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Abstract

Eukaryotic translation initiation factor 3 (elF3) is a central player in recruitment of the
pre-initiation complex (PIC) to mRNA. We probed the effects on mRNA recruitment of
a library of S. cerevisiae elF3 functional variants spanning its 5 essential subunits using
an in vitro-reconstituted system. Mutations throughout elF3 disrupt its interaction with
the PIC and diminish its ability to accelerate recruitment to a native yeast mRNA.
Alterations to the elF3a CTD and elF3b/i/g significantly slow mRNA recruitment, and
mutations within elF3b/i/g destabilize elF2¢GTPeMet-tRNA; binding to the PIC. Using
model mRNAs lacking contacts with the 40S entry or exit channels, we uncover a
critical role for elF3 requiring the elF3a NTD, in stabilizing mRNA interactions at the
exit channel, and an ancillary role at the entry channel requiring residues of the elF3a
CTD. These functions are redundant: defects at each channel can be rescued by filling
the other channel with mRNA.
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Introduction

The goal of translation initiation is to assemble the ribosome at the start (AUG) codon of an
mRNA in a state ready to begin reading the message and synthesizing the corresponding
protein. This represents one of the most important readings of the genetic code because
initiation at the wrong site results in extended, truncated or out of frame translation products.
To ensure faithful identification of the start codon, translation initiation in eukaryotes follows a
complex, multi-step pathway which requires the participation of 12 initiation factors (elFs)
(reviewed in: Aitken and Lorsch, 2012; Hinnebusch, 2014; Jackson et al., 2010; Sonenberg and
Hinnebusch, 2009; Valasek, 2012). The process begins with the formation of a 43S pre-initiation
complex (PIC), in which the initiator methionyl tRNA (Met-tRNA)) is initially positioned as a
tRNAeelF2¢GTP ternary complex (TC) on the small (40S) ribosomal subunit. The 43S PIC
further contains elF1 and elF1A bound, respectively, near the 40S P and A sites, as well as elF5
and elF3. GTP hydrolysis by elF2 can proceed within the PIC, but the release of inorganic
phosphate (P)) is blocked by the presence of elF1. With the collaboration of elF4B and the
elF4F complex composed of elF4A, elF4G, and elF4E, the PIC is then loaded onto the 5’ end
of the mRNA, from which it scans in the 3" direction to locate the AUG codon, thus generating
the 48S PIC. Both loading onto the mRNA and subsequent scanning are facilitated by an open
conformation of the PIC enforced by the binding of elF1. Recognition of the AUG codon
triggers eviction of elF1, gating P; release by elF2 and provoking a transition from the open PIC
conformation to a closed conformation that arrests scanning. Joining of a 60S ribosomal

subunit completes assembly of the 80S initiation complex, which can then proceed to the
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elongation cycle.

The largest of the initiation factors is elF3, a multisubunit complex that binds the 40S
subunit and has been implicated in events throughout the initiation pathway (Hinnebusch,
2011; 2006; Valasek, 2012). In humans, elF3 is composed of 13 individual subunits. In the yeast
S. cerevisiae, elF3 comprises 5 essential subunits thought to represent a core complex capable
of performing the essential tasks of elF3: elF3a, elF3b, elF3c, elF3i, and elF3g. A sixth
nonessential and nonstoichiometric subunit, elF3j, associates loosely with the complex (Elantak
et al., 2010; Fraser et al., 2004; Nielsen et al., 2006; Valasek et al., 2001a), though its role
during initiation remains unclear (Beznoskova et al., 2013; Fraser et al., 2007; Mitchell et al.,
2010). Genetic and biochemical evidence indicate that elF3 stabilizes both the 43S (Asano et
al., 2000; Kolupaeva et al., 2005; Maag et al., 2005; Valasek et al., 2003) and 48S PIC (Chiu et
al., 2010; Khoshnevis et al., 2014; Phan et al., 2001) and interacts with TC (Valasek et al., 2002),
elF1 (Fletcher et al., 1999; Valasek et al., 2004), elF1A (Olsen et al., 2003), and elF5 (Asano et
al., 2001; Phan et al., 1998), as well as with the 40S subunit near both the mRNA entry and exit
channels (Kouba et al., 2012a; Kouba et al., 2012b; Pisarev et al., 2008; Valasek et al., 2003).
elF3 also plays roles in loading the mRNA onto the PIC (Jivotovskaya et al., 2006; Mitchell et
al., 2010; Pestova and Kolupaeva, 2002) and in scanning of the mRNA to locate the start codon
(Chiu et al., 2010; Cuchalova et al., 2010; Karaskova et al., 2012; Nielsen et al., 2006; Valasek
et al., 2004). How elF3 contributes to these diverse events is not yet clear.

Recent results have highlighted the role of elF3 in mRNA recruitment to the PIC. The
depletion of elF3 from yeast cells sharply decreases the amount of mRNA associated with PICs

in vivo (Jivotovskaya et al., 2006). In vitro, yeast elF3 is required for detectable recruitment of
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native mRNAs in the yeast reconstituted translation initiation system (Mitchell et al., 2010).
Mutations in the C-terminal domain (CTD) of elF3a, which interacts with the 40S subunit near
the mRNA entry channel, impair mRNA recruitment in yeast cells without affecting the integrity
of the PIC (Chiu et al., 2010). The elF3a N-terminal domain (NTD) interacts functionally with
mRNA near the exit channel, enhancing reinitiation upon translation of the upstream open
reading frame 1 (UORF1) and uORF2 of GCN4 mRNA in a manner dependent on the sequence
5’ these elements (GuniSova et al., 2016; Munzarova et al., 2011; Szamecz et al., 2008).
Consistent with this, mammalian elF3 can be cross-linked to mMRNA at positions 8-17
nucleotides upstream of the AUG codon (Pisarev et al., 2008), near the exit channel, and a
mutation within the elF3a NTD, which has been located near the exit channel in structures of
the PIC, interferes with mRNA recruitment in yeast cells (Khoshnevis et al., 2014).

How elF3 might intervene at both the mRNA entry and exit channels of the PIC was
illuminated recently by a series of structural studies. Initial structural information — based on
separate lower resolution Cryo-EM reconstructions — placed mammalian elF3 on the solvent-
exposed face of the 40S subunit, near the platform, but did not reveal interactions in either the
entry or exit channel (Siridechadilok et al., 2005). Subsequent studies in the presence of the
helicase DHX29 refined this placement, identifying two main points of contact near the 40S
platform, as well as potential peripheral domains of elF3 near the 40S head above the platform
and below DHX29 nearer the mRNA entry channel (Hashem et al., 2013).

More recently, high-resolution Cryo-EM reconstructions of mammalian elF3 bound to a
PIC containing DHX29 (Georges et al., 2015) and of yeast elF3 bound either to a

40SeelF1eelF1A complex (Aylett et al., 2015) or to a partial 48S PIC containing mRNA (Llacer et
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al., 2015) (Figure 1A-C, py48S-closed structure) have revealed this interaction in molecular
detail. In these structures, elF3 (shown in blues and reds from py48S-closed structure) is found
bound primarily to the 40S (light grey) solvent face, via two main points of contact. First, the
elF3a (dark blue) NTD and elF3c (light blue) CTD PCI (Proteasome/Cop9/elF3) domains form a
heterodimer that binds below the platform, near the mRNA exit channel pore (Figure 1B). A
second contact is formed closer to the mRNA entry-channel side of the PIC (Figure 1A), in the
vicinity of helix 16 (h16) and helix 18 (h18) of the 40S rRNA. This contact is made by the elF3b
(light blue) B-propeller domain, consistent with its described interaction with uS4 (Liu et al.,
2014), and is likely connected to the first contact via a previously identified interaction between
the elF3b RRM and the elF3a CTD (Valasek et al., 2001b; Valasek et al., 2002), which likely
spans the solvent face (Figure 1C). In both the mammalian structure and the yeast
elF3e40SeclF1eelF1A structure, the elF3i and elF3g subunits are found above the elF3b
subunit, near the solvent-face opening of the mRNA entry channel; with the exception of the
non-essential elF3j subunit, no density for elF3 was observed on the intersubunit face of the
40S in these structures. In the partial 48S structure (Figure 1B), the elF3c (light blue) NTD
extends from the elF3a/elF3c PCl heterodimer near the exit channel towards the intersubunit
face, projecting near the P-site, where it appears to interact with elF1 (pink). Near the entry
channel, the elF3a CTD extends away from elF3b (Figure 1A), wrapping around the 40S,
spanning the intersubunit face, and nearly meeting the elF3c NTD near the P-site, effectively
encircling the 43S PIC (Figure 1C). In this structure, the elF3i (maroon) and elF3g (red) subunits
are located together with the elF3b C-terminal region on the intersubunit face near the A site

and below the intersubunit-face opening of the mRNA entry channel, where elF3i interacts with
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89 the elF2y portion of the TC (green and charcoal). In a recent structure of mammalian elF3

%  bound to an apparently late-stage initiation complex, elF3i was found at a distinct location on
91 the intersubunit face of the PIC, leading to the suggestion that the density observed near TC in
92 the yeast py48S-closed structure is in fact the B-propeller of elF3b and not elF3i (Simonetti et
93 al., 2016).

94 While these recent structures illuminate several important contacts between elF3 and the
95  PIC, the identification of less well-resolved domains of elF3, as well as the proposed placement
9  of unresolved regions of the complex rest heavily on a host of interactions previously identified
97  in genetic and biochemical studies. These studies established interactions between the elF3a
98 CTD and the elF3b RRM (Valasek et al., 2001b), the 40S latch components uS3/uS5 and h16/18
99 (Chiu et al., 2010; Valasek et al., 2003), and with TC at its extreme C-terminus (Valdsek et al.,
100 2002). The C-terminal region of elF3b was previously shown to be required for binding of elF3i
101 and elF3g (Asano et al., 1998; Herrmannova et al., 2012), the latter of which was observed to
102 interact with uS3 and uS10 (Cuchalova et al., 2010). These observations delineate a network of
103 interactions between the elF3a CTD, elF3b, elF3i, and elF3g, and place them either in the

104 vicinity of the entry channel or projecting towards the 40S intersubunit face. Other studies

105  identified interactions between the elF3a NTD and uS2 (Valdsek et al., 2003; Kouba et al.,

106  2012b), the elF3c CTD and RACK1 (Kouba et al., 2112a), and between the elF3c NTD and both
107 elF5 and elF1 (Asano et al., 2000; Valasek et al., 2004). This final observation, together with the
108  discovery of mutations in the elF3c NTD that affect the fidelity of start-codon recognition

109 (Valasek et al., 2004; Karaskova et al., 2012), supports the putative identification of regions of

110 density near the P site in the py48S-closed structure (Llacer et al., 2015).
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111 Together with this previous work, structural studies reveal the presence of elF3 not just
112 on the 40S solvent face, but near the functional centers of the PIC. In particular, elF3 appears
113 to project arms into or near both the mRNA entry and exit channels (Figure 1C). Based on their
114 apparent locations near either the solvent-face or intersubunit-face openings of the mRNA

115 entry channel, elF3i, elF3g, the C-terminal region of elF3b, and the elF3a CTD together

116 compose the entry-channel arm. The exit-channel arm comprises the elF3a NTD and elF3c

117 CTD PClI heterodimer located below the platform at the solvent-face opening of the mRNA exit
118 channel. The presence of elF3 subunits at both mRNA channels, near the P site, and encircling
119 the PIC does not, however, clarify the mechanistic nature of their involvement during steps of
120 the initiation pathway. These regions of elF3 might participate actively in these events,

121 interacting and collaborating with the 40S, mRNA, and initiation factors to stimulate mRNA

122 recruitment, scanning, and start-codon recognition. elF3 might also alter the conformation of
123 the PIC to indirectly enhance the efficiency of these steps or serve as a scaffold upon which

124 other factors can bind.

125 To interrogate the mechanistic roles of the domains of elF3, we purified a library of S.
126 cerevisiae elF3 variants — all of which were previously characterized in vivo (Chiu et al., 2010;
127 Cuchalova et al., 2010; Herrmannova et al., 2012; Karaskova et al., 2012; Khoshnevis et al.,

128 2014; Kouba et al., 2012a; Nielsen et al., 2006; 2004; Szamecz et al., 2008) — to probe their

129 effects on steps and interactions in the translation initiation pathway in an in vitro-reconstituted
130 yeast translation system (Acker et al., 2007; Algire et al., 2002; Mitchell et al., 2010). This library
131 contains variants with mutations spanning the five essential subunits of elF3 (Figure 1—figure

132 supplements 1 and 2). The phenotypes associated with these mutants suggest defects in 40S
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133 binding, 43S PIC formation, mRNA recruitment, scanning, and start-codon recognition. Our
134 results demonstrate that regions throughout the elF3 complex contribute to its interaction with
135 the PIC and its role in mRNA recruitment and scanning. In particular, the mRNA entry-channel
136 arm of elF3 and elF3b appear to play a role in stabilizing TC binding to the PIC and

137 accelerating mRNA recruitment. In contrast, the mRNA exit channel arm of elF3 is required to
138 stabilize the binding of mRNA within the PIC, and this function can be attributed to the

139 extreme N-terminal region of the elF3a subunit.

140
141

i Results

3 The elF3 variants in this study can be divided into four categories (Figure 1—figure

4 supplements 1 and 2). The first contains mutations in the components of the elF3 entry channel
5 arm (Figure 1A). This includes mutations to the elF3i (Q258R, DDKK) and elF3g (KLF) subunits
6 (Asano et al., 1998; Cuchalova et al., 2010; Herrmannové et al., 2012). The elF3i DDKK

7 mutation disrupts the interaction between the elF3i/g module and elF3b, resulting in the

8  dissociation of elF3i/g from the sub-complex containing the a, b, and c subunits (Herrmannova
9  etal, 2012); elF3 purified from DDKK cells yields the WT elF3a/b/c sub-complex. These
10 mutations produce phenotypes consistent with scanning defects, and in the case of the DDKK
11 mutation also reduce binding of elF3 to the 43S PIC in vivo. Also included in this group are
12 mutations to the elF3a CTD (H725P, R7311, Boxé) ( Valasek et al., 1998; Chiu et al., 2010),
13 which has not been resolved in recent structural models but was shown to interact with the

14 RRM of elF3b (Valasek et al., 2001b), as well as with 40S components near the mRNA entry
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channel: uS5, uS3, h16, and h18 (Chiu et al., 2010; Valasek et al., 2003). These mutations affect
mRNA recruitment, scanning, and codon recognition in vivo, perhaps by affecting the
equilibrium between the open and closed states of the 43S PIC.

The second group of mutations affects residues of elF3b located at the solvent face of
the 40S subunit (Figure 1A). Prt1-1 was the first mutation of elF3 to be identified (Evans et al.,
1995; Hartwell and MclLaughlin, 1969) and is a point-substitution (S555F) within the elF3b f3-
propeller domain that contacts the 40S subunit and is connected to the elF3i/g module of the
entry-channel arm via the C-terminal segment of elF3b (Herrmannova et al., 2012). The rp1
mutation is within the elF3b N-terminal RRM domain (Nielsen et al., 2006), which interacts with
the elF3a CTD portion of the entry-channel arm (Valasek et al., 2001b). Both elF3b mutations
give rise to a complex portfolio of phenotypes consistent with defects in 40S binding, 43S PIC
formation, scanning, and codon recognition (Nielsen et al., 2006; 2004).

The next group includes mutations to regions of elF3 located near the mRNA exit
channel of the 40S ribosomal subunit (Figure 1B). Among these are a 200 amino acid N-
terminal truncation of the elF3a PCl domain (A8), as well as a multiple alanine substitution
deeper within the elF3a PCl domain (Box37). The A8 mutation disrupts a previously identified
interaction between elF3a and uS2 (Valdsek et al., 2003), apparently weakening the elF3:40S
interaction (Szamecz et al., 2008), whereas the Box37 substitution predominantly reduces
mRNA association with native PICs in vivo (Khoshnevis et al., 2014). The final mutant in this
group is a 60 amino acid C-terminal truncation of the elF3c PCl domain (A60) that reduces the
amount of both elF3 and elF5 in 43S PICS, apparently by disrupting interactions with the

ribosome-associated protein RACK1 and the 18S rRNA (Kouba et al., 2012a).
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Lastly, we investigated mutations within the N-terminal region of elF3c (GAP®, Box12-
SPW) that is thought to project near the P site and mediate interactions with elF1 near the
decoding center of the 40S subunit (Figure 1B). These mutations affect the amount of elF1
bound to 43S PICs and appear to interfere with stringent selection of the AUG start-codon

(Karaskova et al., 2012).

Both the mRNA entry and exit channel arms of elF3 and the elF3b subunit
contribute to stabilizing elF3 interaction with the 43S complex

Genetic approaches have identified mutations in elF3 that reduce its abundance in native 43S
or 48S PICs in vivo, suggesting the altered residues are involved in interactions with the 40S
ribosomal subunit or other components of the PIC. This interpretation is corroborated by
structural studies that identify points of contact between the 43S PIC and elF3, as described
above. To directly interrogate the contributions of the elF3 subunits to the 43S:elF3
interaction, we first examined the ability of each elF3 variant to bind 43S complexes in vitro. To
this end, we assembled 43S complexes using purified 40S subunits, saturating levels of elF1
and elF1A, and a limiting concentration of TC containing initiator tRNAM* charged with [*S]-
methionine, and incubated them with increasing concentrations of each variant (Figure 2A and
B). Native gel electrophoresis of the reactions enables separation of free tRNA from TC bound
to both 43S and 43SeelF3 complexes. In the absence of AUG-containing mRNA, and at the low
concentrations of 40S subunits required to measure the affinity of elF3 for the 43S complex,
there is a significant population of free 40S subunits that can compete for elF3 and complicate

the measurement of 43SeelF3 complex formation. However, because all TC-containing species

10
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are resolved by this method, the amount of free elF3 (as opposed to total elF3) can be
calculated from measured dissociation constants, enabling us to determine the affinity of elF3
for the 43S complex under these conditions (Figure 2—figure supplement 1).

