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SUMMARY

Eukaryotic initiation factor 3 (elF3), an essential multi-protein complex involved in translation
initiation, is composed of 12 tightly associated subunits in humans. While the overall structure of
elF3 is known, the mechanism of its assembly and structural consequences of dysregulation of
elF3 subunit expression seen in many cancers is largely unknown. Here we show that subunits in
elF3 assemble into elF3 in an interdependent manner. Assembly of elF3 is governed primarily by
formation of a helical bundle, composed of helices extending C-terminally from PCI-MPN
domains in eight subunits. We propose that, while the minimal subcomplex of human-like elF3
functional for translation initiation in cells consists of subunits a, b, c, f, g, i, and m, numerous
other elF3 subcomplexes exist under circumstances of subunit over- or underexpression. Thus,
elF3 subcomplexes formed or “released” due to dysregulated subunit expression may be
determining factors contributing to elF3-related cancers.
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INTRODUCTION

Regulating protein synthesis in eukaryotes occurs predominantly during translation
initiation. Translational regulation is linked to many cellular processes including
metabolism, proliferation, differentiation, and cell fate, and has been implicated in a number
of diseases (Hershey, 2015; Hinnebusch, 2015). Translation initiation in eukaryotes is
controlled by a number of eukaryotic initiation factors (elFs), which are important for
general translation (Hershey, 2010), but that can also regulate specific transcripts (Cao et al.,
2015; Lee et al., 2015; Meyer et al., 2015; Pelletier et al., 2015; Wang et al., 2015; Zhou et
al., 2015). In humans, elF3 is the largest elF and consists of 13 non-identical protein
subunits named elF3a to elF3m (Damoc et al., 2007). Most other multicellular eukaroytes
such as the filamentous fungus Neurospora crassa also have elF3 complexes structurally and
compositionally similar to that in humans (Smith et al., 2013).

During cap-dependent translation, elF3 functions as a structural scaffold for other elFs and
is crucial in the formation of the translation preinitiation complex (Hinnebusch, 2014).
Similarly, elF3 is required for hepatitis C viral genomic RNA recruitment to the small
ribosomal subunit during viral internal ribosome entry site (IRES)-dependent translation
initiation (Fraser and Doudna, 2007; Gilbert, 2010; Hinnebusch, 2006; Lopez-Lastra et al.,
2005). We recently found that elF3 can bind directly to the 5 UTRs of a number of mRNAs
to activate or repress their translation (Lee et al., 2015). In addition, elF3 may regulate
translation of specific mMRNAs during stress, mediated through binding of méA
modifications (Meyer et al., 2015; Wang et al., 2015).

In zebrafish and worms, knocking down certain elF3 subunits results in specific
developmental defects likely due to translational regulation of developmentally related
MRNAs (Choudhuri et al., 2013; Curran and Ruvkun, 2007; Desai and Horvitz, 1989). A
number of studies have linked the overexpression, truncation, or downregulation of elF3
subunits to various cancers (Hershey, 2015), also suggesting that certain elF3 subunits have
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direct functions in modulating cellular mechanisms such as cell fate. Despite the large body
of evidence linking elF3 subunit regulation to development, cancer, and disease, the
consequences of misregulated elF3 subunit expression on the overall structure and
composition of elF3, translation, and other cellular processes has not been examined.

The structural core of elF3 is composed of eight subunits, six containing PCI (elF3a, c, e, Kk,
I, and m) and two containing MPN (elF3f and h) domains, similar to the COP9 signalosome
(CSN) and proteasome lid complexes (Querol-Audi et al., 2013). Structures of all three
complexes show a helical bundle consisting of helices located C-terminal of the PCI-MPN
domains (Beck et al., 2012; des Georges et al., 2015; Lander et al., 2012; Lingaraju et al.,
2014). The contribution of these C-terminal helices to the assembly of the proteasome lid
has been studied previously (Estrin et al., 2013). Although the overall structure of the
proteasome lid and CSN are very similar, their proposed assembly pathways are distinct
(Meister et al., 2015). Expression of recombinant human elF3 in Escherichia colirequires all
eight of the PCI-MPN-containing subunits, suggesting that the formation of the helical
bundle is essential for elF3 assembly and may be similar to either the proteasome lid or CSN
(Sun et al., 2011). However, four of these eight subunits are completely dispensable in the N.
crassa elF3 complex (Smith et al., 2013), implying that elF3 may assemble by alternative
pathways that do not rely on the formation of the helical bundle in the same manner as the
proteasome lid and CSN complexes. Therefore, despite recent cryo-electron microscopy
(cryo-EM) reconstructions of human elF3, the specific functions of its subunits and its
cellular assembly pathway remain unclear (Aylett et al., 2015; des Georges et al., 2015;
Hashem et al., 2013a; Querol-Audi et al., 2013).

Here we map the cellular assembly pathway of elF3 in N. crassa and humans and find that
removing certain non-essential subunits can have dramatic effects on the overall composition
of the complex, in some cases liberating stable subcomplexes or subunits from elF3.
Furthermore, we investigate the importance of the helical bundle formed between helices
located C-terminal to the PCI and MPN domains in elF3 complex assembly. The
interdependent nature of elF3 subunit assembly provides a framework for understanding
how dysregulation of elF3 subunit expression impacts development and disease.

RESULTS
Subunit elF3h Is Required for the Assembly of Four Other Subunits into elF3

We previously showed that elF3 subunits k and | in . crassa assembled into the elF3
complex as a dimer and that their assembly was dependent on elF3h (Smith et al., 2013).
Using a similar strategy we integrated FLAG-tagged elF3 subunits d, e, f, or m in an .
crassa strain that expressed all elF3 subunits (4is-3) or in a strain with only elF3h deleted
(elF34h his-3) (Figure 1A). As expected, affinity purification using any of the FLAG-tagged
subunits in a wild-type (WT) elF3 background pulled down every other subunit in the
dodecamer in relatively stoichiometric quantities (Figures 1B-1E). However, complexes
obtained from the e/F3A4h strains were missing a number of subunits, depending on which
subunit was tagged. Using tagged elF3f, we isolated an elF3 subcomplex that contained
subunits a, b, ¢, f, g, i, and m, but which lacked subunits k and | as previously observed
(Smith et al., 2013), and also lacked subunits d and e in addition to the knocked-out h
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subunit (Figure 1B). We obtained similar results using tagged elF3m (Figure 1C). Pull-
downs using either tagged elF3d or elF3e expressed in the e/F3Ah strain yielded a stable
dimer of subunits d and e (Figures 1D and 1E). These data clearly show that elF3h is
required for the assembly of up to four additional subunits into elF3 (elF3d, e, k, and 1) and
therefore plays a major role in elF3 assembly in Neurospora.

