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ABSTRACT

elF3 is a large multiprotein complex serving as an
essential scaffold promoting binding of other elFs to
the 40S subunit, where it coordinates their actions
during translation initiation. Perhaps due to a high
degree of flexibility of multiple elF3 subunits, a high-
resolution structure of free elF3 from any organism
has never been solved. Employing genetics and bio-
chemistry, we previously built a 2D interaction map
of all five yeast elF3 subunits. Here we further im-
proved the previously reported in vitro reconstitu-
tion protocol of yeast elF3, which we cross-linked
and trypsin-digested to determine its overall shape
in 3D by advanced mass-spectrometry. The obtained
cross-links support our 2D subunit interaction map
and reveal that elF3 is tightly packed with its WD40
and RRM domains exposed. This contrasts with re-
ported cryo-EM structures depicting elF3 as a molec-
ular embracer of the 40S subunit. Since the binding of
elF1 and elF5 further fortified the compact architec-
ture of elF3, we suggest that its initial contact with
the 40S solvent-exposed side makes elF3 to open
up and wrap around the 40S head with its extended
arms. In addition, we mapped the position of elF5 to
the region below the P- and E-sites of the 40S sub-
unit.

INTRODUCTION

Gene expression is regulated at multiple levels, including the
translation of mRNAs into proteins. It can be divided into
four phases: initiation, elongation, termination and ribo-

some recycling. In eukaryotes, translation initiation starts
with the assembly of the 43S preinitiation complex (PIC),
which is composed of the 40S ribosomal subunit, eukary-
otic initiation factors elF1, eIF1A, eIF3 and elIF5, and
the elF2-GTP-Met-tRNA;M¢t ternary complex (TC). The
elF4F cap-binding complex then brings mRNA to the 43S
PIC to form the 48S PIC. Subsequently, the 48S PIC with
the anticodon of Met-tRNA;Met in the ribosomal P-site
scans the mRNA leader sequence for the proper initiation
site, which is in majority of cases the AUG triplet. Upon
AUG recognition, accompanied by an irreversible hydroly-
sis of the GTP molecule on elF2, series of intricate events
and conformational changes in the 48S PIC result in a com-
plete accommodation of Met-tRNA;M¢t of the ribosomal P-
site, closure of the 40S mRNA binding channel and ejection
of most of elFs from the scanning-arrested 48S PIC. eIF5B
bound by GTP then mediates the 60S subunit joining step
to form, upon its departure triggered by GTP hydrolysis,
the 80S initiation complex poised for elongation (reviewed
in (1-5)).

elF3 is a multiprotein complex comprising 5 core sub-
units in the budding yeast (a/Tif32, b/Prtl, c/Nipl, i/Tif34,
g/Tif35; Figure 1A and Supplementary Figure S1), whereas
12 core subunits constitute eIF3 in mammals (a, b, ¢, d, ¢, f,
g, h, 1, k, 1, m; Figure 1B) (reviewed in (3,4)). elF3 is one of
the key players in the entire translation pathway. By defini-
tion it serves as an ‘orchestra conductor’ promoting or fine
tuning virtually all initiation steps (3). In addition to that,
elF3 was also shown to: (i) stay present on early elongating
ribosomes (6,7) in order to stimulate reinitiation on down-
stream cistrons (8-13), (ii) control translation termination
in vivo (14), (iii) promote ribosomal recycling in vitro (15,16)
and last but not least (iv) critically promote programmed
stop codon readthrough (17,18). Owing to the multitude of
roles that eIF3 has been implicated in, it is not surprising
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Figure 1. Schematic models depicting structural organization of the yeast and mammalian eIF3 complexes. (A and B) In Saccharomyces cerevisiae, the eIF3
complex is formed by 5 subunits (A), whereas in mammals it consists of 12 subunits (B). These schematics illustrate both similarities as well as differences
between budding yeast and mammalian eIF3. One of the main structural domains shared by several eIF3 subunits—the PCI (for Proteasome, COP9,
Initiation factor 3) domain—is shown in bold in both panels; adopted from (71).

that deregulated el F3 expression is associated with different
pathological conditions, including neurodegenerative disor-
ders and cancer (reviewed in (4,19-22)).

As can be seen, each elF3 subunit contains at least
one well-defined domain implicated in mediating either
protein—protein or protein-RNA interactions (Figure 2A
and B). In particular, both a/Tif32 and ¢/Nipl contain
the proteasome-COP9-eIF3 (PCI) domain, which is char-
acteristic for proteins occurring in multimeric protein com-
plexes. By mediating PCI-to-PCI protein—protein interac-
tions, these domains were shown to directly build and
stabilize complexes like proteasome and COP9 signalo-
some, as well as the 12-subunit mammalian eIlF3 com-
plex (23). A substantial inner part of b/Prtl and basi-
cally the whole i/Tif34 are formed by the 9- and 7-bladed
WD40 beta-propellers, respectively (24-26). In analogy to
the PCI domain, this fold also serves as a mediator of com-
plex protein—protein interactions. At last, the extreme N-
terminus of b/Prtl and the C-terminal half of g/Tif35 con-
tain the RNA recognition motif (RRM), typically mediat-
ing protein-RNA interactions, rarely, like in case of b/Prtl1,
mediating also protein—protein interactions (27). Interest-
ingly, both the ¢/Nip1-PCI and a/TIF32-PCI domains are
on the other hand unexpectedly capable of making protein-
RNA interactions (28,29). All these domains are not only
crucial for the elF3 integrity, as described below, they also
mediate important elF3 interactions with the small riboso-
mal subunit and protein factors associated with individual
phases of translation (reviewed in (4)).

The Saccharomyces cerevisiae elF3 complex is formed by
a triangle of three large mutually interconnected subunits
(Supplementary Figure S1). The a/Tif32 and b/Prtl sub-
units interact with each other via the C-terminal HCR1-
like domain (HLD) of a/Tif32 and the N-terminal RRM

of b/Prtl (27,30,31), whereas the c/Nipl subunit is an-
chored to this trimeric core via its central helical region
making separate contacts with the PCI domain of a/Tif32
(c/Nipl residues 157-370; (30,31)), and the C-terminal end
of the WD40 domain of b/Prtl (¢/Nipl residues 371-570;
(27,30)). Based on the crystal structure of the isolated seg-
ments of a/Tif32 (residues 225-500) and c¢/Nipl (residues
250-800) it may seem that these two proteins interact with
each other via their PCI domains (26), as could be expected.
However, our data presented below indicate that there are
two modes of the a/TIF32—¢/Nipl interaction—one which
does not involve the PCI domain of ¢/Nipl occurring in
the ribosome-free eIF3 complex as clearly demonstrated be-
fore (30), and the other (PCI-to-PCI) being adopted upon
elF3 binding to the PIC. At last, the extended C-terminal
alpha-helix of b/Prtl recruits the WD40 subunit i/Tif34
and g/Tif35 via its N-terminal domain containing a Zn-
finger motif (25,26,32,33).

Despite the known subunit-interaction map and high res-
olution structures of several eIF3 domains (Figure 2B) (re-
viewed in (4)), the structure of the whole eIF3 complex free
in solution from any organism has remained elusive. Semi-
successful achievements were made by analyzing the over-
all structural arrangement of both yeast and mammalian
elF3 bound to the 40S subunit in various PICs, where sev-
eral well-resolved but otherwise discontinued densities at-
tributed to various elF3 modules were described. Namely,
reconstruction and intensive integrative modeling of the
yeast 40S—elF1-elF1A—elF3 complex stabilized by cross-
linking revealed that the a/Tif32-c/Nipl PCI heterodimer
sits stably near the mRNA exit channel (26,34). In fact,
functional placement of the a/Tif32 N-terminal half (in-
cluding its PCI domain) near the mRNA exit channel was
predicted by a number of earlier genetic and biochemical
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Figure 2. The overview of specific domains, available structures, and interacting partners of elF1, eIF5 and individual eIF3 subunits. (A) Schematic
representations of all eIF3 subunits, eIF1 and eIF5 with indicated structural motifs set in the context of the full length proteins. Color bars above each
protein delineate binding regions of its interacting partner(s). Black bars under each protein indicate its parts with solved and published 3D structures
including the respective PDB accession numbers. Lighter shades represent regions with either unknown structure or predicted to be unstructured. Please
note that PDB code: 4U1C* contains a heterodimer of a/Tif32 and ¢/Nipl, whereas PDB code: 4U1E** contains a trimeric complex of b/Prt1-g/Tif35-
i/Tif34. Structures 2CQ0 and 2E9H are human variants of the corresponding yeast proteins. PCI: Proteasome, COP9, Initiation factor 3 domain; HLD:
HCR1-like domain; RRM: RNA recognition motif; WD40: beta propeller domain; NTD: N-terminal domain; CTD: C-terminal domain. (B) Summary
of all known 3D structures of the eIF3 subunits/domains set in the context of the full length proteins. Unknown or unstructured parts are depicted in light

gray.