Both wild-type (WT) and variant forms of elF3 exhibit apparently cooperative binding to
the 43S PIC, as evidenced by sigmoidal binding isotherms (Figure 2—figure supplement 2A).
This behavior may reflect the requirement for stable interaction between the five subunits of
the complex prior to binding the PIC. We modeled binding data using both a standard
Langmuir binding isotherm and the cooperative Hill curve, and obtained similar results with
both methods (Figure 2—figure supplement 2B). Because fitting with the Hill equation more
accurately models the data (Figure 2—figure supplement 2A), those results are discussed
below. The Hill constants resulting from the fits are measures of apparent cooperativity, but we
cannot yet ascribe a molecular interpretation to them.

WT elF3 binds tightly to the 43S complex, with a dissociation constant (Kp) near or
below (< 38 nM; Figure 2C, left panel) the concentration of 40S subunits used in the
experiment (30 nM). Mutations in the entry channel arm of elF3 appear to weaken its binding
by up to ~3-fold (Figure 2C, left panel). Two of the elF3a CTD mutations in this region, H725P
and R731l, which alter the KERR motif of the elF3a CTD Hcr1-like Domain (HLD), decrease the
apparent affinity of elF3 for the 43S PIC by ~2- and ~3-fold, respectively. The Box6é mutant,
which is also located within the elF3a HLD but is outside the KERR motif, does not affect the
apparent affinity of elF3 for the 43S complex. The a/b/c sub-complex lacking the i and g
subunits exhibits ~2-fold weaker apparent affinity for the 43S PIC than the WT factor, whereas

the elF3i Q258R and the elF3g KLF mutations do not manifest any effect on the 43S:elF3

11
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83  interaction. In contrast, the prt1-1 and rnp1 mutations in elF3b, which connects the entry

84  channel arm to the 40S solvent face, also weaken the 43S:elF3 affinity ~2- and ~3-fold,

85  respectively.

86 We observe similarly modest effects in the case of the exit-channel mutants of the elF3a
87 NTD, the A8 truncation and Box37 substitution. Both weaken the apparent 43S:elF3 affinity by
g8 ~2-fold or less. The A60 mutation within the elF3c PCl domain, which is also located near the
89 exit channel, does not affect the 43S:elF3 affinity. Nearer to the P site, the Box12-SPW

90  mutation in the N-terminal region of elF3c weakens the 43S:elF3 interaction ~2-fold, whereas
91 the GAP® mutation also located within the elF3c NTD does not appear to affect the binding of
92 elF3to 43S PICs.

93 To examine the effects of these mutations on the affinity of elF3 for 48S PICs, we

94  repeated these experiments in the presence of saturating amounts of an unstructured, AUG-

95  containing model mRNA (Figure 2C, right panel). As with our 43S PIC binding experiments,

9  these experiments produced apparently cooperative binding behavior. WT elF3 binds 48S PICs
97  tightly (Ko < 38 nM), similar to what we observed for 43S PICs lacking mRNA. The absence of
98  theiand g subunits in the a/b/c sub-complex weakens the apparent elF3:48S interaction by

99 nearly 3-fold, as do the prt1-1 and rmp1 mutations in elF3b, by nearly 3-fold and more than 4-
100 fold, respectively. We also observe ~2-fold reductions in apparent elF3 affinity for 48S

101 complexes with mutations in the exit channel arm of elF3 (A8 and Box37) and the Box12-SPW
102 mutation in the N-terminal region of elF3c. In fact, the apparent affinity of most of the elF3

103 variants for 48S PICs is similar to that observed for 43S PICs lacking mRNA, perhaps because

104 their apparent 43S PIC affinity, even in the absence of mRNA, is tighter than the resolution of
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105 our assay. An alternative explanation is that stabilizing contacts with the mRNA are offset by
106 changes in the complex that weaken other interactions with elF3. In contrast, both the H725P
107 and R731/ substitutions within the elF3a CTD display higher apparent affinities in the presence
108 of MRNA than in its absence, perhaps because mRNA contributes interactions with elF3 that
109 can supplement those disrupted by these mutations. It is also possible that both variants, which
110  appear to affect the transition between open and closed conformations of the PIC in vivo (Chiu
111 etal., 2010), bind more readily to the closed conformation of the PIC stabilized by AUG-

112 containing mRNA. Presumably, the contribution of these effects to the affinity of WT elF3 for
113 48S complexes is masked by its already tight interaction with the 43S PIC lacking mRNA.

114 Nonetheless, these results suggest that both the elF3 entry- and exit-channel arms,

115 together with elF3b, contribute to stabilizing elF3 binding to the PIC. This is consistent with

116 structural and genetic evidence identifying multiple points of contact between elF3 and the

117 40S subunit (Aylett et al., 2015; Chiu et al., 2010; Llacer et al., 2015; Valasek et al., 2003).

118 Accordingly, impairing any single interaction with these mutations does not dramatically

119 destabilize elF3 binding to the 43S PIC.

120
121

122 The elF3 entry channel arm and elF3b stabilize TC association with the 43S
123 PIC

124
125 We next interrogated the contributions of the elF3 subunits to stabilizing TC binding to the PIC

126 by measuring the dissociation constant of TC in 43S complexes assembled with each elF3
127 variant. These experiments employed the assay described above, only each elF3 variant was

128 included at saturating levels relative to its measured affinity for the 43S PIC and the
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129 concentration of 40S subunits was varied. We have previously reported the thermodynamic

130 coupling between TC binding to the 43S complex and the presence of mRNA with an AUG

131 codon in the 40S P site. In the presence of AUG-containing model mRNA, the affinity of TC for
132 the 43S PIC is ~10 pM (Kolitz et al., 2009); in the absence of mRNA this affinity is reduced by 4
133 orders of magnitude to 104 = 15 nM (Figure 3, left panel). WT elF3 stabilizes TC binding to the
134 43S PIC by ~7-fold, resulting in an affinity of 15 £ 1 nM in the absence of mRNA (Figure 3, left
135 panel). For most elF3 variants, this affinity is not significantly altered. However, the a/b/c sub-
136 complex lacking the i and g subunits weakens the 43S:TC interaction ~3-fold, as does the prt1-
137 1 mutation in the elF3b pB-propeller domain. The elF3b RRM mutation rnp1 has a slightly

138 smaller effect on 43S:TC affinity, weakening it ~2-fold (Figure 3, left panel).

139 Intriguingly, three mutations — R731/ and Boxé in the elF3a CTD and GAP® in the elF3c
140 NTD - appear to modestly increase the affinity of TC relative to the effect of WT elF3. Several
141 mutations also reduce the endpoints of TC recruitment observed at saturating concentrations
142 of 40S subunits: Box12-SPW, rp1 and R731I (Figure 3, right panel). Previous work has

143 suggested that such reductions may be due to a shift in the balance of complexes between

144 two conformational states: one in which TC is stably bound and one in which it dissociates

145 during gel electrophoresis (Kapp et al., 2006; Kolitz et al., 2009). It is possible that these states
146 are related to the open and closed conformations of the PIC and that elF3 modulates their

147 relative stabilities.

148 Our results suggest that segments of elF3b, the elF3a CTD, and elF3 i/g module —

149 which constitute the elF3 entry-channel arm and its attachment point on the 40S solvent face -

150 contribute, together with the elF3c NTD, to stabilizing TC binding to the 43S PIC, perhaps by
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151 modulating the PIC conformation or by interacting indirectly or directly with TC. The latter

152 explanation would be consistent with the structure of the py48S-closed complex, in which the i
153 and g subunits are found on the intersubunit face, resting against elF2y (Llacer et al., 2015) The
154 effects of the elF3c NTD mutants GAP® and Box12-SPW might occur as result of indirect

155 interactions with TC, consistent with their effects on elF1 binding (Karaskova et al., 2012).

156
157

158 Regions throughout elF3 collaborate to drive mRNA recruitment

159
160 To dissect the contributions of regions throughout elF3 to mRNA recruitment, we followed the

161 kinetics and extent of recruitment in the presence of each elF3 variant in vitro. For those

162 variants that produced temperature-sensitive phenotypes in vivo, we additionally assayed
163 recruitment at 37 °C. In these experiments, 43S complexes were formed in the presence of
164  saturating concentrations of TC, elF1, elF1A, elF5, elF4A, elF4B, elF4EeelF4G, and elF3; the
165  concentrations of elF3 and TC were chosen such that they would saturate binding for all

166 variants. Once formed, 43S complexes were incubated with a natural mMRNA (RPL41A) radio-
167 labeled via a [*P]-5'-7-methylguanosine cap. Individual time points were loaded onto a running
168 native polyacrylamide gel, which stops further mRNA binding and resolves free mRNA from
169 mRNA recruited to form 48S complexes (Figure 4A-B). The observed 48S complex band is
170 dependent on the presence of an AUG codon in the mRNA (Mitchell et al., 2010)(Figure 4—
171 figure supplement 1A), and so the assay reports on the combined rates of initial MRNA

172 binding, scanning, and start-codon recognition, all of which are required to form a stable,
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173 detectable 48S complex. Hereafter, we will refer to these combined processes simply as

174 "mRNA recruitment.”

175 We have previously reported that elF3 is required for observable recruitment of native
176 mRNA in the reconstituted yeast translation initiation system (Mitchell et al., 2010), consistent
177 with its requirement in vivo (Jivotovskaya et al., 2006). In the presence of WT elF3, mRNA

178 recruitment occurs with an apparent rate constant of 0.27 + 0.023 min™ (Figure 4B, light blue
179 circles; Figure 4C). Mutations throughout elF3 slow this process. The most dramatic effect

180 occurs in the presence of the a/b/c sub-complex, which slows recruitment more than 10-fold
181 and reduces its endpoint nearly 5-fold (Figure 4B, orange circles; Figure 4C). In contrast, the
182 Q258R mutation in elF3i and the KLF mutation in elF3g have little effect on the kinetics of

183 mRNA recruitment, indicating that they do not alter regions of these subunits that are critical
184 for rapid loading of mRNA onto the PIC.

185 The R7311, H725P, and Boxé mutations within the elF3a CTD slow mRNA recruitment
186 by approximately 2- to 3-fold, further implicating the elF3 entry channel arm in the mechanism
187 of MRNA recruitment. The elF3b mutations prt1-1 and mp1 also slow recruitment, by

188 approximately 4- to 5-fold. Aside from the loss of the i and g subunits, these are the strongest
189 effects we observe on the kinetics of recruitment, suggesting that elF3b also contributes

190 significantly to rapid mRNA recruitment, perhaps by anchoring the entry-channel arm of elF3 to
191 the solvent face. The elF3c NTD mutations GAP® and Box12-SPW, thought to be located on
192 the opposite side of the PIC near the P site, also slow mRNA recruitment by ~2-fold. Mutations
193 within the elF3 exit channel arm, either in the elF3a NTD (A8 and Box37) or the elF3c CTD

194 (A60) PCl domains, only slightly reduce the rate of mRNA recruitment; nonetheless, Box37
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195 significantly slows recruitment at 37 °C (Figure 4—figure supplement 2), consistent with its

196 temperature-sensitive phenotype in vivo (Khoshnevis et al., 2014). Overall, the kinetic defects
197 conferred by mutations throughout elF3 suggest a requirement for proper collaboration

198 between its different subunits in coordinating rapid mRNA recruitment to the PIC.

199 One possible explanation for the mRNA recruitment defects we observe in the

200  presence of the elF3 variants is that mutations in elF3 affect its ability to collaborate with other
201 factors involved in the mechanism of mRNA recruitment. The elF4 factors — elF4A, elF4B,

202 elF4E, and elF4G - have previously been shown to play critical roles during mRNA recruitment
203 both in vivo and in vitro (reviewed in: Hinnebusch, 2011; Jackson et al., 2010; Sonenberg and
204 Hinnebusch, 2009). Our system recapitulates the requirement for these factors in the

205 recruitment of capped natural mRNAs (Mitchell et al., 2010) and was previously employed to
206 demonstrate that the absence of elF4B increases the concentration of elF4A required for

207 efficient mRNA recruitment (Walker et al., 2013), consistent with the genetic interaction

208 between these two factors (Coppolecchia et al., 1993; la Cruz et al., 1997). However, varying
209 the concentration of either elF4A, elF4B, or elF4EeelF4G in mRNA recruitment reactions

210 confirmed that these factors were still saturating for each elF3 variant under the conditions of
211 our experiments (data not shown). These results suggest that the mRNA recruitment defects we
212 observe do not arise from diminished interaction of the elF4 factors with the PIC caused by the
213 mutations in elF3. Moreover, because TC was included at a concentration that saturates its

214 binding in the presence of all variants, we can rule out the possibility that the observed defects

215 are downstream effects of TC binding defects. These in turn imply that elF3 acts directly to
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216 coordinate events during mRNA recruitment, rather than simply helping to recruit TC or the
217 elF4 factors.

218
219

220 elF3 stabilizes the binding of mMRNA at the exit channel

221
222 The fact that elF3 is required for mRNA recruitment both in vivo and in vitro and that mutations

223 to both the entry and exit channel arms of elF3 appear to disrupt mMRNA recruitment in vivo

224 (Chiu et al., 2010; Khoshnevis et al., 2014) suggests that its presence at the mRNA entry and
225 exit channels of the 43S PIC might be central to this role. To investigate the role played by elF3
226 atthe mRNA entry and exit channels, we next asked how the formation of 48S PICs is affected
227 by the presence or absence of mMRNA in each of these channels, and whether elF3 contributes
228 to the formation of these complexes.

229 To this end, we replaced the RPL41A mRNA in the mRNA recruitment assay with a

230 series of capped, unstructured model mRNAs, 50 nucleotides in length, in which the location of
231 the AUG codon - located in the 40S P site of the final 48S PIC - dictates the amount of mRNA
232 present in the mRNA entry and exit channels upon start codon recognition (Figure 5A-C, left
233 panels; Figure 5—figure supplement 1). Based on structural models, the mRNA entry channel
234 can accommodate at least 9 nucleotides 3’ of the AUG start codon, and the exit channel is

235 filled with 10 nucleotides 5’ of the AUG. As before, we monitored the recruitment of these

236 capped mRNAs in the presence of saturating concentrations of TC, elF1, elF1A, elF5, elF4A,

237 elF4B, elF4EeelF4G, and elF3.
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238 In the presence of elF3, recruitment of a 50 nucleotide mRNA with a centrally

239 positioned AUG codon at nucleotides 24-26 (“mid-AUG") occurs within 15 seconds, faster than
240 the time resolution of our assay. In the absence of elF3, however, recruitment proceeds at least
241 two orders of magnitude more slowly, at an apparent rate of 0.02 + 0.004 min™ (Figure 5—
242 figure supplement 2A). We observe a similar acceleration of 48S assembly by elF3 with mRNAs
243 in which the AUG codon occurs 5 nt from the 5’ end (5'5-AUG) or 5 nt from the 3’ end (3'5-

244 AUG) (Figure 5—figure supplement 2B-C).

245 In contrast, the maximal extent of recruitment of the mid-AUG mRNA is similar in both
246 the presence and absence of elF3 (Figure 5A, grey and blue bars). The extent of mMRNA

247 recruitment observed — determined by the endpoint of the reaction defined by multiple time-
248 course experiments — is a function of how much mRNA is recruited in solution and how stably
249 the mRNA is bound within the 48S PIC during gel electrophoresis. Thus, while elF3

250  dramatically accelerates the recruitment of the mid-AUG mRNA, it is largely dispensable for

251 stabilizing the binding of the mid-AUG mRNA to this 48S complex, in which both the mRNA
252 entry and exit channels are occupied. Again, mRNA recruitment is strongly dependent on the
253 presence of an AUG codon (Figure 4—figure supplement 1A-B), consistent with the

254 interpretation that our assay detects the 48S PIC formed upon start-codon recognition; we

255 similarly observe no recruitment in the absence of 40S subunits (Figure 4—figure supplement
256 1C). Presumably owing to the unstructured nature of the model mRNAs, none requires any of
257 the elF4 factors for maximum recruitment (Figure 5—figure supplement 3A-D, black bars; and

258 data not shown).


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

259 We next asked if elF3 contributes to the stable binding of the 5'5-AUG mRNA, whose
260 recruitment results in a 48S PIC in which the mRNA exit channel is mostly unoccupied, but the
261 entry channel is full (Figure 5B, left). The ability to bind this mRNA, as compared to the mid-
262 AUG mRNA, reports on the consequences of disrupting interactions between the 43S PIC and
263 mRNA in the exit channel. In the presence of elF3, we observe a modest decrease in the extent
264 of recruitment of 5'5-AUG mRNA as compared to mid-AUG mRNA, suggesting that the

265  absence of mMRNA in the exit channel slightly destabilizes its binding to the 48S PIC (Figure 5,
266 compare blue bars in A and B).

