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The initiation of mammalian protein synthesis and the
mechanism of scanning

Ivan B. Lomakin and Thomas A. Steitz

Abstract

During translation initiation in eukaryotes, the small ribosomal subunit binds mRNA at the 5’-end
and scans in the 5 to 3’ direction to locate the initiation codon, form the 80S initiation complex
and start the protein synthesis. This simple, yet intricate, process is guided by multiple initiation
factors. We determined the structures of three complexes of the small ribosomal subunit that
represent distinct steps in mammalian translation initiation. These structures reveal the locations of
elF1, elF1A, mRNA and initiator tRNA bound to the small ribosomal subunit and provide insights
into the details of translation initiation specific to eukaryotes. Conformational changes associated
with the captured functional states reveal the dynamics of the interactions in the P site of the
ribosome. These results have functional implications for the mechanism of mRNA scanning.

In bacteria, translation initiation is controlled by initiation factors IF1, -2 and -31. In
eukaryotes it is more complex: multiple initiation factors facilitate the recruitment and
scanning of mMRNA, selection of initiator tRNA, the large and small ribosomal subunits
joining2~4. Eukaryotic initiator tRNA binds specifically to elF2-GTP, forming a stable
ternary complex (TC). The TC forms the 43S preinitiation complex (PIC) by binding to the
small ribosomal subunit (40S). Formation of the 43S PIC is promoted by the eukaryotic
initiation factors (elF) elF1, -1A, -3, -5°. 43S PIC then binds to the capped 5’-end of mMRNA
through elF4F and elF3, and scans the mRNA up to the first AUG codon.

The scanning hypothesis (first AUG rule) was proposed by Kozak8 and subsequently refined
to reflect that sequences surrounding AUG, particularly at the —3 and +4 positions with
respect to the A, are critical for initiation in mammals’8. Despite widespread acceptance of
this model, its molecular mechanism remains unknown29. Scanning stops upon AUG
recognition, triggering elF1 dissociation. The release of phosphate from the TC makes this
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reaction irreversible and promotes dissociation of elF2-GDP10.11, The 48S PIC that is now
formed contains the initiator tRNA base paired with AUG in the P site of the 40S subunit.
The subsequent attachment of the large (60S) ribosomal subunit is facilitated by GTP
binding factor, elF5B. elF5B and elF1A dissociate from the 40S subunit during or after 80S
ribosome assembly, leaving the ribosome primed for elongation?.

We have determined the crystal structures of the rabbit 40S subunit in complex with: (i)
elF1 (PIC1), (ii) elF1 and elF1A (PIC2) and (iii) mRNA, tRNA and elF1A (48S PIC).
These structures establish the positions of elF1, elF1A, mMRNA and tRNA and reveal the
architectural principles governing the assembly of the pre-initiation complex on mRNA.
Comparison of these structures shows that a conformational rearrangement in the P site and
a rotation of the head of the 40S subunit accompany complex assembly. This provides the
basis for understanding the functions of elF1 and elF1A during scanning.

Crystallization and structure determination

Rabbit 40S ribosomal subunit complexes were crystallized in the P3;,21 space group and
contain one 40S subunit per asymmetric unit (Fig. 1, Supplementary Fig. 1). Complete data
sets were collected to 7.9-9 A resolution (Supplementary Table 1). The 48S PIC was formed
by incubating 40S ribosomal subunits with mRNA, non-aminoacylated, in vitro transcribed
initiator tRNA (tRNA,), and human elF1A and elF1. Although the presence of elF1 in the
reaction mixture is essential for crystallization, this factor is not seen in the 48S PIC
structure. The PIC1 complex was formed by incubating 40S ribosomal subunits with elF1,
and the PIC2 complex was formed by soaking elF1A in crystals of PIC1 (Methods).

The presence of additional electron densities in the maps allows us to unambiguously
identify the locations of elF1, elF1A, tRNA, mRNA (Fig. 1, Supplementary Fig. 2). We
provide E. coli nomenclature for ribosomal proteins and rRNA in parentheses. We focus
predominantly on the details related to translation initiation, which include the interactions
of initiation factors, tRNA and mRNA with the 40S ribosomal subunit and their implications
for the mechanistic understanding of the scanning process.