The structural impact of removing subunit h on elF3 assembly has important implications
for the functionality of elF3 subcomplexes in the cell. The viability of the e/F3AA strain
indicates that one or more of the resulting subcomplexes (a,b,c.f,g,i,m), (d,e), and (k,I)
(Smith et al., 2013) are functional in promoting translation initiation. However, compared
with WT elF3, the e/F3Ah strain has smaller polysomes indicating that initiation is less
efficient (Figure 2A). Consistent with this interpretation, neither the seven-subunit nor the
(d,e) subcomplexes can be pelleted with ribosomes in a sucrose cushion, whereas WT elF3
was pelleted with ribosomes to some extent (Figure 2B). Interestingly, deletion of elF3d is
lethal to NMeurospora suggesting that even though elF3d appears to be separate from the rest
of the complex in the e/F3Ah strain, it is still capable of its essential functions.

Architecture of the elF3Ah Subcomplex

Subunits of elF3 that are dispensable in . crassa are clustered on one side of the complex
(Querol-Audi et al., 2013; Smith et al., 2013). Structural models of elF3 bound to the
ribosome also show that the dispensable side of elF3 is positioned away from the 40S
ribosomal subunit (des Georges et al., 2015; Hashem et al., 2013a, 2013b). We previously
postulated that this side of the elF3 complex may be a regulatory platform that interacts with
trans-acting factors or modulates elF3 function through manipulation of a helical bundle
within elF3, proposed to be essential for its assembly (Smith et al., 2013). To test the latter
possibility, we examined the structure of elF3 isolated from e/F3A4#h strains using negative-
stain EM, to see if the overall conformation of elF3 differed dramatically from the WT
complex. We compared the structures of two e/F3AA-derived subcomplexes, tagged either on
the f or m subunit, with an elF3 dodecamer tagged on the e subunit. The full dodecamer had
the expected human-like elF3 structure as previously published (Figures 3A and S1) (des
Georges et al., 2015; Hashem et al., 2013a, 2013b; Querol-Audi et al., 2013). Both e/F3AH
derived subcomplexes isolated using tagged f or m were entirely missing the right arm
(elF3e) and right leg (elF3k and 1) (Figure 3B), consistent with previous subunit mapping of
human elF3 (Querol-Audi et al., 2013). 2D difference maps between both e/F3Ah
subcomplexes only showed slight variations proximal to the left leg (Figure 3C), likely due
to the presence of the N-terminal FLAG tag on different subunits (elF3f or m). Difference
maps between the e/F3AA-derived subcomplexes and the WT elF3 dodecamer indicated that
the subunits retained in the e/F3AA-derived subcomplex (a,c,f,m) have no significant
conformational differences compared with the dodecamer (Figure 3D). Thus, subunits d, e,
h, k, and | have little or no influence on the conformation of remaining subunits at this
resolution.

A number of 2D classes, particularly from the e/F3AA-derived samples, consisted of two
distinct solenoid structures adjacent to one another, suggesting they could represent the WD-
repeat domains of elF3b and elF3i visualized in recent cryo-EM reconstructions of elF3
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(Aylett et al., 2015; des Georges et al., 2015). Crystal structures (Aylett et al., 2015) of the
WD-repeat domains of elF3b and i fit well into the solenoid-shaped density (Figure 3E),
suggesting that (b,i) or (b,g,i) subcomplexes are distally bound to the elF3 PCI-MPN
subunits, consistent with cryo-EM reconstructions of elF3 in isolation (Querol-Audi et al.,
2013) and bound to the 40S ribosomal subunit (Aylett et al., 2015; des Georges et al., 2015).
We also looked at the dimer formed between subunits d and e using negative-stain EM
(Figure S1). The most populated class contains a single particle with a long tail structure,
which we presume to be the isolated elF3d subunit (Figure S1). A number of the remaining
classes contain two distinct spots, with variable distances between them, which most likely
represent the dimer formed between subunits d and e where the two spots are folded
domains of e and d connected by flexible extensions in one or both subunits (Figure S1).

The Role of the PCI-MPN Helical Bundle in N. crassa elF3 Assembly

Assembly of the proteasome lid is dictated by the formation of a helical bundle consisting of
short stretches of a helices, C-terminal to the PCI or MPN domains (Estrin et al., 2013).
Recombinant expression of an elF3 octamer consisting of only PCI-MPN-containing
subunits is possible, but absolutely requires the presence of all eight subunits (Sun et al.,
2011). Of these eight subunits, four (e, h, k, and ) are dispensable in Meurospora, suggesting
that either additional elF3 subunits not in the proteasome lid-like architecture (e.g., subunits
b, d, g, and i) or that other unknown factors aid elF3 assembly in the cell (Smith et al.,
2013). We were interested in the role of the helical bundle in elF3 assembly in the cell and
whether or not elF3 has a similar subunit assembly pathway to the proteasome lid or CSN.
We identified stretches of a helices just downstream of the PCI or MPN domains of subunits
a, ¢, ¢ f h Kk, I ormin NMeurosporaand made truncations to remove either the helices C-
terminal of the PCI-MPN domains or regions of the subunit thought to be involved in
interactions with other subunits in the complex (Figure S2). We inserted and expressed elF3
subunit truncations from the //s-3locus in a series of N. crassa strains (Table 1) and isolated
and identified the most stable subcomplexes of elF3 using FLAG affinity purification. The
identity of these subcomplexes allowed us to map the most likely assembly pathway of elF3.