267 This destabilization resulting from an empty exit channel should make the binding of
268 mRNA to the 48S PIC more dependent on interactions elsewhere within the complex, and thus
269 further sensitize it to disruptions within the entry channel. If elF3 provides important contacts
270 with mRNA at the entry channel, then its absence should further destabilize mRNA binding in
271 complexes formed on the 5'5-AUG mRNA, in which contacts in the exit channel have already
272 been lost. We observe a moderate decrease in the extent of recruitment in the absence of elF3
273 (Figure 5B, grey and blue bars), somewhat greater than that observed on the mid-AUG mRNA
274 (Figure 5A, grey and blue bars), suggesting that elF3 makes a moderate contribution to stable
275 binding of MRNA in the entry channel (p < 0.01, unpaired, two-tailed t test).

276 Turning to the 3'5-AUG mRNA, which produces a 48S PIC with the exit channel filled
277 but the entry channel mostly empty, we again observe a modest decrease in recruitment

278 compared to that of mid-AUG mRNA, in the presence of elF3 (Figure 5A and C, blue bars),

279 consistent with the loss of interactions in the entry channel destabilizing mRNA binding to the

280 PIC. Strikingly, however, we observe almost no recruitment of 3'5-AUG mRNA in the absence
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281 of elF3 (Figure 5C, grey and blue bars). Because complexes formed on 3'5-AUG mRNA contain
282 almost no mRNA in the entry channel, they would be expected to be hypersensitive to loss of
283 mRNA interactions in or around the exit channel. Thus, whereas stabilization of mMRNA binding
284 in the entry channel does not strongly depend on elF3 (Figure 5B, grey and blue bars), stable
285  binding of MRNA in the exit channel is fully dependent on elF3. This dependence implicates
286 elF3 in stabilizing the binding of mMRNA either inside or just outside of the exit channel.

287
288

289 The elF3a NTD is required for stabilizing the binding of mRNA at the exit
290  channel

291
292 We next determined whether mutations in the entry- and exit-channel arms of elF3 mimic the

293 effects we observe in the absence of elF3 when either mRNA channel is left empty. As before,
294 all experiments were performed under conditions where binding of TC and each elF3 variant to
295 the 43S PIC is saturated.

296 We see no effects on the extent of 48S PIC formation on mid-AUG mRNA - where both
297 channels are occupied — when WT elF3 is replaced by several elF3 variants affecting the entry
298 or exit channel arms of the factor, consistent with the observation that WT elF3 is largely

299 dispensable for the stable binding of MRNA within this complex (Figure 5A, blue and red bars).
300 However, the a/b/c sub-complex lacking the i and g subunits confers a modest reduction in

301 endpoint of recruitment slightly greater than that observed even in the absence of the entire
302 elF3 complex, again highlighting the importance of these subunits to the overall mRNA

303  recruitment process. The rnp1 variant, which harbors a mutation in the elF3b RRM located on
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304  the 40S solvent face, also confers a similar reduction, perhaps because disruption of this region
305 interferes with the organization of the entry-channel arm to which it connects.

306 Recruitment of the 5'5-AUG mRNA, which forms a 48S PIC with the exit channel largely
307 empty, produces a different pattern of effects (Figure 5B, blue and red bars). Although WT elF3
308  only moderately contributes to stable binding of mRNA within this complex, the elF3a CTD
309  mutations H725P, R731l, and Boxé located within the entry channel arm diminish recruitment
310 to essentially the same reduced level observed in the absence of elF3. This suggests that these
311 mutations impair the moderate contribution of the entry channel arm of elF3 to stabilizing
312 mRNA binding. Though the elF3g KLF and elF3i Q258R mutations do not destabilize the
313 binding of the 5'5-AUG mRNA, its binding is dramatically reduced in the presence of the a/b/c
314 sub-complex lacking the i and g subunits, even as compared to the absence of elF3. This is
315 consistent with its modest dominant negative effect on mid-AUG mRNA binding, and suggests
316 that the conformation of the PIC might be altered when these subunits are missing such that
317 the binding of mRNA is destabilized. None of the defects conferred by H725P, R731l, or the
318 a/b/c subcomplex is exacerbated by the absence of elF4A, elF4B, or elF4AE®4G (Figure 5—
319 figure supplement 3A), indicating that the elF3 entry channel arm contributes directly to
320  recruitment of this mMRNA, and does not do so simply by binding to these factors. Consistent
321 with the fact that mRNA is already absent from the exit channel in the 5'5-AUG complex, we
322 observe no effects of the elF3 exit-channel mutations A8, Box37, and A60.

323 In contrast, recruitment of the 3'5-AUG mRNA, which produces a complex with an

324  empty entry channel, is dramatically impaired by the A8 truncation. This mutation, which

325 eliminates the first 200 amino acids of the elF3a NTD PCl domain in the factor’'s exit-channel
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326 arm, mimics the complete absence of elF3; we observe no recruitment of the 3'5-AUG mRNA
327 in the presence of A8 elF3 (Figure 5C), despite the fact that this mutant factor and TC are both
328 fully bound to the PIC under these conditions (Figure 2C, Figure 3). Together with the absence
329 of any effect of the A8 mutant on recruitment of the 5'5-AUG mRNA (Figure 5, compare A8 in
330 B and C), this implicates this region of elF3a in stabiliziing mRNA binding at the exit channel of
331 the 48S PIC. We do not observe any defect in the case of the Box37 mutation, which maps

332 further into the elF3a NTD PCI domain, outside the region removed by the A8 truncation. We
333  similarly observe no effect in the presence of the A60 truncation of the elF3c PCl domain.

334 Whereas the absence of mRNA in the entry channel sensitizes complexes formed on the
335 3'5-AUG mRNA to the A8 deletion at the exit channel, it should conversely confer insensitivity
336  to changes at the already vacant entry channel. Accordingly, mutations throughout the elF3a
337 CTD (H725P, R731l, Boxé), elF3i (Q258R), and elF3g (KLF) components of the entry-channel
338 arm do not result in reduced formation of the 3'5-AUG complex (Figure 5C). This stands in

339 contrast to the effects of H725P, R731l, and Boxé on the 5'5-AUG mRNA (Figure 5B),

340  underscoring the deduced defects in entry channel interactions for these variants. Although
341 we still observe a defect in the presence of the a/b/c sub-complex, this effect is weaker than
342 that observed with the 5'5-AUG complex (Figure 5, compare a/b/c in panel B and C). We

343 suggest that the lack of the i and g subunits prevents the factor from promoting the

344 conformation of the PIC needed for optimal mRNA binding.

345

346
347
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348 The destabilization of mRNA binding caused by elF3 mutations in either
349 channel can be rescued by sufficient mRNA in the opposite channel

350
351 We next set out to determine the minimal length of mRNA in the exit and entry channels

352 required to rescue the defects observed above when those channels are empty. To probe the
353 positions of interactions in the exit channel we measured the extent of recruitment of a model
354 mRNA in which the AUG codon is 11 nucleotides from the 5-end (5'11-AUG), resulting in a

355 complex with the exit channel mostly occupied, and compared it to the recruitment observed
356 on the 5'5-AUG mRNA, which leaves the exit channel mostly empty and is sensitive to certain
357 entry-channel arm mutations in elF3. The addition of the six extra nucleotides in the 5'11-AUG
358 mMRNA relative to 5'5-AUG mRNA fully or partially rescues the recruitment defects for all of the
359 three elF3 variants affected by mutations in the elF3a CTD, leading to recruitment extents

360 nearly as high as those observed with the mid-AUG mRNA that fills the exit channel and

361 extends beyond it (Figure 6A). The 5'11-AUG mRNA also partially rescues the defects we

362 observed in the absence of elF3 and with the a/b/c sub-complex (Figure 6A). The ability of 11
363 nucleotides upstream of the AUG to rescue the destabilizing effects of entry channel mutants is
364 not diminished by the absence of any of the elF4 factors (elF4A, elF4B, elF4EeelF4G),

365 suggesting that the interactions restored upon filling the exit channel are with either the 40S
366 subunit itself or with elF3 at the exit channel pore (Figure 5—figure supplement 3C). Consistent
367 with this, the cryo-EM structure of a 48S PIC containing elF3 shows the -10 nucleotide of the
368 mMRNA emerging from the constriction between the 40S head and platform, approximately 15

369 A from the position of the elF3a NTD (Figure 6B) (Ll4cer et al., 2015).
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370 We similarly measured the amount of mRNA in the entry channel required to rescue the
371 strong defect in recruitment we observed with the elF3a A8 mutant for 3'5-AUG mRNA that

372 leaves the entry channel largely vacant (Figure 6C). The 3'11-AUG mRNA, which programs a
373 recruited complex with 11 nucleotides in the entry channel, partially rescues recruitment in the
374 presence of the A8 variant, to an endpoint of 28 = 1 % of total MRNA recruited, but is not

375  sufficient to restore recruitment to the levels observed on the mid-AUG mRNA (Figure 5A).

376 Increasing the length of mRNA in the entry channel to 14 and 17 nucleotides progressively

377 rescues the defect, resulting in endpoints of approximately 85 = 1 % and 90 + 0.3 %,

378  respectively. These extents of recruitment approach those observed in the presence of the A8
379 variant for both the 5'5-AUG and mid-AUG mRNAs (Figure 5A-B), which both result in a fully-
380  occupied entry channel, suggesting that between 14 and 17 nucleotides of mRNA is sufficient
381  to restore interactions there. The rescue of recruitment we observe with A8 and the 5'14-AUG
382 mRNA is not markedly affected by the absence of any elF4 factor, or elF5 (Figure 5—figure

383  supplement 3D), suggesting that the interactions restored upon filling the entry channel with
384 14 nucleotides are with either the PIC itself or elF3. While mRNA is not visible in the entry

385 channel of recent structures of the 48S PIC containing elF3, a previous structure of a partial 48S
386 complex lacking elF3 shows the mRNA up to position +12, where it threads past the 40S latch
387  and projects towards a constriction between uS5, uS3, and eS30, and near h16 (Figure 6D)

388 (Hussain et al., 2014). These 40S components might stabilize mMRNA binding by interacting with
389 nucleotides located 14-17 bases downstream of the AUG.

390 Given the dramatic effect on mRNA recruitment we observe with the elF3 A8 mutant

391 whenever interactions in the entry channel are disrupted, we wondered how these effects
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392 might manifest themselves in vivo. Because the cell likely contains no mRNAs resembling the
393 3'5-AUG mRNA, in which the AUG codon is followed by only 5 nucleotides, we instead

394  reasoned that the A8 elF3 mutant, which is insensitive to the absence of mRNA in the exit

395 channel, might confer a relatively weaker recruitment defect relative to WT cells on mRNAs

396 with extremely short 5'-UTRs, because the majority of mRNA recruitment and scanning on

397 these mRNAs will occur while the exit channel remains empty. In this case, both WT and

398 mutant cells will have the same lack of contacts between mMRNA and the PIC in the exit

399 channel. In contrast, the recruitment of mMRNAs with longer 5'-UTRs would produce a greater
400  defect for the mutant, as the majority of the scanning process occurs with the exit channel

401 occupied, giving WT PICs an advantage because they are able to make contacts with mRNA in
402 this channel whereas A8 mutant cells are not. To investigate this, we quantified the amount of
403 mRNA associated with native 43S complexes in vivo, stabilized by formaldehyde cross-linking
404 of living yeast cells, for several mRNAs with different 5" UTR lengths, in strains expressing either
405 WT or the A8 variant of elF3a. Consistent with our prediction, the A8 mutation reduces the

406 amount of MRNA associated with native 43S PICs for all the mRNAs we tested, but has a

407 greater defect relative to WT cells on mRNAs with longer 5'UTRs (Figure 6E).

408
409

1 Discussion

3 Despite, and perhaps because of its involvement throughout the translation initiation pathway,
4 the precise molecular roles of elF3 during the component events of initiation remain unclear.

5  Nonetheless, elF3 has emerged as a pivotal player in the events that bring the PIC to the
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6  mRNA, and ultimately to the start codon. Structural models revealing elF3 at the 40S solvent
7 face but projecting arms near both the mRNA entry and exit channels, as well as genetic and
8  biochemical evidence consistent with elF3 operating in these regions, suggest the compelling
9  possibility that elF3 mediates events such as mRNA recruitment and scanning via these

10 appendages. Our data indicate that while regions throughout elF3 collaborate to stabilize its
11 binding to the 43S PIC and directly promote mRNA recruitment, the mRNA entry- and exit-
12 channel arms of elF3 play distinct roles within the PIC. The elF3 exit-channel arm — and in

13 particular the elF3a NTD — is required to stabilize the binding of mRNA at the exit channel
14 within the 48S PIC (Figure 7). In contrast, the entry-channel arm helps to stabilize mRNA

15 binding in the entry channel but also participates in stabilizing TC binding to the PIC and in
16 accelerating mRNA recruitment (Figure 7).

17

18

19 elF3 binds the PIC via multiple interactions and contributes directly to mRNA recruitment
20

21 Our results support the idea that the binding of elF3 to the PIC is mediated by multiple

22 interactions. Mutations in both the elF3a CTD and NTD, elF3b, elF3c, as well as the

23 simultaneous absence of elF3i and elF3g weaken the affinity of elF3 for the PIC. This is

24 consistent with the multiple contacts observed between elF3 and the PIC in recent structures
25 (Aylett et al., 2015; Georges et al., 2015; Llacer et al., 2015), and with the diverse set of

26 interactions between elF3 subunits and components of the PIC identified in genetic and

27  biochemical studies (Asano et al., 2000; Chiu et al., 2010; Pisarev et al., 2008; Szamecz et al.,

28 2008; Valasek, 2012; Valasek et al., 2003). Notably, we observe that none of the elF3 variants

29 displays a severe defect in PIC binding, despite the fact that several directly affect regions that

27
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appear to interact with the 40S subunit in the py48S-closed structure or target previously
identified interactions. This suggests that because the factor makes multiple contacts with the
PIC, no single interaction is itself essential for binding.

Our results further support a direct role for elF3 in promoting mRNA recruitment. None
of the elF3 variants we tested that significantly slow recruitment of RPL41A mRNA do so as a
result of the concentrations of TC, elF4A, elF4B, or elF4EeelFAG becoming limiting under the
conditions of our assay. While this does not preclude an interaction between elF3 and these
other factors, it does suggest that elF3 contributes directly to mRNA recruitment. This is
consistent with our previous finding that elF3 is essential, whereas elF4G and elF4B are only
rate-enhancing, for recruitment of RPL41A mRNA in vitro (Mitchell et al., 2010), and with the
observation that depletion of elF3 from yeast essentially abolishes recruitment of the RPL41A

mRNA in vivo (Jivotovskaya et al., 2006).

The elF3 entry-channel arm stabilizes TC binding to the PIC and is important for
recruitment of native mRNA

Our results point to a role for the elF3 entry channel arm — comprising the elF3a CTD, elF3i,
and elF3g and - and elF3b in stabilizing both elF3 and TC binding to the PIC, and making
important contributions to the mechanism of mRNA recruitment. In our experiments, WT elF3
binds tightly to both 43S and 48S PICs and strongly stabilizes TC binding to the PIC in the
absence of mRNA. The strong stabilization of TC binding we observe is consistent with genetic
evidence that elF3 promotes TC recruitment in vivo (Asano et al., 2000; Phan et al., 2001;

Valasek et al., 2004; Valasek et al., 2002).
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In contrast, the a/b/c sub-complex lacking elF3i and elF3g displays weakened affinity for
both 43S and 48S PICs (Figure 2C) and diminishes the affinity of the PIC for TC relative to that
observed with WT elF3 (Figure 3). In a structure of yeast elF3 bound to the 40SeelF1eelF1A
complex (Aylett et al., 2015), elF3i and elF3g are found distant from TC on the solvent-face
side of the PIC above the elF3b B-propeller domain, and appear to interact with elF3b but not
with the 40S subunit. This position agrees with the placement of elF3i in the structure of
mammalian elF3 bound to a complex containing DHX29 (Georges et al., 2015), though elF3g
was not resolved. In the yeast py48S-closed PIC (Llacer et al., 2015), however, these subunits
are found at the intersubunit face below the A site, together with the C-terminus of elF3b; both
elF3i and elF3g appear to interact with the 40S and elF3i appears to contact the elF2y subunit
of TC, consistent the absence of elF3i and elF3g weakening the binding of both TC and elF3
to the PIC. Further evidence of a role for elF3i and elF3g in contributing to PIC binding by elF3
is provided by the in vivo effects of the elF3i DDKK mutation, which results in the dissociation
of both of these subunits from the elF3 complex and reduces the amount of a/b/c sub-complex
bound to PICs in vivo (Herrmannové et al., 2012).

Most strikingly, we observe that the a/b/c sub-complex lacking elF3i and elF3g is
essentially unable to promote the recruitment of capped RPL41TA mRNA to the PIC (Figure 4B-
C). This stands in contrast to a previous study where extracts containing overexpressed a/b/c
sub-complex rescued mRNA recruitment in extracts from prt1-1 cells (Phan et al., 2001).
However, these extracts were not deprived of WT elF3, perhaps enabling reconstitution of the
complex with WT elF3i and g subunits. In fact, the simultaneous loss of elF3i and elF3g from

the elF3 complex in DDKK cells produces phenotypes consistent with significant defects in
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scanning and start-codon recognition (Herrmannova et al., 2012). Because mRNA recruitment
in our assay depends on the presence of an AUG codon, the kinetics we observe report not
only on initial MRNA attachment, but also on the subsequent events of scanning and start-
codon recognition, suggesting an inability to efficiently scan and recognize the AUG codon in
the absence of elF3i and g prevents efficient RPL41A recruitment. Both proposed locations for
these subunits place them adjacent to the mRNA entry channel, either on the solvent or
intersubunit face of the PIC (Aylett et al., 2015; Llacer et al., 2015). Together with our
observation that elF3i and g are critical for RPL41A mRNA recruitment in vitro and scanning
and start-codon recognition in vivo (Cuchalova et al., 2010; Herrmannova et al., 2012), the
observation that these subunits appear at the intersubunit face in structures containing mRNA,
but at the solvent face in structures lacking mRNA further suggests that the mRNA entry
channel arm of elF3 might undergo a large-scale conformational change upon initial binding of
the mRNA which could facilitate processive scanning and its arrest.