studies (10,11,35-38). The b/Prt1-1/Tif34 subcomplex, rep-
resented by the RRM and both beta-propellers, was con-
versely shown to be in contact with the mRNA entry chan-
nel. In accord with the earlier work identifying contacts be-
tween yeast g/TIF35 and RPS3/uS3 and RPS20/uS10 (33),
the unresolved g/Tif35-NTD was predicted to lie between
the i/Tif34 beta-propeller and the 40S body (26,34), while
the proper position of the g/Tif35-RRM has remained
unknown. The a-c/PCI and b-g-i/WD40-RRM modules
are flexibly connected by the extended C-terminal half of
a/Tif32 stretching over ribosomal proteins RPS2/uS5 and
RPS3/uS3, and helices 16-18 of 18S rRNA (35,39), most of
which, however, has not been resolved yet. In any case, the
b-g-1 module seems well positioned to interact with incom-
ing mRNA by modulating the mRNA entry channel (26)
(even in mammals (40,41)), and thus to control the rate and
processivity of scanning for AUG recognition as demon-
strated before (25,33,38,39,42-44), while the a-c module ex-
tends the mRNA exit channel and seems to stabilize mRNA
in the PIC (29,37,38). Interestingly, based on the most re-
cent yeast cryo-EM structures (45,46), the eI[F3b—g—i mod-
ule seems to be rather mobile. The current view predicts
that upon mRNA recruitment to and its stabilization at
the 48S PICs, this module transposes itself—most proba-
bly thanks to the C-terminal domain of elF3a that seems
to operate as a controllable mechanical arm—to the inter-
face side, with the WD40 domain of eIF3b residing in the
vicinity of RPS23/uS12, h44 and the eIF2+y subunit, and the
elF3b-RRM motif directly contacting elF1 (4,45,47). This
elF3b rearrangement with e[F3i-g subunits still attached to
it then supposedly enables the onset of scanning.

One of the most important contacts that el F3 makes with
other elFs is that with elF5 (48-51). elF5 has three major
roles: (i) during the scanning process it stimulates hydrolysis
of GTP in TC acting as an elF2-specific GTPase activating
protein (GAP); (ii) it also promotes stringent AUG selection
(2); and (iii) it additionally regulates GDP to GTP exchange
on elF2 by competing with elF2B (elF2-specific Guanine
nucleotide exchange factor) for binding to eIF2-GDP (52).
elF5 consists of an N-terminal domain (NTD, residues 1—
149 containing the GAP function) (53) and a C-terminal
domain (CTD, residues 241-395) (54), connected by a long
flexible linker (residues 150-240). They both perform criti-
cal functions the molecular details of which are unclear due
to a poorly described location of elF5 within the PIC. For
example, it was proposed that movement of the eIF5-NTD
and the eIF1A C-terminal tail toward one another within
the PIC upon AUG recognition represents one of the hall-
marks capturing this intricate process (55). The eIF5-CTD
was in turn shown to stimulate assembly of the PIC and
control start codon selection by promoting the dissociation
of eIF1 from the scanning-arrested PICs (55). In a partial
48S pre-initiation complex from yeast (py48S), the elF5-
CTD was tentatively assigned to a low-resolution density
near elF2y (56); however, its true location remains to be
unambiguously determined. While this manuscript was in
preparation, the eIF5-NTD in the py48S—eIF5N complex
was mapped near the P-site at essentially the same position
where eIF1 binds in the open/PPUT state (46), which is char-
acterized by only partially accommodated Met-tRNA;Met,
In this most recent structure, the Met-tRNA;Met with the

Nucleic Acids Research, 2019, Vol. 47, No. 15 8285

elF5-NTD replacing elF1 seems to be conversely fully ac-
commodated in the P-site, tilted toward the 40S body, ap-
parently setting the stage for its interaction with eIF5B.
Hence it was proposed that the eIF5-NTD stabilizes the
codon—anticodon interaction and the closed/P™N state of
the PIC, prevents elF1 rebinding, and promotes a confor-
mation of the 48S PIC compatible with eIF5B-mediated
subunit joining.

An unprecedented complexity of the web of elF3 interac-
tions among its own subunits, as well as with other eIFs like
elF5 and the ribosome ensuring the multitude of its roles
has pressingly called for: (i) resolving its structure as a free
holocomplex or when in complex with eIF5 and another
important binding partner elF1; (ii) and for describing the
conformational changes that elF3 and its associated elFs
undergo prior to their binding to the 40S subunit. Here we
attempted to achieve this long-standing goal by improving
the original yeast e[F3 reconstitution protocol (31) and sub-
jecting the in vitro assembled eIF3 in a free form or bound
to the 40S or 80S ribosomes to (i) X-ray crystallography,
(ii) cryo-electron microscopy (cryo-EM) and (iii) chemical
cross-linking and advanced Mass spectrometry. Using the
latter approach, as the only feasible, we mapped distances
between the solvent-exposed parts of the free elF3 complex
and revealed that it has a rather globular 3D arrangement.
Employing the same method we modeled the 3D structure
of the eIF3—elF1-elF5 assembly and described a rather dra-
matic rearrangement that eIF3 must undergo when con-
tacting the small ribosomal subunit. Finally, this approach
also allowed us to map the binding site of both N- and C-
terminal domains of elF5 in the PIC.

MATERIALS AND METHODS
Chemicals

Cross-linkers disuccinimidyl glutarate (DSG), disuccin-
imidyl suberate (DSS), bis(sulfosuccinimidyl) glutarate
(BSG), bis(sulfosucdinimidyl) suberate (BS®) and their
four times (d4) deuterated analogs were purchased from
Proteochem (USA). Sequencing grade modified trypsin was
obtained from Promega (USA). MS? cleavable cross-linker
disuccinimidyl dibutyric urea (DSBU), dimethyl sulfoxide
(DMSO), water and HPLC solvents were LC/MS grade
purity and were obtained from Thermo Scientific (USA).
Other chemicals at the highest available purity were pur-
chased from Sigma-Aldrich (USA).

Plasmids and bacterial strains

The lists and descriptions of plasmids and bacterial strains
used throughout this study can be found in Table 1.

Modifications to the protocol for the recombinant eIF3 prepa-
ration

Yeast elF3 subunits were expressed in Escherichia coli (Ta-
ble 1) and purified using the modified protocol to that
employed before (31) as outlined in Results. In addition,
we replaced 2 mM dithiothreitol (DTT) in the K-200
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Table 1. Plasmids used in this study and relevant bacterial strains used for protein expression

Bacterial strain used for

Plasmid Description protein expression Source of reference
pGEX-6P-1-GST-Nipl GST-Nipl fusion inserted into pGEX-6P-1 BL21 (DE3) (57)
pET22b-Prt1-His Prtl inserted into pET22b, generating a C-terminally Rosetta 2 (DE3) this study
Hisg Tag.
pET28b-Tif32-His Tif32 inserted into pET28b, generating a Rosetta 2 (DE3) this study
C-terminally Hisg Tag.
pET22b-Tif34-Tif35-His Tif34-Tif35 fusion protein inserted into pET22b, Rosetta 2 (DE3) this study
generating a C-terminally Hisg Tag. An HRV 3C
protease cleavage site is inserted between Tif34 and
Tif35.
pTYB2-elF1 fusion of the C-terminus of eIF1 to the N-terminus Rosetta 2 (DE3) (57)
of the intein/chitin binding domain inserted into
pTYB2
pTYB2-elF5 fusion of the C-terminus of the eIF5 to the Rosetta 2 (DE3) (57)

N-terminus of the intein/chitin binding domain

inserted into pTYB2

buffer used for the elF3 reconstitution with 2 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP); the new K-
200 buffer (200 mM KCI, 20 mM HEPES/KOH (pH 7.5),
10% glycerol, 2 mM TCEP).

