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Abstract

The ribosome is a complex cellular machinery whose solved structure allowed for an incredible leap in structural
biology research. Different ions bind to the ribosome, stabilizing inter-subunit interfaces and structurally linking
rRNAs, proteins, and ligands. Besides cations such as K™ and Mg?*, polyamines are known to stabilize the folding
of RNA and overall structure. The bacterial ribosome is composed of a small (30S) subunit containing the decoding
center and a large (50S) subunit devoted to peptide bond formation. We have previously shown that the small
ribosomal subunit of Staphylococcus aureus is sensitive to changes in ionic conditions and polyamines
concentration. In particular, its decoding center, where mRNA codons and tRNA anticodons interact, is prone to
structural deformations in the absence of spermidine. Here, we report a detailed protocol for the purification of the
intact and functional 30S, achieved through specific ionic conditions and the addition of spermidine. Using this
protocol, we obtained the cryo-electron microscopy (cryo-EM) structure of the 30S—mRNA complex from S. aureus
at 3.6 A resolution. The 30S—mRNA complex formation was verified by a toeprinting assay. In this article, we also
include a description of toeprinting and cryo-EM protocols. The described protocols can be further used to study
the process of translation regulation.
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Graphical abstract
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Background

Protein synthesis is performed by the ribosome, which is composed of two dynamic subunits. These are made by
RNAs and proteins that interact with several ligands and adopt several conformations during the translation process
(Frank et al., 2007; Agirrezabala et al., 2008; Zhang et al., 2009). Structural and functional studies have revealed
that ions impact the stability and dynamics of the ribosome (Nierhaus, 2014; Akanuma, 2021). Optimal ions and
polyamine concentrations are necessary for maintaining both structural integrity and intrinsic flexibility. The small
subunit (30S), responsible for the translation initiation process and the mRNA decoding, is particularly structurally
dynamic and, thus, more challenging for structural studies. This subunit is composed of two main structural domains,
the head and the body, which undergo continuous rearrangement (swiveling and nodding, respectively), heavily
influencing the position of the mRNA in the decoding channel (Fahnestock et al., 1977; Hussain et al., 2016; Belinite
et al., 2018). For this reason, specific ionic conditions have been used to stabilize the position of the mRNA for
structural studies. Ribosome structure and dynamics are especially affected by the presence of cations, notably Mg?*,
Zn*", K, NH4", and polyamines (Gordon and Lipmann 1967; Weiss et al., 1973; Stahli and Noll 1977; Kim et al.,
2007; Wohlgemuth et al., 2010; Nierhaus, 2014; Rozov et al., 2019). For instance, recent studies have demonstrated
that different magnesium concentrations drastically affect the conformation of the 30S, and high temperatures help
induce some conformational changes in Escherichia coli (Jahagirdar et al., 2020). In addition, spermidine has been
shown to stabilize the active conformation of Staphylococcus aureus 30S by interacting with rRNA (Belinite et al.,
2021); indeed, the correct folding of the decoding center at the top of the helix 44 (h44) in the 30S body can be
achieved by maintaining a certain concentration of spermidine along the 30S purification process (Belinite et al.,
2021). Spermidine and spermine are polyamines, organic polycations present in all cell types (Cohen and
Lichtenstein, 1960; Stevens et al., 1969; Weiss and Morris, 1970; Cohen, 1971; Hardy and Turnock, 1971; Turnock
and Birch, 1973), including in S. aureus (Herbst et al., 1958; Hamana and Satake 1995; Rosenthal and Dubin, 1962).
These have been shown to associate with the ribosome (Cohen and Lichtenstein, 1960) and contribute to both the
efficiency and fidelity of protein synthesis (Echandi and Algranati, 1975; Igarashi et al., 1980; Igarashi and
Kashiwagi, 2018; McMurry and Algranati, 2018). They are known to stimulate in vitro translation (Hershko et al.,
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1961; Martin and Ames, 1962; Takeda, 1969, Igarashi et al., 1973; Konecki et al., 1975; Hetrick et al., 2010),
lessening the Mg** requirement (Rheinberger and Nierhaus, 1987; Bartetzko and Nierhaus, 1988).