elF3a and elF3c

Subunits a and c are the largest in elF3 and are thought to dictate the assembly of the
complex (Smith et al., 2013; Sun et al., 2011; Wagner et al., 2014). Subunit a is the only
subunit whose PCI-MPN domain is not located close to the C terminus. Removal of the
region C-terminal to the coiled-coil/spectrin domain (elF3a 53-964; Figure S2A) had no
effect on complex assembly (Figure S3A), consistent with the fact that most of the C-
terminal portion of elF3a, downstream of the PCI domain, extends from the rest of the
complex and is dispensable for the formation of the PCI-MPN octamer in recombinant
human elF3 expressed in £. coli (Sun et al., 2011). Removal of the majority of the coiled-
coil/spectrin domain (elF3a 53-682; Figure S2A) allowed assembly of a subcomplex that
contained all subunits except for the (b,g,i) subcomplex (Figure S3A). Consistent with this
result, biochemical experiments showed that the spectrin-like coiled-coil domain of elF3a,
downstream of the PCI domain, interacts with the (b,g,i) subcomplex (Dong et al., 2013),
but that deletion of the spectrin domain results in weak association of subunit b with
recombinant elF3 assembled in vitro (Sun et al., 2011). Truncating elF3a to remove its C-
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terminal helices that contribute to the helical bundle (elF3a 53-518; Figure S2A) disrupted
its association with all other elF3 subunits (Figure S3A), despite elF3a 53-518 having
numerous conserved points of interaction upstream of the C-terminal helices in the helical
bundle (Figure S4A). This suggests that incorporation of elF3a into the helical bundle is the
primary means of its assembly into elF3 and that association of the (b,g,i) subcomplex
appears to have little or no influence on the assembly of the PCI-MPN containing subunits
(Sunetal., 2011).

Removing the C-terminal helices from elF3c (elF3c 1-785; Figure S2B) was sufficient for
an entire elF3 complex to assemble, albeit with substoichiometric quantities of the other
subunits (Figure S3B) compared with full-length elF3c (Figure S3I). These data suggest that
the assembly of elF3c likely involves stabilizing interactions between residues outside of the
helical bundle with other subunits. Notably, elF3c residues predicted to occur in interactions
with subunits a and e, outside of the helical bundle, are highly conserved between A. crassa
and multicellular organisms including humans, in contrast to prior reports (des Georges et
al., 2015) (Figure S4B). Together with the fact that elF3e is dispensable for elF3 assembly
(Figures 1B, 1C, and 3B) (Smith et al., 2013), these data suggest that the C-terminal helices
of elF3a play a more significant role than those of elF3c in helical bundle formation and
suggest that elF3c assembles into the helical bundle downstream of or concurrently with
elF3a. However, conserved interactions between subunits a and ¢ outside of the helical
bundle may also make a significant contribution to assembly (Sun et al., 2011).

elF3m and elF3f

The m and f subunits are essential in Meurospora, and are nearly universally conserved in
multicellular eukaryotes. The recent elF3 structural models (des Georges et al., 2015) place
the C-terminal helical region of elF3m proximal to subunits f and h in the helical bundle.
Remoaving the C-terminal helices in elF3m just downstream of the PCI domain (elF3m 1-
354; Figure S2C) disrupted its assembly with other elF3 subunits (Figure S3C). In elF3f,
removal of a C-terminal extension specific to N. crassa had no effect on elF3 assembly
(elF3f 1-307; Figures S2D and S3D), whereas further deletion of the two C-terminal helices
in the helical bundle, both of which have high sequence homology between N. crassaand
humans (Figure S4D), prevented elF3f binding to any other elF3 subunit (elF3f 1-249;
Figure S3D). Interestingly, deletion of the more C-terminal helix (helix 2) permitted elF3f
assembly with subunits a, m, and the (b,g,i) subcomplex (elF3f 1-288; Figure S3D),
indicating that subunits a and m assemble with f exclusively via the more N-terminal helix
(helix 1) in the helical bundle (Figure S3D). Furthermore, while these results do not rule out
the possibility of subunits a and ¢ assembling concurrently, they suggest that subunit ¢
assembly into elF3 via its C-terminal helix occurs subsequent to subunit a.

The above data suggest that subunits a, m, and f form the initial stable module in the helical
bundle assembly. Sequence conservation of the C-terminal helical regions between human
and Neurospora suggest that the main interactions governing the assembly of elF3m into the
helical bundle are through the helix 1 (via elF3f) and not the helix 2 (via elF3h) portion of
the C-terminal helices (Figure S4D). Purified subcomplexes from elF3Ah strains contain
stoichiometric amounts of subunit m (Figure 1B), indicating that elF3m assembles through
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the helical bundle and, like elF3a, may participate early in the assembly pathway. Subunit ¢
would have to assemble next to produce the minimal subcomplex that is functional in AV.
crassa (Figure 1B).

Like elF3f, elF3h has two C-terminal helices in the helical bundle (des Georges et al., 2015)
supporting its importance in elF3 assembly (Figures 1B and 1C). Although both elF3h
helices in the helical bundle have high sequence identity between Neurosporaand humans
(Figure SAE), the more C-terminal helix (helix 2) is nestled in a pocket of helices from
several subunits (a, f, and m) in the helical bundle (des Georges et al., 2015). Helix 1 appears
to be on the periphery of the helical bundle, possibly making contacts only with the C-
terminal helix of elF3c (des Georges et al., 2015). Removal of helix 2 (Figure S2E) revealed
that helix 1 was insufficient to promote assembly of the elF3 complex (elF3h 1-310; Figure
S3E). Surprisingly elF3i bound to elF3h 1-310 in stoichiometric amounts, in the complete
absence of elF3b and g (Figure S3E). Previous experiments (Fraser et al., 2004; Smith et al.,
2013; Sun et al., 2011; Zhou et al., 2005) and the data presented above (Figure 1B) show
that elF3i and elF3h can assemble into elF3 complexes independently of each other. Thus it
is not clear what functional role the interactions between elF3i and elF3h may play, if any, in
elF3 assembly. Substoichiometric amounts of subunits a, ¢, f, and m could assemble via
elF3h 1-310, consistent with subunits a, ¢, f, and m assembling a helical bundle prior to
elF3h.