Initiator tRNA in the P site

The P site of the 40S subunit contains a binding pocket, occupied by the anticodon stem-
loop (ASL) of tRNA,. This pocket is formed by the 18S rRNA helices h28, h44 of the body,
h24 of the platform, h28, h29, h30, h31 of the head domains and by three ribosomal proteins
(rpS) located in the head of 40S subunit - rpS15(19), rpS16(9) and rpS18(13) (Fig. 2,
Supplementary Fig. 7). The regions of tRNA; that interact with rRNA are similar to those
seen for the P site tRNA bound to the 70S ribosomel213, However, the rRNA is arranged
differently in the tRNA; binding pockets of PIC1, PIC2 and 48S PIC, reflecting the
differences between the scanning-competent (PIC1, 2) and scanning-incompetent (48S PIC)
conformations. Movement of the tRNA, toward the E site is blocked in the 48S PIC by
helices h24 and h29, which contact the ASL from the platform and head side of the 40S
subunit, respectively (Supplementary Fig. 3). The position of h29 is different in the PIC1
and PIC2 structures, compared to that in 48S PIC, and allows the P site bound tRNA to
move toward the E site (Fig. 2b). The corresponding region of h29 has shifted ~4A toward
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the E site in PIC1 and ~2A in PIC2. The binding of tRNA; on the opposite side of the pocket
in the 48S PIC might be stabilized by the C-terminus of rpS15(19) and by the N-terminal tail
(NTT) of elF1A, as evidenced by the presence of additional electron density near the ASL
of the tRNA; in the corresponding map (Supplementary Fig. 4). The suggested orientation of
the C-terminus of rpS15(19) in the 48S PIC can explain the crosslink reported between
rabbit rpS15(19) and the +4 position on mRNA in the 48S complex!4. Positioning of the
NTT of elF1A near the ASL of tRNA, in 48S PIC is consistent with biochemical data
demonstrating that NTT contributes to elF1A binding to the 40S subunit!® and may interact
with the ASL16. The NTT of elF1A remains unstructured in PIC2. We propose that the
architecture of the P site in PIC1 and PIC2 represents the scanning-competent conformation
of the 40S subunit, with tRNA, in the P, mode?. In contrast, the P site in 48S PIC
represents a scanning-incompetent conformation of the 40S subunit, with the ASL of tRNA
in Pj, mode - locked in position by base-pairing with AUG and interactions with the binding
pocket, possibly with rpS15(19) and the NTT of elF1A217. This position of tRNA is similar
to the P/1 state in the bacterial 30S 1C18.19 (Supplementary Fig. 6).

Rearrangements of the P site in the PICs are accompanied by a 3° clockwise rotation of the
head of the 40S subunit after the binding of elF1A to PIC1, and an additional 3° upon
formation of the 48S PIC. Rotations of the head shift part of the tRNA; binding pocket
toward the A site by ~2A with each rotation. At the same time, h28, which comprises the
neck that connects the head and body of the 40S subunit, does not change its position (Fig.
2b, Supplementary Fig. 5). The role of h28 as a pivot point for head rotation suggests that
mutations in the neck affect rotation of the head and repress the conformational
rearrangements of the P site that are required during scanning. This likely explains the leaky
scanning phenotype seen in mutational studies of h28 in the yeast 185 rRNAZ0,

The mRNA channel and the mRNA path

The electron density map of the 48S PIC reveals the position of the mMRNA on the 40S
subunit from nucleotides —6 to +7 (Fig. 3a). Its conformation does not have the sharp kink
between the A and P site codons that is seen in the bacterial 70S ribosomal complexes. This
kink allows the simultaneous pairing of the A and P site tRNA anticodons with the mRNAZ2!
(Fig. 3a), that defines the reading frame and prevents slippage of the mRNA13, The
conformation of the mRNA in the scanning complex should promote the slippage of mMRNA.
elF1A assists the slippage of the 40S subunit along the mMRNA by occupying the A site,
which prevents possible interactions between tRNAs and mRNA that might otherwise fix
the mRNA on the ribosome (Fig. 3a, Supplementary Fig. 7).