The H725P and R731] mutations within the elF3a CTD also interfere with elF3 binding to
the PIC (Figure 2C) and, together with the Boxé mutation, significantly slow the kinetics of
RPL41A mRNA recruitment (Figure 4C). In contrast to the absence of the elF3i and elF3g
subunits, these mutations do not appear to reduce the affinity of the PIC for TC (Figure 3),
consistent with the observation that truncation of the elF3a CTD downstream of these
mutations disrupts the observed interaction between elF3a and elF2 (Valasek et al., 2002).
Though structures of elF3 bound to various states of the PIC have yet to completely resolve the
elF3a CTD, previous work has established interactions between it and the elF3b RRM (Valasek

et al., 2001b), components of the 40S latch (Chiu et al., 2010; Valasek et al., 2003), and TC

30
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98  (Valdsek et al., 2002), locating it near the entry channel and even projecting towards the

99 intersubunit face. These observations enabled its proposed placement in the yeast py48S-

100  closed structure, where it spans the intersubunit face, nearly encircling the PIC (Llacer et al.,
101 2015). The binding defects we observe may result from disruptions to interactions between the
102 elF3a CTD and 40S latch; these disruptions might also affect the opening and closing of the
103 latch, explaining the recruitment defects conferred by elF3a CTD mutations. Consistent with
104 this, all three elF3a CTD mutations reduce the amount of RPL41A mRNA associated with PICs
105 in vivo (Chiu et al., 2010). In particular, both the H725P and R731] mutations impair mRNA

106 recruitment without affecting upstream events in vivo, and appear to affect the equilibrium

107 between the open and closed conformations of the PIC.

108 We further observe a similar profile of effects in the presence of mutations to elF3b. The
109 prt1-1 and rp1 mutations in the elF3b B-propeller and RRM domains, respectively, disrupt
110 both elF3 and TC binding to the PIC (Figure 2C and Figure 3), and slow RPL4TA mRNA

111 recruitment (Figure 4C). In fact, these mutations confer the strongest kinetic effects we observe
112 on native mMRNA recruitment. Consistent with these results, both mutations produce in vivo

113 phenotypes suggesting significant defects in scanning and start-codon recognition (Nielsen et
114 al., 2006; 2004) and both have also been shown to reduce the amount of elF3 associated with
115 PICs either in cells or, in the case of prt1-1, in extracts. In several structures of elF3 bound to
116 the PIC, the elF3b p-propeller domain is seen interacting with the 40S solvent face, below h16
117 (Figure 7) (Aylett et al., 2015; Georges et al., 2015; Llacer et al., 2015), consistent with its

118 known interaction with uS4 (Liu et al., 2014). The elF3b C-terminus, which appears together

119 with elF3i and elF3g at the intersubunit face in the yeast py48S-closed structure, has been
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120 shown to mediate interactions with elF3i (Asano et al., 1998; Herrmannova et al., 2012).

121 Together with the our results and the previous observation that the elF3b RRM interacts with
122 the elF3a CTD (Valasek et al., 2001b), these raise the possibility that elF3b contributes to the
123 working of the elF3 entry-channel arm by anchoring it to the 40S solvent face and, via its RRM
124 and C-terminal regions, organizing its constituent components. The prt1-1 and rnp1 mutations
125 might disrupt this mechanistic nexus, explaining the diverse set of defects they confer.

126 Another possibility is that elF3b contributes more directly to mRNA recruitment, either
127 from its position below the entrance to the mRNA entry channel on the solvent face as

128 observed in the majority of structures, or by relocating to the intersubunit face. A recent report
129 located mammalian elF3i to a distinct location on the intersubunit face and suggested that the
130 elF3b B-propeller instead interacts with TC in the yeast 48S PIC (Simonetti et al., 2016). While
131 this model would not explain the TC binding defects we observe in the absence of elF3i and
132 elF3g, it would nonetheless still be consistent with the defects in TC affinity that we observe in
133 the presence of elF3b mutants and with a role for the elF3 entry channel arm in stabilizing TC
134 binding to the PIC.

135

136

137 The elF3 exit-channel arm and the elF3c NTD contribute to PIC binding and mRNA

138 recruitment

139

140  Both the A8 truncation and the Box37 substitution in the elF3a NTD diminish the affinity of

141 elF3 for 43S and 48S PICs. Consistent with this, structures of both yeast and mammalian elF3

142 bound to various states of the PIC reveal the PCl domain in the elF3a NTD, and specifically

143 residues within the region truncated in the A8 mutant, as well as the elF3c C-terminal PCI
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144 domain, contacting the 40S on its solvent face, below the platform (Aylett et al., 2015; Georges
145 et al., 2015; Llcer et al., 2015). Moreover, the elF3a NTD has been shown to interact with uS2
146 (Valdsek et al., 2003; Kouba et al., 2012b) which is located in this vicinity, and the A8 truncation
147 reduces the amount of elF3 associated with PICs in vivo (Szamecz et al., 2008). In contrast, the
148 Box37 mutation, which confers a Ts  phenotype in vivo, appears to primarily affect mRNA

149 recruitment in cells (Khoshnevis et al., 2014). In fact, we observe a significant defect in RPL41A
150 mRNA recruitment at 37 °C in the presence of Box37 elF3 (Figure 4—figure supplement 2).

151 Based on structures, the Box37 mutation does not appear to occur on the surface of the elF3a
152 PCl domain that faces the mRNA exit channel pore (Llacer et al., 2015), and thus may exert its
153 effects indirectly by disrupting this domain, as suggested previously (Khoshnevis et al., 2014).
154 Elsewhere, the Box12-SPW and GAP® mutations to the elF3c NTD also slow native

155 mRNA recruitment. Both mutations are in a region that appears to interact with elF1 and both
156 affect the amount of elF1 associated with PICs and the accuracy of start-codon recognition in
157 vivo (Karaskova et al., 2012). The defects we observe are consistent with the observation that
158 mRNA recruitment in our assay depends on codon-recognition (Figure 4—figure supplement
159 1A-B). The Box12-SPW mutation additionally weakens the affinity of elF3 for the PIC. While this
160  region has not been well-resolved in structural studies, regions of the elF3c NTD were

161 modeled on the 40S intersubunit face below the platform in the yeast py48S-closed structure,
162 suggesting that this putative interaction might contribute to stabilizing elF3 binding to the PIC
163 (Llacer et al., 2015). Another possibility is that both mutations exert their effects on PIC binding

164  via their effects on the elF3:elF1 interaction.
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165

166

167 The elF3a NTD is critical for stabilizing mRNA binding at the exit channel

168

169 To investigate the molecular role of elF3 in stabilizing mRNA binding to the PIC at both the
170 entry and exit channels, we followed the recruitment of a series of capped model mRNAs in
171 which the placement of the AUG codon enables us to control the amount of mRNA in either
172 channel. These experiments reveal that, while elF3 is dispensable for stabilizing the binding of
173 mRNA when both the entry and exit channels are occupied, it is essential for doing so when
174 the entry channel is empty and the complex thus depends on interactions with mRNA in the
175 exit channel. Previous work demonstrated that mammalian elF3 can be cross-linked to mRNA
176  at positions -8 thru -17 (relative to the AUG at +1 to +3), indicating its proximity to mRNA

177 nucleotides just inside the entry channel (-8 to -10) and protruding from the entry channel pore
178 (-11 to -17) (Pisarev et al., 2008). Consistent with this, our results indicate that elF3 stabilizes
179 the binding of MRNA to the PIC at this location.

180 In fact, our results localize this role to the elF3a NTD; the A8 truncation mimics the

181 absence of elF3 in its inability to stabilize the binding of mRNA to 48S PICs in which the entry
182 channel is mostly empty (Figure 5C). This is consistent with the observation that the A8

183 truncation impairs reinitiation on GCN4 mRNA following translation of uORF1 and uORF2, an
184 effect attributable to the loss of interaction between the elF3a NTD and nucleotides 5’ of each
185 stop codon that otherwise stabilize post-termination 40S subunits and allow them to resume
186 scanning in the presence of WT elF3 (GuniSova et al., 2016; Munzarova et al., 2011; Szamecz et

187 al., 2008). This role of the elF3a NTD is also consistent with its placement immediately adjacent

188 to the exit-channel pore in several structures of elF3 bound to the 40S, in both yeast and
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189 mammals (Aylett et al., 2015; Georges et al., 2015; Llacer et al., 2015). In the cryo-EM structure
190 of a yeast 48S PIC containing elF3, the -10 nucleotide of the mRNA is visible as it begins to

191 emerge from the exit channel at the solvent face (Figure 6B); we showed that the presence of
192 11 nucleotides within the exit channel is sufficient to rescue the destabilization caused by

193 mutations affecting the entry channel arm of elF3 (Figure 6A). This effect suggests that the

194 elF3a NTD might serve to extend the mRNA exit channel behind the 40S platform, interacting
195 directly with mRNA as it emanates from the exit-channel pore. Another possibility is that the
196 elF3a NTD influences the conformation of the exit channel, promoting stable interaction

197 between the mRNA and components of the 40S within the channel. Thus, the established

198 stimulatory effects on translation initiation conferred by a minimum 5'UTR length and favorable
199 sequence context just upstream of the start codon might also depend on proper interactions of
200  5'UTR nucleotides with the 40S exit channel, and hence, could be influenced by the elF3a-

201 NTD.

202 In contrast to its essential role in the binding of mRNA at the exit channel, elF3 more

203 modestly stabilizes mRNA binding at the entry channel. And yet, the absence of elF3, or the
204 presence of elF3 variants with elF3a-CTD mutations H725P, R731l, or Boxé, all reduce binding
205 of a model mRNA in which the exit channel is empty but the entry channel is filled (Figure 5B);
206 these binding defects are largely rescued by increasing the amount of mRNA upstream of the
207 AUG codon to fill the exit channel completely (Figure 6A). These results implicate the elF3a
208 CTD in stabilizing mRNA interactions at the entry channel of the PIC in a manner that is

209 redundant with mRNA interactions at the entry channel involving the elF3a NTD. Consistent

210 with this, the presence of increasing amounts of mRNA in the entry channel progressively
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211 rescues the destabilization of MRNA binding to the PIC conferred by the A8 variant, which is
212 defective for interactions at the exit channel (Figure 6C). These observations might reflect the
213 importance of a constriction of the mRNA entry channel formed by a movement of the 40S

214 head that appears to be triggered by start codon recognition (Llacer et al., 2015; Zhang et al.,
215 2015). This head movement also closes the latch on the entry channel, a feature composed of
216 interactions between 18S rRNA helices 18 and 34 and ribosomal proteins uS3/uS5, which

217 might contribute to scanning arrest upon start-codon recognition (Llacer et al., 2015). One

218 explanation for our finding that full rescue of the A8 exit channel defect requires filling the

219 entry channel with ~14-17 nucleotides is that this represents the minimum length of mRNA

220 required to fully engage the 40S components of the entry channel in its restricted conformation
221 within the closed PIC and to also pass through the constriction created by the closed latch and
222 interact with elements beyond it, which could include the elF3a CTD. In fact, the structure of a
223 partial yeast 48S complex lacking elF3 (py48S) shows that 9 nt 3’ of the AUG codon (nucleotide
224 +12)is long enough to pass beyond h18/h34, but not past uS3/uS5 (Figure 6D) (Hussain et al.,
225 2014). It is notable that, with the exception of h34, every 40S component of the latch has been
226 implicated in interactions with elF3 (Chiu et al., 2010; Valasek et al., 2003).

227 Interestingly, the a/b/c sub-complex lacking the i and g subunits produces a stronger

228 defect in recruitment of the model mRNA lacking contacts in the exit channel compared to the
229 absence of elF3 itself, perhaps because the absence of the i and g subunits alters the

230 conformation of this entry channel arm, inducing a conformation of the PIC or of elF3 itself that
231 inhibits mRNA binding to the PIC. This might occur as a result of disruptions to the proposed

232 rearrangement of the entry-channel arm upon mRNA binding to the PIC. In the end, the role of
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233 the elF3 entry channel arm appears distinct from its counterpart at the exit channel (Figure 7).
234 Whereas it contributes more subtly to stabilizing mMRNA binding to the PIC, it contributes

235 indirectly to mRNA recruitment by stabilizing TC binding and, as evidenced by its importance
236 in the recruitment of natural mRNA, participates in events that control the rate of mRNA

237 recruitment or scanning, perhaps by responding to the presence of mRNA within the PIC and
238 by modulating the conformation of the 40S latch.

239 The work presented here provides greater understanding of how the individual subunits
240 of elF3 contribute to its interaction with the PIC, and to the component events of the initiation
241 pathway. In particular, our results dissect the distinct roles played by elF3 at the mRNA entry
242 and exit channels, and how these contribute to the events of mMRNA recruitment. Future work is
243 required to better understand the molecular details of these contributions, particularly in the
244 entry channel, where elF3 appears to play a more subtle mechanistic role, perhaps

245 collaborating with the 40S itself to mediate interaction with the mRNA. It will also be

246 interesting to determine how, if at all, yeast elF3 collaborates with the other mRNA recruitment
247 factors to drive this event.

248
249

i Materials and Methods

s Purification and preparation of reagents

5 40S ribosomal subunits and individual initiation factors were purified as previously described

6  (Acker etal.,, 2007; Mitchell et al., 2010). elF3 variants were purified from corresponding strains

7 using the same method as for the wild-type factor, with the modification that cells were grown
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in the appropriate selective media throughout. Initiator tRNAM®* was transcribed in vitro using
His¢-tagged T7 RNA polymerase and subsequently methionylated with purified N-terminal Hise-
tagged E. coli methionyl-tRNA synthetase as previously described (Walker and Fredrick, 2008),
using either unlabeled methionine or [**S]-methionine (PerkinElmer). All mRNAs were similarly
transcribed in vitro, capped with [a-%2P]-GTP (PerkinElmer), and purified as previously described
(Mitchell, 2010), with the following exceptions. All 50 nt mRNAs were capped at a
concentration of 50 uM and purified via a modified RNeasy mini kit protocol (Qiagen). 10 pL
capping reactions were brought to 30 pL total volume using RNase-free water, followed by
addition of 320 pL RLT buffer (Qiagen) and mixing by vortexing. Upon mixing, 525 pL of 100%
ethanol was added, and the resultant solution was mixed by careful pipetting. Half of this
mixture was loaded on to an RNeasy spin column and centrifuged at = 8,000 x g for 15 s, after
which the flowthrough was discarded, and the remaining mixture was loaded onto the column
and centrifuged, and the flowthrough again discarded. The column was then sequentially
washed once with 700 pL of RWT buffer (Qiagen) and twice with 500 pL buffer RPE (Qiagen),
with each wash followed by centrifugation for 15 s at = 8,000 x g and disposal of the
flowthrough. Upon the final wash, centrifugation at = 8,000 x g was extended to 60 s and
performed twice, with the flowthrough discarded each time, to ensure complete drying of the
column. Purified RNA was then eluted by addition of 30 pL RNase-free water to the column

and centrifugation for 60 s at = 8,000 x g.
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Biochemical assays

The affinity of WT and variant elF3 for 43S and 48S PICs was determined using a gel-shift assay
monitoring [*S]-Met-tRNAMe* (Acker et al., 2007; Mitchell et al., 2010). 43S complexes (in the
absence of mRNA) were formed in the presence of 1 uM elF1, 1 pM elF1A, 200 nM elF2, 1T mM
GDPNPeMg?*, 2 nM [**S]-Met-tRNAM, and 30 nM 40S subunits in 1X Recon buffer (30 mM
HEPES-KOH pH 7.4, 100 mM KOAc pH 7.6, 3 mM Mg(OAc);, 2 mM DTT). The concentration of
WT or variant elF3 was titrated between 30 nM and 500 nM. 48S complexes (including mRNA)
were formed in the presence of 1 pM uncapped AUG-containing model mRNA, 1 uM elF1, 1
uM elF1A, 200 nM elF2, 1 mM GDPNPeMg?*, 2 nM [*S]-Met-tRNAMet, and 20 nM 40S subunits.
The concentration of either WT or variant elF3 was titrated between 30 nM and 500 nM for
both. 10 pL reactions were incubated at 26 °C for 2 h, after which they were mixed with 2 puL
loading buffer (0.05% xylene cyanol, 0.05% bromophenol blue, 50% sucrose in 1X Recon
buffer) and resolved on a 4% polyacrylamide (37.5:1 acrylamide:bisacrylamide) gel prepared in
1X THEM (34 mM Tris Base, 57 mM HEPES, 0.1 mM EDTA, 2.5 mM MgCl,) gel run at 25 W for
45 min using 1X THEM as the running buffer. Upon completion, gels were placed on Whatman
paper, covered with plastic wrap, and exposed for at least 15 hrs. to a phosphor screen inside
a cassette wrapped in plastic wrap at -20 °C. Cooled cassettes were removed from
refrigeration at -20 °C and allowed to warm at room temperature for approximately 10 min.
prior to removal of the plastic wrap and scanning of the phosphor screen using a Typhoon FLA

9500 imager (GE Life Sciences). The fraction of elF3-bound PICs was determined from the
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signal of free and elF3-bound PIC bands. Data were modeled with both Langmuir and Hill-

binding isotherms to determine the apparent Ko.