To see if the weak interactions between elF3h 1-310 with other PCI-MPN subunits or its
binding to elF3i were sufficient to restore the growth phenotype of the elF3h knockout (KO)
strain, we measured the linear growth of WT, e/F34h, and e/F3h 1-310strains. Unlike full-
length elF3h, elF3h 1-310 was not sufficient to rescue the growth phenotype (Figure S5)
(Smith et al., 2013). Thus, neither the (h,i) subcomplex nor substoichiometric quantities of
elF3h 1-310 in an (a,c,f,i,m) subcomplex have an obvious functional relevance to growth.
The phenotype of the e/F3Ah strain therefore reflects the role of C-terminal helix 2 in elF3h
in assembly of subunits h, e, d, k, and | into functional elF3 complexes.

Removal of the C-terminal region of elF3e allowed formation of a stable dimer with subunit
d, but prevented elF3e from integrating into the full elF3 complex (elF3e 1-418; Figures
S2F and S3F). These results confirm the binary interaction between elF3d and elF3e
(Figures 1D and 1E), in which elF3d likely interacts with the N-terminal region of the PCI
domain of elF3e (Figure S4F), proximal to the region where elF4G interacts with subunit e
(Villa et al., 2013). Numerous potential points of interaction between elF3e and subunits ¢
and | are highly conserved between humans and Neurospora (Figure S4F). Thus, subunit e
would assemble into elF3 primarily through its highly conserved helical bundle (Figure S4F)
and additional contacts with subunits ¢ and | would form only after elF3e is docked into the
helical bundle. Based the data from e/F3Ah strains (Figure 1) and prior experiments (Smith
et al., 2013), assembly of elF3e in complex with subunit d into elF3 would follow that of
subunit h, but precede binding of subunits k and 1.
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elF3k and elF3l

Subunits k and | require each other to assemble into the rest of the elF3 complex, contingent
on the presence of elF3h (Figures 1B and 1C) (Smith et al., 2013). The cryo-EM structural
model of elF3 shows that subunits k and | are tightly associated with each other, with the C-
terminal helix of elF3l making most of the contacts with the helical bundle (des Georges et
al., 2015). We tested whether the interdependent assembly of subunits k and | is solely
governed by the incorporation of their C-terminal helices into the helical bundle. Whereas
deletion of an N-terminal 42 amino acid extension from elF3k (elF3k 43-237; Figures S2G
and S3G) had no effect on assembly, additional removal of the C-terminal helix (elF3k 43—
217; Figure S2G) prevented subunit k incorporation into elF3, but still allowed it to dimerize
with subunit | (Figure S3G). Further truncation from the N terminus of elF3k (elF3k 65—
217; Figure S2G), abolished the binary interaction with elF3l (Figure S3G). N-terminal
truncations of subunit | allowed the full elF3 complex to assemble (elF3l 69-475 or elF3l
187-475; Figures S2H and S3H). However, the assembly of elF31 187-475 into elF3 must
not be efficient as suggested by its poor expression and/or stability (Smith et al., 2013).
Furthermore, deletion of subunit k also leads to degradation of subunit I (Smith et al., 2013).
Taken together, the deletion data suggest that efficient assembly of subunits k and | into elF3
requires the C-terminal helices from both subunits combined with a stable interaction
between their PCI domains.

Subcomplex of Subunits elF3b, g, and i

Subunits elF3b, g, and i form a stable subcomplex (Sun et al., 2011) (Figure 3E), which
interacts with the spectrin/coiled-coil domain of elF3a (Figure S3A), as well as the ribosome
(Aylett et al., 2015; des Georges et al., 2015; Dong et al., 2013; Wagner et al., 2014).
However, the point at which the (b,g,i) subcomplex assembles with elF3a as part of intact
elF3 in cells is not well established. Our isolation of a subcomplex consisting of subunits
elF3f 1-288, a, and m, along with the (b,g,i) subcomplex, suggests that (b,g,i) assembles
independently or after subunits m and f assemble with elF3a (Figure S3D). Using an e/F34h
strain, but not WT (Figure S3l), expressing an N-terminally tagged elF3b subunit, we were
able to isolate a subcomplex containing only subunits a, b, g, and i (Figure S3J), consistent
with subcomplexes observed previously (Wagner et al., 2014; Zhou et al., 2008). This
indicates that the (b,g,i) subunits can assemble with elF3a prior to incorporation of subunits
f and m into elF3. However, the higher abundance of (b,i) complexes in the negative-stain
EM class averages of samples isolated from e/F3Ah strains, compared with WT, suggests the
(b,g,i) subcomplex is more labile in the absence of subunits d, e, h, k, and | (Figure S1), and
may be stabilized in elF3 subsequent to its initial integration.

Assembly of Human elF3

To test whether the elF3 assembly pathway mapped in A. crassais conserved in humans, we
examined the assembly of subunits d, e, k, and | in human cells in which the elF3h subunit
gene was inactivated. HEK293T cells edited using CRISPR-Cas9 failed to produce elF3h by
western blot analysis (Figure 4A). We carried out immunoprecipitations (IPs) of elF3 from
lysates of either WT or £/F3H KO cell lines using an antibody for native elF3b (Figure 4A).
Consistent with results in N. crassa, removing elF3h caused both the k and | subunits to
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dissociate from elF3 (Figure 4A). However, unlike N. crassa, subunits d and e co-
immunoprecipitated with elF3b regardless of the presence or absence of elF3h (Figure 4A).

We next tested for the dimerization of subunits d and e, and whether their dimerization
depends on assembly mediated by the helical bundle. We transiently expressed N-terminal
FLAG-tagged elF3g, either full length or with the C-terminal a helices deleted (elF3e-AC)
to prevent assembly into the helical bundle, in either WT or £/F3H KO cell lines (Figure
4B). In cells transiently co-expressing full-length elF3d and full-length elF3e, full-length
elF3e pulled down subunit d as well as subunits b, h, and m, in WT cells (Figure 4C). By
contrast, truncated subunit elF3e-AC interacted with subunit d, but not subunits b, h, and m.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis confirmed the
absence of any other elF3 or ribosomal subunit pulled down by elF3e-AC (Table S1)
indicating that the interaction between elF3d and e is binary. These results are identical to
those observed in . crassa, in which the interaction between subunits d and e occurs
independently of the rest of the elF3 complex and requires the C-terminal helices of elF3e
for assembly into elF3.