The mRNA path in the 48S PIC is similar to that in 70S ribosomal complexes422,
Eukaryote specific features are localized in the mRNA channel near nucleotides —3 and +4,
which are the most sensitive positions in the consensus sequence around the initiation
codon, and also upstream of the E site, because eukaryotes lack the Shine-Dalgarno
sequence (SD)2223, Two ribosomal proteins, rpS26e and rpS28e, which do not have
homologs in eubacteria are present in these regions. rpS26e has an a helix (C74-V83) that is
located ~5A away from positions —4 and -3 on the mRNA as well as from h28 (Fig. 3b).
This helix may change the orientation of the —3 nucleotide during scanning, thus affecting
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its interaction with the a-subunit of elF2, implicated in the discrimination of the AUG
context at position —314. While rpS26e is bound to the platform of the 40S subunit, its N-
terminus interacts with the neck of the 40S subunit, possibly facilitating communication
between position —3 on the mMRNA, the head domain, and the platform.

mRNA position —6 is located in the vicinity of rpS28e. This region of mMRNA is of particular
interest because it is involved in the SD interaction in prokaryotes and modulates translation
initiation on non-AUG initiation codons in eukaryotes?4. The C-terminus of rpS28e contains
three conserved arginine residues, located ~7A from nucleotide -6, that may interact with it
(Fig. 3b). We suggest that these eukaryote-specific interactions may stabilize the position of
mMRNA during initiation. The initiation codon and nucleotide +4 are located in a gorge
formed by the top of h44 (Fig. 3a, Supplementary Fig. 7). We propose that nucleotides
1697(1401) and 1820(1494) of h44 of 18S rRNA, together with the NTT of elF1A,
modulate the orientation of nucleotide +4 of the mRNA, which may pause mRNA sliding
during scanning (Fig. 3a). This pause would allow the AUG codon or ASL of tRNA, to be
accommodated for codon-anticodon base-pairing. The presence of electron density
attributed to the NTT of elF1A in the 48S PIC (Supplementary Fig. 4) suggests that upon
base-pairing with the initiation codon, the NTT might stabilize the P;, conformation of the
tRNA;17 by interacting with the mMRNA’s +4 nucleotide and/or with the ASL of tRNA (Fig.
2, Supplementary Fig. 7).

Initiation factor elF1A and the latch

The universally conserved elF1A stimulates binding of the TC to the 40S subunit and is
involved in the scanning and selection of the initiation codon?. Its bacterial ortholog IF1 is
bound to the A site of the 30S ribosomal subunit, where it sterically prevents the binding of
tRNAZ25, The location of the binding site of elF1A on the 40S ribosomal subunit was
previously mapped to the A site1®. An NMR structure of elF1A revealed that its main
domain has an oligonucleotide/oligosaccharide binding (OB) fold that is similar to IF1, an
additional C-terminal subdomain with two a-helices, and long unstructured N- and C-
terminal tails (CTT)26. While the CTT is required for stringent AUG selection by promoting
the scanning-competent conformation of the initiation complex, mutations in the NTT
suppress the elevated level of UUG initiation1°27,

Electron density maps of 48S PIC and PIC2 show clear density for elF1A (Fig. 1)26. While
the CTT of elF1A remains disordered, the NTT is partially visible in the 48S PIC. The
additional density in the difference map (Fo-Fc) of the 48S PIC can be attributed to the NTT
of elF1A. In this case, it is located 7-8A from nucleotide +4 of the mRNA and the ASL of
the tRNA,. (Fig. 2, Supplementary Fig. 4). elF1A binds to the 40S subunit at the top of h44,
which forms a part of the intersubunit bridge B2a28, and to h18 of the 18S rRNA through its
OB domain, similar to that of IF12°, elF1A interacts with the N-terminus of rpS30e and with
the rpS23(12) (Fig. 2a, Supplementary Fig. 7). This position of elF1A ensures that the A site
on the 40S subunit remains inaccessible to tRNAs during initiation.

elF1A forms a bridge between the head and the body of the 40S subunit through its helical
subdomain (PIC2 and 48S PIC) and NTT (48S PIC) (Figs. 2a, 4). These eukaryote specific
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interactions are consistent with hydroxyl radical cleavage experiments!®. Bridging together
the head and the body of the 40S subunit ensures the closure of the mRNA channel around
the A site, which promotes scanning of the mRNA.