The affinity of 43S PICs for TC was determined using a previously-described gel-shift assay
monitoring [*S]-Met-tRNAM®* (Acker et al., 2007; Kolitz et al., 2009). Complexes were formed in
the presence of 1 pM elF1, 1 uM elF1A, 200 nM elF2, 1 mM GDPNP, 1 nM [*°S]-Met-tRNAMet,
and 500 nM elF3 in 1X Recon buffer (30 mM HEPES-KOH pH 7.4, 100 mM KOAc pH 7.6, 3 mM
Mg(OAc),, 2 mM DTT). The concentration of 40S subunits was titrated between 10 nM and 320
nM. Reactions were incubated at 26 °C for 2 hr and subsequently resolved on a 4% native
THEM gel run at 25 W for 45 min. Gels were exposed and quantified as above, with the
fraction of TC binding quantified as the ratio of signal from bands representing elF3-bound

PICs and free TC. Data were modeled with a Langmuir isotherm to determine the apparent Kp.

The kinetics and extent of mMRNA recruitment to reconstituted 43S PICs were determined using
a previously-described gel-shift assay monitoring [**P]-capped mRNA (Mitchell et al., 2010).
PICs were assembled in the presence of 1 uM elF1, 1 uM elF1A, 300 nM elF2, 200 nM Met-
tRNAMet, 400 nM elF3, 2 uM elF4A, 300 nM elF4B, 50 nM elF4EeelFG, 300 nM elF5, and 30
nM 40S subunits in 1X Recon buffer (30 mM HEPES-KOH pH 7.4, 100 mM KOAc pH 7.6, 3 mM
Mg(OAc)2, 2 mM DTT) and incubated 10 min at 26 °C. Reactions were initiated by the
simultaneous addition of ATPeMg?* and the appropriate [**P]-capped mRNA to final
concentrations of 2 mM and 15 nM, respectively. For kinetic measurements, 4 pL aliquots were

removed at appropriate time points, added to 1 pl of loading buffer and quenched by loading
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on a 4% native THEM gel running at 200 V. Gels were exposed and quantified as above, with
the fraction of mMRNA recruitment quantified as the fraction of signal in the band representing
48S PICs per lane. Data were fit with single-exponential rate equations to obtain the observed
rate constant of mMRNA recruitment. To measure the maximal extent of recruitment at
completion, reactions were similarly resolved on a 4% native THEM gel upon incubation for 2 h
at 26 °C, at which point all reactions had proceeded to completion as judged by prior kinetic
experiments. For experiments containing RPL41TA mRNA, gels were run for 1 h at 200 V. For

experiments containing 50 nt model mMRNAs, gels were run 45 min at 200 V.

In vivo assays

The analysis of native 48S PICs was performed as previously described (Chiu et al., 2010;
Khoshnevis et al., 2014). Cells were cultured at 30 °C to ODepo = 1 and cross-linked with 1%
formaldehyde prior to being harvested. Whole Cell Extracts were prepared in breaking buffer
(20 mM Tris-HCI, pH 7.5, 50 mM KCI, 10 mM MgClz, 1 mM dithiothreitol [DTT], 5 mM NaF, 1
mM phenylmethylsulfonyl fluoride [PMSF], 1x Complete Protease Inhibitor Mix tablets without
EDTA [Roche]), and 25 A260 units were separated on a 7.5 to 30% sucrose gradient by
centrifugation at 41,000 rpm for 5 h in a SW41Ti rotor. Total RNA was isolated from 500 pL of
each of 13 gradient fractions by hot-phenol extraction, and resuspended in 26 pL of diethyl
pyrocarbonate-treated H2O. Prior to RNA isolation, 3 pL of TATAA Universal RNA Spike | (Tataa
Biocenter) was added to each fraction as a normalization control. 3 pL of total RNA were

subjected to reverse transcription using the High Capacity cDNA Reverse Transcription Kit
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97 (Applied Biosystems). Aliquots of cDNA were diluted 6-fold, and gPCR amplifications were

98 performed on 2 pL of diluted cDNA in 10 pL reaction mixtures prepared with the 5x HOT

99 FIREPol EvaGreen gPCR Supermix (Solis Biodyne) and primers for RPL41A (0.3 pM), 18S rRNA,
100  PMP3, SME1, COX14, RPS28A and spike (0.4 pM) using the CFX384 Real-Time System

101 (Biorad).

102
103
i1 Acknowledgements
2
3 The authors would like to acknowledge Tom Dever for his thoughtful and critical suggestions.
4  This work was supported by the Intramural Research Program (J.R.L. and A.G.H.) of the
5  National Institutes of Health (NIH), NIH grant GM62128 (previously to J.R.L.), and by Wellcome
6  Trust grant 090812/B/09/Z and the Centrum of Excellence of the Czech Science Foundation
7 P305/12/G034 (both to L.S.V.). C.E.A. was further supported by an NIH minority supplement to
8 NIH grant GM62128 and by a Leukemia & Lymphoma Society CDP Fellowship.
9
10

i1 Competing Interests

13 The authors declare no competing interests.

s References

18 Acker, M.G., Kolitz, S.E., Mitchell, S.F., Nanda, J.S., and Lorsch, J.R. (2007).
19 Reconstitution of yeast translation initiation. Meth Enzymol 430, 111-145.

20 Aitken, C.E., and Lorsch, J.R. (2012). A mechanistic overview of translation
21 initiation in eukaryotes. Nat Struct Mol Biol 19, 568-576.

22 Algire, M., Maag, D., Savio, P., Acker, M., Tarun, S., Sachs, A., Asano, K.,

23 Nielsen, K., Olsen, D., Phan, L., Hinnebusch, A.G., and Lorsch, J.R. (2002).

24 Development and characterization of a reconstituted yeast translation initiation
25 system. Rna 8, 382-397.

26 Asano, K., Clayton, J., Shalev, A., and Hinnebusch, A.G. (2000). A multifactor

42


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

27
28
29

30
31
32

33
34
35
36

37
38
39
40
41
42
43
44

45
46
47
48
49

50
51
52

53
54
55
56
57

58
59
60
61

62

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY 4.0 International license.

complex of eukaryotic initiation factors, elF1, elF2, elF3, elF5, and initiator
tRNA(Met) is an important translation initiation intermediate in vivo. Genes &
Development 14, 2534-2546

Asano, K., Phan, L., Anderson, J., and Hinnebusch, A.G. (1998). Complex
formation by all five homologues of mammalian translation initiation factor 3
subunits from yeast Saccharomyces cerevisiae. J Biol Chem 273, 18573-18585.

Asano, K., Shalev, A., Phan, L., Nielsen, K., Clayton, J., Valasek, L., Donahue,
T.F., and Hinnebusch, A.G. (2001). Multiple roles for the C-terminal domain of

elF5 in translation initiation complex assembly and GTPase activation. EMBO
Journal 20, 2326-2337.

Aylett, C.H.S., Boehringer, D., Erzberger, J.P., Schaefer, T., and Ban, N. (2015).
Structure of a Yeast 40S-elF1-elF1A-elF3-elF3]j initiation complex. Nat Struct
Mol Biol 22, 269-271.

Beznoskova, P., Cuchalova, L., Wagner, S., Shoemaker, C.J., Gunisova, S., Haar,
von der, T., and Valddek, L.S. (2013). Translation initiation factors elF3 and
HCR1 control translation termination and stop codon read-through in yeast
cells. PLoS Genet. 9(11), e1003962.

Chiu, W.-L., Wagner, S., Herrmannova, A., Burela, L., Zhang, F., Saini, A.K.,
Valasek, L., and Hinnebusch, A.G. (2010). The C-terminal region of eukaryotic
translation initiation factor 3a (elF3a) promotes mRNA recruitment, scanning,
and, together with elF3j and the elF3b RNA recognition motif, selection of AUG
start codons. Mol Cell Biol 30, 4415-4434.

Coppolecchia, R., Buser, P., Stotz, A., and Linder, P. (1993). A new yeast

translation initiation factor suppresses a mutation in the elF-4A RNA helicase.
EMBO Journal 12, 4005-4011.

Cuchalova, L., Kouba, T., Herrmannova, A., Danyi, I., Chiu, W.L., and Valasek, L.

(2010). The RNA Recognition Motif of Eukaryotic Translation Initiation Factor 3g
(elF3g) Is Required for Resumption of Scanning of Posttermination Ribosomes
for Reinitiation on GCN4 and Together with elF3i Stimulates Linear Scanning.
Mol Cell Biol 30, 4671-4686.

Elantak, L., Wagner, S., Herrmannova, A., Kardskova, M., Rutkai, E., Lukavsky,
P.J., and Valadsek, L. (2010). The indispensable N-terminal half of elF3j/HCR1
cooperates with its structurally conserved binding partner elF3b/PRT1-RRM and
with elF1A in stringent AUG selection. J Mol Biol 396, 1097-1116.

Evans, D.R., Rasmussen, C., Hanic-Joyce, P.J., Johnston, G.C., Singer, R.A., and

43


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

63
64

65
66
67

68
69
70

71
72
73
74

75
76
77

78
79
80
81

82
83
84

85
86
87
88

89
90
91
92
93

94
95
96

97

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY 4.0 International license.

Barnes, C.A. (1995). Mutational analysis of the Prt1 protein subunit of yeast
translation initiation factor 3. Mol Cell Biol 15, 4525-4535.

Fletcher, C., Pestova, T., Hellen, C., and Wagner, G. (1999). Structure and
interactions of the translation initiation factor elF1. EMBO Journal 18, 2631-
2637.

Fraser, C.S., Berry, K.E., Hershey, J.W.B., and Doudna, J.A. (2007). elF3j is
located in the decoding center of the human 40S ribosomal subunit. Mol Cell
26, 811-819.

Fraser, C.S., Lee, J.Y., Mayeur, G.L., Bushell, M., Doudna, J.A., and Hershey,
J.W.B. (2004). The j-subunit of human translation initiation factor elF3 is
required for the stable binding of elF3 and its subcomplexes to 40 S ribosomal
subunits in vitro. J Biol Chem 279, 8946-8956.

Georges, des, A., Dhote, V., Kuhn, L., Hellen, C.U.T., Pestova, T.V., Frank, J.,
and Hashem, Y. (2015). Structure of mammalian elF3 in the context of the 43S
preinitiation complex. Nature 525, 491-495.

Gunidové, S., Beznoskova, P., Mohammad, M.P., Vl¢kova, V., and Valasek, L.S.
(2016). In-depth analysis of cis-determinants that either promote or inhibit
reinitiation on GCN4 mRNA after translation of its four short uORFs. Rna 22,
542-558.

Hartwell, L.H., and McLaughlin, C.S. (1969). A mutant of yeast apparently
defective in the initiation of protein synthesis. Proc Natl Acad Sci U S A 62,
468-474.

Hashem, Y., Georges, des, A., Dhote, V., Langlois, R., Liao, H.Y., Grassucci,
R.A., Hellen, C.U.T., Pestova, T.V., and Frank, J. (2013). Structure of the
Mammalian Ribosomal 43S Preinitiation Complex Bound to the Scanning Factor
DHX29. Cell 153, 1108-1119.

Herrmannovéa, A., Daujotyte, D., Yang, J.-C., Cuchalova, L., Gorrec, F., Wagner,
S., Dényi, |., Lukavsky, P.J., and Shivaya Valédsek, L. (2012). Structural analysis of
an elF3 subcomplex reveals conserved interactions required for a stable and
proper translation pre-initiation complex assembly. Nucleic Acids Res 40, 2294-
2311.

Hinnebusch, A.G. (2011). Molecular Mechanism of Scanning and Start Codon
Selection in Eukaryotes. Microbiology and Molecular Biology Reviews 75, 434-
467.

Hinnebusch, A.G. (2006). elF3: a versatile scaffold for translation initiation

44


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

98 complexes. Trends Biochem Sci 31, 553-562.

99 Hinnebusch, A.G. (2014). The Scanning Mechanism of Eukaryotic Translation
100 Initiation. Annu Rev Biochem 83, 779-812.

101 Hussain, T., Lldcer, J.L., Ferndndez, |I.S., Munoz, A., Martin-Marcos, P., Savva,
102 C.G., Lorsch, J.R., Hinnebusch, A.G., and Ramakrishnan, V. (2014). Structural
103 changes enable start codon recognition by the eukaryotic translation initiation
104 complex. Cell 159, 597-607.

105 Jackson, R.J., Hellen, C.U.T., and Pestova, T.V. (2010). The mechanism of
106 eukaryotic translation initiation and principles of its regulation. Nat Rev Mol Cell
107 Biol 11, 113-127.

108  Jivotovskaya, A.V., Valadsek, L., Hinnebusch, A.G., and Nielsen, K.H. (2006).
109 Eukaryotic translation initiation factor 3 (elF3) and elF2 can promote mRNA
110 binding to 40S subunits independently of elF4G in yeast. Mol Cell Biol 26,
111 1355-1372.

112 Kapp, L.D., Kolitz, S.E., and Lorsch, J.R. (2006). Yeast initiator tRNA identity
113 elements cooperate to influence multiple steps of translation initiation. Rna 12,
114 751-764.

115 Karaskova, M., Gunisova, S., Herrmannova, A., Wagner, S., Munzarova, V., and
116  Valasek, L.S. (2012). Functional Characterization of the Role of the N-terminal
117 Domain of the ¢/Nip1 Subunit of Eukaryotic Initiation Factor 3 (elF3) in AUG
118 Recognition. J Biol Chem 287, 28420-28434.

119  Khoshnevis, S., Gunisova, S., Vlékova, V., Kouba, T., Neumann, P., Beznoskova,
120 P., Ficner, R., and Valasek, L.S. (2014). Structural integrity of the PCl domain of
121 elF3a/TIF32 is required for mRNA recruitment to the 43S pre-initiation

122 complexes. Nucleic Acids Res 42, 4123-4139.

123 Kolitz, S.E., Takacs, J.E., and Lorsch, J.R. (2009). Kinetic and thermodynamic
124 analysis of the role of start codon/anticodon base pairing during eukaryotic
125 translation initiation. Rna 15, 138-152.

126 Kolupaeva, V.G., Unbehaun, A., Lomakin, I.B., Hellen, C.U.T., and Pestova, T.V.
127 (2005). Binding of eukaryotic initiation factor 3 to ribosomal 40S subunits and its
128  role in ribosomal dissociation and anti-association. Rna 11, 470-486.

129 Kouba, T., Rutkai, E., Karaskova, M., and Valasek, L.S. (2012a). The elF3c/NIP1
130  PCl domain interacts with RNA and RACK1/ASC1 and promotes assembly of
131 translation preinitiation complexes. Nucleic Acids Res 40, 2683-2699.


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

132 Kouba, T., Danyi, I., GuniSova, S., Munzarova, V., VI¢kova, V., Cuchalovi, L.,
133 Neueder, A., Milkereit, P., and Valések, L.S. (2012b). Small ribosomal protein
134  RPSO stimulates translation initiation by mediating 40S-binding of elF3 via its
135 direct contact with the elF3a/TIF32 subunit. PLoS ONE 7, e40464.

136 la Cruz, de, J., lost, I., Kressler, D., and Linder, P. (1997). The p20 and Ded1
137 proteins have antagonistic roles in elF4E-dependent translation in
138 Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 94, 5201-5206.

139 Liu, Y., Neumann, P., Kuhle, B., Monecke, T., Schell, S., Chari, A., and Ficner, R.
140 (2014). Translation Initiation Factor elF3b Contains a Nine-Bladed @-Propeller
141 and Interacts with the 40S Ribosomal Subunit. Structure 22, 923-930.

142 Llacer, J.L., Hussain, T., Marler, L., Aitken, C.E., Thakur, A., Lorsch, J.R.,

143 Hinnebusch, A.G., and Ramakrishnan, V. (2015). Conformational Differences
144 between Open and Closed States of the Eukaryotic Translation Initiation

145 Complex. Molecular Cell 59, 399-412.

146  Maag, D., Fekete, C., Gryczynski, Z., and Lorsch, J. (2005). A conformational
147 change in the eukaryotic translation preinitiation complex and release of elF1
148 signal recognition of the start codon. Mol Cell 17, 265-275.

149 Mitchell, S.F., Walker, S.E., Algire, M.A., Park, E.-H., Hinnebusch, A.G., and
150 Lorsch, J.R. (2010). The 5'-7-methylguanosine cap on eukaryotic mRNAs serves
151 both to stimulate canonical translation initiation and to block an alternative

152 pathway. Mol Cell 39, 950-962.

153 Munzarova, V., Pének, J., Gunisova, S., Dényi, |., Szamecz, B., and Valéasek, L.S.
154 (2011). Translation reinitiation relies on the interaction between elF3a/TIF32 and
155 progressively folded cis-acting mRNA elements preceding short uORFs. PLoS

156  Genet. 7, e1002137.

157 Nielsen, K.H., Valasek, L., Sykes, C., Jivotovskaya, A., and Hinnebusch, A.G.
158 (2006). Interaction of the RNP1 Motif in PRT1 with HCR1 Promotes 40S Binding
159 of Eukaryotic Initiation Factor 3 in Yeast. Mol Cell Biol 26, 2984-2998.

160 Nielsen, K.H., Szamecz, B., Valdsek, L., Jivotovskaya, A., Shin, B.-S., and
161 Hinnebusch, A.G. (2004). Functions of elF3 downstream of 48S assembly impact
162 AUG recognition and GCN4 translational control. Embo J 23, 1166-1177.