Purification of elF1, elF5 and the 40S ribosomal subunit

elF1 and elF5 were purified as described elsewhere (Acker
et al., (57)) except that the Enzyme storage buffer contained
2 mM TCEP instead of 2 mM DTT; the new Enzyme stor-
age buffer (20 mM HEPES/KOH (pH 7.4), | M KOAc, 10%
glycerol, 2 mM TCEP).

The 40S ribosomal subunits were purified as described
before (57).

Assembly of the protein complexes of interest

The elF3—-eIF1-elF5 complex (11.5 wM) was assembled by
mixing the reconstituted elF3 complex with the purified
proteins in a molar ratio of 1:1:1 in the Protein binding
buffer (25 mM HEPES/KOH (pH 7.5), 15 mM MgCl,, 100
mM KCl and 2 mM TCEP).

The eIF3-40S complex (2 wM) was assembled by mixing
the reconstituted elF3 complex with the purified 40S sub-
units in a molar ratio of 1.2:1 in the Protein binding buffer.

The eIF5-40S complex (2 wM) was assembled by mixing
elF5 with the purified 40S subunits in a molar ratio of 1.2:1
in the Protein binding buffer.

Chemical cross-linking of protein complexes

The elF3 complex (1.42 wM) was cross-linked using disuc-
cinimidyl suberate (DSS) or disuccinimidyl glutarate (DSG)
in 100 and 200 molar excess to complex.

The elF3-elF1-elF5 complex (2.78 wM) was cross-
linked using DSS, DSG bis(sulfosuccinimidyl)suberate
(BS?) or bis(sulfosuccinimidyl)glutarate (BS>G), respec-
tively. DSG and DSS were dissolved in DMSO and used in
100 and 200 molar excess to complex whereas BS’G a BS?
were dissolved in protein binding buffer and used in 500,
1000 and 2000 molar excess.

The elF3-40S and elF5-40S complexes (2 wM) were
cross-linked using BS® or disuccinimidyl dibutyric urea
(DSBU) in 2000 molar excess to both complexes.

All cross-linking agents excluding DSBU were used
as equimolar mixture of non-deuterated and four—times
deuterated form (DSG d0/d4, DSSd0/d4, BS>’G d0/d4 and
BS3d0/d4) in all above described cross-linking experiments.
Reaction mixtures were incubated for 30 min at room tem-
perature, quenched by ethanolamine to a final concentra-
tion of ImM for eIF3 complex or 5 mM for elF3—-eIF1-
elF5 complex, elF3-40S and eIF5-40S complexes and an-
alyzed in gel and in solution.

Analysis of cross-linked eIF3—40S complexes using sucrose
gradient centrifugation and dot blot

To determine the composition of the cross-linked eIF3-40S
complexes, 23 pg of the sample after cross-linking was an-
alyzed using 7.5-30% sucrose gradient centrifugation as de-
scribed in (58). Altogether 23 fractions were collected in 33
s intervals (corresponding to the volume of ~500 wl). Frac-
tions containing the 40S subunits (10 - 13) were subjected
to dot blotting (10 wl aliquots of each fraction were loaded)
using rabbit anti-Tif32 (1:1000) and anti-Tif35 (1:2000) pri-
mary antibodies. A control dot blot contained 10 pl of the
binding buffer as a negative control, 4 .l of the purified 40S
subunits [8 wM] and 2 ul of reconstituted eIF3 complex [19
microM].

Protein electrophoresis to purify cross-linked complexes to be
analyzed by mass spectrometry

The cross-linking reaction mixture was mixed with the 6x
concentrated Sample loading buffer (330 mM Tris, 60%
glycerol, 416 mM SDS). Samples were incubated for 5 min
at 90°C and then loaded onto the Criterion TGX 4-20%
Tris-Glycine gel (133 x 87 x 1 mm, 12+2 wells, BIO-
RAD). Separation was performed in the Tris-glycine run-
ning buffer at 200 V. After separation, the gels were stained
by GelCode™ Blue Stain Reagent (Thermo Scientific) and
destained with distilled water.

Enzymatic digestion

For in-gel digestion, the bands of interest were excised and
destained. The disulfide bonds were reduced with 20 mM



TCEP in 50 mM ethylmorpholine buffer (pH 8.5) for 10 min
at 50°C and free cysteines were alkylated with 20 mM iodac-
etamide in 50 mM ethylmorpholine buffer (pH 8.5) for 20
min at room temperature in the dark. The gel pieces were
covered with trypsin solution (trypsin in 100 mM ethylmor-
pholine buffer (pH 8.5) with 10% AcN, enzyme:protein ra-
tio 1:20) and incubated at 37°C overnight. The digestion
was stopped by adding trifluoracetic acid to 0.1% and re-
sulting peptide mixture was dried by Speed Vac (Eppendorf,
Germany).

For in-solution digestion, the cross-linking reaction mix-
ture was diluted 1:1 (protein:buffer) with 100mM ethyl-
morpholine buffer (pH 8.5). The disulfide bonds were re-
duced with 20 mM TCEP in 50 mM ethylmorpholine buffer
(pH 8.5) for 10 min at 50°C and free cysteines were alky-
lated with 20 mM iodacetamide in 50 mM ethylmorpho-
line buffer (pH 8.5) for 20 min at room temperature in the
dark. Acetonitrile was added to the mixture to 10% before
digestion. Trypsin in 100 mM ethylmorpholine buffer (pH
8.5) with 10% AcN was added to give a final concentration
1:20 (w/w) trypsin:protein and digestion was carried out at
37°C overnight. The digestion was stopped by adding tri-
fluoracetic acid to 0.1% and resulting peptide mixture was
dried by SpeedVac (Eppendorf, Germany).

Mass spectrometry analysis

For the elF3 and elF3—-elF1-elF5 complexes cross-linking
experiments, dried peptides were resuspended in 20 wl of
solvent A (0.1% formic acid in 2% AcN) for further pro-
cessing. A 1 pl of each peptide mixture was injected onto
a reversed-phase trap column (Zorbax 300SB-C18 5 pm,
0.3 x 5 mm, Agilent Technologies, USA). Eluting peptides
were subsequently separated on a 60°C-heated reversed-
phase analytical column (Zorbax 300SB-C18 3.5 pm, 0.3 x
15 mm, Agilent Technologies, USA) using Agilent 1200 se-
ries System (Agilent Technologies, USA) at a flow rate of 10
pl/min under the following gradient conditions: 5-40% sol-
vent B (0.1% formic acid in 98% AcN) in 35 min, 40-95% B
in 3 min, 3 min in 95% B, 95-2% B in 1 min and 10 min in 2%
B. The HPLC system was coupled to ESI-Spray which di-
rectly introduces ions into a solariX XR FT-ICR mass spec-
trometer (Bruker Daltonics, Germany) equipped with 15
T superconducting magnet. The instrument was calibrated
on-line by using The ESI-TOF tuning mix (Agilent Tech-
nologies, USA). Mass spectral data was acquired in posi-
tive broadband mode over the m/z range 250-2500, with
IM data points transient, 0.2 s ion accumulation and four
scans were accumulated per spectrum. Data acquisition was
performed using solariXControl FTMS control application
software.

