kmax
+Ded1 / kmax

-Ded1) observed in presence and absence of 59 

WT Ded1 (dark grey) and Ded1-DCTD (light grey). Red line indicates rates in absence of Ded1. 60 

(F) The K1/2 of Ded1-DCTD value shown as green bars.  61 

(A-F) Bars indicate mean values calculated from the 3 independent experiments represented by 62 

the data points. The superimposed horizontal line (black) indicate the mean maximal rates (A, D) 63 

or K1/2 (C, F) observed with WT eIF4G (A, C, from Figs. 3 and S5A) or WT Ded1 (D, F from 64 

Figs. 1 and 2), and error bars represent 1 SD from the mean (this representation will be referred 65 

to as line/whisker plot). 66 

 67 

See Supplementary Figures 4 and 5 and Figure4_SourceData1  68 
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Fig. 5: RNA2 domain of eIF4G is crucial for Ded1-dependent stimulation of mRNA 69 

recruitment. 70 

(A) kmax in the absence (blue) and presence of saturating Ded1 (orange) with eIF4G-DRNA2.  71 

(B) The average fold-change in the maximal rate observed in the presence and absence of Ded1 72 

with WT eIF4G (dark grey) and eIF4G-DRNA2 (light grey). Red line indicates no change in the 73 

rate on Ded1 addition.  74 

(C) The K1/2 of eIF4G-DRNA2 in the absence of Ded1 (dark blue) and presence of saturating 75 

Ded1 (red).  76 

(A-C) Bars represent mean values (n = 3) and points on each bar show the individual 77 

experimental values. The line and whisker plot indicate the mean maximal rates (A) or K1/2 (C) 78 

observed with WT eIF4G, and error bars represent 1 SD, as depicted in Fig. 4.  79 

 80 

See Supplementary Figures 4 and 5 and Figure5_SourceData1  81 
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Fig. 6: Ded1-NTD enhances mRNA recruitment. 82 

(A) kmax values observed in the absence (blue) and presence of saturating Ded1-DNTD (purple).  83 

(B) The average fold change in the maximal rate (kmax
+Ded1 / kmax

-Ded1) observed in the presence and 84 

absence of WT Ded1 (dark grey) and Ded1-DNTD (light grey). Red line indicates no change in 85 

the rate with Ded1. 86 

(C) K1/2 of Ded1-DNTD value shown as green bars.  87 

(A-C) Bars represent the mean values (n = 3) and points on each bar show the individual 88 

experimental values. The line and whisker plot indicate the mean maximal rates (A) or K1/2 (C) 89 

observed with WT Ded1, and error bars represent 1 SD. 90 

 91 

See Supplementary Figures 4 and 5 and Figure6_SourceData1  92 
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Fig. 7: Models for mRNA-specific eIF4F-Ded1 interactions 93 

(A) Heatmap representation of log2 fold-increases in K1/2 values of eIF4G-DRNA3 or eIF4G-94 

DRNA2 versus WT eIF4G; and of Ded1-DCTD or Ded1-DNTD versus WT Ded1, calculated 95 

from data in Figs. 4C & 5C (red bars vs. line/whiskers) or Figs. 4F & 6C (green bars vs. 96 

line/whiskers).  97 

(B) Heatmap depicting the fold-changes in kmax values of the indicated eIF4G or Ded1 98 

truncations ( kmax
mutant vs kmax

WT ) summarized calculated from Figs. 4A, 4D, 5A, and 6A (orange or 99 

purple bars vs line/whiskers).  100 

(C) mRNA “geometry” model depicting how different mRNAs exhibit distinct configurations 101 

regarding the occurrence and location of RNA structures (shown as hairpins or stem-loops) that 102 

influence the relative importance of different domain interactions linking Ded1 to eIF4G or 103 

eIF4A within the eIF4G·eIF4E·eIF4A·Ded1 tetrameric complex.  104 

(D) “Kinetic” model depicting how different mRNAs differ in the extent to which PIC 105 

attachment or scanning are rate-limiting steps in 48S PIC assembly, which can be modulated by 106 