Surprisingly, in the £/F3H KO cells the interaction between elF3d and either elF3e construct
was abolished (Figure 4D). However, transiently expressed full-length elF3e co-
immunoprecipitated with subunits b and m, consistent with results in WT cells (Figure 4C).
To test whether transient expression elF3e individually may be responsible for the difference
between N. crassaand humans, transiently expressed FLAG-tagged elF3d was able to pull
down endogenous elF3e in IPs (Figure 4E). Furthermore, as observed in N. crassa, the
absence of elF3h prevented the (d,e) dimer from interacting with rest of the elF3 complex
(Figure 4E). Taken together, these data suggest that, similar to the case in N. crassa, elF3h
influences the assembly of subunits d, e, k, and I into human elF3. However, the interactions
governing the assembly of subunits d and e into elF3 may be highly sensitive to the
expression levels of the individual subunits.

Although subunits elF3d and e interact with each other biochemically and independently of
the rest of the elF3 complex (Figures 1D, 1E, 4C, 4E, and S3F), the positions of subunits d
and e in the recent cryo-EM reconstruction of elF3 are modeled far apart, with discontinuous
density between the globular domain of elF3d and subunit e (des Georges et al., 2015). It
was previously shown that the N-terminal 114 amino acid region of human elF3d remains
bound to the elF3 complex after HIV protease cleavage (Jager et al., 2012). We therefore
tested whether elF3e could directly interact with the N-terminal region of elF3d (elF3d 1-
114). In WT cells, FLAG-tagged elF3d 1-114 pulled down the same elF3 subunits as
observed with full-length elF3d (Figures 4E and 4F). Furthermore, in the £/F3H KO cell
lines, elF3d 1-114 interacted with elF3e independently of the rest of the elF3 complex, as
did full-length elF3d (Figures 4E and 4F).

The cryo-EM reconstruction of elF3 bound to the 40S subunit and the observed binding of
elF3d 1-114 to elF3e suggests that elF3d bridges elF3e to the 40S subunit in an extended
conformation. Amino acids 1-114 of human elF3d are predicted to be mostly unstructured
or in B-sheet conformations, consistent with an extended interaction between elF3e and the
elF3d (1-114) suggested by cryo-EM difference maps between elF3 with and without elF3d
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(Sun et al., 2011). The distances observed between subunits d and e in negative-stain images
of the (d,e) dimer (Figure S1, Table 2), which range from 67 to 173 A, with the most
populated class being 144 A and a weighted average of classes yielding 111 + 33 A (Table
2), also agree well with the measured distance between the approximate center of masses
(154 A) of subunits d and e in the cryo-EM reconstruction of elF3 bound to the human 40S
ribosomal subunit (des Georges et al., 2015).

DISCUSSION

While the compositional complexity of elF3 raises the possibility of the coexistence of elF3
subcomplexes (Zhou et al., 2008) and assembly pathways, using subunit deletion and
truncation experiments in . crassa and human cells we propose a predominant pathway for
elF3 assembly in cells. The assembly pathway of elF3 likely nucleates with subunit a,
forming a subcomplex with subunits b, g, and i (Figures 5 and S3J). In parallel with or
subsequent to this nucleation event, subunits a and m assemble with elF3f through its first
helical segment that contributes to the core helical bundle (Figures 5 and S3D). Subunit ¢
then joins the complex through interactions with the second helix of elF3f in the helical
bundle, followed by subunit h (Figure 5). Subunit e, which binds the N-terminal segment of
subunit d (Figure 4F), can then assemble with elF3, either individually or as a dimer with d
(Figures 5, 1B-1E, 4D, and S3F). Finally, subunits k and | assemble as a dimer to complete
the assembly of the helical bundle and entire complex (Figures 5, S3G, and S3H) (Smith et
al., 2013).

The proposed cellular assembly pathway of elF3 can be compared with that of
recombinantly expressed human elF3 (Masutani et al., 2007; Sun et al., 2011) and elF3
assembly in human cells with subunits elF3a or c partially depleted by siRNAs (Wagner et
al., 2014). With respect to recombinant assembly, there are differences in subunit
composition proposed for the minimally functional elF3 from multicellular organisms.
Masutani et al. (2007) found that subunits d, k, and | were structurally dispensable for
assembling the remaining subunits, consistent with our results. However, contrary to our
findings, they also found that subunits e and h were essential in assembling recombinant
human elF3 isolated from insect cells (Figures 1, 3, and 4) (Smith et al., 2013). This is
possibly due to the fact that elF3m had not yet been identified as a component elF3 and was
not included in their study (Masutani et al., 2007). Knock down of elF3m in mouse
embryonic fibroblasts (Zeng et al., 2013) caused depletion of elF3c, f, and h—subunits that
assemble concurrently or after elF3m in our model (Figure 5)—but not subunits elF3a, b,
and i, which we propose are upstream or independent of elF3m in the assembly pathway
(Figure 5). A later study by Masutani et al. (2013) showed that in vitro reconstitution of
human elF3 lacking elF3l or elF3e also resulted in the absence of subunits elF3k or elF3d,
respectively. Furthermore, removal of elF3h resulted in loss or reduction of elF3e, d, k, and
1, also consistent with our model for cellular assembly.

Sun et al., (2013) could form a stable elF3 octameric core of the PCI-MPN domain
containing subunits (a,c,e,f,h,k,I,m) expressed in £. coli. However, to obtain functional
preinitiation complex formation on the hepatitis C viral IRES, heterologously expressed and
purified recombinant elF3 in addition required subunits b, d, g, and i. In human cells in
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which elF3c was depleted, Wagner et al. (2014) identified (a,b,g,i) and (f,h,m) sub-
complexes by chemical crosslinking, and proposed that these interact independently with the
40S subunit. Based on the assembly pathway we derived by comparing N. crassaand human
cell experiments, in which subunits m, f, and h assemble with subunit a in that order (Figure
5), we propose that knock down of elF3c in human cells results in predominantly (a,b,g,i),
with more labile subunits forming an (f,h,m) complex, in which the h subunit is stabilized by
crosslinking (Wagner et al., 2014). Future experiments with recombinant elF3 using core
subunits identified in vivo and in cells (a,b,c,f,g,i,m) will be needed to test human elF3
activity requirements in vitro.