For the eIF3-40S and el F5-40S complexes, samples were
separated identically as elF3 complex. However, peptide
mixtures were analyzed by MS/MS analysis in data inde-
pendent mode with broad isolation window (1000 m/z).
Mass spectral data was acquired in positive broadband
mode over the m/z range 250-2500, with 1M data points
transient, 15 eV collision voltage, 0.2 s ion accumulation,
0.8 s MS/MS accumulation and two scans were accumu-
lated per spectrum.
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Cross-links identification

For identification of cross-links from LC-MS analysis, we
used in house developed software (LinX) based on the
Links algorithm, previously described as Automated Spec-
trum Assignment Program (ASAP) (59,60). Because it re-
quires input in the format of tab separated m/z and in-
tensity values, it was necessary to program a data output
script using the internal scripting language (Visual Basic) of
the DataAnalysis 4.4 software suite (Bruker Daltonics, Ger-
many). This script uses the DataAnalysis implementation
of the SNAP 2.0 algorithm to generate deconvoluted spec-
tra and then exports a file containing the sorted monoiso-
topic masses and their corresponding intensities (and other
related data). LinX software identifies cross-linked pep-
tides by matching experimental data to a theoretical library
generated based on the protein sequence, protease speci-
ficity, cross-linker reactivity and composition and protein
chemical modification. The parameters for the search were
defined as follows: enzyme—trypsin (specificity—cleavage
after lysine and arginine, not cleaved after modification,
three missed cleavages); variable modification—oxidation
on methionine, fixed modification—carbamidation on cys-
teines, cross-linker—Type 0,1 and 2 products for each cross-
linker (specificity to N-terminus, lysine and tyrosine); mass
error—?2 ppm.

Cross-links analyzed by LCMS/MS were identified using
StavroX (61) or MeroX (62) (DSBU) with similar parame-
ters as for LinX and mass error for MS/MS fragments—?2
ppm and FDR < 5%.

All cross-links identified by the Links, StavroX and
MeroX were manually confirmed by examination of the raw
data.

3D modeling

The 3D models were made using 3Ds Max 2019 (Autodesk)
and PyMOL (The PyMOL Molecular Graphics System,
Version 2.0 Schrédinger, LLC.)

RESULTS AND DISCUSSION

Optimization of the yeast eIF3 purification and reconstitution
protocol

Since native elF3 purified directly from yeast cells in
large scale often contains other ‘contaminating’ proteins,
predominantly the three major elF3 interacting partners,
Herl, elF1 and elF5 (27,48,63,64), the in vitro E. coli
expression/reconstitution protocol was developed by the
Ficner’s lab for the entire elF3 complex (31). To obtain
higher yields of proteins without truncated variants for our
downstream structural applications, we set out to optimize
this protocol as follows.

In the original plasmid, 77F32 was N-terminally His-
tagged (31), and its expression led to a presence of the C-
terminally truncated protein variants (Figure 3A). There-
fore, it was difficult to separate the full-length Tif32 from
the truncated derivatives because they also carried an N-
terminal Hisg tag and the size of the truncated variants was
similar to that of the full-length protein (Figure 3B). To cir-
cumvent this, the Hisg tag was relocated to the C-terminus



8288 Nucleic Acids Research, 2019, Vol. 47, No. 15

M M Fractions M _ M Fractions
20 250 250 250
130 130 ‘ —Ti 130 STitsz 1300 e e b - —Ti32
| *-'Nh qhﬂ Tif32
-—Tif32 100 =] P A—={=1"* 100 H 100
100 | [ yan 70 P 70
- 70 .
- e ol el e 55 55
70 1 "
-— 55

55
35!
35

25
35
25

Bt
.‘

25 - -
p—

Original N-terminally His6-tagged a/Tif32 His6 tag was transferred to the C-terminus
E F G Fractions
M M M Dimer Monomer
250 ¢ 250
130 130 250

100

100 4. 130

0 . ~Prt1 (Full length) o Pt 100f & - i  _priq
~Prt1 (A1-180) 70

55

55 4 55
35
25 % 35
25 | W~ 25
Original C-terminally Modified C-terminally His6-tagged version of b/Prt1 (AMet1-39, A180-181)
His-tagged b/Prt1 b/Pril His tag
H | J
M Fractions M Fractions M elF3
250+ 250 250
130+ 130 130 Tif32
I
1000 100 " Nipt
70 70 100 Pt
55 55 70
35
— s C— - 55 -
GST . Tif34
25 - - — -Tif35 | e - -Tif34 35 B Tirs5
15 - 35 - ~Tif35 25
10 2 R e
) e 15
15
Original N-terminally His -tagged g/Tif35 Tif35 fused to Tif34 with a protease cleavage site Reconstitued elF3
= g/Tif35 His tag
K
GST tag o/Nip1 _elF1 | intein+CBD | | ______elF5 | intein+CBD |

Figure 3. The refined elF3 reconstitution protocol. (A and B) The CBB stained SDS-PAGE gels showing the original N-terminally Hise-tagged a/Tif32
eluted from the IMAC column (A), which was subsequently subjected to gel filtration chromatography—only the peak fractions are displayed (B). (C and
D) Same as in (A and B) only the reworked C-terminally Hisg-tagged a/Tif32-Hisg is shown including its schematic. (E) The original C-terminally Hisg-
tagged b/Prtl purified via IMAC is shown; the full-length and truncated (A1-180) b/Prtl variants were detected. (F and G) The modified C-terminally
Hisg-tagged version of b/Prtl (A1-39,180-181) eluted via IMAC (F) and further subjected to gel filtration chromatography (only the peak fractions are
displayed) is shown including its schematic (G). Please note that two peaks corresponding to the dimeric and monomeric b/Prtl proteins were observed
(the Saccharomyces cerevisiae b/Prtl reportedly forms a homodimer when it is concentrated (26)). (H) The CBB stained SDS-PAGE gels showing the
original g/Tif35 subunit expressed as a fusion protein with GST that was subjected to gel filtration chromatography; peak fractions were detected after
the glutathione column purification and HRV 3C Protease cleavage. (I) The i/Tif34 and g/Tif35 subunits expressed as the C-terminally Hisg-tagged fusion
i/Tif34-g/Tif35 protein (see the schematics below) were first purified via IMAC, followed by the HRV 3C Protease cleavage (the protease was eliminated
using the glutathione column) and the resulting eluate was then subjected to gel filtration chromatography; the peak fractions contained both proteins. (J)

An example of the eIF3 reconstitution according to the modified protocol. (K) Schematics of ¢/NIP1, eIF1 and elF5 fusion proteins; all purified according
to original protocols (31,57).



by subcloning the T/F32 gene into the pET28b vector (Fig-
ure 3C and D). The resulting construct was expressed in E.
coli and the Tif32-Hisg protein was purified by the two-step
column chromatography. After the Ni charged Immobilized
metal affinity chromatography (IMAC), the full-length and
N-terminally truncated Tif32 proteins were eluted (Fig-
ure 3C) and subsequently subjected to size-exclusion chro-
matography (SEC), where it was finally possible to sepa-
rate the full-length Tif32-Hisg from its much smaller N-
terminally truncated variants (Figure 3D). The typical yield
was ~1.5 mg per liter of culture.

The PRTI gene was in the original protocol subcloned
into the pET22b vector with a C-terminal Hiss tag and
the expressed protein was purified by column chromatog-
raphy starting with IMAC followed by SEC. It was previ-
ously shown that expression of S. cerevisiae Prtl does not
start from the first Met occurring in its 5 UTR (Met; ac-
cording to (31)) but from Metyy (27); in accord, the puta-
tive amino acid sequence preceding Mety is not conserved
with any other organism. Since the original eIF3 reconstitu-
tion protocol developed by (31) did not reflect this fact, we
first re-subcloned the PRTI gene into the pET22b vector
to begin with ‘Mety’ (henceforth Met; ). In addition, with
the original purification procedure, about 50% of the typ-
ical yield contained N-terminally truncated (A1-180) Prtl
(31) (Figure 3E). To avoid this problem, a deletion mutant
lacking Met 4" and Proy4;" (Met;gy and Projg; according
to (31)) was generated to remove this protease cleavage site.
Neither Met 4" and Proy4," are conserved (Figure 3F and
G). Therefore we think we have a good reason to believe
that the Prt12M40P141* derivative is fully functional; it cer-
tainly does not affect the elF3 complex assembly (Figure
3J). Applying the same purification protocol as used by (31),
we greatly diminished the appearance of the originally ob-
served truncation (Figure 3F and G). The yield was ~15 mg
per liter of culture.

The NIPI gene was originally subcloned into the pGEX-
6P-1 vector with an N-terminal GST tag (31). The protein
was first purified using a glutathione column, followed by
an HRV 3C Protease cleavage and SEC. The yield was ~1
mg per liter of culture, but ~50% of the purified Nipl pro-
tein unexpectedly did not assemble into the elF3 complex,
which significantly reduced the overall reconstitution yield.
Plasmids with an N-terminal Hiss and MBP tags, respec-
tively, were also tested, but neither the final purification
yields nor the Nipl assembly into the rest of the complex
improved (data not shown).