Ded1 acting alone or within the eIF4E eIF4G·eIF4E·eIF4A·Ded1 complex.  107 
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Figure S1 related to Figure 1: Catalytically active Ded1 stimulates 48S PIC assembly on 1 

native mRNAs. 2 

(A) Dissociation of 48S PICs assembled on RPL41A and SFT2 mRNAs after addition of excess 3 

cold (non-radiolabeled) capped mRNA as a “pulse-quench” was monitored over time. 48S PICs 4 

were assembled for 15 min with or without Ded1 and chased with an ~20-fold molar excess of 5 

the corresponding cold-capped mRNAs. The percentage of labeled mRNA remaining bound to 6 

48S PICs was quantified after the indicated times of “pulse-quench”. No detectable dissociation 7 

was observed over the indicated time-course for these two mRNAs, or for any other mRNAs 8 

depicted in Figure 1A (data not shown), indicating that 48S PICs assembled on RPL41A and 9 

SFT2 mRNAs are highly stable and that cold-capped mRNAs only sequester unbound PICs. (B) 10 

Purified His6-Ded1 and size markers (lane 1) were resolved by SDS-PAGE on a 4-15% gel and 11 

stained with SimplyBlue Safestain. (C) Observed rates of RNA-dependent ATP hydrolysis at 12 

different ATP concentrations in the presence of saturating (2 µM) uncapped RPL41A mRNA for 13 

WT and mutant Ded1 proteins, the latter harboring the alanine substitution of Glu-307 (E307A) 14 

in the DEAD motif (Ded1E307A); or truncations of the NTD or CTD domain, as indicated in 15 

Figure S4A. Data from two independent experiments are shown, plotting mean values ± 1 SD. 16 

Data was fitted with the Michaelis-Menten equation. (D) kcat values (at saturating ATP 17 

concentration of 5 mM) and Km
ATP were determined from the experiments described in (C). WT 18 

Ded1, Ded1-DCTD, and Ded1-DNTD have similar kcat and Km
ATP 	values, whereas reaction 19 

kinetics with Ded1E307A are comparable to “No mRNA” and “No ATP” controls conducted with 20 

WT Ded1. The ATPase activity of WT Ded1 is similar to previously published values, ranging 21 

from kcat = 30-680 min-1 depending on the RNA substrate used, and Km values for ATP of 280-22 

340 µM (Iost et al., 1999; Senissar et al., 2014). Note the discontinuity in the Y-axis. Bars 23 
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represent the mean with dots as individual experimental values (n ³ 3). Km
ATP	is expressed as 24 

mean values ± 1 SD. (E) Binding affinity of WT Ded1 for single-stranded RNA was determined 25 

in the presence or absence of the indicated nucleotides (5 mM) by measuring changes in 26 

fluorescence anisotropy of a single-stranded RNA labeled with 3′- 6-Fluorescein over Ded1 27 

concentrations ranging from 0 to 750 nM. The determined Kd values are similar to previously 28 

reported measurements: Kd = 180-230 nM (no nucleotide); 210-290 nM (ADP); and 35-40 nM 29 

(ADPNP) (Banroques et al., 2008; Iost et al., 1999). Addition of buffer in the absence of Ded1 30 

produced no change in fluorescence anisotropy of the RNA. Mean values ± 1 SD are reported 31 

(n=2). (F) [α32P]-capped mRNAs used in mRNA recruitment assays in Fig. 1A resolved by 32 

electrophoresis on a 6% denaturing urea-TBE gel. (G) The apparent rates (kapp) of 48S PIC 33 

assembly measured as a function of Ded1 concentration for the indicated mRNAs. Data were 34 

fitted to a hyperbolic curve with an offset to account for the rates observed in the absence of 35 