In this study, we describe in detail the protocols for the efficient 30S purification from S. aureus and the complex
preparation with a natural S. aureus mRNA, spa mRNA, which encodes the virulence factor protein A. The proper
conformation of the h44, full accommodation of the mRNA in the channel, and reduced flexibility of certain parts
of the 30S were achieved by maintaining spermidine at a proper concentration throughout the whole process, starting
from the 30S subunit isolation. The 30S subunit was obtained by separating the 70S ribosome under dissociative
conditions and analyzed for high-molecular-weight contaminants and rRNA integrity. Activity of the isolated 30S
was tested using a toeprinting assay (Fechter et al., 2009), while its structure was obtained by cryo-electron
microscopy (cryo-EM). This technique has also been used to test different buffer conditions, thanks to the
development of methods to rapidly get multiple structures (Cressey and Callaway, 2017; Nakane et al., 2020). The
final S. aureus 30S—mRNA structure was obtained with focused refinement of the head and body at 3.6 and 3.4 A
resolution, respectively. Our previous work demonstrated the requirement of spermidine for the rRNA stabilization
and its use in the cryo-EM studies (Belinite et al., 2021). Here, we show that the 30S subunits are stable in these
conditions, confirming that spermidine not only contributes to their structural integrity, but also assures their
required flexibility. Hence, protocols described in this article can be used for the future investigations of S. aureus
functional complexes.

Materials and Reagents

Cells
Staphylococcus aureus RN6390 strain (Khusainov et al., 2016)

70S ribosome purification

Polycarbonate 50 mL centrifuge tubes (Nalgene™, catalog number: 3117-0500)

Open-top thinwall ultra-clear tube, 38.5 mL (Beckman Coulter, catalog number: 344058)
Blood agar plates (BD™ Columbia agar with 5% sheep blood, catalog number: PA-254005.06)
Brain—heart infusion broth (BHI, Sigma-Aldrich, catalog number: 53286)

Lysostaphin (Sigma-Aldrich, catalog number: L7386)

DNase I (Roche, catalog number: 4716728001)

Protease inhibitor cocktail without ethylenediaminetetraacetic acid (EDTA, Thermo Scientific™, catalog
number: 78429)

8. 30% PEG 20000 (Hampton Research, HR2-609)

9. Buffer A (see Recipes)

10. Buffer B (see Recipes)

11. 5x buffer E (see Recipes)

12. Dissociation buffer (see Recipes)

Nogop,k~wbdE

30S subunit purification

1.  Open-top thinwall ultra-clear tube, 13.2 mL (Beckman Coulter, catalog number: 344059)
2. Amicon ultra-15 centrifugal filter unit (Merck Millipore, catalog number: UFC910008)
3. Liquid nitrogen

4. 30S storage buffer (see Recipes)

mRNA purification

1. RNaseZap (Thermo Scientific™, catalog number: AM9780)

2. NucleoSpin Plasmid, mini kit for plasmid DNA (Macherey-Nagel, catalog number: 740588.50)

3. NucleoSpin Gel and PCR Clean-up, mini kit for gel extraction and PCR clean-up (Macherey-Nagel, catalog
number: 740609.50)

4. BamHI enzyme (NEB, catalog number: R0136S)
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CutSmart® buffer (NEB, catalog number: B7204S)

MEGAscript kit with DNase turbo (Ambion, catalog number: AM1333)

ROTI® phenol/chloroform/isoamyl alcohol, 250 mL, pH 7.5-8.0 (Carl Roth, catalog number: A156.1)
ROTI® Aqua-P/C/1, 250 mL, pH 4.5-5.0 (Carl Roth, catalog number: X985.1)

3 M sodium acetate

Buffer ELU (see Recipes)

30S and mRNA quality analysis
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PageRuler™ protein ladder (Thermo Scientific™, catalog numbers: 26616 and 26619)
InstantBlue® coomassie protein stain (Abcam, catalog number: ab119211)

