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4Université de Strasbourg, CNRS, Plateforme Protéomique Strasbourg-Esplanade FRC 1589, Strasbourg 67000, France
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SUMMARY
Canonical mRNA translation in eukaryotes begins with the formation of the 43S pre-initiation complex (PIC).
Its assembly requires binding of initiator Met-tRNAi

Met and several eukaryotic initiation factors (eIFs) to the
small ribosomal subunit (40S). Compared to their mammalian hosts, trypanosomatids present significant
structural differences in their 40S, suggesting substantial variability in translation initiation. Here, we deter-
mine the structure of the 43S PIC from Trypanosoma cruzi, the parasite causing Chagas disease. Our struc-
ture shows numerous specific features, such as the variant eIF3 structure and its unique interactions with the
large rRNA expansion segments (ESs) 9S, 7S, and 6S, and the association of a kinetoplastid-specific DDX60-
like helicase. It also reveals the 40S-binding site of the eIF5 C-terminal domain and structures of key terminal
tails of several conserved eIFs underlying their activities within the PIC. Our results are corroborated by gluta-
thione S-transferase (GST) pull-down assays in both human and T. cruzi and mass spectrometry data.
INTRODUCTION

The first critical initiation step in eukaryotes is the assembly of

the 43S pre-initiation complex (PIC) comprising the 40S, the eu-

karyotic initiation factor 2 (eIF2)$GTP$Met-tRNAi
Met ternary com-

plex, and eIFs 1, 1A, 3, and 5 (Hinnebusch, 2017; Valá�sek, 2012).

It is followed by the recruitment of the mRNA promoted by the

mRNA-cap-binding complex comprising eIF4A, 4B, and 4F

(Guca and Hashem, 2018; Hashem and Frank, 2018), forming

the 48S PIC. The 48S PIC then scans the 50 untranslated region

(UTR) of mRNA in the 50 to 30 direction until a start codon is

encountered, upon which the majority of eIFs sequentially disas-

semble from the 40S, and the resulting 48S initiation complex

(48S IC) joins the large ribosomal subunit (60S) to form an elon-

gation-competent 80S ribosome.

Kinetoplastids are a group of flagellated unicellular eukaryotic

parasites that have a complex life cycle. They spend part of their

life cycle in the insect gut before being transmitted to the

mammalian host upon biting. Common kinetoplastids include

human pathogens such as Trypanosoma cruzi, Trypanosoma

brucei, and Leishmania spp., etiologic agents of Chagas dis-

ease, African sleeping sickness, and leishmaniasis, respectively.
Ce
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However, most of the related public health measures are preven-

tative, and therapeutic strategies are extremely limited and often

highly toxic. Since kinetoplastids have diverged early from other

eukaryotes, their mRNA translational machineries developed

unique molecular features unseen in other eukaryotic species.

For instance, their 40S contains a kinetoplastid-specific ribo-

somal protein (KSRP) (Brito Querido et al., 2017) and unusually

oversized ribosomal RNA (rRNA) expansion segments (ESs)

(Hashem et al., 2013b). Since these unique features may play

specific roles in kinetoplastidian mRNA translation, they provide

potential specific drug targets.

It was proposed that two particularly oversized ESs, namely,

ES6S and ES7S, located near the mRNA exit channel on the kin-

atoplastidian 40S, may contribute to modulating translation initi-

ation in kinetoplastids by interacting with the structural core of

the eukaryotic eIF3, specifically by its subunits a and c (Hashem

et al., 2013a). eIF3 is the most complex eIF, promoting not only

nearly all initiation steps but also translation termination, stop

codon readthrough, and ribosomal recycling (Valá�sek et al.,

2017). Among its initiation roles, eIF3 critically contributes to

the assembly of the 43S PIC through a multitude of contacts

that it makes with other eIFs, ensuring their recruitment to the
ll Reports 33, 108534, December 22, 2020 ª 2020 The Author(s). 1
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40S (Asano et al., 2001a; Valá�sek et al., 2017). Mammalian eIF3

comprises 12 subunits (eIF3a–m; excluding j), of which 8 form

the PCI (proteasome/CSN/eIF3)/MPN (Mpr1/Pad1 N-terminal)

octameric structural core (eIF3a, c, e, f, h, k, l, and m) (des

Georges et al., 2015; Herrmannová et al., 2020; Sun et al.,

2011; Wagner et al., 2014, 2016). Interestingly, unlike their

mammalian hosts, kinetoplastids do not encode the eIF3m sub-

unit (Li et al., 2017; Meleppattu et al., 2015; Rezende et al., 2014)

co-forming the octameric core in all known ‘‘12-subunit’’ spe-

cies, strongly suggesting that the structure of their eIF3 core dif-

fers from that of mammals.

The 43S PIC assembly is also enhanced by the C-terminal

domain (CTD) of eIF5 (Asano et al., 2001b). Indeed, biochemical

and genetics studies revealed that the eIF5-CTD possesses spe-

cific motifs interacting with several eIFs, such as the N-terminal

tail (NTT) of the b subunit of eIF2 (Asano et al., 1999; Das et al.,

1997). However, the molecular details underlying the eIF5-CTD

critical assembly role remain elusive, and—in contrast to the

eIF5-NTD (Llácer et al., 2018)—so are the structural details of

its binding site within the 43S PIC (Zeman et al., 2019). Impor-

tantly, structures of terminal tails of several essential eIFs in

most of the available cryo-EM reconstructions are also lacking,

mainly due to their intrinsic flexibility. Among them stand out

the terminal tails of the c and d subunits of eIF3, eIF2b, eIF1,

and eIF1A, which are all critically involved in scanning and

AUG recognition.

Here, we solved the structure of the 43S PIC from Trypano-

soma cruzi at 3.33 Å and unraveled various new aspects of this

complex, of which some are specific to trypanosomatids and

others are common to eukaryotes. Our structures thus allow us

to (1) pin point essential, specific-features of trypanosomatids

that could represent potential drug targets; and (2) expand our

understanding of the interaction network between several eIFs

within the 43S PIC underlying molecular mechanism of its as-

sembly, as well as of their roles in scanning for start codon

recognition.

RESULTS AND DISCUSSION

Composition of the 43S PIC in Trypanosomatids
We purified endogenous PICs from two different species,

namely, Trypanosoma cruzi and Leishmania tarentolae, by stall-

ing the 43S complexes with guanosine monophosphate (GMP)-

PNP, a non-hydrolysable analog of guanosine triphosphate

(GTP), as previously described (Simonetti et al., 2016, 2020).

The proteomic analysis comparison between the stalled versus

untreated complexes from T. cruzi indicated an obvious enrich-

ment in canonical eIFs and ABCE1, as expected (see STAR

Methods; Figures 1A and 1B; Table S1). Surprisingly, we also

identified an ortholog of the human DEAD-box RNA helicase

DDX60 (Figure 1B; Table S1). A similar repertoire of eIFs can

also be found in the 43S PIC from L. tarentolae (Figure 1B; Table

S2). Besides initiation factors, several other proteins contami-

nating the 43S PIC can be found in T. cruzi and L. tarentolae

samples without any apparent link to the translation process.

Noteworthy, to date and to the best of our knowledge, DDX60

has never been co-purified with any PICs from any other studied

eukaryote. Interestingly, although DDX60 is non-essential in
2 Cell Reports 33, 108534, December 22, 2020
mammals (Miyashita et al., 2011; Oshiumi et al., 2015), it is

required for the cell fitness in kinetoplastids and trypanosoma-

tids (Alsford et al., 2011), indicating that it could play a specific

role in translation initiation in these parasites. It is not known

whether or not it is essential in yeast.

The Cryo-EM Structure of the 43S PIC from T. cruzi

We next used cryo-electron microscopy (cryo-EM) to determine

the structure of the T. cruzi 43S PIC to an overall resolution of

3.33 Å, after image processing and extensive particle sorting

(Figures S1A–S1D). Our reconstruction reveals the so-called

‘‘scanning-conducive conformation’’ of the 43S PIC, in which

the head of the 40S is tilted upward to open up the mRNA chan-

nel for the subsequent mRNA loading (des Georges et al., 2015;

Hashem et al., 2013a; Llácer et al., 2015). Thanks to the conser-

vation of structures and binding sites of most of the identified

initiation factors, we were able to segment the map accordingly,

thus yielding density segments corresponding to the 40S, eIF1,

eIF1A, eIF2a, eIF2b, eIF2g, Met-tRNAi
Met, and eIF3 structural

core (Figures 1C–1E). Importantly, we could also identify the

entire density corresponding to the NTT of the eIF3d subunit,

which is implicated in the mRNA-specific translational control

(Lee et al., 2015, 2016) (see below).

Furthermore, we observed an unassigned density contacting

eIF2g that has not been seen previously in any equivalent com-

plexes. Because rigid body fitting of the crystal structure of the

eIF5-CTD (Wei et al., 2006) showed a close agreement with

this unassigned density (Figure S2C) and previous biochemical

and genetics findings suggested a close co-operation between

eIF5 and eIF2 on the ribosome (Asano et al., 1999; Luna et al.,

2012; Singh et al., 2012), we assigned this density to the eIF5-

CTD (Figures 1C–1E). Because the eIF5-CTD is known to interact

with the eIF2b-NTT in both yeasts and mammals (Asano et al.,

1999; Das et al., 1997; Das and Maitra, 2000), we could also

assign part of the eIF2b-NTT to its corresponding density (Fig-

ure 1D) (see below). It is important to highlight that it was possible

to assign the above-mentioned densities to eIF5-CTD thanks to

its general conservation among eukaryotes.

As discussed in detail below, beyond these evolutionarily

conserved features of the 43S PIC in eukaryotes, our cryo-EM

reconstruction also identified several trypanosomatid- and kinet-

oplastid-specific peculiarities. For instance, the kinetoplastidian

eIF2a contains a specific N-terminal domain insertion of un-

known function (Figure S2A), and indeed, an extra density on

the eIF2a subunit can be observed (Figures 1D and 1E, dashed

circle). We also revealed a large density at the 40S interface, in

the vicinity of the mRNA channel entrance (Figures 1C and 1D),

which was unseen in any of the previous mammalian and yeast

43S PIC reconstructions. Taking into account our proteomic

analysis (Figure 1B; Tables S1 and S2), the size of this additional

density, and, above all, its high-resolution features, we were able

to assign it unambiguously to the kinetoplastidian DDX60

(k-DDX60) helicase. These same k-DDX60 and eIF2a-NTT den-

sities are also present in the L. tarentolae 43S PIC reconstruction

(Figures S1E–S1G).

Our analysis reveals a wealth of new interactions (Table S3;

Figures S3 and S4). Based on the cryo-EM reconstruction of

the T. cruzi 43S PIC and the conservation of the initiation factors,
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Figure 1. Composition and Cryo-EM Structure of the T. cruzi 43S PIC

(A) The effect of the GMP-PNP treatment on the 43S PIC stabilization in the T. cruzi lysate assessed by UV absorbance profile analyses.

(B) Proteomic profiling of the endogenous PIC in comparison with native 40Ss purified from the T. cruzi cell lysate (see STAR Methods for the validation).

(C) The overall structure of the T. cruzi 43S PIC shown from the solvent side. The initiation factors are colored variably.

(D) The 43S PIC reconstruction focused on the intersubunit side. Extra density of eIF2a corresponding to the kinetoplastidian specific N-terminal insertion is

encircled by a dashed line.

(E) The 43S PIC reconstruction focused on eIF3 and the 40S platform. Different segments are filtered according to their average local resolutions.
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a near-complete atomic model was generated (Table S4; see

STAR Methods).

The eIF5 CTD in the Context of the 43S PIC
Importantly, detailed inspection of our structure allowed us to

determine the eIF5-CTD binding site on the 43S PIC. It sits in

a pocket formed by the eIF2b-NTT and eIF2g (Figures 2A–

2D). It was proposed that the three conserved poly-lysine

stretches (dubbed ‘‘K-boxes’’) within the eIF2b-NTD mediate

the eIF2 interaction with the eIF5-CTD (Asano et al., 1999;

Das et al., 1997). Interestingly, the K1-box and K2-box are

conserved in their basic charge character but replaced by R-

rich stretches in kinetoplastids (Figure S2B). However, as our

structure of eIF2b-NTT is only partial, we cannot validate their

involvement in the interaction with eIF5. In contrast, the K3-

box is not conserved in sequence among kinetoplastids (Fig-

ure S2B); it is replaced by a Q-rich motif, and yet, its position

and orientation toward its binding partner in the eIF5-CTD is
conserved. Additionally, our structure shows numerous other

contacts between hydrophobic and charged residues on

each side (residues L120, N118, L123, L120, L142, K125, and

V132 of eIF2b contact A262 R265, V325, V329, I332, Q364,

and W372 of eIF5, respectively) (Figures 2A and 2B; Figure S3I;

Table 3). Because the eIF5 residues 320 through 373 corre-

spond to the conserved and essential segment (known as the

bipartite motif AA (acidic/aromatic)-box1 and 2; Figures 2A

and 2B; Table S3), which was previously implicated in medi-

ating the eIF5-CTD-eIF2b-NTT contact in both yeast and mam-

mals (Asano et al., 1999, 2001b; Das et al., 1997; Das and Mai-

tra, 2000), our structure not only provides critical structural

evidence supporting earlier biochemical and genetics analysis

but also clearly indicates that the molecular determinants of the

eIF5-CTD-eIF2b-NTT contact are conserved. Therefore, we

suggest that the eIF5-CTD also occupies the same position in

yeast and mammals. We therefore modeled eIF5-CTD accord-

ing to its mammalian counterpart (Figure S2C).
Cell Reports 33, 108534, December 22, 2020 3
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Our structure also provides important molecular insight into

the eIF5-CTD interaction with the eIF2g domain I (G-domain),

where Arg229, Arg230, andR273 of eIF5 contact theG-domain’s

Asp219, Ser224, and Ser220, respectively (Figures 2A and 2B;

Figures S3J and S3K; Table S3). The eIF5-CTD also binds

domain III, where Asp204, Thr205, Thr237, and Leu240 of eIF5

interact with domain III’s Pro431, ArgR469-Asn430, Trp465,

and Phe383. Noteworthy, the eIF5-CTD shares a common topol-

ogywith the CTD of the ε subunit of the nucleotide exchange fac-

tor eIF2B (Asano et al., 1999); they both fold into aW2-typeHEAT

domain (Wei et al., 2006), mediating contacts of both factors with

the eIF2b-NTT and eIF2g (Alone and Dever, 2006). Based on our

structure, the arrangement of the eIF5-CTD HEAT domain bind-

ing site on eIF2g in the context of the 43S PIC is similar to that of

the eIF2Bε-CTD HEAT domain in the context of the recently

solved eIF2-eIF2B complex (Kashiwagi et al., 2019; Kenner

et al., 2019).