Ded1, allowing calculation of kmax and K1/2
Ded1	values reported in Figs. 1B-C, respectively. Data 36 

points are mean values with error bars (1 SD) at different Ded1 concentrations (n = 3). (H) Ded1 37 

stimulation of mRNA recruitment is dependent on the ATPase activity of Ded1. Mean observed 38 

rates of 48S assembly (n=3) with no Ded1 (blue bars), saturating Ded1 (orange bars, determined 39 

as in Fig. 1B), and ATPase deficient mutant Ded1E307A (green bars). (I) [α32P]-capped mRNAs 40 

resolved by electrophoresis on a 4% non-denaturing gel. mRNAs exhibit isoforms of different 41 

mobility (mRNA only lanes). Ded1 resolved most mRNA conformations to a single 42 

conformation (+Ded1 lanes) whereas eIF4A had a negligible effect (+eIF4A lanes). The 43 

indicated mRNAs (15 nM) were incubated for 10 min with 5 mM ATP and either 100 nM Ded1 44 

or 2 µM eIF4A. (J) Ded1-hyperdendent mRNAs have a higher energy barrier (dark grey) as 45 

compared to Ded1-hypodependent mRNAs (light grey) and require higher Ded1 concentrations 46 
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to lower the activation energy for the Ded1-accelerated rate-limiting step until the energy barrier 47 

for a non-Ded1 dependent step (blue) becomes rate-limiting. For OST3 and FET3 mRNAs, Ded1 48 

can only partially lower the energy barrier (red dotted line). 49 

 50 

See SuppFig1_SourceData1  51 
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Figure S2 related to Figures 1 and 2: Ded1 enhances the recruitment of mRNAs with SLs in 52 

the 5¢-UTRs. 53 

(A) Sequence and structures of SLs in the 5¢-UTRs of mRNAs examined in this study (Figures 54 

1A and 2A) of predicted ∆G°s: SFT2 = -9.4 kcal/mol, SFT2-M2 = -19.7 kcal/mol, PMA1 = -8.2 55 

kcal/mol, CP-8.1/CD-8.1 = -8.1 kcal/mol. The distance from the 5¢-end is indicated for SFT2 and 56 

PMA1. (B) [α32P]-capped mRNAs used in 48S PIC assembly assays, depicted in Fig. 2A, 57 

resolved by electrophoresis on a 6% denaturing urea-TBE gel. (C) The kapp for mRNA 58 

recruitment measured as a function of Ded1 concentrations for PMA1 (black), PMA1-M (purple), 59 

SFT2 (green), and SFT2-M (orange) mRNAs. Data were fitted with a hyperbolic curve with an 60 

offset to account for the rate observed with no Ded1, allowing calculation of kmax and K1/2
Ded1 61 

values reported in Figs. 2C and 2D, respectively. Plotted points are mean values with error bars 62 

indicating 1 SD (n = 3). (D) Endpoints of 48S PIC assembly at different Ded1 concentrations for 63 

SFT2 and SFT2-M2 mRNAs. The endpoints for SFT2-M2 represent lower limits because Ded1 64 

concentrations above 1 µM were unattainable. (E) -SL, CP-8.1, and CD-8.1 mRNAs assembled 65 

in 48S PICs (+/- Ded1) remain stably bound for 40 min after addition of ~20-fold cold-capped 66 

(non-radiolabeled) mRNA to stop the reactions, conducted as described in Fig. S1A. Modest 67 

dissociation was observed for CP-8.1 and CD-8.1 mRNAs; but none for -SL mRNA. (F) The kapp 68 

for mRNA recruitment measured as a function of Ded1 concentration for -SL (red), CP-8.1 69 

(blue), and CD-8.1 (green) mRNAs. The data were fitted with a hyperbolic curve with an offset 70 

to account for the rate observed with no Ded1, allowing calculation of kmax and K1/2
Ded1 values 71 

reported in Figs. 2C and 2D, respectively. Plotted points are the mean values with error bars of 1 72 