ROTI® aqua-phenol, 250 mL, pH 4.5-5.0 (Carl Roth, catalog number: A980.1)
Chloroform (Thermo Scientific™, catalog number: AC158210010)

Agarose (SeaKem™, catalog number: 11590717)

1 M potassium thiocyanate (Sigma, catalog number: P3011)

Ethidium bromide (Thermo Scientific™, catalog number: 15585011)

100% formamide (Sigma, catalog number: F9037)

RiboRuler low-range RNA ladder (Thermo Scientific™, catalog number: SM1831)

. 4% stacking gel (see Recipes)
. 15% resolving gel (see Recipes)
. 4x blue buffer (see Recipes)

10x running buffer (see Recipes)

. 6% polyacrylamide gel (see Recipes)

10x TBE (see Recipes)

Toeprinting assay
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13.
14.
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16.
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19.
20.
21.
22.

10 uM Toe primer (5" CCTGCAGGTCGACTC 3')

10x PNK buffer (Thermo Scientific™, catalog number: EK 0032)

10 U/uL T4 PNK (Thermo Scientific™, catalog number: EK 0032)

[y-?P]-ATP (370 MBqg/mL, 10 mCi/mL, 185 MBq)

Micro bio-spin chromatography columns (Bio-Rad, catalog number: 732-6200)

20 U/uL AMYV reverse transcriptase, isolated from Avian Myeloblastosis Virus (QBIOgene, catalog number:
EMAMV200)

10x AMV buffer (QBIOgene, catalog number: EMAMV200)

10 mM dATP, dCTP, dGTP, and dTTP (Roche, catalog numbers: 11051440001, 11051458001, 11051466001,
and 11051482001)

0.3 M Na acetate (Sigma, catalog number: S2889)

Phenol/chloroform, pH 4.5-5.0 (Carl Roth, catalog number: X985.1)
Chloroform/isoamyl alcohol (Carl Roth, catalog number: X984.1)

100% cold ethanol

80% cold ethanol

8 M urea (Sigma, catalog number: U5128)

0.1% bromophenol blue (Sigma, catalog number: B0126)

0.1% xylene cyanol (Sigma, catalog number: X4126)

100 uM ddATP, ddGTP, ddCTP, and ddTTP (Roche, catalog number: 3732738001)
3 M KOH (Sigma, catalog number: 221473)

1 M tris-HCI, pH 8.0 (Sigma, catalog number: T1503)

10% SDS (Bio-Rad, catalog number: 1610416)

Acetic acid (Sigma, catalog number: A6283)

10x toeprinting buffer (see Recipes)

30S—-mRNA complex preparation for cryo-EM
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1. Liquid ethane
2. Liquid nitrogen
3. Quantifoil R2/2300-mesh holey carbon grids

Note: All buffers are prepared the day before and stored at 4 °C.

Equipment

70S ribosome purification
2 L flasks
Microbiological incubator (Thermo Scientific™, catalog number: 50125882 or equivalent)
Cell culture shaker at 30 °C
Class II biosafety cabinet
Floor centrifuges (Beckman, Avant J20 XP and/or Avanti J-E or equivalent)
JA-25.50 rotor (Beckman, catalog number: 363055)
JLA-16.250 rotor (Beckman, catalog number: 363930)
Ultracentrifuge (Beckman, OPTIMA XE90 or equivalent)
Type 45 Ti rotor (Beckman, catalog number: 339160)
. SW28 rotor (Beckman, catalog number: 342204)
. Gradient Master™ base unit (Biocomp, catalog number: B108-2)
. Gradient Master™ device (BioComp Instruments, Fredericton, Canada)
. Fraction collector (Bio-Rad, model: 2110)
. NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA or equivalent)
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30S subunit purification

1. Ultracentrifuge (Beckman, OPTIMA XE90 or equivalent)

2.  SW4l1 Ti swinging-bucket rotor (Beckman, catalog number: 331362)
3. Floor centrifuges (Beckman, Avanti J-E or equivalent)

4. JLA-16.250 rotor (Beckman, catalog number: 363930)

mRNA purification

1. Cell culture shaker at 37 °C

2. Benchtop centrifuge (Eppendorf MiniSpin® Plus personal microcentrifuge with 12-place rotor or equivalent)
3. Eppendorf thermomixer R, dry block heating and cooling shaker or equivalent