The T1F35 gene was originally cloned into the pGEX6P-1
vector with an N-terminal GST tag (31). Asin case of Nipl,
the Tif35 protein was purified by a glutathione column, fol-
lowed by an HRV 3C Protease cleavage and SEC. However,
Tif35 non-specifically associates with the GST moiety even
after the cleavage and thus cannot be easily separated by
SEC (Figure 3H). This problem indicates that Tif35 might
need a binding partner that could prevent its non-specific in-
teraction with GST and increase its stability. Therefore, the
TIF35 gene was fused with the gene encoding its native bind-
ing partner Tif34 by a short linker encoding an HRV 3C
Protease cleavage site. This fusion T1F35-TIF34 DNA frag-
ment was subcloned into pET22b with a C-terminal Hisg
tag (Figure 31). The resulting fusion protein was first puri-
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fied by a Ni column, followed by HRV 3C Protease cleavage
and the protease was eliminated using the glutathione col-
umn. The resulting eluate was then subjected to SEC and
as can be seen in Figure 31, both Tif34 and Tif35 proteins
eluted in the same peak further underscoring their stable
and strong binding (Figure 3I). The apparent appearance
of degradation products and/or other proteins in the cor-
responding Tif34-Tif35 elution peaks did not hamper the
completion of this improved elF3 expression protocol be-
cause these were completely eliminated by SEC that cap-
tures the entire protocol of the elF3 reconstitution (Figure
3J, see also below). The total yield was ~30 mg per liter of
culture.

The recombinant elF3 was reconstituted by mixing the
purified Tif32, Prtl, Nipl, and Tif35 and Tif34 subunits in
1:1.5:1.5:2.25:2.25 molar ratio in a given order. The recon-
stitution mixture was incubated for 15 min at 4°C and sub-
jected to one final SEC to yield highly pure, 5-subunit elF3
in a perfect stoichiometry (Figure 3J).

Taken together, we succeeded in optimization of the ex-
isting protocol for expression and purification of elF3 sub-
units. Problems with truncated variants of full-length pro-
teins contaminating the purified samples were eliminated
and, in addition, we can now obtain higher yields of in-
dividual subunits (except for ¢/Nipl). Thus this protocol
should be more suitable for x-ray crystallography and cryo-
EM sample preparation. Owing to the fact that the expres-
sion of soluble ¢/Nipl is much lower than those of the other
subunits, the quality and yield of the reconstituted elF3 is
still dominated by the ¢/Nip1 preparation. Nevertheless, in-
troduced modifications of the a/Tif32, b/Prtl, g/Tif35 and
1/Tif34 purification schemes significantly simplified their
preparations.

Free yeast elF3 complex adopts a globular 3D architecture

Numerous laboratories have attempted to solve the struc-
ture of yeast, as well as mammalian elF3 complex when
free in solution. With respect to yeast eIF3 only very low-
resolution single particle electron microscopy (EM) images
(2D class averages) of negatively stained free yeast elF3 are
available (31). Since our own attempts using the in vitro
reconstituted elF3 complexes also failed, we decided to
apply chemical cross-linking coupled with advanced mass
spectrometry on our highly pure complexes in perfect sto-
ichiometry in effort to reveal the overall shape and geom-
etry of free yeast elF3. We employed two different cross-
linkers containing an amine-reactive N-hydroxysuccinimide
(NHS) ester at each end of either a 5-carbon (DSG or water-
soluble variant BS’G; a minimal/maximal length of the C,-
C, cross-link is 20.5/26.4 A) or an 8-carbon (DSS or water-
soluble variant BS?; a minimal/maximal length of the C,-
C, cross-link is 24/30.2 A) spacer arm, respectively (65,66).
According to previously published observations (67), the
elF3 complex was cross-linked using either 100- or 200-fold
molar excess of the cross-linker over the protein complex
to avoid perturbation of protein structure. This experiment
was repeated twice with each cross-linker, hence altogether
we obtained eight unique datasets. As a negative control,
an untreated samples (buffer only) were always run in par-
allel and, as expected, no signals corresponding to cross-
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linked peptides were detected (data not shown). To min-
imize false positive assignments, only experimental values
differing from theoretical ones less than 2 ppm for the both
isotopes were considered and multiple assignments were
discarded. Such strict criteria prohibit the misinterpretation
of mass spectrometric data.

To be able to precisely and synoptically map all cross-
links between surface-exposed lysine residues of individual
elF3 domains, we first refined our previously published 2D
model of the ribosome-free eIF3 complex (30) (Supplemen-
tary Figure S1) using the Autodesk 3Ds MAX software
(Figure 4A-D). Please note that this schematic 2D model:
(1) reflects as accurately as possible all contact points among
individual eIF3 subunits that have been mapped so far us-
ing various in vivo and in vitro protein binding assays and, at
the same time, (ii) purposefully disregards all contacts that
elF3 subunits may establish among each other when bound
to the ribosome (reviewed in (3,4); for further details please
see below).

In total, we obtained 22 unique cross-links (Figure 4E).
Two cross-links out of those 22 (between the ¢/Nipl middle
helical region and the g/Tif35-NTD, and the a/Tif32-HLD
and the g/Tif35-RRM) were obtained in all eight datasets,
eight were found in both DSG and DSS, eight or three only
in DSG or DSS, respectively, and five in both replicates
with at least one of the cross-linkers (for the overview and
count of the occurrence of individual cross-links obtained
in given experimental conditions specified above please see
Supplementary Figure S2 and Table S1). Interestingly, three
main directions/groups can be clearly distinguished with re-
spect to the spatial arrangement of these cross-links (Fig-
ure 4E). The first group (A) runs roughly vertically and
includes cross-links of the N-terminal domain of a/Tif32
with both halves of g/Tif35, the middle region of ¢/Nipl,
and the extreme CTD of b/Prtl, as well as those of the
b/Prt1-CTD with the ¢/Nipl-PCI domain and the tip of
the g/Tif35-RRM (Figure 4E). The second group (B) em-
anates from the very C-terminus of a/Tif32 and contacts
the very N-terminus of c/Nipl, as well as its C-terminal
PCI domain; it also includes cross-links between the first
N-terminal 1/3 of ¢/Nipl and the a/Tif32-HLD. The third
group (C) runs roughly horizontally across the entire com-
plex from the a/Tif32-HLD toward both ends of g/Tif35
and the WD40 and CTD of b/Prtl, as well as from the first
N-terminal 1/3 of ¢/Nipl toward g/Tif35 and the a/Tif32-
NTD; it also includes cross-links between the middle heli-
cal region of ¢/Nipl and the g/Tif35-NTD, the ¢/Nip1-PCI
and the g/Tif35-RRM and at last between the b/Prt1-CTD
and g/Tif35 (Figure 4E). Taking into account the average
lengths of the generated cross-links by the selected cross-
linkers (see above) that we set as delimiting parameters in
the aforementioned software, we accommodated the indi-
vidual parts of the 2D model to fit into our cross-linking
map and thus build the 3D model of elF3 (Figure SA-D).

The three cross-linking directions described above clearly
suggest that free e[F3 adopts a tightly packed conformation
with both of its WD40 domains (b/Prtl and i/Tif34), as
well as the RRM domains (b/Prtl and g/Tif35) exposed to
the surface (Figure 5). The other exposed domains are the
extreme ends of a/Tif32 (consistent with the fact that the ex-
treme CTD binds elF2 off the ribosome (30) and the NTD

contacts uS2/Rps0A (35,36)), as well as those of ¢/Nipl
(the NTD associates with elFs 1 and 5 (50,63) and the CTD
contacts the small ribosomal protein RACK1/Ascl (28)).