SD (n = 3). Note the y-axis is discontinuous.  73 

See SuppFig2_SourceData1 74 
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Figure S3 related to Figure 3: eIF4A is required for appreciable recruitment of all mRNAs 75 

tested (except -SL) in the presence or absence of saturating Ded1.  76 

Recruitment of mRNAs without eIF4A in the absence (red) or presence of Ded1 (blue), and with 77 

eIF4A in the absence (green) or presence of Ded1 (cyan). The data were fitted with a hyperbolic 78 

curve for the reactions including eIF4A in the absence (green) and presence of Ded1 (cyan); and 79 

for all four conditions for -SL mRNA (H). Each point represents the mean value (n ³ 2) and error 80 

bars are 1 SD from the mean. 81 

 82 

See SuppFig3_SourceData1  83 
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Figure S4 related to Figures 4, 5 and 6: Selected effects of the eIF4G-DRNA3 and Ded1-84 

DCTD truncations on recruitment of native mRNAs  85 

(A) Schematics of eIF4G showing RNA binding domains-RNA1, RNA2, and RNA3 and Ded1 86 

showing N-terminal and C-terminal domains, indicating the amino acid coordinates at domain 87 

junctions. (B) The apparent rate of SFT2 mRNA recruitment measured as a function of Ded1 88 

concentration with WT eIF4G (75 nM), eIF4G-DRNA3 (150 nM) and eIF4G-DRNA2 (400 nM). 89 

Data fitted with a hyperbolic curve. Plotted points are mean values with error bars of 1 SD (n = 90 

3). The determined K1/2
Ded1 values are 236 ± 18 nM, 251 ± 34 nM, 148 ± 17 nM, with WT eIF4G, 91 

eIF4G-DRNA3, and eIF4G-DRNA2, respectively; indicating that the Ded1 concentrations used 92 

in Figs. 4 and 5 were saturating for SFT2 mRNA. Similar experiments were also conducted for 93 

the other mRNAs examined in Figs. 4 and 5 using a range of Ded1 concentrations up to 1µM, 94 

which corresponds to 2X-4X of the K1/2
Ded1 obtained with WT eIF4G in Figs. 1C and 2D. The 95 

results (data not shown) ensured that Ded1 was present at saturating levels in the reactions for 96 

these mRNAs containing the two eIF4G mutants. (C) Recruitment of RPL41A as a function of 97 

eIF4G-DRNA3 concentration with no Ded1 (red), 250 nM Ded1 (blue) and 500 nM Ded1 98 

(green). The results indicate that doubling the Ded1 concentration from that employed in Fig. 4C 99 

did not increase the rate or change the K1/2
"#$%&'D()*+ of 48S PIC assembly. (D) The apparent 100 

rates of RPL41A and HOR7 recruitment observed at different concentrations of WT Ded1 and 101 

Ded1-DCTD. Data obtained with WT Ded1 were fitted with a hyperbolic curve. The results 102 

indicate a negligible change in rate using Ded1-DCTD.  103 

 104 

See SuppFig4_SourceData1 105 
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Figure S5 related to Figures 4, 5 and 6: 107 

 (A, B) K1/2 values of eIF4G×4E (A) and eIF4A (B) in the absence of Ded1 (dark blue) and 108 

presence of saturating Ded1 (red). Bars indicate mean values calculated from 3 independent 109 

experiments represented by the data points. 110 

We probed functional interactions between Ded1 and eIF4G by measuring the apparent 111 

recruitment rates at varying concentrations of eIF4G in the presence and absence of Ded1. In the 112 

absence of Ded1, the K-/."#$%&  for mRNAs RPL41A, HOR7, OST3, SFT2, and SFT2-M ranged 113 

from 30 to 75 nM (panel A, cols. 1-5, blue); whereas the presence of saturating Ded1 decreased 114 

the K-/."#$%&  by factors of ~2- to 2.5 for each of these five mRNAs (red vs. blue). The reductions in 115 