163 Olsen, D.S., Savner, E.M., Mathew, A., Zhang, F., Krishnamoorthy, T., Phan, L.,
164 and Hinnebusch, A.G. (2003). Domains of elF1A that mediate binding to elF2,
165 elF3 and elF5B and promote ternary complex recruitment in vivo. EMBO Journal
166 22, 193-204.


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

167 Pestova, T., and Kolupaeva, V. (2002). The roles of individual eukaryotic
168  translation initiation factors in ribosomal scanning and initiation codon
169  selection. Genes & Development 16, 2906-2922.

170 Phan, L., Schoenfeld, L.W., Valasek, L., Nielsen, K.H., and Hinnebusch, A.G.
171 (2001). A subcomplex of three elF3 subunits binds elF1 and elF5 and stimulates
172 ribosome binding of mMRNA and tRNA(i)Met. EMBO Journal 20, 2954-2965.

173 Phan, L., Zhang, X., Asano, K., Anderson, J., Vornlocher, H.P., Greenberg, J.R.,
174 Qin, J., and Hinnebusch, A.G. (1998). Identification of a translation initiation
175 factor 3 (elF3) core complex, conserved in yeast and mammals, that interacts
176  with elF5. Mol Cell Biol 18, 4935-4946.

177 Pisarev, A.V., Kolupaeva, V.G., Yusupov, M.M., Hellen, C.U.T., and Pestova, T.V.
178 (2008). Ribosomal position and contacts of mMRNA in eukaryotic translation
179 initiation complexes. Embo J 27, 1609-1621.

180  Simonetti, A., Brito Querido, J., Myasnikov, A.G., Mancera-Martinez, E., Renaud,
181 A., Kuhn, L., and Hashem, Y. (2016). elF3 Peripheral Subunits Rearrangement
182 after mRNA Binding and Start-Codon Recognition. Molecular Cell.

183  Siridechadilok, B., Fraser, C., Hall, R., and Doudna, J. (2005). Structural roles for
184 human translation factor elF3 in initiation of protein synthesis. Science.

185 Sonenberg, N., and Hinnebusch, A.G. (2009). Regulation of translation initiation
186  in eukaryotes: mechanisms and biological targets. Cell 136, 731-745.

187 Szamecz, B., Rutkai, E., Cuchalové, L., Munzarové, V., Herrmannovéa, A., Nielsen,
188 K.H., Burela, L., Hinnebusch, A.G., and Valéasek, L. (2008). elF3a cooperates with
189 sequences 5' of uUORF1 to promote resumption of scanning by post-termination
190  ribosomes for reinitiation on GCN4 mRNA. Genes & Development 22, 2414-

191 2425.

192 Valasek, L.S. (2012). “Ribozoomin”-translation initiation from the perspective of
193 the ribosome-bound eukaryotic initiation factors (elFs). Current Protein and
194 Peptide Science.

195  Valasek, L., Hasek, J., Nielsen, K.H., and Hinnebusch, A.G. (2001a). Dual

196 function of elF3j/Hecr1p in processing 20 S pre-rRNA and translation initiation. J
197 Biol Chem 276, 43351-43360.

198

199 Valasek, L., Nielsen, K.H., Zhang, F., Fekete, C.A., and Hinnebusch, A.G. (2004).
200 Interactions of Eukaryotic Translation Initiation Factor 3 (elF3) Subunit NIP1/c
201 with elF1 and elF5 Promote Preinitiation Complex Assembly and Regulate Start


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

202 Codon Selection. Mol Cell Biol 24, 9437-9455.

203 Valasek, L., Phan, L., Schoenfeld, L.W., Valaskova, V., and Hinnebusch, A.G.
204 (2001b). Related elF3 subunits TIF32 and HCR1 interact with an RNA recognition

205 motif in PRT1 required for elF3 integrity and ribosome binding. EMBO Journal
206 20, 891-904.

207 Valasek, L., Trachsel, H., Hasek, J., and Ruis, H. (1998). Rpg1, the

208 Saccharomyces cerevisiae homologue of the largest subunit of mammalian

209 translation initiation factor 3, is required for translational activity. J Biol Chem
210 273, 21253-21260.

211 Valdsek, L., Mathew, A.A., Shin, B.-S., Nielsen, K.H., Szamecz, B., and

212 Hinnebusch, A.G. (2003). The yeast elF3 subunits TIF32/a, NIP1/c, and elF5

213 make critical connections with the 40S ribosome in vivo. Genes & Development
214 17,786-799.

215 Valédsek, L., Nielsen, K.H., and Hinnebusch, A.G. (2002). Direct elF2-elF3 contact
216 in the multifactor complex is important for translation initiation in vivo. EMBO
217  Journal 21, 5886-5898.

218 Walker, S.E., and Fredrick, K. (2008). Preparation and evaluation of acylated
219  tRNAs. Methods 44, 81-86.

220  Walker, S.E., Zhou, F., Mitchell, S.F., Larson, V.S., Valdsek, L., Hinnebusch, A.G.,
221 and Lorsch, J.R. (2013). Yeast elF4B binds to the head of the 40S ribosomal

222 subunit and promotes mRNA recruitment through its N-terminal and internal

223 repeat domains. Rna 19, 191-207.

224  Zhang, F., Saini, A.K., Shin, B.-S., Nanda, J., and Hinnebusch, A.G. (2015).

225 Conformational changes in the P site and mRNA entry channel evoked by AUG
226 recognition in yeast translation preinitiation complexes. Nucleic Acids Res 43,
227 2293-2312.

228


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

entry channel view exit channel view

mMmRNA

elF3a NTD
Box37

RSN ) 5
W VRGNS

e ey v elF3g

ol

P BRTEIOE LD elF3b C-term GERETA S&
= Py R K
: ‘ o€ o elF3c NTD g& 'N..';g o
Box6 Tov &8 Box12-SPW SAPAGS
5 O
elF3a CTD H725p GAP®
R7311
top view elF3i
DDKK
elF1

C ‘Q258R

elF3g

elF2 ‘KLF
tRNA & elF3b C-term

elF3c NTD
elF3a CTD
AT ke 2
& 0 * . .‘Q
FoAR A Lo Aol entry channel
elF3c CTD %’)l - "‘ w?g y
exit channel t 7 ‘nm
S » -
(o elF3b

elF3a NTD %“» & /

-

: Box3?Y
Figure 1. ox3

A library of S. cerevisiae elF3 functional variants affected by mutations spanning all five essential subunits.

Three views of the cryo-EM structure of elF3 bound to the partial yeast 48S PIC in the closed conformation
(py48S-closed), as reported by Llacer, et al. The 40S subunit is shown in light grey, with resolved domains of elF3 shown
as ribbons and unresolved regions cartooned as solid or dotted lines: elF3a is shown in dark blue, elF3c and elF3b in
light blue, elF3i in maroon, and elF3g in red. The location of mutations throughout elF3 are shown colored in red and
indicated by red arrowheads; the elF3i and elF3g subunits are also depicted in red hues owing to their absence in the
a/b/c subcomplex resulting from the DDKK mutation in elF3i. The mRNA (orange), Met-tRNA, (green), elF2 (charcoal),
elF1 (pink), and elF1A (teal) are also visible in this structure. (A) View looking towards the mRNA entry channel, with the
40S intersubunit face on the right, and the solvent face on the left. (B) Opposite view looking towards the mRNA exit
channel, with the 40S intersubunit face on the left, and the solvent face on the right. (C) View of the PIC looking down at
the 40S head (as depicted in boxed schematic), showing the relative orientation of the entry- and exit-channel arms of
elF3 and its contacts on the 40S solvent face. The PIC is oriented such that the intersubunit face appears at the top,
while the solvent face appears at the bottom.
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location subunit variant putative mechanistic defects

elF3a CTD Boxé, H725P, R7311 mRNA recruitment, scanning, codon recognition
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40S binding, 43S PIC formation, mRNA recruitment
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P site elF3c NTD GAP®, Box12-SPW elF1 binding, codon recognition

Figure 1-figure supplement 1.
Putative Mechanistic defects attributed to elF3 variants.

Table describing the putative mechanistic defects attributed to each elF3 variant within our library. Variants are organized
according to their general location within the PIC (left column) and by the subunit or subunit domain (second column
from left) in which the associated mutation occurs (allelic designation in third column from left). For each variant, the
putative mechanistic defects previously identified (see text for references) are described in the final column.
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elF3 subunit Variant Mutation
H725P H725P
R7311 R731I
. Boxé Alanine substitution of
e|F3a/T|f32 ox 2| DLDTIKQV|7®
A8 N-terminal truncation of aa 1-200
Alanine substitution of
Box37 361 PTRKEMLQSI?70
prt1-1 S555F
elF3b/Prt1
mp1 Alanine substitution of "*KGFLVE"0
A60 C-terminal truncation of aa 753-813
eIF3c/Nip1 GAP® Deletion of aa 60-144
Box12-SPW K111S/K114P/K116W
Q258R Q258R
elF3i/Tif34
DDKK D207K/D224K
elF3g/Tif35 KLF K194A/L235A/F237A

Figure 1-figure supplement 2.
Specific identity of mutations in the elF3 variant library.

Table describing the specific mutations contained in our library of elF3 variants. Variants (middle
column) are organized according to the subunit of elF3 affected (left column), with the specific
identity of the mutation affecting each variant described (right column).
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Figure 2.
Mutations in the mRNA entry- or exit-channel arms of elF3 or in elF3b destabilize elF3 binding to the PIC.

(A) Binding of ternary complex containing [**S]-Met-tRNAMet to 40S ribosomal subunits in the presence of elF1, elF1A,
and WT or mutant elF3 was measured using a native gel-shift assay, which separates free [*S]-Met-tRNAiMet from that
bound to 43S PICs alone or 43S PICs containing elF3 (43SeelF3). (B) The titration of elF3 into reactions containing 43S
PICs produces a well-resolved gel-shift that monitors the binding of elF3 to the PIC. The amounts of [**S]-Met-tRNA Met
free, bound to 43S PICs, and bound to 43SeelF3 complexes were quantified and analyzed as described in Figure 2-fig-
ure supplement 1. (C) The apparent equilibrium dissociation constant (K,) of WT (blue bars) and elF3 variants (red bars)
for the PIC, both in the absence (left) and presence (right) of MRNA, obtained by fitting the data with the Hill equation
(see Figure 2—figure supplement 2B). Bars and errors represent mean and SEM, respectively (as determined by individual
fitting of each experiment), of = 2 experiments. Owing to the conditions of these assays, apparent affinities < 30 nM
likely represent upper limits.
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1. [eIF3]. = [eIF3] + [40S+elF3] + [40S-TC-elF3]
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3. [40S+elF3] =

Figure 2—figure supplement 1.
Calculating the affinity of elF3 for PICs under conditions where free 40S subunits compete for binding.

(A) Native gel electrophoresis of PICs formed in the presence of [**S]-Met-tRNA Met resolves free tRNA and all other
TC-bound species. (B) Thermodynamic cycle for the binding of both elF3 and tRNA, (as TC) to 40S (as 40SeelF1eelF1A).
At 40S concentrations near or below the dissociation constant for tRNA binding to 40S (K,), free 40S subunits compete
with 40SetRNA for elF3 such that the concentration of total elF3 is not equivalent to the concentration of free elF3
necessary to determine its affinity for 40SetRNA (K,) (C) The concentration of free elF3 ([elF3]) can be determined from
the total concentration of elF3 ([elF3],_ ) and the concentration of all other elF3-containing species. The concentration
of elF3 bound to PICs ([40SeTCeelF3]) can be determined empirically, as this species contains radiometrically-labeled
tRNA and can thus be measured. The concentration of elF3 bound to 40S subunits alone ([40SeelF3]) cannot be mea-
sured directly, but can be calculated from the measured concentrations of elF3 bound to PICs ([40SeTCeelF3]), the
concentration of free tRNA ([TC]) (both of which also contain radiometrically-labeled tRNA, and can thus also be mea-
sured empirically) , and the measured dissociation constant for the binding of tRNAI to the 40SeelF3 complex (K,). This
value can then be used, together with the measured concentrations of other elF3-bound species, to determine the
concentration of free elF3 and model the data with a Langmuir isotherm to determine K,.
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Figure 2—figure supplement 2.
Comparison of Hyperbolic and Hill equations for modeling elF3 binding to the PIC.

(A) Comparison of representative hyperbolic (grey) and Hill (red) fits obtained upon modeling the binding of either WT,
A60, or rp1 elF3 to 43S PICs. In all cases, the Hill fit more accurately models the binding data, and in the case of more
severe binding defects, such as that observed for rp1 elF3, the hyperbolic (Langmuir) fit is unable to model the data.
(B) Apparent affinities of WT (blue bars) and elF3 variants (red bars) for 43S (left) and 48S (right) PICs, as determined by
modeling binding data with a standard hyperbolic (Langmuir) binding isotherm. Bars and errors represent mean values
and SEM, respectively (as determined by individual fitting of each experiment), of = 2 experiments, with the exception of

rnp1 elF3 binding to 48S PICs (right), which could not be accurately modeled with a hyperbolic (Langmuir) binding
isotherm.
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Figure 3.

% recruited

Mutations in the mRNA entry-channel arm of elF3 or in elF3b destabilize binding of TC to the PIC.

The K, of TC (left) or maximal extent of TC recruitment (right) observed for PICs assembled either in the absence of elF3

(grey bars), or the presence of either WT (blue bars) or variant elF3 (red bars). Bars and errors represent mean and SEM,
respectively (as determined by individual fitting of each experiment), of = 2 experiments.
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Figure 4.

Mutations throughout the elF3 complex compromise its ability to accelerate recruitment of capped native RPL41A
mRNA to the PIC.

(A) mRNA recruitment reactions were quenched at appropriate time points on a running native gel to separate free
[**P]-capped RPL41A mRNA from mRNA recruited to form 48S PICs. The bands were quantified to determine the fraction
of total MRNA bound at each time point. (B) Individual time courses were fit with single-exponential rate equations to
determine the observed rate constant for each experiment. (C) The observed rates of mRNA recruitment of capped
RPL41A mRNA measured in the presence of WT (blue bar) and variants of elF3 (red bars). Bars and errors represent
mean values and SEM, respectively (as determined by individual fitting of each experiment), of = 2 experiments.
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Figure 4—figure supplement 1.

The recruitment of unstructured model mRNAs to the PIC depends on the presence of an AUG codon and 40S
subunits.

(A) Representative mRNA recruitment gel showing a recruitment time course for the noAUG unstructured model mRNA,
which lacks a start codon. (B) Comparison of mRNA recruitment gels at 120’, both in the presence and absence of elF3,
for the 5'5-AUG, 3'5-AUG, and midAUG mRNAs, all of which contain an AUG codon, and the noAUG mRNA, which lacks
a start codon. (C) mRNA recruitment gels for the 5'5-AUG (left panel) and 3'5-AUG mRNAs (right panel), showing lanes

containing reactions lacking either 40S subunits (- 40S, left lane) or elF3 (- elF3, middle lane), or in the presence of both
(+, right lane).
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Figure 4—figure supplement 2.
Comparison of the kinetics of mMRNA recruitment for WT and variant elF3 at 26 °C and 37 °C.

The apparent rates of MRNA recruitment of capped RPL41A mRNA observed in the presence of WT elF3 and elF3
variants that confer Ts- phenotypes in vivo (denoted with asterisks) as well as the boxé variant, which does not. The
observed apparent recruitment rates at either 26 °C (grey bars) or 37 °C (red bars) are shown. Bars and errors represent
mean values and SEM, respectively (as determined by individual fitting of each experiment), of = 2 experiments.
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elF3 strongly stabilizes binding of mRNA at the exit channel of the PIC in a manner dependent on the elF3a NTD.

(A) The maximal extent of mid-AUG mRNA recruited in the absence of elF3 (grey bar), or in the presence of either WT
(blue bar) or variant elF3 (red bars). The approximate location of mRNA sequences 5’ or 3’ of the AUG in the PIC (with
AUG positioned in the P site) are shown schematically on the left, indicating that both the mRNA entry and exit channels
of the PIC are fully occupied. Bars and errors represent mean and SEM, respectively, of = 2 experiments. (B) The maxi-
mal extent of 5'5-AUG mRNA recruited in the absence of elF3, or in the presence of either WT or variant elF3. As shown
on the left, 5’5 AUG mRNA programs a recruited complex in which only the mRNA entry channel is fully occupied, and
thus is sensitized to changes in that channel. (C) The maximal extent of 3'5-AUG mRNA recruited in the absence of elF3,
or in the presence of either WT or variant elF3. The 3'5-AUG programs a recruited complex in which only the mRNA exit
channel is occupied (left), and thus is sensitized to changes in that channel.
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Figure 5—figure supplement 1

Short, unstructured model mRNAs with distinct start codon positions.

Specific sequences of the unstructured model mRNAs used in this study, with the AUG start codon highlighted in red. All
model mMRNAs are 50 nucleotides in length, and primarily contain unstructured CAA repeats. Each mRNA was in-vitro
transcribed and capped as described in the materials and methods.


https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

A

C

% recruited

mRNA recruitment kinetics on
1 midAUG mRNA

under aCC-BY 4.0 International license.

80

——
—— i

60

100,

—a— - clF3
80

60
40

% recruited

40

% recruited

20

20

20 40 60 80 00

time (min.)

elF3
elF3

time (min.)

mRNA recruitment kinetics on
5’5-AUG mRNA

25

—— |

80

—— + elF3

F3

60

% recruited

40

20

5 10 15 20 25 30 35
time (min.)

mRNA recruitment kinetics on

10 3’5-AUG mRNA

40

20

60

80

—— clF3
—a—+elF3
L]
L)
L]
© 5
—e— - elF3
o 4
o
=
53
I~
%3
E 2
Xy
ole
0 10 20 30
time (min.)
0 5 10 15 20 25 30 35
time (min.)