Taken together, the eIF5-CTD interaction network revealed

here indicates that the interaction between eIF5-CTD and

eIF2g could in principle induce a subtle conformational change

in its G-domain, allowing the eIF5-NTD (a GTPase activating

domain of eIF5) to gain access to the GTP-binding pocket to pro-

mote reversible GTP hydrolysis on eIF2 during scanning, as

demonstrated earlier (Algire et al., 2005).

Extensive Interaction Network of eIF1 in the Context of
the 43S PIC
After the GTP hydrolysis by eIF2g, the release of the inorganic

phosphate (Pi) is prevented by eIF1 until an AUG start codon is

recognized by the anticodon of Met-tRNAi
Met, leading to the

full accommodation of TC in the decoding pocket (Algire et al.,

2005; Hinnebusch, 2017) and eIF1 replacement by the eIF5-

NTD. Because the access to the GTP-binding pocket on eIF2g

is in part protected by the zinc-binding domain (ZBD) of the

eIF2b-CTD (Llácer et al., 2015; Stolboushkina et al., 2008) and

biochemical and genetic analysis in yeast indicated that the

eIF1 interactions with eIF2b and the NTD of the c subunit of

eIF3 play a critical a role in anchoring of eIF1 within the 48S

PIC (Karásková et al., 2012; Obayashi et al., 2017; Thakur

et al., 2019; Valá�sek et al., 2004), for our complex understanding

of the AUG recognition process, it is necessary to investigate

how eIF1 coordinates the release of Pi with the latter factors on

a molecular level.

In accordance with earlier biochemical experiments, our

structure reveals that the conserved eIF2b-C-terminal tail

(eIF2b-CTT), together with the eIF3c-NTD, does anchor eIF1

within the 43S PIC (Figure 2E). In particular, the eIF2b-CTT ex-

tends toward the P-site, where its Thr325, Tyr326, and Ser327
(C and D) The overall view of atomic model of the 43S PIC from the intersubunit

(E) Close-up view of the P-site, showing eIF1 (in cyan) and its binding partners th

(F) Close-up view of the eIF1A-CTT and its interactions with h34, uS13, and uS1

(G) Polypeptide sequence alignment of the eIF2b-CTT, highlighting residues invo

S. cerevisiae, and Homo sapiens. Residue numbering from H. sapiens was used

(H) In vitro protein-protein binding analysis of the interaction between human eIF

(I) Binding analysis between the T. cruzi eIF3c-NTD and GST-eIF1 and GST-eIF5

(J) Binding analysis between human eIF3c-NTD and GST-eIF1 and GST-eIF5.

(K) Schematics illustrating the differences in the localization of eIF1 (turquoise bo

T. cruzi (T.c.), S. cerevisiae (S.c.), and H. sapiens (H.s.).
residues interact with eIF1 mainly through His27, Val77, and

Gln31, which are all conserved in character (Figure 2G; Fig-

ure S3A; Table S3). The eIF2b-CTT also interacts with h24 of

the 18S rRNA (Arg 333 and 337 with nucleotides U1340,

G1342, and U1339) (Figures 2E and 2G; Figure S3H; Table S3).

In addition, the eIF2b-binding platform of eIF1 also consists of

R29, Q32, and Q43 (see Figure S3A and Table S3 for details),

as well as of the tip of the eIF1 C terminus (residues 105–108).

Based on these findings, we examined binding of human eIF2b

with eIF1 fused to GST moiety using the GST pull-down assay

and revealed that the interaction between the CTTs of eIF2b

(residues 310–333) and eIF1 is also conserved in mammals

and requires the extreme C terminus (Figure 2H; Figure S5A).

The protein sequence composition of the N-terminal domain

of eIF3c can vary across species (Figure S5H). It begins with a

few conserved hydrophobic residues, followed by negatively

charged SD/SE repeats in all, including in kinetoplastids. Inter-

estingly, budding yeast Saccharomyces cerevisiae contains an

insertion of approximately 40 residues between the latter 2

groups. The minimal eIF5-CTD-binding site within the yeast

eIF3c-NTD was identified to fall into the region of the first 45 res-

idues, including part of this insertion but completely excluding

the SD/SE repeats (Karásková et al., 2012). These regions are

then followed by the segment that was shown to represent the

core eIF1-binding segment in yeast (residues 59–87) (Karásková

et al., 2012; Obayashi et al., 2017). The downstream sequence in

mammals features a specific insertion (residues 167–238), con-

sisting of two highly acidic regions separated by a mostly posi-

tively charged/hydrophobic region (Figure S5H). Strikingly, the

first part of this mammalian-specific insertion displays a signifi-

cant sequence similarity with the S. cerevisiae core eIF1-binding

region; in particular, the yeast residues 51–92 show �36% iden-

tity with human residues 173–213 (Figure S5H).

Based on our structure, the contact between the T. cruzi

eIF3c-NTD and eIF1 involves Arg26 through Thr39 of eIF3c

and Asn96 and Leu49 through Arg53 of eIF1 (Figure 2E; Fig-

ure S3C; Table S3). In accordance, T. cruzi eIF1 fused to GST

moiety also interacted specifically with the eIF3c-NTD in vitro

(the first 14 residues of eIF3c are not required, whereas the

following residues up to position 39 are required) (Figure 2I).

This interacting region following the extreme N-terminal hydro-

phobic residues and negatively charged SD/SE repeats nicely

correlates with the eIF1-binding region of the S. cerevisiae

eIF3c-NTD specified above (Karásková et al., 2012; Obayashi

et al., 2017; Figure S5H).

As for the eIF5-CTD-eIF3c-NTD contact, which was so far

determined only in yeast S. cerevisiae (Karásková et al., 2012;

Obayashi et al., 2017; Phan et al., 1998; Valá�sek et al., 2004),
(C) and the platform side (D).

e eIF2b-CTT (in cherry red) and the eIF3c-NTD (in blue).

9.

lved in the interaction with 18S rRNA and eIF1; T. cruzi, T. brucei, L. donovani,

.

2b and GST-eIF1.

.

x) and eIF5 (green box) binding sites within the N-terminal segment of eIF3c in
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given the evolutionary conservation of this extreme N-terminal

region, one would expect it to be conserved among all eukary-

otes too. Therefore, it was rather surprising not to detect any

binding between the T. cruzi eIF3c-NTD and eIF5 in any in vitro

experimental set-up under any condition that we examined

exhaustively (Figure 2I; Figures S5F and S5G). This is consistent

with our structure (Figure 2B), where despite the observable

proximity between the eIF3c-NTD and eIF5-CTD, these two do-

mains remain out of the intermolecular interactions range and for

which we detected no structural evidence. Even though we

cannot rule out that they may come in contact in the PICs in

only some stages of the initiation pathway that we did not

capture, we tend to think that these results point to a specific

evolutionary shift in kinetoplastidian initiation pathway, as will

be discussed below.

This unexpected finding prompted us to investigate the con-

servation of the eIF3c-NTD interactions in higher eukaryotes.

Therefore, we fused human eIF1 and eIF5 to GST and tested

the resulting fusion proteins against various truncations of the

eIF3c-NTD (Figure 2J). In accordance with the yeast data (Karás-

ková et al., 2012; Obayashi et al., 2017) but in contrast to T. cruzi

(Figure 2I), the extreme N-terminal group of conserved hydro-

phobic residues of human eIF3c-NTD interacted strongly with

eIF5.

Taking into account the peculiarity of the human eIF3c-NTD

featuring the aforementioned insertion (residues 167–238), indi-

cating that the eIF1-binding site appears to be located more to-

ward the C-terminal part of the eIF3c-NTD, we first deleted the

first 130 resides and, indeed, showed that the eIF3c-NTD

segment spanning residues 130 through 325 fully preserved its

affinity toward eIF1 (Figure 2J). Conversely, internal deletion of

residues 171 through 240 from the human eIF3c-NTD construct

resulted in a complete loss of binding (Figure 2J). Thus, the core

eIF1-binding site in the human eIF3c-NTD seems to fall into the

first part of this mammalian-specific insertion, displaying a sig-

nificant sequence similarity with theS. cerevisiae core eIF1-bind-

ing region (Figure S5H), as described above.

Taken together, these findings suggest that despite the undis-

putable importance of the eIF3c-NTD during the initiation and

start-codon recognition, this region has undergone rather dra-

matic topological as well as sequential restructuring during the

course of evolution. (1) The eIF1-binding site preserved its key

sequence determinants but moved further downstream in the

course of evolution of higher eukaryotes (Figure 2K). In contrast,
Figure 3. Kinetoplastidian eIF3 and Its Unique Binding Site

(A) The overall view of the atomic model of the 43S PIC from the platform side. The

subunits are colored variably and 18S RNA in yellow.

(B) Close-up view of the interaction between the ES9S (honey yellow) and eIF3d

(C) Close-up view of the interaction between eIF3a (in red) and eS1 (in beige).

(D) Close-up view of the interaction between the ES7S (in green) and eIF3c (in bl

(E) Cartoon representation of the atomic model of the kinetoplastidian eIF3 struc

(F) Cartoon representation of an atomic model of the mammalian eIF3 structura

dashed oval.

(G) The overall view of an atomic model of the 43S PIC from the solvent side.

(H) Cartoon representation of the atomic model of the kinetoplastidian eIF3 focu

(I) Fitting of the eIF3d-NTT model into its cryo-EM map.

(J and K) Binding analysis between human eIF3d and GST-eIF3e, expressed in pl

Figure S5A).
(2) the eIF5 binding site remained conserved not only in its

sequence but also in its placement at the extreme N-terminal

tip of eIF3c across species; however, in kinetoplastids, it most

probably lost its purpose. It remains to be seen what molecular

consequences of this evolutionary shift are in kinetoplastids

and whether or not these two molecules come into a functional

contact within the PICs.

Besides the eIF1-CTT binding coordinates, our structure also

reveals that the NTT of eIF1 (residues 10 to 22) forms an a-helix

that interacts with domains I and III of eIF2g (Val85, Val147,

Gln412, and Asn459; Figure 2E; Figure S3B; Table S3), very

close to the GTP binding pocket. We propose that these con-

tacts could underlie the role of eIF1 in releasing the Pi by inducing

a subtle conformational change in the GTP-binding pocket upon

sensing the recognition of the start codon through its apical

b-hairpin loop at the P-site.

Finally, even though eIF1A appears to interact with eIF1 in a

canonical fashion seen in other eukaryotes, it shows that the

eIF1A-CTT extends toward the head of the 40S, where it inter-

acts with the rRNA (Arg155 with G1685) (Figure 2F; Figure S3D;

Table S3) and ribosomal proteins uS19 (residues Val158 with

Val100, Ala82, and Ala111; Figure S3G; Table S3) and uS13 (res-

idues Asp162 and Leu164 with Arg119 and Val124, respectively;

Figure S3F; Table S3), corroborating findings from a previous hy-

droxyl-radical probing study (Yu et al., 2009). Moreover, previ-

ously uncharacterized interactions between eIF1A and eIF2b

are observed in T. cruzi between hydrophobic residues (Tyr133

through Phe135 on eIF1A and Leu282 through Tyr279 on

eIF2b; Figure S3E; Table S3)

The Specific Features and Binding Site of eIF3 in
Trypanosomatids
Strikingly, as seen in Figures 3A–3D, the unusually large trypano-

somatid-specific ESs are involved in translation initiation by

acting as docking platforms for different subunits of eIF3. Simi-

larly to other eukaryotes reported so far, the eIF3 core binds to

the 40S through its a and c subunits (Figures 3C and 3D). How-

ever, unlike in other known eukaryotes, the large ES7S acts as

the main docking point for the eIF3 structural core (Figure S6A;

Figure 4A, bottom). In particular, eIF3c is tweezed between

ES7S-helix A (ES7S-hA) and ES7S-hB, forming a large, kineto-

plastid-specific binding site, involving residues Gln204,

Lys207, Arg215, Arg232, Arg243, Gln329, and Arg331 and

ES7S nucleotides U1526, A1525 and U1523, U1476, U1526,
conserved helical domain of the eIF3c-NTD is encircled with dashed line; eIF3

(in pink).

ue).

tural core.

l core. Subunit eIF3m, which is not encoded by kinetoplastids, is marked by

sed on the eIF3d-NTT (in pink).

ots showing normalized data from three different dilutions of GST proteins (see
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Figure 4. Specific Features of Kinetoplastidian eIF3 and Its Ribosome Binding Site

(A) Overall sphere representation of the T. cruzi 43S PIC showing kinetoplastidian-specific rRNA oversized expansion segments (ESs) in contact with eIF3. Top

panel: comparison of the kinetoplastidian and mammalian eIF3d docking site within the 43S PIC (eIF3d in violet, ES9s in green, eIF3a in red); bottom panel:

comparison of the kinetoplastidian and mammalian eIF3c docking site within the 43S PIC (eIF3c in blue, ES7s in yellow).