K-/."#$%&  conferred by Ded1 are consistent with the idea that Ded1 interacts productively with 116 

eIF4G for all five of these mRNAs.  117 

Similarly, the presence of saturating Ded1 lowered the concentration of eIF4A required 118 

to achieve the half-maximal rate of recruitment (K-/."#$%*) by 3-7-fold for OST3, SFT2, and SFT2-119 

M (panel B, cols. 3-5, red vs. blue)(K-/."#$%*), consistent with a productive interaction between 120 

Ded1 and eIF4A during 48S formation on these mRNAs. This interaction could be direct, 121 

through eIF4G, or due to Ded1 altering the conformation of the mRNA or another component of 122 

the system, making it easier for eIF4A to bind or act on it. The native mRNAs RPL41A and 123 

HOR7, has the same K-/."#$%* with and without Ded1 (panel B, cols. 1-2, red vs. blue). As the 124 

K-/."#$%* for RPL41A and HOR7 in the absence of Ded1 were lower than those for OST3, SFT2, 125 

and SFT2-M (panel B, blue), and were actually at the level reached for SFT2 and SFT2-M in the 126 

presence of Ded1 (panel B, red), perhaps RPL41A and HOR7 are naturally more receptive to the 127 

effects of eIF4A without assistance from Ded1, possibly because of their short 5¢-UTR. 128 
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The synthetic mRNAs produced distinctly different functional interactions between Ded1 129 

and eIF4G or eIF4A. In the absence of Ded1, -SL and CP-8.1 had lower K-/."#$%&  values of 3 to 8 130 

nM compared to 30-75 nM for the five natural mRNAs (panel A, blue bars). (The K-/."#$%&for CD-131 

8.1 without Ded1 could not be determined accurately because of its endpoint defects at lower 132 

eIF4G concentrations.) Contrary to the natural mRNAs, addition of Ded1 increased the K-/."#$%&  of 133 

-SL and CP-8.1 mRNAs by 3-5-fold, reaching values similar to those observed for the natural 134 

mRNAs in the presence of Ded1 (panel A, red bars). The synthetic mRNAs also exhibited K-/."#$%*  135 

values in the absence of Ded1 that were generally lower than the corresponding values for the 136 

native mRNAs (panel B, blue bars). Moreover, addition of Ded1 increased the K-/."#$%*  values of 137 

the two synthetic mRNAs, in contrast to the decreased K-/."#$%*  values evoked by Ded1 for three of 138 

the five native mRNAs (panel A, red). These results indicate that the maximum stimulation of 139 

recruitment of the synthetic mRNAs by eIF4G and eIF4A in the absence of Ded1 can be 140 

achieved at relatively low concentrations of both factors, but that higher concentrations of eIF4G 141 

and eIF4A are required to support the additional stimulation of recruitment conferred by Ded1, 142 

which are comparable in magnitude to the concentrations of eIF4G and eIF4A required for 143 

maximal Ded1-stimulation of the native mRNAs.  144 

In summary, the requirements for eIF4G and eIF4A, as well as the effect of Ded1 on 145 

these requirements, differ among different native mRNAs and vary dramatically between native 146 

and synthetic mRNAs. These results suggest the existence of different functional modalities of 147 

the eIF4F complex (in the absence of Ded1) and of the eIF4E-eIF4G-eIF4A-Ded1 complex (with 148 

Ded1) that may be required to overcome the range of RNA structures in different mRNAs that 149 

vary in stability, distance from the 5¢-cap, or orientation in three-dimensional space to accelerate 150 
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mRNA attachment and subsequent scanning to the AUG codon. (See Discussion for additional 151 

comments.)  152 

  153 

See SuppFig5_SourceData1 154 
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