Comparison with the Proteasome Lid or CSN

The proteasome lid and CSN are complexes compositionally and structurally similar to elF3
(des Georges et al., 2015; Lander et al., 2012; Lingaraju et al., 2014; Querol-Audi et al.,
2013). All three complexes contain eight subunits with either PCI or MPN domains and C-
terminal helices that form helical bundles analogous to elF3 (des Georges et al., 2015; Estrin
etal., 2013; Lingaraju et al., 2014), but their proposed assembly pathways differ (Meister et
al., 2015). The current model for assembly of the proteasome lid is similar to that of the elF3
assembly pathway we propose here, although Rpn11 (the paralog of elF3h) assembles much
earlier into the proteasome lid compared with elF3h into elF3. The other major difference is
the assembly of Rpn7 and 3 (paralogs of elF3e and 1) as a dimer, followed by Rpn8 (elF3k
paralog), rather than Rpn3 and 8 (elF3k and I) as we see with elF3.

The assembly of the CSN complex is not as well understood compared with the proteasome
lid and elF3. However, consistent with our model of elF3 assembly, N. crassa KOs of Csn4
or 6 (paralogs of elF3a or f) are lethal, suggesting they assemble prior to dispensable
subunits Csnl, 2, 3, and 5 (paralogs of elF3e, c, |, and h) (Colot et al., 2006). However, one
notable difference is that Csn5 (elF3h paralog) is thought to be the final subunit to be
incorporated (Beckmann et al., 2015; Enchev et al., 2012), affecting the activity of the CSN,
but not its structure (Zhou et al., 2012).

Implications for Cancer and Disease

Dysregulation of many elF3 subunits has been implicated in a number of cancers, impaired
development, and other diseases (Choudhuri et al., 2013; Hershey, 2015). Using our model
for elF3 assembly, we can now propose a framework for how elF3 subunit over-,
underexpression, and truncation affects the composition of elF3 subcomplexes that can co-
exist in cells, and possibly contribute to cancer and disease.

Unlike the proteasome lid and CSN, elF3 is functional prior to the assembly of a number of
subunits (d,e,h k1), and retains its ribosome binding surface (Figure 3) while leaving the
helical bundle partially assembled. It is possible that the role of the helical bundle is to
maintain a level of structural plasticity, allowing subcomplexes of elF3 to form and fine-tune
translation rates by, for example, affecting interactions with other elFs such as elF4G (Villa
et al., 2013) or reinitiation following upstream open reading frames (Roy et al., 2010),
without completely shutting off canonical translation. Some evidence for these possibilities
was presented by Wagner et al. (2014). Alternatively, certain elF3 subcomplexes might
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independently recruit specific mMRNAs to the translation machinery or block their activity
(Lee et al., 2015). Finally, some elF3 subunits may have cellular functions apart from elF3’s
known roles in translation initiation. This idea is supported by the lethality of the elF3d KO
in \V. crassa, which contrasts with the viability of the elF3h KO strain, in which a (d,e) dimer
persists separate from the rest of elF3 and must support viability in some way.

Overexpression of a number of elF3 subunits has been linked to various cancers (reviewed in
Hershey, 2015). Although over-expression could lead to an excess of unincorporated
subunits, overexpression may also coordinately upregulate the expression of other elF3
subunits or the entire elF3 complex. For example, overexpression of subunits a, b, or ¢ leads
to upregulation of multiple elF3 subunits (Zhang et al., 2007). Alternatively, overexpression
could create a “sink” for other subunits assembled downstream, leading to the generation of
specific elF3 subcomplexes such as (d,e) or (k,I). Subcomplexes with different subunit
compositions could change the comparative rates of cap-dependent versus cap-independent
translation initiation, which can lead to cancer (Silvera et al., 2010). The formation of elF3
subcomplexes could also affect the rate in which other elF3 subunits are turned over in the
cell. For example, elF3l is stabilized in the cell by elF3k (Smith et al., 2013).

Our model for elF3 assembly suggests that subunit underexpression, truncation, or
expression of alternative isoforms could also lead to the coexistence of predominant elF3
subcomplexes in cells. Underexpression of elF3h causes defects in zebrafish embryo
development, suggesting that elF3h could be directly involved in translation initiation of
specific transcripts during embryogenesis (Choudhuri et al., 2013). However, our assembly
data suggest that these defects could be caused by a loss of function from the inability of
downstream subunits to assemble (e.g., elF3d, e, k, and/or I; Figure 1) into elF3, which may
also be functionally equivalent to downregulating the “unassembled” subunits directly (e.g.,
elF3d or ) (Desnoyers et al., 2015; Gao et al., 2015; Li et al., 2015). Alternatively, the
defects could be caused by aberrant function of subcomplexes (d,e) or (k,I) unable to
assemble in the absence of elF3h (Figures 1 and 3) (Smith et al., 2013). For example, elF3d
and e interact with CDC48 in fission yeast and could alter cell-cycle progression (Otero et
al., 2010). The underexpression or truncation of elF3e has been identified in many breast
cancers (Desnoyers et al., 2015; Gillis and Lewis, 2013; Mayeur and Hershey, 2002). In our
model, reduction of elF3e levels in the cell would prevent elF3d from assembling with elF3,
where it might localize to the nucleus as seen in certain cancers (Uhlen et al., 2005) or
activate or repress the translation of certain cell-proliferation transcripts (Lee et al., 2015).
Alternative splicing of elF3 subunits might serve to activate specialized or aberrant functions
of certain elF3 subunits by preventing their assembly into the complex. For example, an
isoform of human elF3k, which lacks a region critical for its interaction with elF3l (amino
acids 21-53; Figures S2G and S3G) and thus the rest of elF3, has high affinity for
promyelocytic leukemia protein and co-localizes with its associated nuclear bodies (Salsman
et al., 2013). In addition, there may be cellular mechanisms to prevent subcomplexes of elF3
from forming when subunits of elF3 are underexpressed. Translational down-regulation of
subunits a, e, f, h, and | occurs in response to mammalian target of rapamycin inhibition
(Hsieh et al., 2012; Olshen et al., 2013; Thoreen et al., 2012), and may serve to shut down
elF3-dependent translation initiation by lowering the expression of subunits that are involved
in subcomplexes throughout the entire elF3 assembly pathway (Figure 5).
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Taken together, our model for human-like elF3 assembly should enable future experiments
to probe the role of elF3 in development and disease. It will now be useful to explore which
elF3 subcomplexes co-exist in cells when expression of individual subunits is changed, as
these subcomplexes may be causative for disease and cancer.