(B) A close-up view of the T. cruzi ES7s and ES6s before (top) and after (bottom) eIF3 binding to the 40S.
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G1438, and U1439, respectively (Figure 3D; Figures S3M and

S3N; Table S3). The local resolution of our complex allowed us

to assign the identity of the conserved helical domain of the

eIF3c-NTD (Figure 3A, dashed oval) spanning residues 55

through 156. The eIF3c-NTD interacts with the 18S rRNA at the

platform region through several evolutionary well-conserved res-

idues on each side of this domain (Ser52, Arg53, Lys56, and

Arg127 with A1360, C1361, C1596, and C370; Figure S3O; Table

S3), suggesting that it also has a similar PIC binding mode in

mammals, despite the obvious differences in binding to eIFs 1

and 5 reported above. In addition to these main contacts

with the rRNA, a minor interaction of eIF3c can be observed

with eS27 (by residues Glu191 and Lys192 with Glu56 and

Lys63) (Figure 3D; Table S3). In contrast to eIF3c, the eIF3a

binding to the ribosomal protein eS1 does not seem to differ

from other eukaryotes (residues Thr7, Arg8, Thr12, and Leu17

contact Gln77, Thr72, Arg192, and Ile194, respectively) (Fig-

ure 3C; Table S3).

Another unusually large ES is the kinetoplastidian ES9S that

forms a ‘‘horn’’ on the 40S head, bending toward the mRNA

exit channel, where it binds to and stabilizes eIF3d within the

43S PIC (Figures 3A and 3B; Table S3), representing another
8 Cell Reports 33, 108534, December 22, 2020
important feature that is specific to translation initiation in trypa-

nosomatids. In particular, the eIF3d main globular domain inter-

acts with ES9Smainly through residues Arg149, Arg294, Gln296,

Lys301, and Asp306 contacting nucleotides G1861 through

C1867. Moreover, close to the NTT, eIF3d through Asp43 and

Asp50 interacts with G1532 and A1475 (Figures S4A and S4B;

Table S3). Noteworthy, structures of ES7S and the exceptionally

large ES6S (Figure S6A) undergo drastic conformational changes

upon binding of eIF3, as can be observed by comparing this

structure with our previous T. cruzi 40S lacking eIF3 (Figure 4B).

Amplitude of these conformational acrobatics may indicate their

functional importance that, in turn, sets them in the viewfinder for

the future drug-targeting studies.

When compared to its mammalian counterpart, the overall

conformation of the eIF3 structural core differs significantly (Fig-

ures 3E and 3F; Figures S7A and S7B), mainly due to the lack of

the eIF3m subunit in trypanosomatids, which is in part compen-

sated for by the rearrangements of the other core eIF3 subunits

like a, c, e, k, and l, but mostly f and h. Indeed, eIF3 f and h shift

several a helices and coils to fill for the absence of the m subunit;

this rearrangement is probably required for the maintenance of

the eIF3 core central helical bundle (Figures S7A and S7B,
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Figure 5. k-DDX60 Structure and Interactions within the 43S PIC

(A) The cryo-EM structure of the T. cruzi 43S PIC highlighting k-DDX60 (colored in dark turquoise). eIF2, 3, and 5 densities were removed for clarity.

(B) Cartoon representation of a partial atomic model of the T. cruzi 43S PIC.

(C) A close-up view of the k-DDX60 A-site insert showing its interaction with the anticodon stem loop (ASL).

(D) Schematic representation of the k-DDX60 domains. Pink boxes indicate the domains that could not be modeled because of their lower local resolution (see

Figure S1B).

(E) Cartoon representation of the atomic model of the k-DDX60 and its interactions with the 43S PIC color coded in accordance with its schematic representation

in (D).
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arrows indicate the direction of the shift). Moreover, a charge

surface analysis reveals very different charge distribution pat-

terns between T. cruzi eIF3 and its mammalian counterpart (Fig-

ures S7C and S7D), in part as a consequence of the different 40S

binding surface that is mainly represented by rRNA, which is in

contrast to other known eukaryotes.

Importantly, our cryo-EM reconstruction reveals the full struc-

ture of eIF3d that appeared separated from the eIF3 structural

core in the context of the PIC in all previous studies (des Georges

et al., 2015; Eliseev et al., 2018; Hashem et al., 2013a). We show

here that the eIF3d-NTT, unseen in any previous equivalent com-

plexes, extends toward eIF3e, where it interacts with its PCI

domain (residues 1–19 of eIF3d with Ala196, Thr198, Ile 246,

Gln247, and Thr248 of eIF3e; Figures 3G–3I; Table S3). Further-

more, the eIF3d-NTT also comes in a less extensive contact with

eIF3a, eIF3c, and ribosomal protein eS27 (Figures 3H and 3I; Fig-
ures S3P, S3Q, and S4C; Table S3). In agreement, the interaction

of the eIF3d-NTT (the first 114 residues) with the eIF3 core was

previously shown in biochemical and genetics studies (Smith

et al., 2016). To support our structural data and investigate the

evolutionary conservation of the eIF3d contacts with eIF3 e, a,

and c subunits within the PIC, we expressed human homologs

of all these proteins and subjected them to our GST pull-down

analysis. As shown in Figures 3J and 3K and Figures S5B–

S5E, the main contact between eIF3d and eIF3e does involve

the first 19 residues (in particular W16, G17, and P18) of the

former and residues I246, Q247, and T248 of the latter subunit

even in humans. In addition, weak but reproducible binding be-

tween eIF3d and eIF3a and eIF3c subunits was also detected, in

contrast to other eIF3 subunits (Figures S5D and S5E). Because

human eIF3d was shown to interact with the mRNA cap (Lee

et al., 2016) and together with several other eIF3 subunits
Cell Reports 33, 108534, December 22, 2020 9
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Figure 6. Global Conformational Rearrangement of the 43S PIC Driven by ATP Binding to k-DDX60

(A) Cryo-EM reconstruction of the T. cruzi 43S PIC in the presence of ATP.

(B) Superposition of the cryo-EM reconstructions of the 43SdGMP-PNP (in gray) and the 43SdGMP-PNP supplemented with ATP (in turquoise), seen from the

top.

(C) Schematic representation of the structural rearrangements induced by ATP.

(D) A close-up view of the ATP-binding pocket within the RecA1 domain of the C-terminal cassette of k-DDX60.

(E and F) Superimposition of the k-DDX60 atomic model from the cryo-EM structure of the 43SdGMP-PNP and 43SdGMP-PNP supplemented with ATP pre-

sented in two different orientations.
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(including eIF3a, c, e, k, and l) was proposed to promote recruit-

ment of selected mRNAs to the 43S PIC to control their expres-

sion in response to various stresses and cellular signals (Herr-

mannová et al., 2020; Lee et al., 2015; Shah et al., 2016), we

speculate that these contacts play a pivotal role in coordinating

the eIF3d-specific functions with the rest of eIF3 on the

ribosome.

The Trypanosomatid-Specific k-DDX60
As mentioned above, our cryo-EM reconstructions of the T. cruzi

and L. tarentolae 43S PICs revealed a large density at the inter-

subunit side of the 40S (Figures 1B–1D; Figures S1E–S1H).

Known structures of eIFs or ABCE1 (des Georges et al., 2015;

Erzberger et al., 2014; Llácer et al., 2018) do not fit into this den-

sity, and proteomic analysis shows substantial presence of the

helicase DDX60 protein in our samples (Figure 1B; Tables S1

and S2), which we henceforward refer to as kinetoplastidian-

DDX60 (k-DDX60). The density was of sufficient resolution to

build an atomicmodel of k-DDX60, including the helicase recom-

binase A (RecA) domains (Figure 5; Figures S4D–S4H), which

fully validates our assignment. Besides the RecA domains, k-

DDX60 counts two winged-helix domains, two ratchet domains,

and one kinetoplastid-specific A-site insert (AI) that protrudes at

the end of the RecA2 domain from the C-terminal cassette (Fig-
10 Cell Reports 33, 108534, December 22, 2020
ures 5C–5E; Figures S8A–S8C for conservation and secondary

structures details).

The presence of k-DDX60 is not due to the use of GMP-PNP,

as we did not retrieve any densities resembling GMP-PNP in any

of k-DDX60 RecA domains. In addition, its known mammalian

DDX60 homolog is an ATP helicase. Next, we wanted to inspect

the structural impact of its ATPase activity by determining the

structure of the 43S PIC purified from T. cruzi cell lysate supple-

mented with ATP, in addition to GMP-PNP (Figure 6A). It is

important to point out that the resolution of the 43S PIC+ATP

reconstruction is mostly worse than 4 Å, precluding unambigu-

ous determination of whether ATP hydrolysis took place or not.

Nonetheless, the structure reveals a global conformational rear-

rangement of the 40S head (Figures 6B and 6C), which could be

driven by the k-DDX60 rearrangement upon ATP hydrolysis (Fig-

ures 6D–6F). In addition, we also observe the presence of an ex-

tra density at the RecA1 domain of the C-terminal cassette at the

position that is unoccupied in the absence of ATP (Figure 6D).

k-DDX60 binds both to the head and the body of the 40S, and

the structural dynamics induced by the ATP addition suggest its

involvement in remodeling of the 43S PIC mRNA channel due to

the head swiveling. Importantly, the AI extended helix of

k-DDX60 interacts with the anticodon stem-loop of the Met-

tRNAi
Met (Figure 5C; Figure S4P), preventing the codon-anticodon
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Figure 7. Previously Uncharacterized Eukaryotic-Conserved and Trypanosomatid-Specific Features of the 43S PIC Revealed in Our Work

(A) Schematic model representing a close-up view on the N-terminal tails of eIF1, 1A, 2b, eIF5-CTD, and eIF3c-NTD, which are all conserved among eukaryotes

and revealed in the current work. The ternary complex was removed for clarity.

(B) Schematic model representing the 43S PIC from the intersubunit side. The previously uncharacterized features revealed in our work are colored in brighter

colors.

(C) Schematic model representing a solvent side view of eIF3 highlighting the conserved N-terminal tail of eIF3d and its main interactions with eIF3e, revealed in

the current work.

(D) Schematic model representing a close-up view on the A-site insert of k-DDX60 and its interaction with the ASL.

(E) Schematic model representing the T. cruzi 43S PIC from the intersubunit side. Dashed circle highlights the kinetoplastid-specific domain eIF2a, dubbed here

‘‘D0.’’ The kinetoplastid-specific features revealed in our work are colored in brighter colors.

(F) Schematic model representing a close-up view on the kinetoplastidian eIF3, showing its specific interaction with ES7S and ES9S and the absence of the eIF3m

subunit. One asterisk (*), conserved features among eukaryotes revealed in our work; two asterisks (**), kinetoplastid-specific features revealed in our work.
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interaction in its presence. The release of k-DDX60, or at least of

its AI helix, must therefore precede the rotation of the 40S head

and the full accommodation of the Met-tRNAi
Met in the P-site.

Moreover, k-DDX60 interacts directly with eIF3c-NTD and eIF5

(Figure 5E; Figures S4I and S4N), in addition to the 18S rRNA

and ribosomal proteins eS12, uS12, and eS31 (Figure 5E; Figures

S4J–S4MandS4O), suggesting its direct involvement in structural

changes accompanying/driving the AUG recognition process.

Finally, k-DDX60 comes in close proximity with eIF2b, eIF2g,

and eIF3c, but the local resolution at these possible interaction

sites did not allow us to unambiguously define the interacting res-

idues. We believe that owing to its extensive interactions with

numerous components of the 43SPIC, k-DDX60 led to a stabiliza-

tion of the 43S PIC that enabled rigidification of flexible tails of

eIFs, allowing them to be resolved by cryo-EM. In agreement,

most of these interactions occur by additional domains and inser-

tions of k-DDX60 that are inexistent in its mammalian homolog

(Figure 5D; Figure S8). It is not clear why translation initiation,

perhaps in particular the AUG selection process, in kinetoplastids
requires this specific helicase. Interestingly, all mature cyto-

plasmicmRNAs in kinetoplastids possess a 39-nucleotide spliced

leader that confers them an unusual hypermethylated 50-cap
structure (known as cap4) (Michaeli, 2011). Therefore, the pres-

ence of this helicasemight be required for an efficient recruitment

and handling of these kinetoplastid-specific mRNAs until the start

codon has been recognized.