It is noteworthy that in neither of our models of the
ribosome-free elF3 (Figure 4A and Supplementary Figure
S1) the PCI domains of a/Tif32 and c¢/Nipl subunits in-
teract with each other, which is in contrast to the PCI-to-
PCI interaction resolved in the reported cryo-EM struc-
tures of PICs (34,45). The reason is that with the exception
of the crystal structure obtained with the N-terminal 2/3
of ¢/Nipl in complex with the second half of the a/Tif32
(Figure 2A; PDB code: 4U1C) (26), neither of in vitro or
in vivo biochemical experiments carried out with either in-
dividual subunits or the entire elF3 (wild-type or mutant)
free of the ribosome confirmed the existence of the PCI-
to-PCI interaction between these two proteins (27,30,31).
In fact, we showed earlier that the ¢/Nipl residues 157-
370 are both necessary and sufficient for binding to a/Tif32
in vitro and in vivo (30,31). Hence, as discussed below, we
propose that the establishment of the PCI-to-PCI interac-
tion materializes only upon elF3 binding to the 40S ribo-
some. In favor of our model, no specific cross-links between
both PCI domains were seen, and the group A cross-link de-
tected between the a/Tif32-NTD and the helical region of
¢/Nipl could not be formed in the prospective PCI-to-PCI
arrangement (26,45) simply because the distance between
the two lysine residues involved in this cross-link exceeds
the maximal length by over 2-fold (Supplementary Figure
S4A). There are two other cross-links that further support
this rationale (see the next chapter).

Binding of elF1 and eIF5 further compacts the globular 3D
geometry of elF3

As mentioned above, yeast eIF3 has two prominent inter-
acting partners—elF1 and eIF5 (Figure 6A and B) and
it was proposed that elF3 actually promotes their associ-
ation with the small ribosomal subunit during formation
of the 43S PIC in vivo (reviewed in (3)). Whereas elF5 in-
teracts with the tip of the N-terminal domain of ¢/Nipl
(51), eIF1 contacts the region further downstream but still
within the extreme N-terminus of ¢/Nipl (51). In fact, elF1
was proposed to possess more than one binding site within
the ¢/Nipl-NTD (68) and, in addition, it was also shown
to contact the a/Tif32-HLD (30). Taking into account the
dramatic differences in the conformation of free versus 40S-
bound elF3, we were wondering whether perhaps elF1 and
elF5 association with elF3 serves as a trigger for its struc-
tural rearrangement prior to its binding to the 40S sub-
unit. To test that, we purified the eIF1 and elF5 proteins
and formed a trimeric elF3-1-5 complex in vitro that we
subjected to the cross-linking protocol using selected cross-
linkers (DSS, BS?, DSG and BS’G). We unambiguously
identified 36 intermolecular cross-links (Supplementary Ta-
ble S2). To simplify the cross-linking map, we split these 36
cross-links into two classes: class (i) features 25 cross-links
that were detected among the elF3 subunits and illustrates
the conformational alterations that binding of elFs 1 and
5 imposes on the elF3 complex (compare Figure 6C ver-
sus 4E); class (ii) depicts nine cross-links between elF5 and
elF3 subunits indicating the eIF5 placement on elF3 (Fig-
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Figure 4. The refined 2D model of the budding yeast eIF3 complex with the indicated placement of the obtained cross-links. (A-D) Planar projections of
the eIF3 complex with known contact points between its individual subunits/defined domains in all four views rotated by 90°CCW. (E) The summary of
all cross-links obtained with the reconstituted elF3 divided into three color-coded groups based on their positions and directions.

ure 6D). Interestingly, we found only one cross-link between
elF5 and elF1 (Figure 6D) and no cross-links between elF1
and elF3 subunits (most probably due to the fact that eIF1
is a small protein with only four lysines that are likely oc-
cluded by its interacting partners; namely the ¢/Nipl-NTD,
the a/Tif32-HLD, and the eIF5-CTD).

As can be seen in Figure 6C, Supplementary S3A and Ta-
ble S2, even though some el F3-free-specific cross-links seen
in Figure 4E disappeared, three major directions of cross-
links are still clearly discernible. Hence the major change
between free elF3 and elF3 complexed with elF1 and elF5

is that the latter shows an elaborate net of cross-links among
the inner parts of its subunits, including the B-propeller of
b/Prtl. In addition to that, we observed cross-links of the
a/Tif32 terminal domains with the ¢/Nipl1-CTD, as well as
with the entire length of g/Tif35. These findings strongly
suggest that elF3 complexed with elFs 1 and 5 is packed
even more tightly than when in its free form. In agreement,
elF5 shows the same classification of cross-links: (i) with the
inner parts of elF3 subunits; (ii) with the NTDs of a/Tif32
and c¢/Nipl, (iii) as well as with nearly the entire length of
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Figure 5. The compact 3D architecture of the yeast e[F3 complex free in solution modeled based on the obtained cross-links. (A-D) The 3D architecture
of yeast el F3 free in solution modeled using restraints from all cross-links depicted in Figure 4 viewed from all four sides rotated by 90°CCW. Color-coding
of individual eIF3 subunits corresponds to Figure 4; for details see the main text.

g/Tif35 (Figure 6D, Supplementary Figure S3B-C and Ta-
ble S2).

Based on these data we modified the 3D model of elF3
(Figure 5A-D) to reflect its nearly perfectly globular char-
acter when bound by elFs 1 and 5 (Figure 7A-D). Both
WD40 domains (b/Prtl and i/Tif34), the RRM domains
(b/Prtl and g/Tif35), as well as the extreme ends of a/Tif32
and c¢/Nipl (except for the NTD of the latter which is oc-
cluded by elF5) are still exposed to the surface but in a sur-
prisingly compact array.

In further support of our model of non-interacting PCI
domains of a/Tif32 and c¢/Nipl, no specific cross-links be-
tween both PCI domains were detected also in this complex,
and two cross-links that we detected between the a/Tif32-
NTD and the helical region of ¢/Nipl do not fit with the
published arrangement observed in the cryo-EM structures
(26,45) due to their distance restrains (Supplementary Fig-
ure S4B).

It is also noteworthy that we detected one intrasubunit
cross-link within the RRM domain of g/Tif35 (Supplemen-
tary Figure S4C). The structure of yeast g/Tif35-RRM has
not been solved yet, hence Supplementary Figure S4C de-
picts the structure of the human elF3g-RRM that is well-
conserved with its yeast counterpart (33). It is the only
cross-link in all our datasets occurring in the solved struc-
ture; it connects one of the RRM B-sheets (1) with the
loop between two other B sheets. Since the distance be-
tween the corresponding cross-linked lysines in this crys-
tal structure (~20.7 A) fits well with the maximal length of

the employed cross-linking agent (24 A), this result serves
as a proof of principle of the meaningfulness of our cross-
linking approach.

The a/Tif32 and ¢/Nipl subunits must restructure in order
to adopt their extended conformations on the 40S ribosomal
surface

Our compactly packed 3D cross-linking model of elF3 in
complex with elFs 1 and 5 is in sharp contrast to all avail-
able cryo-EM structures of elF3 in complex with the 40S
ribosome (26,34,45-46), where a/Tif32 and ¢/Nipl are het-
erodimerized through their PCI domains, sitting near the
mRNA exit pore with the ¢/Nipl-NTD and a/Tif32-CTD
running in the opposite direction —in the anthropomorphic
terms representing the elF3 arms embracing the 40S head
from the opposite sides. To reconcile these findings, we hy-
pothesize that elF3 must go through a series of conforma-
tional changes upon its initial association with the small ri-
bosomal subunit that completely reshape its arrangement
in 3D.

To examine that, we purified 40S ribosomal subunits and
formed the eIF3-40S complexes that were cross-linked with
DSBU; i.e. a mass-spectrometry-cleavable cross-linker that
contains an amine-reactive NHS ester at each end of an
11-atom spacer arm (69). DSBU has similar reactivity to
DSS but contains an urea linker that can be cleaved us-
ing collision-induced dissociation (CID); an approximate
length of the C,-C, cross-link is 25.3 A. The cleavable cross-
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Figure 6. The refined 2D model of budding yeast eIF3 in complex with elFs 1 and 5 with the indicated placement of the obtained cross-links. (A and
B) Planar projections of the elF3-1-5 ‘supercomplex’ with known contact points among individual proteins/defined domains in all four views rotated
by 90°CCW. (C) The summary of all cross-links among individual eIF3 subunits (deliberately excluding cross-links with eIF1 and elF5) obtained in the
elF3-1-5 ‘supercomplex’ that were divided into three color-coded groups (A—C) based on their positions and directions. (D) The summary of all cross-links
between elF5 and other proteins (deliberately excluding cross-links given in (C)) in the eIF3-1-5 ‘supercomplex’ (group D).
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Figure 7. The globular 3D architecture of the elF3-1-5 ‘supercomplex’ free in solution modeled based on the obtained cross-links. (A-D) The 3D architec-
ture of the yeast eIF3-1-5 ‘supercomplex’ modeled using restraints from all cross-links depicted in Figure 6 viewed from all four sides rotated by 90°CCW.
Color-coding of individual elF3 subunits corresponds to Figure 6; for details see the main text.

linker enables desirable generation of more fragments and
was instrumental in overcoming the expected technical diffi-
culties associated with the high complexity of the e[F3-40S
samples.