The “latch” of MRNA entry channel remains closed in the structures of all three PICs
presented (Fig. 4a). It is formed by interactions between h18 of the body with h34 and
ribosomal protein rpS3(3) of the head, which clamp around the incoming mRNAZ29:30, |t was
proposed that the closed conformation of the latch is a feature of ribosomes in the active
conformation, which “provides geometry that guarantees processivity and ensures maximum
fidelity”30. We propose that closure of the latch is necessary for the scanning function of the
40S ribosomal subunit. Closing of the latch and elF1A binding alter the environment of the
mRNA binding channel and ensure that the mRNA remains unstructured, correctly oriented
for scanning and free to move toward the exit.

The closed conformation of the latch in our structure of PIC2 is different from the open
conformation of the latch in the cryo-EM reconstruction of yeast 40S subunit complex with
elF1 and elF1A2, It is possible that elF3 may be involved in the latch opening in mammals,
because unlike in yeast, elF3 is required for TC to bind to the 40S subunit. The latch closure
might be influenced by crystallization, although the crystal packing does not affect rotation
of the head domain of the 40S subunit. Furthermore, the latch could sample different
conformational states during initiation. The open conformation of the latch allows direct
loading of the mRNA in the mRNA binding channel, instead of threading it through a
tunnel2®. We propose that the cryo-EM structure of the yeast 40S subunit with bound elF1
and elF1A represents the mRNA binding state of the ribosome, while the rabbit PIC2
represents its scanning mode.

elF1lis poised to destabilize tRNA, binding

elF1 is a functional homologue of the bacterial 1F331:32, During scanning, elF1 allows
proof-reading and sensing a non-optimal context of AUG codons, while promoting the
dissociation of aberrantly assembled complexes33:34, elF1 binds to the top of h44 and to
helices h24 and h45 of the 18S rRNA in the vicinity of the P site (Figs. 1, 4b), consistent
with previously published studies31:3%:36, The region of interaction between elF1 and 18S
rRNA consists of the intersubunit bridge B2a and part of the bridge B2b28. Superposition of
the 48S PIC onto PIC1 and PIC2 reveals moderate sterical clashes between elF1 and tRNA;,
as was predicted earlier by comparison of structures of 40S subunit complex with elF1 from
T. thermophila and bacterial 70S ribosomal complexes3®. The basic loop of elF1 (R38-K42)
in both PIC1 and PIC2 is positioned between the ASL of tRNA; and nucleotides 1821—
1823(1495-1497) of h44, which stabilizes the interaction between AUG and the anticodon
in the P site of the 48S PIC. This results in steric clashes between the basic loop of elF1 and
the ASL of tRNA, and between the region around residues P77-G80 of elF1 and the D-stem
of tRNA; (Fig. 4b).

It has been proposed that elF1 modulates recognition of the start codon by restricting tRNA,
binding to AUG only in an optimal context33:34, Fluorescent resonance energy transfer
experiments (FRET) with elF1 and elF1A demonstrated that AUG recognition triggers the
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dissociation of elF1 from 48S PIC, which allows the release of the phosphate from the elF2-
GDP-Pi complex!911, Our data provide an explanation by revealing that elF1 spatially
interferes with the adjustment of the ASL of the initiator tRNA in the P site during scanning.
Establishing the interaction between the AUG codon and the anticodon results in locking of
the P site tRNA, which can prevent the basic loop of elF1 from re-entering the P site.
Kinetic experiments show that the dissociation constant of elF1 from the 40S subunit is
around 1.4 nM in the presence of the TC, while the high affinity of the TC to the 40S
subunit results from base-pairing with mRNALL29. This affinity is low when no mRNA is
bound to the 40S subunit or when only one nucleotide in the P site is base-paired. It is
increased with the ability of the initiator tRNA to base pair with two nucleotides and
becomes very strong upon base pairing with the AUG (Kq <1 nM)11:37, At this point, upon
the correct codon-anticodon base pairing elF1 cannot compete with the ASL of tRNA,; for
the P site and must dissociate.