CONCLUSIONS

In summary, our structure reveals numerous previously unchar-

acterized features of the eukaryotic translation initiation machin-

ery, of which some are common to other eukaryotes, such as the

placement and proposed roles of terminal tails of eIF1, eIF1A,

eIF2b, eIF3c, and eIF3d and, above all, the precise binding site

of the eIF5-CTD within the 43S PIC (Figures 7A–7C). Further-

more, our data uncover several striking features of translation

initiation specific to kinetoplastids (Figures 7D–7F), such as the

role of the oversized kinetoplastidian ESs in providing a large,
Cell Reports 33, 108534, December 22, 2020 11



Article
ll

OPEN ACCESS
unique binding surface for eIF3, as well as the structural charac-

terization of k-DDX60. These unique molecular features of trans-

lation initiation in kinetoplastids represent an unprecedented

opportunity to interfere specifically with the initiation process in

these ‘‘hard-to-combat’’ parasites, which may stimulate new av-

enues of research and development of new effective drugs

against trypanosomiasis and leishmaniasis.
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Valásek, L., Phan, L., Schoenfeld, L.W., Valásková, V., and Hinnebusch, A.G.
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pGL4-CMV-eIF2b This paper N/A

pGL4-CMV-eIF2b-1-309 This paper N/A

pGEX-heIF1-box-Ala-102-113 This paper N/A

pGEX-teIF1 This paper N/A

pGEX-teIF5 This paper N/A

pGL4-CMV-teIF5 This paper N/A

pGL4-CMV-teIF3c This paper N/A

pGL4-CMV-teIF3c-1-172 This paper N/A

pGL4-CMV-teIF3c-14-172 This paper N/A

(Continued on next page)
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pGL4-CMV-teIF3c-39-172 This paper N/A

pGEX-teIF3c-1-172 This paper N/A

pGEX-heIF3e This paper N/A

pGEX-heIF3e-del-244-252 This paper N/A

pGEX-heIF3e-I246A-Q247A-T248A This paper N/A

pGL4-CMV-h3d-W16A-G17A-P18A This paper N/A

pGL4-CMV-h3d-19-548 This paper N/A

pGL4-CMV-h3d-1-114 This paper N/A

pGL4-CMV-h3d-19-114 This paper N/A

pGEX-heIF3d This paper N/A

pGEX-heIF3c This paper N/A

pGEX-heIF3a This paper N/A

pEX-teIF3c-1-172-GST This paper N/A

pEX-teIF5-GST This paper N/A

YCpLV018 Valá�sek et al., 1998 N/A

pGEX-5X-3 Smith and Johnson, 1988 N/A

pGL4-CMV Wagner et al., 2014 N/A

pFASTBAC1-eIF3k Fraser et al., 2004 N/A

pFASTBAC1-eIF3d Fraser et al., 2004 N/A

pFASTBAC1-eIF3e Fraser et al., 2004 N/A

pEX-C-GST OriGene Cat#PS100083

Oligonucleotides

Primers for cloning used in this study,

see List of primers (Supplemental Information)

This paper N/A

GeneArt Strings DNA Fragments used for

cloning, see List of gene-strings (Supplemental

Information)

Invitrogen N/A

Deposited Data

Structure of T. cruzi 43S – Cryo-EM map This paper EMDB-11893

Structure of T. cruzi 43S – coordinates This paper PDBID: 7ASE

Structure of T. cruzi 43S + ATP – Cryo-EM map This paper EMDB-11895

k-DDX60 structure from T. cruzi 43S +

ATP – coordinates

This paper PDBID: 7ASK

Structure of L.tarentolae 43S – Cryo-EM map This paper EMDB-11896

Mass spectrometry analysis This paper PXD016063

Software and Algorithms

Molecular Dynamic Flexible Fitting Trabuco et al., 2008 https://www.ks.uiuc.edu/Research/mdff/

MotionCor Zheng et al., 2017 https://emcore.ucsf.edu/ucsf-software

Gctf Zhang, 2016 https://www2.mrc-lmb.cam.ac.uk/research/locally-

developed-software/zhang-software/#gctf

RELION 3.0 Zivanov et al., 2018 https://www2.mrc-lmb.cam.ac.uk/groups/scheres/

impact.html

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/; RRID:SCR_004097

Coot Emsley and Cowtan,

2004

https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/;

RRID:SCR_014222

phenix.real_space_refine Afonine et al., 2018 http://www.phenix-online.org/

PHENIX 1.9.1692 Adams et al., 2010 http://www.phenix-online.org/

Phenix.ERRASER Chou et al., 2013 http://www.phenix-online.org/

(Continued on next page)
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Visual Molecular Dynamics Humphrey et al., 1996 https://www.ks.uiuc.edu/Research/vmd/;

RRID:SCR_001820

RESMAP Kucukelbir et al., 2014 http://resmap.sourceforge.net

Quantity One 4.6.9 Bio-Rad RRID:SCR_014280
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents should be direct to Yaser Hashem (yaser.hashem@u-bordeaux.fr).

Materials Availability
All plasmids generated in this study are available from the Lead Contact without restriction. This study did not generate new unique

reagents.

Data and Code Availability
The accession numbers of the cryo-EMmaps of the 43S+GMPPNP, 43S+GMPPNP+ATPPICs fromT. cruzi and the 43S+GMPPNPPIC

from L. tarentolae reported in this study have been deposited to the ElectronMicroscopy Data Bank (EMDB): EMD-11893, EMD-11895

and EMD-11896. The accession numbers of the atomicmodel of the 43S+GMPPNPPIC from T. cruzi reported in this studywas depos-

ited to the Protein Data Bank (PDB): 7ASE. The k-DDX60 atomic model was fitted in its density from the 43S+GMPPNP+ATP PIC and

deposited to the PDB: 7ASK. The accession numbers of the datasets generated from mass-spectrometry analysis of the T. cruzi 43S

PIC and L. Tarentolae 43S PIC reported in this study were deposited to the PRIDE partner repository: PXD016063.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Trypanosoma cruzi
Trypanosoma cruzi strain Y - TcII was used in this study. Epimastigoes were grown at 28�C in liver infusion tryptose (LIT) medium,

supplemented with 10% heat-inactivated fetal bovine serum.

Leishmania tarentolae
Leishmania tarentolae strain T7-TR (Jena Bioscience Cat#LT-110) was used. Culture was grown at 26�C in brain-heart infusion-

based medium (LEXSY BHI; Jena Bioscience), supplemented with Nourseothricin and LEXSY Hygro (Jena Bioscience), hemin

and penicillin-streptomycin.

Escherichia coli
One Shot BL21 Star (DE3) Chemically Competent E. coli (Invitrogen Cat#C601003) and Rosetta 2(DE3) Singles Competent Cells-No-

vagen (Cat#71400) were used in this study for expression of GST-tagged proteins. Bacterial cultures were grown in the Luria Broth

(LB) medium supplemented with ampicillin or ampicillin and chloramphenicol, respectively.

Homo sapiens genetic material
cDNA used as template for subcloning of the selected H.s. genes by PCR was obtained from the female HeLa cell line.

METHOD DETAILS

Construction of plasmids
List of all primers and gene strings used throughout this study is shown in Tables S5 and S6.

pGL4-CMV-h3c was made by inserting the PmeI-FseI digested PCR product obtained with primers AH-h3c-PmeI and AH-h3c-

FseI using HeLa cDNA as a template into PmeI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGL4-CMV-h3a was made by inserting the PmeI-FseI digested PCR product obtained with primers AH-h3a-PmeI and AH-h3a-

FseI using YCpLV018 (Valá�sek et al., 1998) as a template into PmeI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGL4-CMV-h3m was made by inserting the EcoRI-FseI digested PCR product obtained with primers AH-h3m-EcoRI and AH-

h3m-FseI using HeLa cDNA as a template into EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGL4-CMV-h3k was made by inserting the EcoRI-FseI digested PCR product obtained with primers AH-h3k-EcoRI and AH-h3k-

FseI using pFASTBAC1-eIF3k (Fraser et al., 2004) as a template into EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).
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pGL4-CMV-h3d was made by inserting the EcoRI-FseI digested PCR product obtained with primers AH-h3d-EcoRI and AH-h3d-

FseI using pFASTBAC1-eIF3d (Fraser et al., 2004) as a template into EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGL4-CMV-h3e was made by inserting the EcoRI-FseI digested PCR product obtained with primers AH-h3e-EcoRI and AH-h3e-

FseI using pFASTBAC1-eIF3e (Fraser et al., 2004) as a template into EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGEX-heIF1 was made by inserting the BamHI-SalI digested PCR product obtained with primers DS-eIF1-BamHI and DS-eIF1-

SalI using HeLa cDNA as a template into BamHI-SalI digested pGEX-5X-3 (Smith and Johnson, 1988).

pGEX-heIF5 wasmade by inserting the EcoRI-SalI digested PCR product obtained with primers SW-heIF5-EcoRI and SW-heIF5-

SalI-R using HeLa cDNA as a template into EcoRI-SalI digested pGEX-5X-3 (Smith and Johnson, 1988).

pGEX-heIF2b was made by inserting the BamHI-SalI digested PCR product obtained with primers DS-eIF2b-BamHI and DS-

eIF2b-SalI using HeLa cDNA as a template into BamHI-SalI digested pGEX-5X-3 (Smith and Johnson, 1988).

pGL4-CMV-h3c-1-325; pGL4-CMV-h3c-326-913; pGL4-CMV-h3c-30-325 and pGL4-CMV-h3c-130-325 was made by inserting

the PmeI-FseI digested PCR product obtained with primers AH-h3c-PmeI and AH-h3c-325-FseI; TS-h3c-326-PmeI and AH-h3c-

FseI; TS-h3c-30-325-PmeI and AH-h3c-325-FseI; TP-h3c-130-325-PmeI and AH-h3c-325-FseI; respectively, using pGL4-CMV-

h3c as a template into PmeI-FseI digested pGL4-CMV-h3c.

pGL4-CMV-h3c-1-325-d171-240 was made by inserting the PmeI-FseI digested gene string pGL4-CMV-h3c-1-325-d171-240

(GeneArt Strings DNA Fragments, Invitrogen) into PmeI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGL4-CMV-eIF2b and pGL4-CMV-eIF2b-1-309 was made by inserting the EcoRI-FseI digested PCR product obtained with

primers TP pGL4-CMV-heIF2b-EcoRI and TP-pGL4-CMV-eIF2b-FseI; TP-pGL4-CMV-heIF2b-EcoRI and TP-pGL4-CMV-

eIF2b-1-309-FseI; respectively, using pGEX-heIF2b as a template into EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGEX-heIF1-box-Ala-102-113 was made by inserting the BamHI-SalI digested gene string heIF1-box-Ala-102-113 (GeneArt

Strings DNA Fragments, Invitrogen) into BamHI-SalI digested pGEX-heIF1.

pGEX-teIF1 and pGEX-teIF5 was made by inserting the BamHI-SalI digested PCR product obtained with primers TP-pGEX-5X3-

teIF1-BamHI and TP-pGEX-5X3-teIF1-SalI; TP-pGEX-5X3-teIF5-BamHI and TP-pGEX-5X3-teIF5-SalI; respectively, using T.cruzi

genomic DNA as a template into BamHI-SalI digested pGEX-5X-3 (Smith and Johnson, 1988).

pGL4-CMV-teIF5 was made by inserting EcoRI-FseI digested PCR product obtained with primers TP-pGL4-teIF5-EcoRI and TP-

pGL4-teIF5-FseI using pGEX-teIF5 as a template into EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGL4-CMV-teIF3c was made by inserting the PmeI-FseI digested PCR product obtained with primers TP-pGL4-CMV-teIF3c-

PmeI and TP-pGL4-CMV-teIF3c-FseI using T.cruzi genomic DNA as a template into PmeI-FseI digested pGL4-CMV (Wagner

et al., 2014).

pGL4-CMV-teIF3c-1-172; pGL4-CMV-teIF3c-14-172; pGL4-CMV-teIF3c-39-172 was made by inserting the PmeI-FseI digested

PCR product obtained with primers TP-pGL4-CMV-teIF3c-PmeI and TPpGL4-CMV-teIF3c-172-FseI; TP-pGL4-CMV-teIF3c-14-

PmeI and TPpGL4-CMV-teIF3c-172-FseI; TP-pGL4-CMV-teIF3c-39-PmeI and TP-pGL4-CMV-teIF3c-172-FseI; respectively, us-

ing pGL4-CMV-teIF3c as a template into PmeI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGEX-teIF3c-1-172 was made by inserting BamHI-EcoRI digested PCR product obtained with primers TP-pGEX-teIF3c-BamHI

and TP-pGEX-teIF3c-1-172-EcoRI using pGL4-CMV-teIF3c-1-172 as a template into BamHI-EcoRI digested pGEX-5X-3 (Smith

and Johnson, 1988).

pGEX-heIF3e was made by inserting the BamHI-SalI digested PCR product obtained with primers TP-pGEX-5X3-eIF3e-BamHI

and TP-pGEX-5X3-eIF3e-SalI using pGL4-CMV-h3e as a template into BamHI-SalI digested pGEX-5X-3 (Smith and Johnson,

1988).

pGEX-heIF3e-del-244-252 and pGEX-heIF3e-I246A-Q247A-T248A was made by inserting the BamHI-BglII digested gene string

pGEX-heIF3e-delta-244-252 and gene string pGEX-heIF3e-I246A-Q247A-T248A (GeneArt Strings DNA Fragments, Invitrogen)

respectively, into BamHI-BglII digested pGEX-5X3-heIF3e.

pGL4-CMV-h3d-W16A-G17A-P18A was made by inserting the EcoRI-PvuII digested gene string pGL4-CMV-h3d-W16A-G17A-

P18A (GeneArt Strings DNA Fragments, Invitrogen) into EcoRI-PvuII digested pGL4-CMV-h3d.

pGL4-CMV-h3d-19-548; pGL4-CMV-h3d-1-114; pGL4-CMV-h3d-19-114 was made by inserting the EcoRI-FseI digested PCR

product obtained with primers TP-pGL4-CMV-h3d-19-EcoRI and AH-h3d-FseI; AH-h3d-EcoRI and TP-pGL4-CMV-h3d-114-