We first tested whether the chosen DSBU concentrations
did not result in a massive over-cross-linking of the sample
that could generate two or more el F3-40S complexes joined
together. Hence we subjected our samples to high velocity
sucrose gradient centrifugation and collected all fractions
carrying obvious Ajgy peaks. As can be seen in Supplemen-
tary Figure S5, the only dominant peak (across fractions
10-11) was observed and found to correspond to that sec-
tion of the gradient where the free 40S subunits and 43-48S
PICs migrate (58,70). Interestingly, the cross-linker gener-
ated also a minor, faster migrating peak that we attribute
to a 40S dimer. The collected fractions were subsequently
spotted onto a nitrocellulose membrane and subjected to
Western blotting using anti-g/Tif35 and anti-a/Tif32 poly-
clonal antisera (Supplementary Figure S5). Only the frac-
tion 10 representing the major peak gave a specific signal
with both antibodies, whereas the minor peak occurring in
the fraction 13 did not carry any elF3 complexes.

Running MeroX (DSBU) and StavroX (BS?) algorithms
we obtained 81 high confidence inter-molecular cross-links,
out of which 11 were connecting various elF3 subunits and
the rest bridged some elF3 subunit and some Rps (for the
overview please see Supplementary Table S3 and Document
S1 containing all assigned fragment spectra). Based on this
web of cross-links we constructed a 3D map of the elF3-
40S complex. After accommodation of all cross-links (tak-

ing into account their average lengths as precisely as possi-
ble) two pictures emerge. One most probably depicts the ini-
tial docking of eIF3 onto the ribosomal surface (Figure 8A
and B; see below for details), and the other closely resembles
previously published Cryo-EM structures of not only yeast
but also mammalian elF3-40S complexes (Figure 8C-H);
underscoring the validity and precision of our cross-linking
approach. To synoptically visualize all obtained cross-links,
we decided to divide them into the following groups: pan-
els A and B show specific Lysine-to-Lysine cross-links of
all subunits with the designated small ribosomal proteins;
panel C shows cross-links of the a/Tif32 subunit with small
ribosomal proteins occurring on the solvent-exposed side of
the 40S; panel D shows cross-links of b/Prtl and g/Tif35
subunits with small ribosomal proteins in the same place;
panel E of ¢/Nipl and i/Tif34 with small ribosomal pro-
teins in the same place; panel F illustrates all cross-links
that are made with the beak side of the 40S; panel G depicts
cross-links of ¢/Nipl with the interface side of the 40S; and
panel H all cross-links occurring on the platform side.

As can be seen, the N-terminal half of a/Tif32 and the
C-terminal 2/3 of ¢/Nipl cross-link with small ribosomal
proteins on the platform side of the 40S subunit (Figure 8C,
E, G and H; orange sticks) strongly supporting both yeast
and mammalian cryo-EM studies showing that these two
elF3 domains are firmly attached to the region around the
mRNA exit channel (reviewed in (4)). On the other hand,
the Rps cross-links obtained with the C-terminal half of
a/Tif32 and the remaining three elF3 subunits strongly
suggest existence of at least two different conformations.
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a/Tif32
b/Prt1
¢/Nip1
g/Tif35
i/Tif34

90°
)

Figure 8. The elF3 complex undergoes a dramatic structural rearangement upon its binding to the 40S subunit. (A-H) Placement of elF3 on the 40S
ribosomal subunit modeled based on the obtained cross-links. (A) Position of eIF3 prior to the major rearangement of individual subunits with corre-
sponding crosslinks shown from the solvent-exposed side. (B) The same as A but only cross-links mapping to the platform side are shown. (C) The eIF3
complex after the structural rearangement on the 40S subunit. Only cross-links between a/Tif32 and ribosomal proteins are shown in the solvent-exposed
view of the 40S subunit (PDB code: 3JAM). (D) Only cross-links between ¢/Nipl and i/Tif34 and ribosomal proteins are shown in the solvent-exposed
view of the 40S subunit. (E) Only cross-links between b/Prtl and g/Tif35 and ribosomal proteins are shown in the solvent-exposed view of the 40S sub-
unit. (F) Only cross-links mapping to the beak side are shown; yellow circles indicate three cross-links emanating from the C-terminal domain of a/Tif32
in contact with b/Prtl. (G) Only cross-links mapping to the intersubunit side are shown. (H) Only cross-links mapping to the platform side are shown.
Cross-links between ribosomal proteins and all eIF3 subunits are depicted in orange, intramolecular cross-links between elF3 subunits in white; identities
of small ribosomal proteins are indicated at the end of each cross-link. Color-coding of individual eIF3 subunits corresponds to previous figures. H-head;
P-—platform; Be-beak; Bo—body; Sh—shoulder; RF-right foot; LF-left foot. For details see the main text.
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(1) Cross-links obtained with uS7/RpsS, eS17/Rpsl7,
eS27/Rps27, uS2/Rps0, eS7/Rps7, uS11/Rpsl4 and
RACKI1 indicate that the entire b/Prtl-g/Tif35-i/Tif34-
a/Tif32-CTD module is closely attached to the c¢/Nipl-
a/Tif32-NTD module at the entry channel as when free
in solution (Figure 8A and B); (ii) cross-links detected
with uS3/Rps3, uS10/Rps20, e¢S31/Rps31, uS5/Rps2,
eS4/Rps4, uS4/Rps9, uS14/Rps29, eS10/Rpsl0 and
eS24/Rps24 support the extended conformation as seen
in the available cryo-EM studies (Figure 8C-E). Since
practically all elF3—-eIF3 cross-links were obtained within
but not between these two modules (Figure 8C-H; white
sticks), we think that the latter conformation is more
prevalent in our samples and thus—as expected—more
stable.

Taking into account: (i) the eIF3 domains that are
(based on our cross-linking analysis) exposed to the sur-
face in the ribosome-free form of elF3, together with (ii)
the well-known bridges between elF3 and the 40 subunit,
we speculate that the initial eIF3 docking site(s) on the
40S ribosome could be represented by one (or more) of
the following interactions: (a) a/Tif32-NTD-uS2/Rps0A
(36); (b) a/Tif32-CTD-uS5/Rps2 and/or —uS3/Rps3 (39);
(c) ¢/Nipl-CTD-RACKI1/ASC1 (28); (d) g/Tif35-NTD-
uS10/Rps20 and/or —uS3/Rps3 (33); and at last (¢) b/Prtl-
WD40- uS4/Rps9 (24). Importantly, earlier we demon-
strated that the internal deletion of the RRM domain from
b/Prtl produces a trimeric complex composed of the A100-
b/prtl mutant protein associated with only g/Tif35 and
1/Tif34 that completely fails to interact with the 40S sub-
unit in vivo (27). We also showed that the deletion of the
C-terminal 1/3 of a/Tif32 (in a/Tif32-AS5) generates a com-
plex containing the N-terminal 2/3 of a/Tif32, ¢/Nipl and
elF5, called the minimal 40S-binding unit (MBU), which is
sufficient for 40S binding in vivo and in vitro (35). The N and
C termini of ¢/Nipl and the a/Tif32-NTD were found to be
required for 40S binding by the eIF3—elF1-elF2—eIF5 com-
plex in vivo, whereas elF5 was necessary for binding only
when the a/Tif32-CTD was absent. Therefore, we suggest
that the most probable mediators of the initial contact be-
tween elF3 and the 408 are the a/Tif32-NTD-uS2/Rps0A
and ¢/Nipl-CTD-RACK1/ASCI interactions (Figure 8A
and B). This is consistent with the fact that the a/Tif32-
PCI—c/Nipl-PCI heterodimer is considered to be a stable
anchor of eIF3 on the ribosomal surface, as mentioned
above, whereas the a/Tif32-CTD-b/Prtl-g/Tif35-1/Tif34
module can shuffle from the solvent-exposed region near
the mRNA entry channel to the interface side and back (re-
viewed in (4)).