The basic loop of elF1 is located within 5A of h44 and 10A of the +4 position on MRNA
(Fig. 4b). That may allow elF1 to “inspect” the important region downstream of AUG. The
same region of h44 undergoes small conformational changes upon formation of 48S PIC,
which can weaken its interaction with elF1 and contribute to the dissociation of elF1 from
the 40S subunit. Consequently, our structures of rabbit PICs provide mechanistic insights
into the current model of eukaryotic translation initiation.

Scanning model

The observed conformations of the preinitiation complexes described in this study together
with the prior biochemical data? allow us to propose a model for scanning. Briefly, the
mMRNA slides through the tunnel, formed by the body and the head of the 40S subunit (the
latch), elF1A and elF1. The tunnel ensures scanning processivity by keeping the mRNA
unstructured and properly oriented for the “inspection” of the nucleotide sequence in the P
site by tRNA,. The tRNA; “inspects” or scans the mMRNA by attempting to establish Watson-
Crick base-pairing between its anticodon and a nucleotide triplet of MRNA moving through
the P site. The tRNA; is in P state because the orientation of the head domain of the 40S
subunit allows a minor movement of the tRNA; in order to avoid a steric clash with elF1.
The affinity of the basic loop of elF1 to the P site is sufficient to displace the ASL of tRNA
and prevent the locking of the tRNA,; in the P site (Fig. 5).

When the AUG codon is in the P site, it becomes base-paired with all three nucleotides of
the anticodon of the tRNA,;, thereby stabilizing the conformation of the tRNA;, while
allowing it to displace the basic loop of elF1. Subsequent rotation of the head domain locks
tRNA, in the Pj, state and completes the scanning (Fig. 5). The transition from P, to Pjy,
mode of tRNA; is likely promoted by the C-terminus of rpS15(19) and the NTT of elF1AL7,
which together might stabilize the base-paired conformation of tRNA; in the P site.
Nucleotides +4 and —3 on the mRNA may cause a similar effect by their interaction with
h44, elF1A, elF1 and h23, rpS5(7), rpS26e respectively. The dissociation of elF1 and elF2
from the 40S subunit results in a stable 48S PIC similar to the one observed in this study.
elF5B then binds to this complex and orients the acceptor stem of tRNA, towards the P site
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on the 60S subunit to facilitate subunit joining in a manner that is similar to its bacterial
analog IF2 (Supplementary Fig. 6).

Conformational changes in the P site may affect the interaction of elF1with the top of h44 to
which it binds. This likely provides synchronization between the rotations of the head
domain of the 40S subunit, which rearrange the P site, and the presence of elF1 on the
ribosome. Interaction of elF1A with the h44 may cause the same effect and explain the
cooperative binding of elF1A and elF1 to the 40S subunit?%38, Future high-resolution
structures of the 40S ribosomal subunit complexes with the initiation factors, mMRNA and
tRNA coupled with biochemical studies are needed to refine and complete the model
presented here.

METHODS

Cloning and Protein Expression

The DNAs encoding full-length human elF1 and elF1A with additional N-terminal affinity
tag and TEV protease cleavage site sequences (MGHHHHHHDYDIQTTENLYFQJG) were
synthesized by PCR and cloned into pET28b expression vector (Novagen, Madison, WI).
Recombinant initiation factors were expressed in E. coli Rosetta™2(DE3)pLysS cells
(Novagen).

Protein Purification

Recombinant elF1 and elF1A were purified using a HisTrap™ HP column (GE Healthcare,
Piscataway, NJ), essentially as previously described“®. The proteins were then treated with
ACTEV protease (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
The affinity tag was removed by chromatography on a HisTrap™ HP column (GE
Healthcare). Tag-free elF1 and elF1A were further purified on Mono S and Mono Q
columns (GE Healthcare), respectively. Finally, both proteins were purified on a Superdex
75 column (GE Healthcare) equilibrated with buffer H300 (5 MM HEPES-KOH, 300 mM
KCI, 5% glycerol, pH 7.1). elF1 and elF1A were frozen in liquid nitrogen in small aliquots
and stored at —80°C.