FseI; TP-pGL4-CMV-h3d-19-EcoRI and TP-pGL4-CMV-h3d-114-FseI; respectively, using pGL4-CMV-h3d as a template into

EcoRI-FseI digested pGL4-CMV (Wagner et al., 2014).

pGEX-heIF3d was made by inserting the BamHI-SalI digested PCR product obtained with primers TP-pGEX-heIF3d-BamHI and

TP-pGEX-heIF3d-SalI using pGL4-CMV-h3d as a template into BamHI-SalI digested pGEX-5X-3 (Smith and Johnson, 1988).

pGEX-heIF3c wasmade by inserting the EcoRI-SalI digested PCR product obtained with primers TP-pGEX-eIF3c-EcoRI and TP-

pGEX-eIF3c-SalI using pGL4-CMV-h3c as a template into EcoRI-SalI digested pGEX-5X-3 (Smith and Johnson, 1988).

pGEX-heIF3a was made by inserting the SalI-NotI digested PCR product obtained with primers TP-pGEX-eIF3a-SalI and TP-

pGEX-eIF3a-NotI using pGL4-CMV-h3a as a template into SalI-NotI digested pGEX-5X-3 (Smith and Johnson, 1988).

pEX-teIF3c-1-172-GST was made by inserting the AsiSI-MluI digested PCR product obtained with primers TP-teIF3c-AsiSI and

TP-teIF3c-1-172-MluI using pGL4-CMV-teIF3c-1-172 as a template into BseRI-MluI digested pEX-C-GST (OriGene; PS100083).

pEX-teIF5-GST was made by inserting the AsiSI-MluI digested PCR product obtained with primers TP-teIF5-AsiSI and TP-teIF5-

MluI using pGEX-teIF5 as a template into BseRI-MluI digested pEX-C-GST (OriGene; PS100083).
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48S Initiation Complex Purification
T. cruzi and L. tarentolae 48S initiation complexes were grown to a density 3$106 per mL and 2.5$106 per mL, for T. cruzi and

L. tarantolae, respectively, in 200 mL flasks in culture medium. The parasites were harvested, put in buffer I (20 mM HEPES-KOH

pH 7.4, 100 mM KOAc, 4 mM Mg (OAc)2, 2 mM DTT, EDTA free protease inhibitor cocktail and RNasin inhibitor) and subjected to

lysis by freeze-thaw cycles. After the centrifugation at 12,000 g for 30 min at 4�C, the supernatant was incubated in the presence

of 10 mM GMP-PNP (the non-hydrolyzable analog of GTP) for 10 min at 28�C. The supernatant was layered onto 10%–30% (w/v)

sucrose gradients and centrifuged (35 000 rpm, 5h30 min, 4�C) using an SW41 Ti rotor (Beckman-Coulter). The fractions containing

48S ICs were collected and pooled according the UV absorbance profile. Buffer was exchanged by precipitating ribosomal

complexes and re-suspending them in sucrose-free buffer II (10 mM HEPES-KOH pH 7.4, 50 mM KOAc, 10 mM NH4Cl, 5 mM

Mg(OAc)2, and 2 mM DTT). For the ATP supplemented 43S PIC, the protocol above was repeated for T. cruzi with an addition of

10 mM of ATP.

Cryo-EM Grid preparation
Grid preparation: 4 mL of the sample at a concentration of 90 nM was applied onto the Quantifoil R2/2 300-mesh holey carbon grid,

which had been coated with thin carbon film (about 2nm) and glow-discharged. The sample was incubated on the grid for 30 s and

then blotted with filter paper for 1.5 s in a temperature and humidity controlled Vitrobot Mark IV (T = 4�C, humidity 100%, blot force 5)

followed by vitrification in liquid ethane.

Cryo-EM Image acquisition
Data collections of the three described molecular complexes were performed on three different instruments. The main complex

(T. cruzi 43S PIC) was imaged (at the IGBMC EM facility, Illkirch, France) on a spherical aberration corrected Titan Krios S-FEG in-

strument (FEI Company) at 300 kV using the EPU software (Thermo Fisher Company) for automated data acquisition. Data were

collected at a nominal under focus of �0.6 to �4.5 mm at a magnification of 127,272 X yielding a pixel size of 1.1 Å. Micrographs

were recorded as movie stack on a Gatan Summit K2 direct electron detector, each movie stack were fractionated into 20 frames

for a total exposure of an electron dose of 30 �e/Å2. The T. cruzi 43S PIC supplemented with ATP was imaged with the exact setup

described above, but in the Netherlands’s NeCEN EM facility, Leiden, which is not Cs corrected. The L. tarentolae 43S PIC dataset

was collected (at the IECB EM facility, Pessac, France) on a Talos Artica instrument (FEI Company) at 200 kV using the EPU

software (FEI Company) for automated data acquisition. Data were collected at a nominal underfocus of �0.5 to �2.7 mm at a

magnification of 120,000 X yielding a pixel size of 1.21 Å. Micrographs were recorded as movie stack on a Falcon III direct electron

detector (FEI Compagny), each movie stack were fractionated into 20 frames for a total exposure of 1 s corresponding to an electron

dose of 40 �e/Å2.

Image processing
For all three datasets, drift and gain correction and dose weighting were performed using MotionCor2 (Zheng et al., 2017). A dose

weighted average image of the whole stack was used to determine the contrast transfer function with the software Gctf (Zhang,

2016). The following process has been achieved using RELION 3.0 (Zivanov et al., 2018). Particles were picked using a Laplacian

of Gaussian function (min diameter 300 Å, max diameter 320 Å). For the main dataset (T. cruzi 43S PIC), particles were then

extracted with a box size of 360 pixels and binned three-fold for 2D classification into 200 classes, yielding 202,920 particles

presenting 40S-like shape. These particles were then subjected to 3D classification into 10 classes. Two subclasses depicting

high-resolution and 48S features have been selected for a second round of classification into two classes. One class ended as

a possible 48S complex (12910 particles, don’t present densities for k-DDX60) and a second as a 43S+DDX60 complex (33775

particles). Refinement of the 43S-DDX60 complex yielded an average resolution of 3.3Å. The 48S class was not analyzed any

further. Determination of the local resolution of the final density map was performed using ResMap (Kucukelbir et al., 2014). The

dataset of the T. cruzi 43S PIC supplemented with ATP was processed identically. However, the sample was more diluted

compared to the above-described main complex, thus yielding less particles count after the first 2D classification (98,840 particles

presenting 40-like shape). Following the similar classification/processing fashion and after 3D classification, 19700 particles were

used to reconstruction a �4.3Å 43S PIC bound to ATP. Finally, the L. tarentolae 43S PIC dataset was processed also identically to

the protocol described above. As the aim of this reconstruction is simply to validate the conservation of the architecture in leish-

mania, only a small dataset was collected, which after processing only yielded �10,000 particles that were then used to reconstruct

the 43S PIC at 8.1Å.

Figure preparation
Figures featuring cryo-EM densities as well as atomic models were visualized with UCSF Chimera (Pettersen et al., 2004).

Mass spectrometry analysis
Protein extracts were precipitated overnight with 5 volumes of cold 0.1 M ammonium acetate in 100%methanol. Proteins were then

digestedwith sequencing-grade trypsin (Promega, Fitchburg, MA, USA) as described previously5. Each sample was further analyzed

by nanoLC-MS/MS on a QExactive+ mass spectrometer coupled to an EASY-nanoLC-1000 (Thermo-Fisher Scientific, USA). Pep-
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tides and proteins were identified with Mascot algorithm (version 2.5.1, Matrix Science, London, UK) and data were further imported

into Proline v1.4 software (http://www.profiproteomics.fr/proline).

Themass spectrometric data were deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the data-

set identifier PXD016063 (Reviewer account details: reviewer06222@ebi.ac.uk, rhv9KZXk).

Model building and refinement
The atomic model of the preinitiation complex 48S from Trypanosoma cruzi was built using the modeling softwares

Chimera (Pettersen et al., 2004), Coot (Emsley and Cowtan, 2004), Phenix (Adams et al., 2010) and VMD (Humphrey et al., 1996).

The previous 40S structure of Trypanosoma cruzi (Brito Querido et al., 2017) (PDBID: 5OPT) was used to build the core of the initi-

ation complex containing the small subunit ribosomal RNA and proteins. The head required a rotation to fit the obtained structure.

The ternary complex (tRNA, eIF2a, eIF2g), eIF2b, eIF1a and eIF1 were thread from the translation initiation complex of yeast (Llácer

et al., 2015) (PDBID: 3JAQ).

DDX60-like starting point was the recA domains from the human helicase protein Brr2 (Santos et al., 2012) (PDBID: 4F93). The re-

maining domains of DDX60-like was built ab initio using Coot modeling tools and Chimera ‘‘build structure’’ tools with the help of

sympred (Simossis and Heringa, 2004) for secondary structure prediction and the homology modeling webservices Swissmodel

(Waterhouse et al., 2018) and phyre2 (Kelley et al., 2015).

eIF3 was thread from the already published mammalian eIF3 (des Georges et al., 2015) (PDBID: 5A5T), subunit m was

deleted since it’s not present in Kinetoplastid and rearrangements of the nearby subunits were made. Subunit d was thread

from the eIF3d crystal structure of Nasonia vitripennis (Lee et al., 2016) (PDBID: 5K4B) and the N-terminal tail was built in

Chimera.

eIF5 Cter-domain was thread from the eIF5 crystal from human (Bieniossek et al., 2006) (PDBID: 2IU1).

The global atomic model was refined using the Molecular Dynamic Flexible Fitting (Trabuco et al., 2008) then the geometry param-

eters were corrected using PHENIX real space refine for proteins and eraser (Chou et al., 2013) for RNA.

Secondary structures of k-DDX60 and the 18S
The secondary structure of the 18S was done based on the S.c. 18S template downloaded from the RiboVision Webservice (Bernier

et al., 2014). The secondary structures of the 18S expansion segments were edited manually based on the 3D atomic model of the

complex. The sequence and residues numbering were corrected consistently with T. cruzi.

The secondary structure of k-DDX60 was derived from its 3D atomic model (this work) using the PDBsumWebservice (Laskowski

et al., 2018).

GST pulldown assay
Glutathione S-transferase (GST) pull down experiments with GST fusions and in vitro synthesized 35S-labeled polypeptides were

conducted as described previously (Valá�sek et al., 2001). Briefly, individual GST-fusion proteins were expressed in Escherichia

coli (BL-21 Star DE3 or BL21 Rosett2 DE3). Bacterial culture was grown at 37�C in the LB medium to OD 0.6-0.8 and the synthesis

of GST-fusion proteins were induced by the addition of 1mM IPTG. After 2 hr of shaking at 37�C or overnight at 16�C the cells were

harvested, resuspended in a Phosphate-buffered saline (PBS), and subjected to mechanical lysis with a subsequent agitation in the

presence of 1%–1.5% Triton X-100 for 30 min at 4�C. The GST-proteins were then immobilized on glutathione Sepharose beads (GE

Healthcare, cat # GE17-0756-01) from the pre-cleaned supernatant, followed by three washing steps with the 1 mL of phosphate

buffered saline.35S-labeled polypeptides were produced in-vitro by the TnT� Quick Coupled Transcription/Translation System

(Promega cat # L1170) according to the vendor’s instructions.

To examine the binding, individual GST fusions were incubated with 35S-labeled proteins at 4�C for 2 h in buffer B (20mM HEPES

(pH 7,5), 75mM KCl, 0,1mM EDTA, 2,5mM MgCl2, 0,05% IGEPAL, 1mM DTT). For experiments requiring more stringent conditions

the buffer B was supplement with 1% fat free milk. Subsequently, the beads were washed three times with 1 mL of phosphate

buffered saline and interacting proteins were separated by SDS-PAGE. Gels were first stained with Gelcode Blue stain reagent

(Thermofisher, cat # 24592) and then subjected to autoradiography.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the mass-spectrometry analysis, proteins were validated on Mascot pretty rank equal to 1, and 1% FDR on both peptide

spectrum matches (PSM score) and protein sets (Protein Set score). The total number of MS/MS fragmentation spectra was used

to relatively quantify each protein (Spectral Count relative quantification). Proline was further used to align the Spectral Count values

across all samples. The whole MS dataset was then normalized.

Volcano plot presented in Figure 1 was obtained after manual validation of the results. For that end, we only consider proteins that

present at least 5 spectra. Further validation was performed by analyzing the pre-initiation complex after further purification step us-

ing size exclusion chromatography.