Hence, we propose that upon the initial eIF3-40S con-
tact mediated by the a/Tif32-NTD and c¢/Nip1-CTD (Fig-
ure 8A and B), these two subunits undergo a conforma-
tional switch from their ribosome-free mode into their PCI-
to-PCI heterodimer mode of binding (Figure 8C-H), so that
(i) the ¢/Nip1-b/Prt1 contact is severed allowing the tightly
packed elF3 to unfold, (i) the a/Tif32-CTD adopts its ex-
tended form enabling the b/Prtl-g/Tif35-1/Tif34 module
associated with it to settle near the mRNA entry channel
and (iii) the ¢/Nip1-NTD (restricted in its movement in the
free form) can wrap around the platform and reach the 40S

P-site to which it could deliver eIFs 1 and 5 during the 43S
PIC formation, as suggested earlier (51,68).

The cross-links obtained among small ribosomal proteins
and the a/Tif32-CTD-b/Prtl-g/Tif35-i/Tif34 module on
the 408 beak side (Figure 8F) do support the flexibility of
this module consistent with its shuffling ability. Similarly,
cross-links obtained between the ¢c/Nip1-NTD and small ri-
bosomal proteins residing at the 40S head versus right foot
(Figure 8G) illustrate the flexibility of the c/Nip1-NTD that
is most probably instrumental during AUG selection pro-
cess (51,68). Consistently, earlier cross-linking mass spec-
trometry data predicted an interaction of the N-terminal
segment of ¢/Nipl with eIF1 bound to the 40S platform
(26), and a density presumably corresponding to the elF3c
residues 115-220 was identified not too far away from the P-
site-bound elF1 in both the py48S-closed/open complexes
(45).

To conclude, the fact that elF3 is tightly packed in the
ribosome-free form suggests that this arrangement could
have a regulatory role; i.e. to expose only the 40S- and elF1-
and elF5-contact domains while preventing the hidden do-
mains from making functional interactions until they be-
come accessible on the ribosomal surface for binding to
other factors.

elF5 occupies the region below the 40S P- and E-sites

As described above, elF5 plays a critical role in the AUG
recognition process, yet its precise position within the 43—
48S PICs has remained elusive. Having purified the elF5
protein, we attempted to form the eIF5-40S complex that
could be subjected to our DSBU cross-linking approach
(using the same concentration as with the eIF3-40S com-
plex ensuring that the complex did not get over-crosslinked
(Supplementary Figure S6)) in order to reveal the placement
of both, functionally relatively independent NTD and CTD
domains of eIF5 on the 40S ribosome. In total, we obtained
33 high-confidence cross-links and built the 3D model of the
elF5-40S complex (Figure 9A-C). Since we were interested
in the position of elF5 in PICs, we disregarded 12 cross-
links the positions of which would collide with those of eI F3
subunits (a few of them mapped onto the solvent-exposed
side of 40S ribosome). Out of the remaining 21 cross-links,
we detected 18 cross-links between elF5 and some riboso-
mal protein (three cross-links emanate from the linker re-
gion) and three cross-links within the elF5 protein itself
(Figure 9A—in white); for the overview of cross-links please
see Supplementary Table S4 and Document S2 containing
all considered collision spectra.

The very tip of the eIF5-NTD (residues 1-149, contain-
ing the GAP function) was cross-linked with uS12/Rps23,
eS19/Rps19 and eS24/Rps24 (Figure 9A and B). The other
half of the eIF5-NTD was cross-linked with eS10/Rps10,
eS26/Rps26, eS8/Rps8, uS17/Rpsl1 and eS1/Rpsl (Fig-
ure 9B), while the linker region was cross-linked with
eS25/Rps25 and uS17/Rpsl1 (Figure 9C). The latter ribo-
somal protein also cross-linked to the eIF5-CTD together
with eS1/Rpsl and eS27/Rps27 (Figure 9C). Taken to-
gether, these cross-links place the elF5-NTD near the P-site
where eIF1 binds in the open/POUT state, in agreement with
the only recently published work by others (46), whereas the
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Figure 9. Placement of both terminal domains of eIF5 on the 40S ribosomal subunit modeled based on the obtained cross-links. (A—C) The N-terminal
(PDB code: 2E9H—in blue) and the C-terminal (PDB code: 2FUL—in red) domains of eIF5 were modeled onto the intersubunit side of the 40S subunit
(PDB code: 3JAM) based on the obtained cross-links. The linker region, unresolved in the available 3D structures, is depicted as a dashed white line.
Cross-links between ribosomal proteins and elF5 are depicted in orange, intramolecular cross-links between the elF5 halves in white; identities of small
ribosomal proteins are indicated at the end of each cross-link. For details see the main text.

elF5-CTD seems to reside closer to the platform, near the
E-site (Figure 10). In fact, in this arrangement the elF5-
CTD occurs next to its binding partner ¢/Nipl-NTD in
elF3, suggesting that the ¢/Nipl-NTD-elF5-CTD inter-
action is instrumental for the elF3-mediated delivery of
elF5 (and most likely also of eIF1) to its operational site
on the ribosomal interphase as proposed earlier (50,51,68).
In addition, in this arrangement the eIF5-CTD is also ide-
ally suited to control the start codon selection by promoting
the dissociation of eIF1 from the scanning-arrested PICs as
shown in (55).

Despite the obvious limitations of this approach (for ex-
ample the studied eIF5-40S complex might never assemble
in the cell without other eIFs), we believe that our data are
relevant and, in simple terms of the molecular functioning
of elF5 in the context of the 48S PIC, entitle us to propose
the following (Figure 10). Upon the initial docking of elF1
and elF5 (via its CTD) to their places underneath the P-
and E-sites by the ¢/Nipl-NTD, respectively, and forma-
tion of the 48S PIC, the 40S ribosome starts scanning for
AUG. The position of the arginine finger-containing eIF5—
NTD at this stage remains to be determined, yet we think

that it must be situated close to the GTP-binding pocket of
elF2y. Selection of AUG, triggering the irreversible GTP
hydrolysis, then spurs the eIF5-CTD to promote elF1 dis-
sociation or replacement from its ‘P-site’ binding spot to
allow the relocation of the e[F5-NTD to this very spot in
a synchronous movement with the eIF1A C-terminal tail
toward one another. This way the eIF5-NTD can stabilize
the codon-anticodon interaction and thus lock the 48S PIC
in the closed/P™ state to enable eIF5B-mediated subunits
joining as recently proposed (46).

Concluding remarks

Here we mastered the chemical cross-linking methodology
combined with advanced mass spectrometry to map the 3D
architecture and relative positions of all e[F3 subunits when
(1) free in solution, (ii) in complex with other eIFs or (iii)
when bound to the 40S ribosomal subunit, based on which
we expanded our knowledge on molecular mechanics of the
general initiation pathway. Together with other studies of a
similar kind on different complexes, we think that our ap-
proach can be viewed as the detailed instruction manual for
other researchers working with multiprotein assemblies, the
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Figure 10. Model of the elF5-containing PIC at the late initiation stage. The partial yeast 48S PIC with the eIF5 N-terminal domain is shown (adopted
from (46); PDB code: 6FYX) containing the 40S subunit (gray), e[F5-NTD (blue), eIF1A (teal), elF2a (hotpink), eIF2@ (magenta), eIF2y (pink), a/Tif32
(orange), b/Prtl (forest green), ¢/Nipl (ruby), i/Tif34 (chartreuse), g/Tif35 (purple blue) and Met-tRNA;Met (green). Placement of the eIF5-CTD (PDB
code: 2FUL) was modeled based on the obtained cross-links shown if Figure 9. The elF5 linker region is depicted as a dashed white line. The density
corresponding to the ¢/Nipl-NTD is indicated. (A) View from the intersubunit side; eIF2p is partially transparent and elF2y is depicted merely as an
outline to visualize the eIF5-NTD. (B) View from the platform side rotated by 60°CW.

crystal or cryo-EM structures of which are very hard to ob-
tain.
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