EXPERIMENTAL PROCEDURES

Neurospora elF3 Expression Constructs, Strain Creation, and Complex Isolation

All elF3 constructs were cloned into the Ascl and Pacl restriction sites of plasmid pCCG::N-
FLAG::HAT (N-terminally tagged; GenBank: FJ457007) as previously described (Honda
and Selker, 2009). The construct (elF3l 69-475) utilized a C-terminal FLAG tag to match
previously created strains (Smith et al., 2013).

All strains created in this study are summarized in Table 1. The Ais-3auxotrophs of e/F3h,
elF3k, or e/lF3/ KOs have been previously described (Smith et al., 2013). Strains expressing
FLAG-tagged elF3 constructs were generated previously (Smith et al., 2013) or as described
in the Supplemental Experimental Procedures.

Strains containing tagged elF3 subunits were grown and purified as previously described
(Smith et al., 2013). Additional purification steps were carried out to enhance lysis and
prepare samples for MS or EM and are described in the Supplemental Experimental
Procedures.

EM

Purified elF3 complexes: WT (FLAG-elF3e), A3h (FLAG-elF3d), A3h (FLAG-elF3f), and
A3h (FLAG-elF3m); (see Table 1) were diluted to ~50 nM in Tris-buffered saline (TBS)
with 5% glycerol. Sample aliquots of 4 pl were pipetted onto 400 mesh continuous carbon
grids, plasma cleaned in air for 10 s in a Solarus plasma cleaner (Gatan), and negatively
stained with a 2% urany| acetate solution. Data were acquired using a Philips CM200F
electron microscope operating at 200 keV equipped with an UltraScan 1000 (Gatan) at a
nominal magnification of 38,000x (2.8 A/pixel). 2D data processing was carried out using
the Relion and EMAN1.9 software packages (Ludtke et al., 1999; Scheres, 2012). Particles
were picked manually within Relion, with a box size of 120 x 120 pixels. The contrast
transfer function (CTF) was estimated using CTFFind4 (Rohou and Grigorieff, 2015).
Reference-free 2D classification was performed with CTFs ignored until the first peak for 25
rounds. Selected class averages were subsequently aligned and difference maps were created
within EMAN1.9.

Human elF3 IPs

FLAG-tagged and un-tagged elF3 subunits were all cloned into the plasmid nLv-103
(Addgene) using In-Fusion cloning (Clonetech). Constructs with N-terminal FLAG tags had
tag sequences identical to the Neurospora constructs created in this study, which were added
by PCR.
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HEK?293T cell lines (WT or elF3h KO) were transiently transfected with elF3 subunits using
Lipofectamine 2000 (Thermo Fisher Scientific). Cells were harvested 20-30 hr after
transfection. Cell pellets were lysed using 250 pl of lysis buffer (TBS, 0.5% Triton X-100,
10% glycerol, 2 mM EDTA) on ice. Complexes of elF3 were immunoprecipitated using
anti-FLAG affinity beads or Dynabeads (Thermo Fisher Scientific) with protein-G-coupled
elF3b primary antibody (Bethyl). Detailed experimental procedures, including the creation
of the elF3h KO strain, are outlined in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The assembly of many subunits into elF3 is interdependent

Assembly of elF3 is ordered and depends on C-terminal helices in PCI-
MPN subunits

Dysregulated elF3 assembly could play important roles in cancer and
disease
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(A) Cartoons of elF3 showing subunits tagged with N-terminal FLAG tags used for

elF3e
WT A3h
a — <
o - 1
J - — d
éf= —
rnf — <
h, = 1
g — <
K — <

()
*

Page 19

purifying elF3 complexes from wild-type (WT) (left) or elF3Ah (right) Neurospora mycelia.
Letters beside each FLAG tag signify the gels in (B-E) that correspond with elF3

purifications using a FLAG-tagged subunit.

(B-E) Denaturing polyacrylamide gels of elF3 purified with FLAG-tagged (B) elF3f, (C)
elF3m, (D) elF3d, and (E) elF3e. Tagged subunits are indicated over each pair of gels and to
the side of the gels with an asterisk. WT or e/F34h genetic backgrounds are indicated over
each gel. Missing subunits are indicated by arrowheads. The asterisk in (A) indicates the
(k,I) subunit dimer previously shown to depend on elF3h for assembly (Smith et al., 2013).

See also Figures S1-S5.
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Figure 2. Deletion of elF3h Affects Polysome Size and Affinity of elF3 to Ribosomes
(A) Polysomes are smaller and less abundant in e/F3Ah strains compared with WT A.

Ccrassa.
(B) Western blots showing FLAG-tagged elF3d or elF3m in WT or e/F3Ah N. crassa strains.
Lysate, Pellet, and Supernatant indicate each fraction from a sucrose cushion. GAPDH was
probed as a control for non-specific association with ribosomes.
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Ah (m*) -
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Figure 3. Negative-Stain 2D Class Averages ofNeurospora elF3 and elF3 Subcomplexes
(A) Negative-stain image of WT elF3 with an N-terminal FLAG tag on subunit e. The

structural model of human elF3 from cryo-EM reconstructions is included as a comparison
(PDB: 5A5T) (des Georges et al., 2015).