Quantification of binding experiments (GST-pulldown assay) was done using the Quantity One software (Bio-Rad). The data

was generated as an adjusted volume with the local background subtraction and linear regression methods. The data for each
e6 Cell Reports 33, 108534, December 22, 2020
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35S-labeled protein was first normalized to its input and the percentage of input binding was then calculated. The resulting data was

subsequently normalized to its corresponding control (for Figure 3J: 35S-eIF3d WT – GST-eIF3e WT; and for Figure 3K: 35S-eIF3d 1-

114 – GST-eIF3e WT) and means from three different dilutions of GST-fusions were calculated; errors bars indicate standard devi-

ation. Statistical details of these experiments can be found in the figure legend for Figure 3.
Cell Reports 33, 108534, December 22, 2020 e7
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Supplementary Figure 1. Cryo-EM particle sorting and refinement of the 43S PIC complexes from T. cruzi 
and L. tarentolae and their resolutions, Related to Figure 1. (A) 2D classification of the 43S PIC particles 
yielded ~200 000 40S-like particles from the T. cruzi dataset, after which a run of 3D classification (10 classes) 
was performed. (B) The local resolution of the 43S class varies mainly on eIF3 (ranging from ~3 to ~6 Å), while 
is varies less on the rest of the structure (ranging from ~2.5 to ~3.5 Å for the 40S, k-DDX60, eIFs 1, 1A and 2b, 
and from ~3 to ~5 Å for eIFs 2a, 2g and 5). (C) The average resolution was measured after applying a soft-edge 
mask of the 43S PIC shape filtered to 15Å and extended by 3 pixels. (D) Blow ups on several features of the 
complex counting 40S rRNA/r-proteins (left), 18S rRNA interaction with eIF 1 and 1A (middle) and the initiator 
tRNAMet (right), fitted in their corresponding densities.  (E) Cryo-EM reconstructions of the L. tarentolae 43S PIC. 
(F) Cryo-EM reconstructions of the T. cruzi 43S PIC filtered at 8Å. (G) Superimposition of (E) and (F). (H) 
Average resolution (8.1Å) of the L. tarentolae 43S PIC reconstruction. (I) Average resolution (4.3Å) of the cryo-
EM reconstruction from the T. cruzi 43S complexes supplemented with ATP. 
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Supplementary Figure 2. Multiple sequence alignment of the eIF2a NTD and eIF2β among eukaryotes, and 
eIF5 CTD structure, Related to Figure 2. (A) Protein sequence alignment of eIF2α from various eukaryotic 
organisms was generated by Clone Manger (MultiWay, scoring matrix: Blosum 62). The Kinetoplastida order 
species are labeled with K*. The kinetoplastidian-specific eIF2α N-terminal domain insertion is marked with a 
black box. Areas of high matches (60%) are shaded in green. The individual species with the NCBI Reference 
Sequence numbers or TriTrypDB numbers are as follows: [Trypanosoma cruzi] PWV18423.1, [Trypanosoma 
brucei] Tb927.3.2900, [Leishmania donovani] AAQ02666.1, [Leishmania major] LmjF.03.0980, [Strigomonas 
culicis] EPY26930.1, [Plasmodium falciparum NF54] PKC42156.1, [Plasmodium berghei ANKA] VUC53995.1, 
[Saccharomyces cerevisiae] ONH75775.1, [Oryctolagus cuniculus] XP_002719561.1, [Mus musculus] 
NP_080390.1, [Drosophila hydei] XP_023166950.2, [Homo sapiens] NP_004085.1. (B) Protein sequence 
alignment of eIF2β protein from various eukaryotic organisms. The Kinetoplastida order species are labeled with 
K*. Consensus is expressed as a sequence logo. The black boxes mark three conserved poly-lysine stretches 
(dubbed K-boxes) K1, K2 and K3. (C) Rigid-body fittings of the crystal structure of the human eIF5 CTD in the 
corresponding T. cruzi 43S PIC density (up) and its T. cruzi eIF5 CTD homology model in that same density 
(bottom). 
  



 



Supplementary Figure 3. Novel interactions between several eIFs, r-proteins and 18S rRNA, fitted in their 
corresponding densities, Related to Figures 2 and 3. (A) eIF1 with eIF2b. (B) eIF1 N-ter tail with eIF2g. (C) 
eIF1 with eIF3c N-ter. (D) eIF1A with the 18S. (E) eIF1A with eIF2b. (F) eIF1A with uS13. (G) eIF1A with 
uS19. (H) eIF2b with the 18S. (I) eIF2b with eIF5 CTD. (J and K) eIF5 CTD with eIF2g. (L) eIF2g with k-
DDX60. (M, N and O) 18S with eIF3c. (P and Q) eIF3c and eIF3d subunits. 
  



 
 
  



Supplementary Figure 4. Interactions of eIF3d and k-DDX60 with eIFs, r-proteins and 18S rRNA, fitted in 
their corresponding densities, Related to Figures 2 and 3. (A and B) eIF3d with the 18S. (C) eIF3d with eS27. 
(D and E) k-DDX60 in its corresponding density, viewed from two orientations. (F, G and H) Blow ups on two 
b-sheets from helicase RecA domains and one buried a-helix from a helical bundle from K-DDX60. Interactions 
of k-DDX60 with eIF5 (I), 18S (J and K), eS12 (L), eS31 (M), eIF3c N-ter (N), uS12 (O) and the initiator tRNAMet 
(P). 
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Supplementary Figure 5. In vitro analysis of eIF3 intersubunit interactions , Related to Figures 2 and 3. (A) 
In vitro protein-protein binding analysis of the interaction between the in vitro translated human 35S-labeled eIF2β 
and its C-terminal truncation (eIF2β 1-309) against wild type eIF1 or its mutated variant (eIF1-boxAla-102-113; 
residues 102-113 substituted with a stretch of alanines) fused to GST. In vitro translated proteins were tested for 
binding with three different dilutions of individual GST-fusion proteins. Lane 1 contains 20% of input amounts of 
in vitro-translated proteins added to each reaction. (B) Same as in (A) except that binding between the human wild 
type eIF3d subunit, its N-terminally truncated form (19-548), and its mutated variant (W16A G17A P18A) against 
the human wild type eIF3e subunit, or its inner deletion (delta 244-252), or its mutated variant (I246A Q247A 
T248A) fused to GST was analyzed. Lanes 1 and 2 show 10% and 5% input, respectively. Quantification was 
performed by the Quantity One software (see Fig. 3J.) (C) Same as in (A) except that binding between truncations 
of the human eIF3d subunit (1-114 and 19-114) and eIF3e fused to GST was analyzed. Quantification is presented 
in Fig. 3K. (D) In vitro protein-protein binding analysis of 35S-labeled eIF3a, eIF3c, eIF3k and eIF3m subunits 
against eIF3d fused to GST. Lane 1 shows 10% input. (E) In vitro protein-protein binding analysis of human 35S-
labeled eIF3d against eIF3c and eIF3a subunits fused to GST. Lane 1 shows 20% input. (F) In vitro protein-protein 
binding analysis of the interaction between T. cruzi eIF5 and the eIF3c-NTD (residues 1-172) fused with GST 
either at its N or C terminus. (G) Binding analysis of the interaction between T.cruzi the eIF3c-NTD (residues 1-
172) and eIF5-GST. (H) Multiple protein alignment of the N-terminal domain of the eIF3c subunit from indicated 
species with a consensus expressed as a sequence logo. Specific sequence features mentioned in the main text are 
boxed. Positions of eIF1- and eIF5-binding sites in the eIF3c-NTD of the selected species identified by us and 
others are marked by thick lines under or above the alignment; color-coding is as follows: T.c. – Trypanosoma 
cruzi in pink, S.c. – Saccharomyces cerevisiae in purple, and H.s. – Homo sapiens in green. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 6. T. cruzi 18S rRNA, Related to Figures 4 and 5. 2D diagram of the T. cruzi 18S rRNA. 
The largest and more relevant expansion segments are highlighted in colored backgrounds.  



 
  



Supplementary Figure 7. Charge surface analysis of the T.cruzi and mammalian eIF3 structures, Related 
to Figures 3. (A) Overlay of mammalian and kinetoplastidian structures of individual eIF3 subunits with marked 
structural differences. The T. cruzi structures are depicted in dark and mammalian in light color shades. Curved 
arrows indicate the direction of T. cruzi eIF3 subunits structural rearrangement compared to their mammalian 
counterparts. Colored ovals highlight marked structural differences between T. cruzi and mammalian eIF3 
subunits. (B) Cartoon representation of the eIF3 atomic model showing the eIF3 helical bundle in mammals (upper 
panel) and in T. cruzi (lower panel). Dark arrow indicates the shift of a helix from eIF3f in T. cruzi to compensate 
for the absence of eIF3m. (C) Surface representation of the T. cruzi (left) and mammalian (right) eIF3 structure 
seen from the 40S platform side. Lower panel: close-up view of T.cruzi eIF3c and its interaction with the ES7s 

helix A and helix B. Model is color-coded according to the electrostatic potential – negative in red and positive in 
blue. (D) Surface representation of the T. cruzi (left) and mammalian (right) eIF3 structure seen from the 40S 
solvent side. Lower panel: close-up view of the T.cruzi eIF3c-NTD and its interaction with 18S RNA.  
  



  



Supplementary Figure 8. T. cruzi 18S k-DDX60 conservation and secondary structure diagram, Related to 
Figures 4 and 5. (A) BlastP alignment between T. cruzi k-DDX60 and human DDX60 showing the relatively 
modest global homology between both proteins. Only most homologous regions were presented (in green, purple 
and red boxes). Magenta boxes on domains annotation schema highlight the trypanosomatid-specific domains that 
are inexistent in DDX60 from human and other eukaryotic species. Pink and violet colors highlight the A-site 
Insert (AI) and the ATP binding pocket in k-DDX60, respectively. (B) Secondary structure elements diagram for 
k-DDX60 based on its 3D model. Some parts could not be modeled. 
  



 
SUPPLEMENTARY TABLES 

 
 Supplementary Table 1. Mass-spectrometry analysis of the T. cruzi 43S PIC, Related to Figure 1. 
Composition of the T. cruzi 43S PIC in 40S ribosomal proteins and initiation factors. K-DDX60 and ABCE1 were 
singled out. The analysis compares the 43S related fractions without (labeled 40S) and with GMP-PNP (labeled 
43S), before and after Gel-filtration. Accessions, description and spectral counts are indicated for each fraction. 
Full dataset can be found at the PRIDE partner repository with the dataset identifier PXD016063 (See Methods). 

AFTER Gel Filtration
Q4E5Z1|Q4E5Z1_TRYCC DDX60 Uncharacterized protein OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508153.1050 PE=4 SV=110 263 96
Q4DLI2|Q4DLI2_TRYCC ABCE1 Ribonuclease L inhibitor, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508637.150 PE=3 SV=13 103 31

40S ribosomal proteins:

��������� ����
�	���� �
� ��� ���
Q4D5P4|Q4D5P4_TRYCC  40S ribosomal protein S4 OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053509683.117 PE=3 SV=1131 131 93
Q4DTN2|Q4DTN2_TRYCC  Activated protein kinase C receptor, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511211.120 PE=4 SV=1100 96 48
Q4E0Q3|Q4E0Q3_TRYCC  40S ribosomal protein S5, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506297.150 PE=3 SV=165 51 40
Q4DZ41|RS3A2_TRYCC  40S ribosomal protein S3a-2 OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511001.9 PE=3 SV=198 84 46
Q4E093|Q4E093_TRYCC  40S ribosomal protein S18, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506679.100 PE=3 SV=175 73 64
Q4DSU0|Q4DSU0_TRYCC  40S ribosomal protein S6 OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053510769.49 PE=3 SV=189 72 58
Q4CLU9|Q4CLU9_TRYCC  40S ribosomal protein S8 OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511069.20 PE=3 SV=166 60 46
Q4D4L4|Q4D4L4_TRYCC  40S ribosomal protein S11, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053507837.50 PE=3 SV=158 47 39
Q4D6I5|Q4D6I5_TRYCC  40S ribosomal protein S14, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053409117.20 PE=3 SV=160 61 37
Q4CUL0|Q4CUL0_TRYCC  40S ribosomal protein S3, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053430605.29 PE=3 SV=181 72 37
Q4D6N9|Q4D6N9_TRYCC  Ribosomal protein S19, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053504013.100 PE=4 SV=139 36 36
Q4DY30|Q4DY30_TRYCC KSRP RNA-binding protein, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511727.290 PE=4 SV=179 72 29
Q4D4S1|Q4D4S1_TRYCC  40S ribosomal protein S9, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053504163.30 PE=3 SV=138 38 28
Q4CUC8|Q4CUC8_TRYCC  Ribosomal protein S7, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506593.19 PE=4 SV=184 80 25
Q4CQU0|Q4CQU0_TRYCC  40S ribosomal protein SA OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053503719.20 PE=3 SV=165 58 22
Q4D916|Q4D916_TRYCC  40S ribosomal protein S16, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053507513.60 PE=4 SV=148 52 19
Q4E0N6|Q4E0N6_TRYCC  40S ribosomal protein S15a, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506297.330 PE=3 SV=137 34 15
Q4DIZ9|Q4DIZ9_TRYCC  40S ribosomal protein S2, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053503833.40 PE=3 SV=180 74 27
Q4CXN0|Q4CXN0_TRYCC  Ubiquitin/ribosomal protein S27a, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053510293.40 PE=4 SV=152 40 14
Q4DTX6|Q4DTX6_TRYCC  Ribosomal protein S25, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053504105.94 PE=4 SV=146 44 8
Q4DK39|Q4DK39_TRYCC  40S ribosomal protein S17, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508827.79 PE=3 SV=158 57 16
Q4E088|Q4E088_TRYCC  40S ribosomal protein S10, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506679.140 PE=4 SV=152 54 22
Q4DW69|Q4DW69_TRYCC  40S ribosomal protein S12 OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508231.20 PE=3 SV=134 39 13
Q4CXV6|Q4CXV6_TRYCC  40S ribosomal protein S33, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506413.30 PE=3 SV=134 31 17
Q4DTQ1|Q4DTQ1_TRYCC  40S ribosomal protein S23, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053504181.20 PE=3 SV=133 28 28
Q4D6H7|Q4D6H7_TRYCC  Ribosomal protein S20, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508475.10 PE=3 SV=134 28 16
Q4CWD6|Q4CWD6_TRYCC  40S ribosomal protein S13, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053510029.70 PE=3 SV=132 30 18
Q4DN73|Q4DN73_TRYCC  40S ribosomal protein S27, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506963.14 PE=3 SV=121 17 25
Q4DW38|Q4DW38_TRYCC  40S ribosomal protein S24 OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053507681.150 PE=3 SV=130 26 15
Q4CMS5|Q4CMS5_TRYCC  Ribosomal protein S29, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511015.20 PE=4 SV=117 15 13
Q4DGZ5|Q4DGZ5_TRYCC  40S ribosomal protein S15, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511809.130 PE=3 SV=123 20 11
Q4CYE4|Q4CYE4_TRYCC  Ribosomal protein S26, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053503801.20 PE=4 SV=121 18 12
Q4E3L9|Q4E3L9_TRYCC  40S ribosomal protein S21, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053510101.430 PE=4 SV=124 18 7
Q4DA48|Q4DA48_TRYCC  40S ribosomal protein S30, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053507019.83 PE=4 SV=12 5