Figure 5-figure supplement 2.

elF3 accelerates the recruitment of unstructured model
mRNAs.

Apparent mRNA recruitment kinetics observed in both the
presence (blue) and absence (red) of elF3, for the mid-AUG (A),
5'5-AUG (B), and 3'5-AUG (C) mRNAs. Extended time courses

are shown (as insets) for both the midAUG and 3'5-AUG
mRNA:s.
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Figure 5-figure supplement 3.

The mRNA recruitment extent defects observe for entry- and exit-channel variants of elF3 are not exacerbated in
the absence of the elF4 factors.

(A) The extent of 5'5-AUG mRNA recruited to the PIC in the presence of WT elF3 (black bars) and elF3 entry-channel
variants (grey, pink, and blue bars), in either the presence all factors (+), or the absence of either elF4A, elF4B, or
elF4GeE. (B) The extent of 3'5-AUG mRNA recruited to the PIC in the presence of WT (black bars) and A8 (grey bars)
elF3, in either the presence of all factors (+), or the absence of either elF4A, elF4B, or elF4GeE. (C) The extent of
511-AUG mRNA recruited to the PIC in the presence of WT elF3 (black bars) and elF3 entry-channel variants (grey, pink,
and blue bars), in either the presence of all factors (+), or the absence of either elF4A, elF4B, or elFAGeE. (D) The extent
of 3"14-AUG mRNA recruited to the PIC in the presence of WT (black bars) and A8 (grey bars) elF3, in either the pres-
ence of all factors (+), or the absence of either elF4A, elF4B, or elFAGeE.
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entry channel of the 40S subunit (grey) in the py48S PIC lacking elF3 (Hussain, et al., 2014). mRNA is visualized up to the
+12 nucleotide, where it emerges from the 40S latch composed of h34 (charcoal), h18 (blue), and uS3 (red), and projects
towards a constriction formed by uS5 (burgundy), uS3 (red), and eS30 (pink), near h16 (teal). (E) The amount of mMRNA
cross-linked to PICs in A8 cells, as a percentage of mRNA cross-linked to PICs in WT cells, determined for five mRNAs
with decreasing 5'-UTR lengths. Bars and errors represent means and SD from two independent biological replicates.
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Figure 7.
Distinct roles for the mRNA entry- and exit-channel arms of elF3.

A proposed model for the roles of the elF3 entry- and exit-channel arms during translation initiation. The py48S-closed
complex (Llacer, et al., 2015) is shown from above (boxed schematic), looking down at the head of the 40S (light grey),
with the solvent face at the bottom, and the intersubunit face at the top where Met-tRNA, (green), elF2 (dark grey), elF1
(pink), and elF1A (teal) are bound near the decoding center. elF3 is shown in blue, with areas of interest highlighted in
red or denoted with red asterisks; resolved regions of elF3 are depicted as ribbons, with unresolved regions cartooned
as solid or dashed lines. The mRNA is cartooned in orange, entering the PIC though the entry channel at right, and
exiting at the pore near the platform at left. Our results suggest that the elF3 exit-channel arm, and specifically the elF3a
NTD (A8 deletion shown in red), is critical for stabilizing mRNA binding to the PIC at the exit channel, whereas the elF3a
CTD (unresolved regions appear as solid blue line; H725P, R731l, and boxé mutations depicted by asterisks) and elF3i/g
(red) enhance the stability of mRNA interactions at the entry-channel. The entry-channel arm and its attachment to the
solvent face via elF3b (unresolved regions appear as dashed blue line, prt1-1 and rnp1 mutations depicted by asterisks)
is also important for stabilizing TC binding to the PIC and promoting steps that control the kinetics of mRNA recruit-
ment, perhaps as a function of modulating the 40S latch.
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Supplementary Materials and methods™
Yeast strain constructions

A list of all strains used throughout this study can be found in Table S1.

To create PBH57 (prb1A pep4A tif34A YEp-TIF34) and PBH42 (prb1A pep4A tif35A
YEp-TIF35), LEU2-based covering plasmids YEp111-MET-TIF34-L and YEp111-MET-TIF35-L,
expressing TIF34 or TIF35 under the control of the methionine promoter, respectively, were
first introduced into strain BJ5465 (prb1A pep4A) strain using the lithium acetate yeast
transformation protocol (Gietz and Woods, 2002). The resulting transformants were first
selected on SC media lacking leucine and methionine. Positively scoring clones were
subsequently  transformed  with  the  tif34A::hisG::URA3::hisG  (pTZ-tif34A)  and
tif35A::hisG::URA3::hisG (B444) disruption cassettes, respectively, to delete a gene
encoding a given elF3 subunit. The Ura® colonies were selected on SC-URA plates and the
uracil auxothrophy was subsequently regained by growing the transformants on medium
containing 5-fluoroorotic acid (5-FOA). Successful completion of these genetic
manipulations was verified by growing the resulting strains, auxotrophic for uracil, on plates
supplemented with or lacking methionine. Only those cells where a chromosomal allele
encoding a given elF3 subunit was deleted, failed to grow on media containing methionine.
Thus generated and verified strains were finally transformed with YEp-TIF34 and YEp-TIF35
and the leucine auxotrophy (a loss of the original covering plasmids YEp111-MET-TIF34-L
and YEp111-MET-TIF35-L, respectively) was regained by growing the cells in liquid media
containing leucine for several rounds of exponential growth and selecting for clones that
grew in the absence of uracil but not in the absence of leucine in the media. The resulting
strains were named PBH57 (prb1A pep4A tif34A YEp-TIF34) and PBH42 (prb1A pep4A
tif35A YEp-TIF35).

To create PBH44 (prb1A pep4A prt1A YEpPRT1-U) and PBH56 (prbo 1A pep4A nip1A
YEpNIP1-His-U), TRPT1-based covering plasmids YCpAH-MET-PRT1-W and YCpMJ-MET-
NIP1-W, expressing PRT1 and NIPT under the control of the methionine promoter,
respectively, were first introduced into the BJ5465 (prb1A pep4A) strain using the LiAc yeast
transformation protocol. The resulting transformants were first selected on SC media lacking
tryptophan and methionine. Positively scoring clones were subsequently transformed with
the prt1A::hisG::URA3::hisG (B3289) and nip1A::hisG::URA3::hisG (pLV10) disruption
cassettes, respectively, to delete a gene of a given elF3 subunit. The URA+ colonies were
selected on SC-URA plates and the uracil auxothrophy was subsequently regained by
growing the transformants on 5-FOA containing plates. Successful completion of these
genetic manipulations was verified by growing the resulting strains, auxotrophic for uracil,

on plates supplemented with or lacking methionine. Only those cells where a chromosomal
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allele of a given elF3 subunit wdS"eEHBRLEN) UIEI%! 15558 to grow on media containing
methionine. Thus generated and verified strains were finally transformed with YEpPRT1-U
and YEpNIP1-His-U and the tryptophan auxotrophy (a loss of the original covering plasmids
YCpAH-MET-PRT1-W and YCpMJ-MET-NIP1-W, respectively) was regained by growing the
cells in liquid media containing tryptophan for several rounds of exponential growth and
selecting for those clones that did grow in the absence of uracil but not in the absence of
tryptophan in the media. The resulting strains were named PBH44 (prb1A pep4A prt1A
YEpPRT1-U) and PBH56 (prb 1A pep4A nip1A YEpNIP1-His-U).

To produce PBH65, PBH66 and PBH67 overexpressing all elF3 subunits, PBH56
(prb1A pep4A nip1A YEpNIP1-His-U) was first subjected to double transformation with
YEpPRT1-His-TIF34-TIF35-W/YEpTIF32-nip1-A60-L, YEpPRT1-His-TIF34-TIF35-
W/Yep3TIF32-nip_GAP85-L or YEpPRT1-His-TIF34-TIF35-W/Yep3TIF32-nip_Box12-SPW-L,
respectively. The resulting double transformants were selected on SC-LEU-TRP but +URA to
minimize the number of revertants generated during this procedure for unknown reasons.
The resident URA3-based YEpNIP1-His-U plasmid carrying was contra-selected against on
SC plates containing 5-FOA.

To produce PBH54 and PBHS55 overexpressing all elF3 subunits, PBH44 (prb1A
pep4A prt1A YEpPRT1-U) was first subjected to double transformation with YEpprt1-rnp1-
His-TIF34-TIF35-W/YEpTIF32-NIP1-L or with YEpprt1-1-His-TIF34-TIF35-W / YEpTIF32-NIP1-
L, respectively. The resulting double transformants were selected on SC-LEU-TRP but +URA
to minimize the number of revertants. The resident URA3-based YEpPRT1-U plasmid
carrying was contra-selected against on SC plates containing 5-FOA.

To produce PBH51 and PBH143 overexpressing all elF3 subunits, WLCY12 (prb1A
pep4A tif32A YCpTIF32-His-U) was first subjected to double transformation with YEpPRT1-
His-TIF34-TIF35-W/YEptif32-A8-NIP1-L or YEpPRT1-His-TIF34-TIF35-W/Yep3tif32_BOX37-
NIP-L, respectively. The resulting double transformants were selected on SC-LEU-TRP but
+URA to minimize the number of revertants. The resident URA3-based YCpTIF32-His-U
plasmid carrying was contra-selected against on SC plates containing 5-FOA.

To produce PBH71 and PBH73 overexpressing all elF3 subunits, PBH57 (prb1A
pep4A tif34A YEp-TIF34) was first subjected to double transformation with YEpPRT1-His-
tif34_DDKK-TIF35-W/YEpTIF32-NIP1-L or with YEpPRT1-His-tif34_Q258R-TIF35-
W/YEpTIF32-NIP1-L, respectively. The resulting double transformants were selected on SC-
LEU-TRP but +URA to minimize the number of revertants. The resident URA3-based YEp-
TIF34 plasmid carrying was contra-selected against on SC plates containing 5-FOA.

To produce PBH76 overexpressing all elF3 subunits, PBH42 (prb1A pep4A tif35A
YEp-TIF35) was first subjected to double transformation with YEpPRT 1-His-TIF34-tif35_KLF-
W/YEpTIF32-NIP1-L. The resulting double transformants were selected on SC-LEU-TRP but
+URA to minimize the number of revertants. The resident URA3-based YEp-TIF35 plasmid

carrying was contra-selected against on SC plates containing 5-FOA.
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To create strains WLCY114AY S EY 1 578148LG Y cient yeast strains BJ5464
(MATa ura3-52 trp1 leu2-A1 his3-A200 pep4::HIS3 prb1-A1.6R can1 GAL*) and BJ5465
(MATa ura3-52 trp1 leu2- A1 his3-A200 pep4::HIS3 prb1-A1.6 can1 GAL") were each
transformed with single-copy (sc) plasmid p3908/YCpTIF32-His-U (TIF32 URA3),
respectively, and then with a PCR fragment containing the tif32A::KanMX4 allele amplified
from the appropriate deletion mutant from the Saccharomyces Genome Deletion Project
(Giaever et al., 2002), purchased from Research Genetics, selecting for resistance to G418.

WLCY12 was transformed with high-copy (hc) plasmid p3127/yEp-PRT 1His-TIF34HA-
TIF35FL-Leu (PRT1-His TIF34-HA TIF35-FLAG LEU2) to create strain WLCY13.

To create strains WLCY14 to WLCY17, WLCY11 was transformed with pWCB23,
pWCB24, pWCB25, and pWCB26, respectively, and the resident TIF32/NIP1/URA3 plasmid
was evicted on medium containing 5-fluoro-orotic acid (5-FOA).

To generate yeast strains WLCY18 to WLCY21 for over-expressing elF3 subunits,
haploid strains WLCY14 to WLCY17 were mated to WLCY13, selecting for diploids on SC-
LWU plates, and the resident TIF32/NIP1/URA3 plasmid was evicted using 5-FOA.

Plasmid constructions

A list of all the plasmids and PCR primers used throughout this study can be found in Tables
S2 and S3, respectively.

To insert the coding sequences for the 8xHis tag into the overexpressing vector
YEpPRT1-TIF34-TIF35-U, the fusion PCR was performed using the following pairs of primers
PRT1-Spel - PRT1-8xHis-Pstl-R and PRT1-8xHis-F — PRT1-Sphl-R, with YEpPRT1-TIF34-TIF35-
U as a template. The PCR products thus obtained were used in a 1:1 ratio as templates for a
third PCR ampilification with primers PRT1-Spel and PRT1-Sphl-R. The resulting PCR product
was digested with Spel-Sphl and inserted into Spel-Sphl-digested YEpPRT1-TIF34-TIF35-U
producing YEpPRT 1-His-TIF34-TIF35-U.

To produce YEpPRT1-His-TIF34-TIF35-W, URA3 was replaced by TRPT by cutting
YEpPRT1-His-TIF34-TIF35-U with Ahdl-Sacl and replacing the ~4-kb fragment with the ~3.7-
kb long Ahdl-Sacl-digested fragment from YEp112.

YEpTIF32-NIP1-L was generated by PCR using primers MJRNIP1Sal-Xba and NIP1-
noHis-BamHI-R, and YEpTIF32-NIP1-His-L as a template. The resulting PCR product was
digested with Xbal-BamHI and inserted into Xbal-BamHI cleaved YEpTIF32-NIP1-His-L to
produce YEpTIF32-NIP1-L.

YEpTIF32-nip1-A60-L was generated by PCR using primers MJRNIP1Sal-Xba and
PBNIPD60-BamHI-R, and YEpTIF32-NIP1-L as a template. The resulting PCR product was
digested with Xbal-BamHI and inserted into Xbal-BamHI cleaved YEpTIF32-NIP1-L.
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YEpprt1-1-His-TIF34-TIF38M %755y &RUPSIEBY I BER using primers PRT1-Spel and
PRT1-8xHis-Pstl-R, and pLPY202 as a template. The resulting PCR product was digested
with Spel-Pstl and inserted into Spel-Pstl cleaved YEpPRT 1-His-TIF34-TIF35-W.

To produce YEpprtl-rnp1-His-TIF34-TIF35-W, ~2.3-kb fragment digested from
p4473 with Spel-Ahdl was inserted into Spel-Ahdl cleaved YEpPRT1-His-TIF34-TIF35-W.

To produce YEptif32-A8-NIP1-L, ~3.2-kb fragment digested from YEptif32-A8-NIP1-
His-L with Mscl-Pstl was inserted into Mscl-Pstl cleaved YEpTIF32-NIP1-L

To produce Yep3tif32_BOX37-NIP-L, fragment digested from YCp-a/tif32-Box37-H
with Mscl-Bsgl was inserted into Mscl-Bsgl cleaved YEpTIF32-NIP1-L.

To produce Yep3TIF32-nip_GAP85-L, fragment digested from YCpNIP1-GAP85 with
Scal-Xbal was inserted into Scal-Xbal cleaved YEpTIF32-NIP1-L.

To produce YEp3TIF32-nip_Box12-SPW-L, fragment digested from YCpNIP1-Box12-
SPW with Scal-Xbal was inserted into Scal-Xbal cleaved YEpTIF32-NIP1-L.

YEpPRT1-His-tif34_Q258R-TIF35-W was generated by PCR using primers
PBTIF34Sacl and TIF34-Smal-R, and YCpL-i/tif34-HA-3 as a template. The resulting PCR
product was digested with Smal-Sacl and inserted into Smal-Sacl cleaved YEpPRT1-His-
TIF34-TIF35-W.

YEpPRT1-His-tif34_DDKK-TIF35-W was generated by PCR using primers PBTIF34Sacl
and TIF34-Smal-R, and YCp-i/TIF34-D207K-D224K-HA as a template. The resulting PCR
product was digested with Smal-Sacl and inserted into Smal-Sacl cleaved YEpPRT1-His-
TIF34-TIF35-W.

YEpPRT1-His-TIF34-tif35_KLF-W was generated by PCR using primers TIF35-Sphl
and TIF35-Smal-R, and YCp22-g/TIF35-KLF as a template. The resulting PCR product was
digested with Smal-Sphl and inserted into Smal-Sphl cleaved YEpPRT1-His-TIF34-TIF35-W.

YCpAH-MET-PRT1-W was generated by PCR using primers AH-PRT1-Sall and AH-
PRT1-Hindlll-R, and pGAD-PRT1 as a template. The resulting PCR product was digested
with Sall-BamHI and inserted into Sall-BamH| cleaved YCplac22MET-W.

To produce YEp111-MET-TIF35-L, fragment containing TIF35 digested from pGAD-
TIF35 with BamHI-Pstl and fragment containing MET3 promotor digested from YCpLV06
with BamHI-EcoRI were inserted into Pstl-EcoRI cleaved YCplac111.

YEp111-MET-TIF34-L was generated by PCR using primers AH-PRT1-Sall and AH-
PRT1-Hindlll-R, and pGAD-TIF34 as a template. The resulting PCR product was digested
with BamHI-Pstl and inserted into BamHI-Pstl cleaved YEp111-MET-TIF35-L.

YEpPRT1-U was created by inserting the Hindlll-Pstl digested PCR product obtained
with primers LVPRT1-5" and LVPRT1-3'R using genomic DNA obtained from yeast strain
BY4741 as template into Hindlll-Pstl digested YEplac195.