(B) Negative-stain images of elF3 purified from elF3Ah strains, with N-terminal FLAG tags
on either subunit m (Ah m*) or subunit f (Ah f*).

(C) 2D difference map between elF3 complexes Ah m* and Ah f*,

(D) 2D difference maps between WT elF3 and either Ah m* or Ah f*. White and black
regions in difference maps correspond to regions of the structure with net positive or
negative density, respectively. The top five class averages for each complex are depicted in
Figure S1.

(E) Class average of solenoid images with crystal structures of the WD-repeat domains of
elF3b (dark green) and i (light green) modeled. See also Figure S1.
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Figure 4. The N Terminus of Subunit d Interacts with Subunit e Independently of Other
Subunits in Human elF3

(A) Western blots of human elF3 subunits in crude lysates (L) or immunoprecipitate (IP)
with elF3b primary antibody from either WT or £/F3H KO (AelF3h) HEK293T cells.

(B) Schematics depicting N-terminally FLAG-tagged elF3d or e constructs used for FLAG
IPs in (C-F). PCI domains are represented with blue rectangles and FLAG tags are black
rectangles. The amino acids included in truncated constructs are also shown.

(C—F) Western blots of anti-FLAG immunoprecipitations using transiently transfected
FLAG-tagged constructs, as indicated. The cell lines, WT or £/F3H KO (AelF3h), used for
expression are indicated over each pair of western blots. The probed elF3 subunit is
indicated to the left or right of each blot. Subunits marked with an asterisk indicate the bands
of the FLAG-tagged subunit. (C—F) Contain samples from crude L, unbound by anti-FLAG
antibody flow through (FT), wash (W), and FLAG IP.
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Figure 5. Main Assembly Pathway for Human-like elF3
(A) Cartoon scheme showing the ordered assembly of elF3. Helical bundle formation is

guided by the C-terminal helices of the indicated subunits. The (b,g,i) subcomplex
assembles with elF3a, independently of assembly of elF3f and m with elF3a, and is not
depicted. Assembly of elF3d with elF3e is indicated, but is not dependent on the C-terminal
helices of elF3e.

(B) Two views of elF3 helical bundle assembly. Subunits are added as in (A), except elF3d
is not included.

(C) Main assembly pathway of the human elF3 octamer according to helical bundle
assembly in (B), showing the available structural models for the subunits. Images in (B) and
(C) are from the cryo-EM structure of human elF3 (PDB: 5A5T) (des Georges et al., 2015).
Subunits in all panels are colored as follows: elF3a (red), elF3c (blue), elF3d (brown), elF3e
(green), elF3f (cyan), elF3h (yellow), elF3k (magenta), elF3l (orange), and elF3m (light
pink). See also Figures S2-S4.
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Neurospora Strains Created in This Study

Table 1

Strain Genotype

WT (elF3a 53-965)  mat A/a his-3(pccgl.:N-FLAG..HAT.elF3a 53-965)
WT (elF3a53-682)  mat A/a his-3(pccgl::N-FLAG::HAT:elF3a 53-6582)
WT (elF3a 53-518)  mat A/a his-3(pccgl.:N-FLAG..HAT..elF3a 53-518)
WT (elF3b) mat A/a his-3(pccgl::N-FLAG..HAT:.elF3b)

WT (elF3c) mat A/a his-3(pccgl..N-FLAG::HAT::elF3c)

WT (elF3c 1-785) mat A/a his-3(pccgl::N-FLAG.:HAT::elF3c 1-785)
WT (elF3d) mat A/a his-3(pccgl..N-FLAG::HAT::elF3d)

WT (elF3e) mat A/a his-3(pccgl::N-FLAG..HAT::elF3e)

WT (elF3e 1-418) mat A/a his-3(pccgl..N-FLAG::HAT::elF3e 1-418)
WT (elF3f) mat A/a his-3(pccgl::N-FLAG..HAT::elF3f)

WT (elF3f 1-307) mat A/a his-3(pccgl::N-FLAG..HAT::elF3f 1-307)
WT (elF3f 1-288)  /mat A/a his-3(pccgl::N-FLAG::HAT::elF3f 1-288)
WT (elF3f 1-249) mat A/a his-3(pccgl::N-FLAG..HAT::elF3f 1-249)
WT (elF3m) mat A/a his-3(pccgl::N-FLAG. :HAT::elF3m)

WT (elF3m 1-354)  mat A/a his-3(pccgl..N-FLAG::HAT::elF3m 1-354)

A3h (elF3b) mat A his-3(pccgl..N-FLAG::HAT::elF3b)

A3h (elF3d) mat A his-3(pccgl..N-FLAG::HAT::elF3d)

A3h (elF3e) mat A his-3(pccgl..N-FLAG::HAT::¢lIF3e)

A3h (elF3f) mat A his-3(pccgl..N-FLAG.:.HAT:elF3f)

A3h (elF3h 1-310)  mat A his-3(pccgl::N-FLAG::HAT::elF3h 1-310)
A3h (elF3m) mat A his-3(pccgl..N-FLAG::HAT::elF3m)

A3k (eIF3k 65-215)

mat A his-3(pccgl.:N-FLAG:.HAT::elF3k 65-215)

A3K (elF3k 43-237)

mat A his-3(pccgl::N-FLAG..HAT::elF3k 43-237)

A3k (eIF3k 43-215)

mat A his-3(pccgl.:N-FLAG:.HAT::elF3k 43-215)

A3l (elF31 69-475)

mat A his-3(pccgl..C-Gly:"HAT::FLAG:: elF3 69-475)

Constructs labeled WT indicate that they contain all elF3 subunits. mat A/a indicates that both mating types were made of the strain.
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Measured Distances between d and e Subunits and Their Class Particle Counts

Class  Particle Count

Distance (A)2

Weighted Average

3 329 144 0.21
4 283 77 0.18
7 159 67 0.10
10 156 104 0.10
11 151 173 0.10
12 133 102 0.08
13 107 73 0.07
15 98 125 0.06
16 80 116 0.05
17 7 130 0.05

Table 2

Page 25

aAverage distance between subunits d and e in the above classes is 111 + 34 A, with the average and SD calculated using values weighted by

particle counts.
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