Initiator tRNA

MRNA

Mammalian initiator tRNA*! was transcribed using T7 RNA polymerase and chemically
synthesized DNA olygonucleotides as suggested in ref. 42. tRNA was extracted by a phenol
chloroform mixture (5:1, pH 4.3) and precipitated by ethanol. tRNA was dissolved in the
buffer (10 mM Tris-HCI, 90 mM KClI, 3.0 mM Mg acetate, 0.5 mM EDTA, pH 7.4) and
purified on a Superdex 75 column (GE Healthcare), equilibrated with the same buffer. tRNA
was not aminoacylated. tRNA was concentrated to 2.9 mg/ml, frozen in liquid nitrogen in
small aliquots and stored at —80°C.

A 24-nucleotide long mRNA with an AUG start codon was chemically synthesized by
Thermo Fisher Scientific, Inc. (Waltham, MA); the sequence was 5'-
CAACAACAACAACAAAUGUUUCAA-3.
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Purification of 40S ribosomal subunits from rabbit reticulocyte lysate (RRL)

Activity test

Frozen RRL was purchased from Green Hectares (Oregon, WI). The following components
were added to 1 liter of thawed RRL: 5 mM HEPES-KOH (pH 7.1), 15 mM KCI, 11 mM
Mg acetate, 1.0 mM EDTA (pH 8.0), 2 mM DTT, 10 uM MG132, 500 mg heparin, 150 mg
Pefabloc, 12 tablets of Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN,).
Ribosomes were pelleted by centrifugation at 40,000 rpm for 10.5 h in a Beckman Type 45
Ti rotor at 4°C through a sucrose cushion (7 ml/tube; 30% (w/v) sucrose, 20 mM Bis-Tris
(pH 5.9), 200 mM NHy acetate, 300 mM KCI, 10 mM Mg acetate, 5 mM DTT). The pellet
was resuspended in 25 ml of buffer A (20 mM HEPES-KOH, 30 mM KCI, 11 mM Mg
acetate, 1 mM EDTA, 2 mM DTT, 10 pM MG132, 1.0 mg/ml heparin, 0.2 mg/ml Pefablock,
1 tablet/100ml Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN,), 200 U/ml
SUPERaselN (Ambion®), pH 7.1). Subsequently, NH,Cl was added to the suspension to a
final concentration of 0.4 M and the suspension was mixed on ice for at least 0.3 h. One
third of the suspension was then clarified by centrifugation in an Eppendorf microcentrifuge
for 10 min at 13,200 rpm at 4°C and loaded on a Sephacryl S-400 HR column (GE
Healthcare) equilibrated with buffer B (20 mM Tris-HCI, 500 mM KCI,10 mM MgCl,, 5%
(w/v) glycerol, 2 mM DTT, pH 7.4). This step was repeated for the rest of the ribosomal
suspension. Fractions (8 ml) were collected and analyzed by SDS PAGE (4-12%, MES SDS
running buffer, NUPAGE®). Those containing 80S ribosomes were combined, brought to a
final concentration of 2.5 mM MgCl, and 1% glycerol and concentrated to a final volume of
25 ml. Optical density of concentrated ribosomes (OD2gg) should be 200-350 U/ml.
Ribosomes were subsequently supplemented with 1 mM puromycin and incubated for 20
min at 37°C followed by 20 min incubation at room temperature and then chilled on ice for
at least 10 min.