Initiation factors:

��������� ����
�	���� �
� ��� ���
Q4DL69|Q4DL69_TRYCC eIF3a Uncharacterized protein OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508919.140 PE=4 SV=186 129 50
Q4DSL1|Q4DSL1_TRYCC eIF3b Translation initiation factor, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511303.60 PE=4 SV=195 159 41
Q4E3G1|Q4E3G1_TRYCC eIF3c Eukaryotic translation initiation factor 3 subunit 8, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053507611.310 PE=4 SV=163 96 16
Q4D7F2|Q4D7F2_TRYCC eIF3e Eukaryotic translation initiation factor 3 subunit E OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053509205.30 PE=3 SV=160 103 24
Q4E620|Q4E620_TRYCC eIF2 alpha Elongation initiation factor 2 alpha subunit, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508153.730 PE=4 SV=15 105 22
Q4DCN0|Q4DCN0_TRYCC eIF3d Eukaryotic translation initiation factor 3 subunit 7-like protein, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506943.160 PE=4 SV=172 113 16
Q4D452|Q4D452_TRYCC eIF3i Eukaryotic translation initiation factor 3 subunit I OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053511229.80 PE=3 SV=140 69 14
Q4D5W3|Q4D5W3_TRYCC eIF3l Eukaryotic translation initiation factor 3 subunit L OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508169.90 PE=3 SV=151 83 25
Q4E3S5|Q4E3S5_TRYCC eIF3h Homology with eIF3H (InterPro), Uncharacterized protein OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053506401.180 PE=4 SV=136 58 8
Q4CUG4|Q4CUG4_TRYCC eIF3g Eukaryotic translation initiation factor 3 subunit G OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508689.20 PE=3 SV=143 70 19
Q4CSE1|Q4CSE1_TRYCC eIF5 Eukaryotic translation initiation factor 5, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053504119.10 PE=4 SV=119 115 49
Q4DDK1|Q4DDK1_TRYCC eIF3k Homology with eIF3K (InterPro), Uncharacterized protein OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053509267.40 PE=4 SV=118 29 9
Q4DH88|Q4DH88_TRYCC eIF2 beta Translation initiation factor, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053503955.70 PE=4 SV=17 45 25
Q4DQZ2|Q4DQZ2_TRYCC eIF3f Uncharacterized protein OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053510089.200 PE=4 SV=146 68 24
Q4CPV7|Q4CPV7_TRYCC eIF2 gammaEukaryotic translation initiation factor 2 subunit, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053503819.30 PE=4 SV=15 62 7
Q4CQB1|Q4CQB1_TRYCC eIF1A Eukaryotic translation initiation factor 1A, putative (Fragment) OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053503945.10 PE=4 SV=14 25 4
Q4DM75|Q4DM75_TRYCC eIF1 Protein translation factor SUI1 homolog, putative OS=Trypanosoma cruzi (strain CL Brener) GN=Tc00.1047053508515.20 PE=4 SV=110 18 5

BASIC Spectral Count (# spectra)
BEFORE Gel Filtration AFTER Gel Filtration

BEFORE Gel Filtration
BASIC Spectral Count (# spectra)

BASIC Spectral Count (# spectra)
BEFORE Gel Filtration AFTER Gel Filtration
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Supplementary Table 2. Mass-spectrometry analysis of the L. Tarentolae 43S PIC, Related to Figure 1. 
Composition of the L. Tarentolae 43S PIC in 40S ribosomal proteins and initiation factors. K-DDX60 and ABCE1 
were singled out. The analysis of the 43S related fraction was made after supplementation with GMP-PNP (IC), 
before Gel-filtration. Accessions, description and spectral counts are indicated. Full dataset can be found at the 
PRIDE partner repository with the dataset identifier PXD016063 (See Methods). 
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FIgure S2



 Ribosomal RNA Ribosomal protein Initiation factors 
eIF1 N65-G2303, C64-G2303, Q81-

C2282, R33-A1341, R33-
G2283, K37-G2283, R56-
G2303, R61-C2183 

none eIF2-β : R29-S251, Q31-S327, Q43-T325, H27-T325, V77-Y326 
eIF2-ɣ : S16-N459, V17-V147, Q12-Q412, L21-V85, Q13-V147 
eIF3c : L49-F36, I54-W35 R53-E37, R52-T39, N96-R26, L49-I31   

eIF1A N48-A2277, R66-C620, W74-
A2279, R155-G1685 

eS30 : E35-R10, F88-L8 
uS13 : D162-R119, L164-V124 
uS19 : V158-V100, V158-A82, 
V158-A111 
uS12 : F88-L91 

eIF2-β : Y133-L282, V134-N208, F135-P213, F135-Y279 

eIF2-α none uS7 :, Y200-K177, Y200-D180, 
Y200-R184, T148-R122, Y166-
V120, T167-R122, D195-R184 

tRNA : K104-C55, R105-G52, R108-U54, W119-C55, H 232-C55, E296-U54 
eIF2-ɣ : R331-E279, F315-L321, V320-L350, P350-F268 

eIF2-β R333-U1340, R333-G1342, 
R337-U1339, R337-U1340 
 

uS19 : N259-R137 tRNA : K221-A36, N255-G25, K300-G68, R303-G69,  
eIF1 : S251-R29, E267-Q32, T325-Q43, Y326-V77, Y326-H27, S323-R29 
eIF1A : N208-V134, P213-F135, Y279-F135, L282-Y133  
eIF5 : N118-R265, L120-V329, L120-A262, L123-V325, K125-Q364, V132-
W372, L142-F331 
eIF2-ɣ : N173-H248, T176-Y245, G181-Y241, Y182-Y211, Y184-D240, S185-
N238, R189-E204, M305-E83, T317-M86, T317-E83 

eIF2-ɣ none none tRNA : K79-C73, D269-A75, K272-A72, R282-A75 
eIF1 : V85-L21, I88-L21, V147-V17, N459-S16, Q412-Q12 
eIF2-α : E279-R331, L321- F315, L350- V320, F268- P350 
eIF2-β : H248- N173, Y245- T176, Y241- G181, Y211- Y182, D240- Y184, 
N238- S185, E204- R189, E83- M305, M86- T317, E83-T317 
eIF5 : S224-R230, D219-R229, S220-R273, F383-L240, N430-T205, P431-
D204, W465-T237, R469-T205  
k-DDX60: P171-P770, D209-R902 

eIF3c S52-A1360, R53-C1361, K56-
C1596, R127-C370, Q204-
U1526, K207-A1525 R215-
A1523, R232-U1476 and 
U1478, Q329-G1438, R331-
U1439, R243-U1526 

eS27 : Q191-Q56, K192-E54 eIF1 : I31-M97, I31-L49, F36-L49, E37-R53, W35-F91, W35-I54, T39-R52 
eIF3d : P234-W44, R295-W44, L489-W44, L233-A47, L380-F9, L418-W16, 
R419-P13, I434-M28, N437-D26 
k-DDX60: N-ter tail with Y832 and F834 

eIF3a  eS1 : T7-Q77, R8-T77, T12-
R192, L17-I194 

 

eIF3d D43-G1532, D50-A1475, 
R149-U1863 and U1862, 
R294-U1866 and C1867, 
D306-U1864,Q296-G1861, 
K301-U1863 

eS27 : T36-K37, I39-F80, I39-
L74 
S33 : R219-E76, D255-R83, 
K371-M98, Q368-K94, L435-
M73 
uS7 : Q434-E21, Q368-D26, 
E368-R51 
RACK1 : S409-E277, N410-
Q279 

eIF3c : F9-L380, P13-R419, W16-L418, D26-N437, W44-P234, W44-R295, 
W44-L489, A47-L233, M28-I434 
eIF3e : F3-T198, L5-A196, P6-T198, W16-I246, W16-Q247, E7-T245 ; P13-
T248 

eIF5 none none eIF2-β : A262-L120, R265-N118, V325-L123, V329-L120, I332-L142, Q364-
K125, W372-V132 
eIF2-ɣ :  D204-P431, T205-R469, T205-N430, R229-D219, R230- S224, T237-
W465, L240-F383, R273-S220 
k-DDX60: D284-S944, D288-R941, K292-S826  

k-DDX60 S26-U1722, R95-U1723, 
K724-A51, Q725-A51, 
H728-G477 

eS12 : S3-D70, R6-E72 
eS31 : Y5-K94, E92-L92, E93-
K94 
uS12 : R739-Q73, D744-N97 
T740-N97 

tRNA : Q1548-A34, S1551-A34 
eIF2-ɣ : P770-P171, R902-D209 
eIF3c : Y832 and F834 with N-ter tail  
eIF5 : S826-K292, R941-D288, S944-D284 

 
Supplementary Table 3. Detailed overview of interactions between eIFs, ribosomal proteins, rRNA and k-
DDX60, Related to Figures 2, 3 and 5. Novel interactions revealed by analysis are colored in deep blue. Most of 
these novel interactions are shown in ribbons and sticks models fitted into their corresponding densities in Fig. S 
3 and 4. 
  



Data Collection T. cruzi 43S T. cruzi 43S + ATP L. tarentolae 43S 
   Microscope Titan Krios Titan Krios Talos Artica 
   Voltage (kV) 300 300 200 
   Magnification  127,272 127,272 120,000 
   Pixel size (Å) 1.1 1.1 1.21 
   Detector Gatan Summit K2 Gatan Summit K2 Falcon III 
   Defocus range (μm) -0.6 to -4.5 -0.6 to -4.5 -0.6 to -3.0 
   Tot. electron exposure (e-Å-2) 30 30 40 
   Exposure rate (e-Å-2frame-1) 1.5 1.5 2.0 
   Data collection software SerialEM EPU EPU 
Data Processing    
   Independent data collections 1 1 1 
   Useable micrographs 3271 2638 ? 
   Particles 202920 98840 52302 
   Final particles (43S) 33775 19700 10144 
   Accuracy  
translations (pix) / rotations (°) 

 
0.432/0.234375° 

 
0.432/0.234375° 

 
0.432/0.234375° 

   Resolution (Å, 0.143 FSC) 3.33 4.3 8.1 
   Local resolution range (Å) 2.5-6  N/A N/A  
    
Model Composition    
   Chains 59 N/A N/A 
   Non-hydrogen atoms 136893 N/A N/A 
   Protein residues 11196 N/A N/A 
   RNA bases 2225 N/A N/A 
Refinement    
   Software Phenix_ValidationEM N/A N/A 
   Resolution (Å) 3.33 N/A N/A 
   CC (mask) 0.57 N/A N/A 
   CC (main chain) 0.5 N/A N/A 
   CC (side chain) 0.58 N/A N/A 
R.M.S deviations    
   Bond lengths (Å) 0.020 N/A N/A 
   Bond angles (°) 2.209 N/A N/A 
Validation    

   Molprobity score 2.65 N/A N/A 
   Clashscore, all atoms 9.20 N/A N/A 
   Rotamers outliers (%) 3.48 N/A N/A 
   Cβ outliers (%) 1.41 N/A N/A 
   CaBLAM outliers (%) 10.9 N/A N/A 
Ramachandran plot    
   Favored (%) 79.09 N/A N/A 
   Allowed (%) 14.19 N/A N/A 
   Outliers (%) 6.72 N/A N/A 
    

 
Supplementary Table 4. Data collection, processing, refinement and model statistics, Related to Figure 1 
and STAR Methods section. A near complete atomic model was only derived for the highest resolution cryo-EM 
reconstruction, i.e. the T. cruzi 43S PIC stalled with GMP-PNP. The T. cruzi 43S PIC stalled with GMP-PNP 
supplemented with ATP presents a lower resolution and therefore we didn’t derive a full atomic model, instead 
we flexibly fitted k-DDX60 only into its map to illustrate its conformational changes. 