YEpPRT1-TIF35-U was created by inserting the Sphl-Sall digested PCR product
obtained with primers LVTIF35-5" and LVTIF35-3'R using genomic DNA obtained from yeast
strain BY4741 as template into Sphl-Sall digested YEpPRT1-U.
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YEpPRT1-TIF34-TIF35-U W48 AfeBYet? "By ai0aifRge the Smal-Sacl digested PCR
product obtained with primers LVTIF34-5" and LVTIF34-3'R using genomic DNA obtained
from yeast strain BY4741 as template into Smal-Sacl digested YEpPRT1-TIF35-U.

To produce YEpTIF32-NIP1-His-L, 4.7kbp-fragment containing TIF32 digested from
p3131 with Sacl-Pstl was inserted into Sacl-Pstl cleaved YEpNIP1-His-L.

To produce YEptif32-A8-NIP1-His-L, fragment digested from pRSTIF32-A8-His with
Mscl-Pstl was inserted into Mscl-Pstl cleaved YEpTIF32-NIP1-His-L.

pWCB27, pWCB28, pWCB29 were made by inserting the Pstl-Mscl fragments from
pWLCBO1, p4577, and pRS-a/tif32-box6-His-L, respectively, into p3131 digested with Pstl
and Mscl. Because Pstl cuts in the middle of tif32-boxé, intact ORF DNA was obtained by
partial digestion of pRS-a/tif32-box6-His-L.

pWCB23, pWCB24, pWCB25, and pWCB26, containing TRP1, were generated from
p3131, pWCB27, pWCB28, pWCB29 by using the marker swap plasmid pUT11.

Table S1. Yeast strains used in this study.

Strain Genotype Source or reference
BY4741 MATa his3A0 leu2A0 met15A0 ura3A0 (Brachmann et al., 1998)
BJ5465 MATa ura3-52 trp1 leu2- A1 his3-A200 Elizabeth Jones

pep4::HIS3 prb1-A1.6 can1 GAL?)

WLCY12 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 prb1-A1.6 can1 GAL*
tif32A::kanMX4 p3908 sc[TIF32, NIP1, URA3]

PBH42 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 TIF35-del
GAL+ (YEp-TIF35)

PBH44 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 prt1-del GAL+
(YEpPRT1-U)

PBH51 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 GAL+
tif32del::KanMX4 (YEpPRT1-His-TIF34-TIF35-
W, YEptif32-A8-NIP1-L)

PBH143 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
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pep4::HIS3 prb 1RY&IFER LI Rpnal ficense.
tif32del::KanMX4 (YEpPRT1-His-TIF34-TIF35-
W, Yep3tif32_BOX37-NIP-L)

PBH54 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 prt1-del GAL+
(YEpprt1-rnp1-His-TIF34-TIF35-W, YEpTIF32-
NIP1-L)

PBH55 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 prt1-del GAL+
(YEpprt1-1-His-TIF34-TIF35-W, YEpTIF32-
NIP1-L)

PBH56 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 nip1-del GAL+
(YEpNIP1-His-U)

PBH57 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 tif34-del GAL+
(YEp-TIF34)

PBH65 MATa ura3-52 trp1 leu2-del1 his3-del200 This study

pep4::HIS3 prb1-del1.6R can1 nip1-del GAL+
(YEpPRT1-His-TIF34-TIF35-W, YEpTIF32-nip1-
A60-L)

PBH66 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 nip1-del GAL+
(YEpPRT1-His-TIF34-TIF35-W, Yep3TIF32-
nip_GAP85-L)

PBH67 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 nip1-del GAL+
(YEpPRT1-His-TIF34-TIF35-W, Yep3TIF32-
nip_Box12-SPW-L)

PBH71 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 tif34-del GAL+
(YEpPRT1-His-tif34_DDKK-TIF35-W,
YEpTIF32-NIP1-L)

PBH73 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
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pep4::HIS3 prb 1RY&1FER ESPTH3H G2 "eSRE+
(YEpPRT1-His-tif34_Q258R-TIF35-W,
YEpTIF32-NIP1-L)

PBH76 MATa ura3-52 trp1 leu2-del1 his3-del200 This study
pep4::HIS3 prb1-del1.6R can1 TIF35-del
GAL+ (YEpPRT1-His-TIF34-tif35_KLF-W,
YEpTIF32-NIP1-L)

WLCY11 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 prb1-A1.6R can1 GAL*
tif32A::kanMX4 p3908 sc[TIF32, NIP1, URA3]

WLCY13 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 pro1-A1.6 can1 GAL*
tif32A::kanMX4 p3908 sc[TIF32, NIP1, URA3]
p3127 hc[PRT1-His, TIF34-HA, TIF35-FLAG,
LEUZ2]

WLCY14 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 prb1-A1.6R can1 GAL*
tif32A::kanMX4 05237 hc[TIF32, NIP1, TRP1]

WLCY15 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 prb1-A1.6R can1 GAL*
tif32A::kanMX4 05238 hcl[tif32-H725P, NIP1,
TRP1]

WLCY16 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 prb1-A1.6R can1 GAL*
tif32A::kanMX4 p5239 hcltif32-R7311, NIP1,
TRP1]

WLCY17 MATa ura3-52 trp1 leu2-A1 his3-A200 This study
pep4::HIS3 prb1-A1.6R can1 GAL*
tif32A::kanMX4 p5240 hcl[tif32-boxé, NIP1,
TRP1]

WLCY18 MATa/MATa ura3-52/ura3-52 trp1/trp1 leu2- | This study
A1/leu2-A1 his3-A200/his3-A200
pep4::HIS3/pep4::HIS3 prb1-A1.6R/prb1-
AT.6R can1/can1 GAL"/GAL*
tif32A::kanMX4/tif32A::kanMX p5237
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hcTIF32, NIP1, TREABET27 REPRI P AFE)Se
TIF34-HA, TIF35-FLAG, LEUZ]

WLCY19 MATa/MATa ura3-52/ura3-52 trp1/trp1 leu2- | This study
A1/leu2-A1 his3-A200/his3-A200
pep4::HIS3/pep4::HIS3 prb1-A1.6R/prb1-
AT.6R can1/can1 GAL"/GAL*
tif32A::kanMX4/tif32A::kanMX p5238 hc[tif32-
H725P, NIP1, TRP1] p3127 hc[PRT1-His,
TIF34-HA, TIF35-FLAG, LEUZ]

WLCY20 MATa/MATa ura3-52/ura3-52 trp1/trp1 leu2- | This study
A1/leu2-A1 his3-A200/his3-A200
pep4::HIS3/pep4::HIS3 prb1-A1.6R/prb1-
AT.6R can1/can1 GAL"/GAL*
tif32A::kanMX4/tif32A::kanMX p5239 hc[tif32-
R7311, NIP1, TRP1] p3127 hc[PRT1-His,
TIF34-HA, TIF35-FLAG, LEUZ]

WLCY21 MATa/MATa ura3-52/ura3-52 trp1/trp1 leu2- | This study
A1/leu2-A1 his3-A200/his3-A200
pep4::HIS3/pep4::HIS3 prb1-A1.6R/prb1-
AT.6R can1/can1 GAL"/GAL*
tif32A::kanMX4/tif32AA::kanMX p5240 hc[tif32-
boxé, NIP1, TRP1] p3127 hc[PRT1-His, TIF34-
HA, TIF35-FLAG, LEUZ]



https://doi.org/10.1101/072702
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/072702; this version posted September 1, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

H . CC-BY 4.0 Int tional li ]
Table S2. Plasmids used i this studfyemaen teenee

tif35A::hisG::URA3::hisG disruption
cassette

Plasmid Description Source of reference
pLV10 hc vector containing (Valasek et al., 2004)
nip1A::hisG::URA3::hisG disruption
cassette
p4473 (pRS315-prt1- | Ic LEUZ vector containing prt1-rnp1-His (Nielsen et al., 2006)
rmp1-His)
pTZ-tif34A hc vector containing (Asano et al., 1998)
tif34A::hisG::URA3::hisG disruption
cassette
B3289 hc vector containing (Nielsen et al., 2004)
prt1A::hisG::URA3::hisG disruption
cassette
B444 hc vector containing (Cuchalova et al.,

2010)

YCpMJ-MET-NIP1-W

sc TRP1 vector containing NIPT under
MET3 promotor

(Karaskova et al.,
2012)

YCpAH-MET-PRT1-W

sc TRP1 vector containing PRT1 under
MET3 promotor

This study

pPGAD-PRT1 PRT1 ORF cloned into pGAD424 (Asano et al., 1998)

YCplac22MET-W sc cloning vector with conditional MET3 | K. Nasmyth
promoter, TRP1 plasmid from YCplac22

pLPY202 lc URA3 vector containing prt1-1-His (Phan et al., 2001)

YEp112 hc TRP1 vector (Gietz and Sugino,

1988)

YEp111-MET-TIF34-L

hc LEUZ2 vector containing TIF34 under
MET3 promotor

This study

pGAD-TIF34 TIF34 ORF cloned into pGAD424 (Asano et al., 1998)
YCpLV06 sc LEUZ2 vector containing TIF32 under | (Kovarik et al., 1998)
MET3 promotor
YCplac111 sc LEUZ2 vector (Gietz and Sugino,
1988)
pPGAD-TIF35 TIF35 ORF cloned into pGAD424 (Asano et al., 1998)

YEp111-MET-TIF35-L

hc LEUZ2 vector containing TIF35 under
MET3 promotor

This study

YEpNIP1-His-U

hc URA3 vector containing NIP1-His

(Valasek et al., 2002)

YEpprt1-1-His-TIF34-
TIF35-W

hc TRP1 vector containing prt1-1-His,
TIF34 and TIF35

This study

TIF35-U

TIF34 and TIF35

YEpPRT1-His-TIF34- hc TRP1 vector containing PRT1-His, TIF34 | This study
TIF35-W and TIF35

YEpprt1-mp1-His- hc TRP1 vector containing prt1-rnp1-His, | This study
TIF34-TIF35-W TIF34 and TIF35

YEpPRT1-His-TIF34- hc URA3 vector containing PRT1-His, | This study
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NIP1-His

YEpPRT1-U hc URA3WEERSHES IR eRreense: This study
YEplac195 hc URA3 vector (Gietz and Sugino,
1988)
YEpPRT1-TIF35-U hc URA3 vector containing PRT1 and | This study
TIF35

YEpPRT1-TIF34-TIF35- | hc URA3 vector containing PRT1, TIF34 | This study

U and TIF35

YEpTIF32-NIP1-L hc LEUZ2 vector containing TIF32 and NIP1 | This study
YEpTIF32-NIP1-His-L | hc LEU2 vector containing TIF32 and | This study

YEpNIP1-His-L

hc LEUZ2 vector containing NIP1-His

(Valasek et al., 2002)

YEpTIF32-nip1-A60-L

hc LEUZ vector containing TIF32 and NIP1
truncated by 60 amino acid residues in its
CTD

This study

YEptif32-A8-NIP1-His-
L

hc LEUZ2 vector containing TIF32 with the
deletion of first 200aa and NIP1-His

This study

PRSTIF32-A8-His

lc TIF32-A8-His[200-964], LEUZ2 plasmid
from pRS315

(Valasek et al., 2002)

YEptif32-A8-NIP1-L

hc LEU2 vector containing TIF32
truncated by 200 amino acid residues in

its NTD and NIP1

This study

YEp-TIF34

hc URA3 vector containing TIF34

(Asano et al., 1998)

YEp-TIF35

hc URA3 vector containing TIF35

(Asano et al., 1998)

Yep3tif32_BOX37-
NIP-L

hc LEUZ2 vector containing TIF32 with ten
alanine substitution in its NTD and NIP1

This study

YCp-a/tif32-Box37-H

Single copy tif32-Box37-His in LEUZ2
plasmid, from YCplac111

(Khoshnevis et al.,
2014)

YEp3TIF32-
nip_Box12-SPW-L

hc LEUZ vector containing TIF32 and
NIP1 containing K113S/K116P/K118W
substitutions in Box12

This study

YCpNIP1-Box12-SPW

Single copy NIP1-His containing

(Karaskova et al.,

(Val®®- Asn'#%)

K113S/K116P/K118W substitutions in 2012)
Box12; LEUZ2 plasmid from YCplac111
Yep3TIF32- hc LEU2 vector containing TIF32 and | This study
nip_GAP85-L NIP1 containing deletion of 85 residues

YCpNIP1-GAP85

Single copy NIP1-His containing deletion
of 85 residues (Val®®- Asn'); LEU2 plasmid
from YCplac111

{Karaskova:2012ce}

YEpPRT1-His-
tif34_Q258R-TIF35-W

hc TRP1 vector containing PRT1-His, tif34-
Q258R and TIF35

This study

tif34_DDKK-TIF35-W

containing D207K and D224K mutations

YCpL-i/tif34-HA-3 single copy tif34-HA-Q258R in | (Cuchalova et al,,
LEUZ plasmid from YCplac111 2010)
YEpPRT1-His- hc TRP1 vector containing PRT1-His, TIF34 | This study
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YCp-i/TIF34-D207K-
D224K-HA

single copy TIF34-HA containing D207K
and D224K mutations in LEU2 plasmid
from YCplac111

(Herrmannovéa et al.,
2012)

YEpPRT1-His-TIF34-
tif35_KLF-W

hc TRP1 vector containing PRT1-His, TIF34
and tif35-KLF

This study

YCp22-g/TIF35-KLF

Single copy TIF35-KLF-His inTRP1 plasmid

(Cuchalova et al.,

(pRS-a/tif32-R7311-His-
L)

pRS315

from YCplac22 2010)

pWCB27 hc NIP1, tif32-H725P, URA3 plasmid, from | This study
YEplac195

pWCB28 hc NIP1, tif32-R7311, URA3 plasmid, from | This study
YEplac195

pWCB29 hc NIP1, tif32-box6, URA3 plasmid, from This study
YEplac195

pWLCBO1 tif32-H725P-His in Ic LEU2 plasmid, from (Chiu et al., 2010)
pRS315

p4577 tif32-R7311-His in lc LEU2 plasmid, from (Chiu et al., 2010)

pRS-a/tif32-box6é-His-L

tit32-box6-His in lc LEU2 plasmid, from
pRS315

(Chiu et al., 2010)

p3131
TIF32)

(pLPY-NIP1-

hc NIP1, TIF32, URA3 plasmid, from
YEplac195

(Phan et al., 2001)

p3908 (YCp-a/TIF32-
His-U)

sc TIF32-His URA3 plasmid

(Valasek et al., 2003)

(pLPY-PRT1His-
TIF34HA-TIF35FL-Leu)

plasmid from YEplac 181

pWCB23 hc NIP1, TIF32, TRP1 plasmid, from This study
YEplac195

pWCB24 hc NIP1, tif32-H725P, TRP1 plasmid, from | This study
YEplac195

pWCB25 hc NIP1, tif32-R7311, TRP1 plasmid, from | This study
YEplac195

pWCB26 hc NIP1, tif32-box6, TRP1 plasmid, from This study
YEplac195

pUT11 URA3 to TRP1 marker swap plasmid (Cross, 1997)

p3127 hc PRT1-His, TIF34-HA, TIF35-FLAG, LEU2 | (Phan et al., 2001)

Table S3. Primers used in this study.

Primer name

Primer sequence (5to 3)

MJNIP1Sal-Xba

AGCAAAGAGTCAAGAAAGTTTCTA

NIP1-noHis-BamHI-R

TTATTGGATCCTCAACGACGATTTGATGGTGGGTTAAGACG
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NIP1-noHis-BamHI-R | TTATTEBEX e T CRAEENeE PP GATGGTGGGTTAAGACG

PBNIPD60-BamHI-R CCCCGGATCCTCACACCTTATTTTCTGGAAGATC

PRT1-8xHis-F ATTTCATGAACTTACGGGCTTGTATGTAAA

PRT1-8xHis-Pstl-R TTTACATACAAGCCCGTAAGTTCATGAAATCTGCAGTTAGTGG
TGGTGGTGGTGGTGGTGGTGTTCGACCTTTTCCTTTGTTTCTT
CCAAAAC

PRT1-Spel GACGTGAAGACTAGTGTGTTC

PRT1-Sphl-R TGCGTCTACTTGTGCATGCAT

PBTIF34Sacl AGTGAATTCGAGCTCCTTATTCAGCGG

TIF34-Smal-R TTATTCCCGGGTTAATTAGCTTCTTGCATGTGCTC

TIF35-Sphl AATAAGCATGCACAAGTAGACGCACCTAAAAG

TIF35-Smal-R TTATTCCCGGGCTATTCCTTAACCTTAGGTTTGGA

AH-PRT1-Sall ATATATGTCGACATGACTACCGAGACTTTCGAA

AH-PRT1-HindIlI-R GTCCAAAGCTTCTGAATAAGCCCT

OJ-TIF34 ATTCGGATCCATATGAAGGCTATCAAATTAACAGGT

OJ-TIF34-R ATCTCTGCAGTTAATTAGCTTCTTGCATGTGCTCTTT

LVPRT1-5' AATAAAAGCTTAGGGCGATCTGCTACAGGAAGCTA

LVPRT1-3'R AATAACTGCAGGCATGCATACAAAGATAATAGAGCCTATT

LVTIF35-5' AATAAGCATGCACAAGTAGACGCACCTAAAAGTCC

LVTIF35-3'R AATAAGTCGACACATATTCACGACAGCCTCTGAGC

LVTIF34-5' AATAAGAGCTCAAACTCGAGGAGCTGATAAAACCCTACACTA
CGGTGTAA

LVTIF34-3'R CGCCTATGCCCGGGAACTGCATAC
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