Chilled ribosomes were clarified by centrifugation in an Eppendorf microcentrifuge for 10
min at 13,200 rpm at 4°C and loaded on a 10-40% sucrose density gradient, prepared in
tubes for Beckman SW 32 Ti rotor (10-40% (w/v) sucrose, 20 mM Tris-HCI, 500 mM KCl,
5 mM Mg acetate, 2 mM DTT, pH 7.4). Sucrose density gradient centrifugation was
performed at 25,000 rpm for 14.5 h in a Beckman SW 32 Ti rotor. Fractions (1 ml) were
collected and analyzed by SDS-PAGE (4-12%, MES SDS running buffer, NUPAGE®).
Fractions containing 40S subunits were combined, diluted five times with buffer B without
KClI and loaded on a DEAE column equilibrated in buffer B with 50 mM KCI. Elution was
performed by a 0.05-1.0 M KCI gradient in buffer B. Fractions containing 40S subunits
were combined, concentrated to 391 U/ml (ODygq) and dialyzed against buffer C (10 mM
HEPES-KOH, 30 mM KCI, 5 mM Mg acetate, 5% (w/v) glycerol, 2 mM DTT, pH 7.1).
Small aliquots were frozen in liquid nitrogen and stored at —80°C.

Purified 40S ribosomal subunits were tested by toe printing analysis for their ability to form
initiation complexes with mMRNA containing CrPV IRES, as described earlier?3,

Complex formation

Prior to crystallization, PIC1 complex was formed by mixing ribosomes and elF1 to final
concentrations of 2.6 uM and 9.1 UM, respectively, with subsequent dialysis against buffer
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DB (2.0 mM HEPES-KOH, 100 mM NH4CI, 15 mM KCI, 3 mM Mg acetate, 2 mM TCEP,
pH 7.1) for 2 h at room temperature. The complex was incubated at 37 °C for 15 min and
kept at room temperature for crystallization setup. Complex PIC2 was formed by soaking
elF1A (final concentration 40 uM) during freezing crystals of the PIC1. The 48S PIC was
formed similarly to PIC1 but with addition of elF1A (final concentration 7.5 uM), mRNA
(10 uM) and tRNA; (10 pM). Although the presence of elF1 in the reaction mixture is
essential for crystallization, this factor is not seen in the 48S PIC structure. We suggest that
it promotes the homogeneity of the complex, which is required for crystal growth, by
controlling the correct recognition of the initiation codon by tRNA; and by dissociating
aberrantly assembled ribosomal complexes33:34,

Crystallization and cryoprotection

Crystals were grown in 24-well siting drop plates using vapor diffusion technique. 4 pl of
the PIC1 were mixed with 4 pl of reservoir solution (50 mM Tris-HCI, 100 mM NH4
acetate, 5 mM Mg acetate, 50 mM sarcosine, 5 mM urea, 2.5% PEG 20000, 5% MPD, 2
mM TCEP, pH 8.5). Plates were incubated at 19 °C for 6 — 9 days. Crystals were stabilized
by stepwise increase of MPD to the final concentration of 35%. After stabilization, crystals
were frozen in a cryo stream. For PIC2 complex formation, crystals were stabilized in the
same buffer containing 40 uM of elF1A.

48S PIC (4 ul) was mixed with 7.4 ul of reservoir solution (50 mM Tris-HCI, 100 mM NH4
acetate, 5 mM Mg acetate, 50 UM Zn acetate, 2 mM putrescine, 2.5% PEG 20000, 5% 1,4-
butanediol, 2 mM TCEP, pH 8.5). Plates were incubated at 19 °C for 6 — 13 days. Crystals
were stabilized at 4°C by stepwise increase of 1,4-butanediol and PEG 20000 to the final
concentration of 30% and 3.0%, respectively. After stabilization, crystals were frozen in
liquid nitrogen.

Data collection and processing

Data collection was carried out at 100 °K at beamlines X25 and X29 at Brookhaven
National Laboratory (Upton, NY) and 241D at the Advanced Photon Source (Argonne, IL).
A complete dataset was collected from a single crystal (PIC1, PIC2) or from two crystals
(48S PIC, Supplementary Table 1). Data were integrated and scaled with the XDS program
package*4. All crystals belong to the hexagonal space group P3121 (Supplementary Table
1).