 
Primer Sequence  
AH-h3c-PmeI ATATAGTTTAAACGCCATGTCGCGGTTTTTCACC 
AH-h3c-FseI ATATAGGCCGGCCTCAGTAGGCCGTCTGAGACTG 
AH-h3a-PmeI ATATAGTTTAAACAAGATGCCGGCCTATTTTCAG 
AH-h3a-FseI ATATAGGCCGGCCTTAACGTCGTACTGTGGTCCA 
AH-h3m-EcoRI ATATAGAATTCACCATGAGCGTCCCGGCCTTC 
AH-h3m-FseI ATATAGGCCGGCCTCAGGTATCAGAAAGACTCAA 
AH-h3k-EcoRI ATATAGAATTCGTCATGGCGATGTTTGAGCAG 
AH-h3k-FseI ATATAGGCCGGCCTTACTGGGAGGAGGCCATGAT 
AH-h3d-EcoRI ATATAGAATTCAAGATGGCAAAGTTCATGACA 
AH-h3d-FseI ATATAGGCCGGCCTTAAGTTTCTTCCTCTTCTTCTTCCTC 
AH-h3e-EcoRI ATATAGAATTCAAGATGGCGGAGTACGACTTG 
AH-h3e-FseI ATATAGGCCGGCCTCAGTAGAAGCCAGAATCTTG 
DS-eIF1-BamHI ATCGGATCCATATGTCCGCTATCCAGAACC 
DS-eIF1-SalI TGTGTCGACTTAAAACCCATGAACCTTCAG 
SW-heIF5-EcoRI ATAGAATTCGATGTCTGTCAATGTCAACC 
SW-heIF5-SalI-R ACTAGTCGACTTAAATGGCATCAATATCG 
DS-eIF2β-BamHI ATCGGATCCATATGTCTGGGGACGAGATG 
DS-eIF2β-SalI CGTGTCGACTTAGTTAGCTTTGGCACG 
AH-h3c-325-FseI ATATACGGCCGGCCTCAGGTGATCTCAGTTCCCTTGGC 
TS-h3c-326-PmeI ATATAGTTTAAACGCCATGCATGCTGTTGTTATCAAGAAACTG 
TS-h3c-30-325-PmeI ATATAGTTTAAACGCCATGAACTATGGCAAACAGCCATTG 
TP-h3c-130-325-PmeI GCCGCGTTTAAACGCCATGAACAAGAACAATGCCAAGGC 
TP-pGL4-CMV-heIF2β-EcoRI CGCCAGAATTCACCATGTCTGGGGACGAGATGATT 
TP-pGL4-CMV-eIF2β-FseI  ATATAGGCCGGCCTTAGTTAGCTTTGGCACGGAG 
TP-pGL4-CMV-eIF2β-1-309-
FseI  

CGCCAGGCCGGCCTTAACATCTAGAATGACAAGTTTC 

TP-pGEX-5X3-teIF1-BamHI  ACCTAGGATCCCCATGCTAAACAACGAGCTCGCTAACC 
TP-pGEX-5X3-teIF1-SalI  ACCGAGTCGACTTAGTTCAGAGAGTGGATCTC 
TP-pGEX-5X3-teIF5-BamHI ACCGAGGATCCCCATGTCGGTTCCAATGATACCCATTG 
TP-pGEX-5X3-teIF5-SalI  CGCTAGTCGACCTATGTCGATCCTACAAGCCATTCGAC 
TP-pGL4-teIF5-EcoRI GCTGTGAATTCGCCACCATGTCGGTTCCAATGATACCC 
TP-pGL4-teIF5-FseI TATATGGCCGGCCCTATGTCGATCCTACAAGCCATTC 
TP-pGL4-CMV-teIF3c-PmeI  CGCCGGTTTAAACACCATGAGCAACTTTTTTGATGTCAGCGAC

AGTG 
TP-pGL4-CMV-teIF3c-FseI  ATATAGGCCGGCCGTTAAAATCCTCCTCTACCACGTCCTCGAC 
TP-pGL4-CMV-teIF3c-14-PmeI  CGCGCGTTTAAACACCATGCTGGATGAGGTCATACATCACGAT

G 
TP-pGL4-CMV-teIF3c-39-PmeI  AGCCAGTTTAAACACCATGACCGATGATGAGGACGCGGATG 
TP-pGL4-CMV-teIF3c-172-FseI TATATGGCCGGCCGTTACTCCTCACCCTGTCCTTCATC 
TP-pGEX-teIF3c-BamHI GCGGCGGATCCCCATGAGCAACTTTTTTGATGTC 
TP-pGEX-teIF3c-1-172-EcoRI GCCGCGAATTCCTTTACTCCTCACCCTGTCCTTC 
TP-pGEX-5X3-eIF3e-BamHI ATATAGGATCCCCATGGCGGAGTACGACTTGAC 
TP-pGEX-5X3-eIF3e-SalI ATGCCGTCGACTCAGTAGAAGCCAGAATCTTG 



TP-pGL4-CMV-h3d-19-EcoRI CTGCAGAATTCAAGATGTGTGCGGTTCCCGAGCAG 
AH-h3d-FseI ATATAGGCCGGCCTTAAGTTTCTTCCTCTTCTTCTTCCTC 
AH-h3d-EcoRI ATATAGAATTCAAGATGGCAAAGTTCATGACA 
TP-pGL4-CMV-h3d-114-FseI ACGTAGGCCGGCCTTACATGTTCCGACGATCTTTGTC 
TP-pGEX-heIF3d-BamHI ATATCGGATCCCCATGGCAAAGTTCATGACACCC 
TP-pGEX-heIF3d-SalI GCGCGGTCGACTTAAGTTTCTTCCTCTTCTTCTTCCTC 
TP-pGEX-eIF3c-EcoRI  ACCGAGAATTCCATGTCGCGGTTTTTCACCACC 
TP-pGEX-eIF3c-SalI  TATATGTCGACTCAGTAGGCCGTCTGAGACTG 
TP-pGEX-eIF3a-SalI ACCTAGTCGACATGCCGGCCTATTTTCAGAGG 
TP-pGEX-eIF3a-NotI ATATAGCGGCCGCTTAACGTCGTACTGTGGTCCA 
TP-teIF3c-AsiSI GCACCGCGATCGCATGAGCAACTTTTTTGATGTCAGCG 
TP-teIF3c-1-172-MluI ATATAACGCGTCTCCTCACCCTGTCCTTCATC 
TP-teIF5-AsiSI ACCGAGCGATCGCATGTCGGTTCCAATGATACCC 
TP-teIF5-MluI TCGATACGCGTTGTCGATCCTACAAGCCATTC 

 
Supplementary Table 5. List of primers, Related to STAR Methods section. 
  



Gene string Sequence 5´-3´ 
heIF1-box-Ala-102-113  GGCGACCATCCTCCAAAATCGGATCTGATCGAAGGTCGTGGGATCCAT

ATGTCCGCTATCCAGAACCTCCACTCTTTCGACCCCTTTGCTGATGCAA
GTAAGGGTGATGACCTGCTTCCTGCTGGCACTGAGGATTATATCCATA
TAAGAATTCAACAGAGAAACGGCAGGAAGACCCTTACTACTGTCCAA
GGGATCGCTGATGATTACGATAAAAAGAAACTAGTGAAGGCGTTTAA
GAAAAAGTTTGCCTGCAATGGTACTGTAATTGAGCATCCGGAATATGG
AGAAGTAATTCAGCTACAGGGTGACCAACGCAAGAACATATGCCAGT
TCCTCGTAGAGATTGGAGCAGCAGCAGCTGCAGCAGCCGCAGCCGCG
GCAGCATAAGTCGACTCGAGCGGCCGCATCGTGACTGACTGACGATC
TGCCTCGC 

pGEX-heIF3e-delta-244-
252  

GACCATCCTCCAAAATCGGATCTGATCGAAGGTCGTGGGATCCCCATG
GCGGAGTACGACTTGACTACTCGCATCGCGCACTTTTTGGATCGGCAT
CTAGTCTTTCCGCTTCTTGAATTTCTCTCTGTAAAGGAGATATATAATG
AAAAGGAATTATTACAAGGTAAATTGGACCTTCTTAGTGATACCAACA
TGGTAGACTTTGCTATGGATGTATACAAAAACCTTTATTCTGATGATA
TTCCTCATGCTTTGAGAGAGAAAAGAACCACAGTGGTTGCACAACTG
AAACAGCTTCAGGCAGAAACAGAACCAATTGTGAAGATGTTTGAAGA
TCCAGAAACTACAAGGCAAATGCAGTCAACCAGGGATGGTAGGATGC
TCTTTGACTACCTGGCGGACAAGCATGGTTTTAGGCAGGAATATTTAG
ATACACTCTACAGATATGCAAAATTCCAGTACGAATGTGGGAATTACT
CAGGAGCAGCAGAATATCTTTATTTTTTTAGAGTGCTGGTTCCAGCAA
CAGATAGAAATGCTTTAAGTTCACTCTGGGGAAAGCTGGCCTCTGAAA
TCTTAATGCAGAATTGGGATGCAGCCATGGAAGACCTTACACGGTTAA
AAGAGACCATAGATAATAATTCTGTGAGTTCTCCACTTCAGTCTCTTC
AGCAGAGAACATGGCTCATTCACTGGTCTCTGTTTGTTTTCTTCAATCA
CCCCAAAGGTCGCGATAATATTATTGACCTCTTCCTTTATCAGCCACA
ATATCTTATTCTTCGCTATTTGACTACAGCAGTCATAACAAACAAGGA
TGTTCGAAAACGTCGGCAGGTTCTAAAAGATCTAGTTAAAGTTATTCA
ACAGGAGTCTTACACATATAAA 

pGEX-heIF3e-I246A-
Q247A-T248A  

GACCATCCTCCAAAATCGGATCTGATCGAAGGTCGTGGGATCCCCATG
GCGGAGTACGACTTGACTACTCGCATCGCGCACTTTTTGGATCGGCAT
CTAGTCTTTCCGCTTCTTGAATTTCTCTCTGTAAAGGAGATATATAATG
AAAAGGAATTATTACAAGGTAAATTGGACCTTCTTAGTGATACCAACA
TGGTAGACTTTGCTATGGATGTATACAAAAACCTTTATTCTGATGATA
TTCCTCATGCTTTGAGAGAGAAAAGAACCACAGTGGTTGCACAACTG
AAACAGCTTCAGGCAGAAACAGAACCAATTGTGAAGATGTTTGAAGA
TCCAGAAACTACAAGGCAAATGCAGTCAACCAGGGATGGTAGGATGC
TCTTTGACTACCTGGCGGACAAGCATGGTTTTAGGCAGGAATATTTAG
ATACACTCTACAGATATGCAAAATTCCAGTACGAATGTGGGAATTACT
CAGGAGCAGCAGAATATCTTTATTTTTTTAGAGTGCTGGTTCCAGCAA
CAGATAGAAATGCTTTAAGTTCACTCTGGGGAAAGCTGGCCTCTGAAA
TCTTAATGCAGAATTGGGATGCAGCCATGGAAGACCTTACACGGTTAA
AAGAGACCATAGATAATAATTCTGTGAGTTCTCCACTTCAGTCTCTTC
AGCAGAGAACATGGCTCATTCACTGGTCTCTGTTTGTTTTCTTCAATCA
CCCCAAAGGTCGCGATAATATTATTGACCTCTTCCTTTATCAGCCACA
ATATCTTAATGCAGCTGCGGCAATGTGTCCACACATTCTTCGCTATTTG
ACTACAGCAGTCATAACAAACAAGGATGTTCGAAAACGTCGGCAGGT
TCTAAAAGATCTAGTTAAAGTTATTCAACAGGAGTCTTACACATATAA
A 



pGL4-CMV-h3c-1-325-
d171-240 

TGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACT
GCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAA
GCTGGCTAGCGTTTAAACGCCATGTCGCGGTTTTTCACCACCGGTTCG
GACAGCGAGTCCGAGTCGTCCTTGTCCGGGGAGGAGCTCGTCACCAA
ACCTGTCGGAGGCAACTATGGCAAACAGCCATTGTTGCTGAGCGAGG
ATGAAGAAGATACCAAGAGAGTTGTCCGCAGTGCCAAGGACAAGAGG
TTTGAGGAGCTGACCAACCTTATCCGGACCATCCGTAATGCCATGAAG
ATTCGTGATGTCACCAAGTGCCTGGAAGAGTTTGAGCTCCTGGGAAAA
GCATATGGGAAGGCCAAAAGCATTGTGGACAAAGAAGGTGTCCCCCG
GTTCTATATCCGCATCCTGGCTGACCTAGAGGACTATCTTAATGAGCT
TTGGGAAGATAAGGAAGGGAAGAAGAAGATGAACAAGAACAATGCC
AAGGCTCTGAGCACCTTGCGTCAGAAGATCCGAAAATACAACCGTGA
TTTCGAGTCCCATATCACAAGCTACAAGCAGAACCCCGAGCAGTCTGC
GGATGAAGATGACTCAGAGGAGGAAGAAGGGAAACAAACCGCGCTG
GCCTCAAGATTTCTTAAAAAGGCACCCACCACAGATGAGGACAAGAA
GGCAGCCGAGAAGAAACGGGAGGACAAAGCTAAGAAGAAGCACGAC
AGGAAATCCAAGCGCCTGGATGAGGAGGAGGAGGACAATGAAGGCG
GGGAGTGGGAAAGGGTCCGGGGCGGAGTGCCGTTGGTTAAGGAGAA
GCCAAAAATGTTTGCCAAGGGAACTGAGATCACCTGAGGCCGGCCGC
TTCGAGCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACA
ACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCT
ATTGCTTTA 

pGL4-CMV-h3d-W16A-
G17A-P18A 

GGCTAGCGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCACTGTGC
TGGATATCTGCAGAATTCAAGATGGCAAAGTTCATGACACCCGTGATC
CAGGACAACCCCTCAGGCGCGGCTGCCTGTGCGGTTCCCGAGCAGTTT
CGGGATATGCCCTACCAGCCGTTCAGCAAAGGAGATCGGCTAGGAAA
GGTTGCAGACTGGACAGGAGCCACATACCAAGATAAGAGGTACACAA
ATAAGTACTCCTCTCAGTTTGGTGGTGGAAGTCAATATGCTTATTTCC
ATGAGGAGGATGAAAGTAGCTTCCAGCTGGTGGATACAGCGCGCACA
CAGAAGACGGCCTACCA 

 
Supplementary Table 6. List of gene strings, Related to STAR Methods section. 
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