The structure was solved by molecular replacement using PHASER from the CCP4 program
suite?®, The search model was generated from the previously published structure of yeast
80Sribosome (ref. 20, PDB entries 3U5B, 3U5C). Both the 60S subunit and the suppressor
protein STM1 were excluded from the search model. Before refinement all B factors in the
model were set to an isotropic B of 80. The initial molecular replacement solution was
refined by rigid body refinement with the 40S subunit split into multiple domains
(Supplementary Table 2), followed by five cycles of grouped TLS and grouped B-factor
refinement using PHENIX46. Bulk solvent correction was applied as recommended?’. After
initial refinement, the difference electron density corresponding to each initiation factor,
mRNA and tRNA became clearly visible in the difference electron density map (Fops —
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Feale: Fig. 1). The NMR structures of human elF1 and elF1A (refs 29, 39, PDB entries 2IF1,
1D7Q) without their flexible tails were docked into the corresponding electron density,
followed by refinement using PHENIX#6. Structures of the mMRNA and P site tRNA were
taken from the previously published structure of the 70Sribosome with bound mRNA and
tRNAs (ref 13, PDB entry 2J00) were docked in the corresponding electron density in 48S
PIC map and refined as above. The position of the mMRNA (except AUG) was manually
adjusted to fit the electron density before their refinement in PHENIX46. mRNA and tRNA
were treated as one ridged body during refinement.

Despite that at resolution of about 8-11A the structures cannot be build de novo, the
availability of the high resolution models allows to detect the movement of the structural
domains of the ribosome, locate positions of the bound protein factors and even
antibiotics#8-50, The conformational changes of the 40S subunit described in our manuscript
are reproducible during refinement independently of the starting model: for example,
refining the 40S structure from PIC1 against the data of PIC2 results in conformation of
P1C2 while refining the 40S structure from PIC2 against the data of PIC1 results in
conformation of PIC1. That assures us that movements of the domains of the 40S subunit
that were observed are not biased to the starting models.

When the manuscript was under review the high resolution cryo-EM structure of the human
80S ribosome was published3®. Because of the high identity between rabbit and human
ribosomal proteins and 18S rRNA (Supplementary Table 3) we used the structure of the
human 40S subunit for the final refinement.

Figures showing electron densities and atomic models were generated using PYMOL
(DeLano, W.L. The PyMOL Molecular Graphics System (2002), http://www.pymol.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thecrystal structure of rabbit preinitiation complexes
a. 48S PIC, b. PIC2, c. PICL1. H, head; B, body; P, platform; h44, helix 44. elF1A (violet),

elF1 (red), tRNA; (green) and mRNA (yellow) are shown. The basic loop of elF1 is marked
by an arrow; the N-terminus of elF1A is marked by N. Initial unbiased electron density
maps Fo-Fc contoured at 0=2.0 (green mesh) for 48S PIC (d), PIC2 (e), PIC1 (f). Docked
structures are shown in black.
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Figure 2. Interactions of tRNA; and el F1A with the 40S subunit
a. elF1A (violet) binds to h44, rpS30e (wheat) and rpS23 (green). Possible positions of the

NTT of elF1A and the C-terminus of rpS15 (brown) are shown as dashed lines. Conserved
regions of 18S rRNA, which form tRNA; binding pocket, are in red. rpS16 (blue), rpS18
(pink), rpS31 (orange) are shown. b. Superposition of 48S PIC, PIC1 and PIC2. Only
regions of rRNA that are important for the interaction with the tRNA; are shown. Clockwise
rotation of the head domain is indicated.
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Figure 3. Path of the mRNA in the 48SPIC
a. Initial unbiased electron density map Fo-Fc contoured at 0=2.0 (green mesh). elF1A

(violet), mRNA in eukaryatic 48S PIC (yellow), mRNA from bacterial 70S translating
ribosome (pink) are shown. Nucleotides +4 and -3 of the mRNA are in dark green. b.
rpS26e is ~5A away from nucleotide -3 of the mMRNA. The C-terminus of rpS28e is ~7A
from the -5, —6 region of the mMRNA.
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Figure4.
a. Closed conformation of the latch. Interactions between body and head domains are

connected by dashed lines. b. The P site of the 40S subunit. elF1 from PIC1 (pink) or PIC2
(red) would sterically clash (red X) with the ASL and the D stem of tRNA (green) that is
positioned in the 48S PIC.
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Figure 5. Scanning model
Basic loop of elF1 competes for the P site of the 40S subunit with the ASL of tRNA,, which

results in displacement of each other during mRNA scanning.
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