30S and mRNA quality analysis

1. Mini-PROTEAN® Tetra Handcast systems (Bio-Rad or equivalent)
2. PowerPac™ basic power supply (Bio-Rad or equivalent)

3. Wide mini-sub cell GT cell (Bio-Rad or equivalent)

4. GelDoc Go Gel imaging system (Bio-Rad)

Toeprinting assay
1. Benchtop centrifuge (Eppendorf MiniSpin® Plus personal microcentrifuge with 12-place rotor or equivalent)
2. Phosphor imaging or autoradiography (Typhoon or equivalent)

30S—-mRNA complex preparation cryo-EM data acquisition

1. Thermo Scientific Vitrobot Mark IV

2. Talos Arctica equipped with Falcon III direct electron detector (Thermo Fisher)
3. Microscope control PC with installed EPU software
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Software
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MotionCor2 (https://emcore.ucsf.edu/ucsf-software/)

Getf (https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/)

Relion 3.0 (https://www3.mrc-lmb.cam.ac.uk/relion/index.php/Main_Page/)

ResMap (http://resmap.sourceforge.net/)

Chimera (https://www.cgl.ucsf.edu/chimera/)

Procedure

A. 70S ribosome purification
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19.

20.

21,

Streak Staphylococcus aureus’ RN6390 cells on a blood agar plate and grow at 37 °C for 20 h.

Inoculate a single colony in 50 mL of sterile BHI medium in a 250 mL flask and grow for 17 h at 37 °C
and 180 rpm.

Add 5 mL of overnight culture to four 2 L flasks, each filled with 500 mL of sterile BHI medium, and grow
for 3 h at 37 °C and 180 rpm until ODggo= 1.

Harvest cells by centrifugation at 4,400 x g for 15 min at 4 °C.

Resuspend the pellet in 50 mL of buffer A.

Collect the pellet by centrifugation at 4,400 x g for 15 min.

Repeat the previous steps (5—6) two times.

Weigh cells and keep at -80 °C.

Note: The typical yield is 2.8 g of cells from 2 L of culture.

Thaw the cells (2.8 g) on ice for 15-20 min and resuspend in 6.25 mL of buffer A supplemented with 0.7
mg lysostaphin, 1x protease inhibitor cocktail, | mM EDTA pH 7.5, and 6 ul DNase I per 1 gram of cell
weight. Incubate for 1 h at 37 °C.

Spin down the lysate at 21,500 x g (JA-25.50 rotor) for 90 min at 4 °C.

Adjust the PEG20K concentration in the collected supernatant to 2.8% and leave the reaction on ice under
agitation for 5 min.

Collect the supernatant by centrifugation at 20,000 x g for 5 min (JA-25.50 rotor).

Increase the PEG20K concentration to 4.2% and leave the reaction on ice under agitation for an additional
10 min.

Collect the supernatant by centrifugation at 20,000 % g for 10 min (JA-25.50 rotor).

Resuspend each pellet in 17.5 mL buffer A with 1 mM EDTA, lay on a 25 mL sucrose cushion (buffer B),
and spin at 235,000 x g for 17 h at 4 °C (Type 45 Ti rotor).

Rinse the walls of each tube with 5 mL of buffer E to remove excess sucrose and resuspend the pellet in 1
mL of buffer E.

Lay the obtained sample on twelve 7%—-30% sucrose gradients and spin at 83,000 x g for 16.5 h (SW28
rotor).

Fractionate sucrose gradients (Figure 1A-I), pool fraction of 70S, and adjust the magnesium acetate to 25
mM and PEG20K to 4.5%. Leave on ice under agitation for 10 min.

Pellet down the ribosomes by centrifugation at 20,000 x g for 13 min (JA-25.50 rotor) (Khusainov et al.,
2016).

Wash the tube walls with the dissociation buffer to remove the excess of sucrose and PEG. Resuspend the
pellet in 1.5 mL of dissociation buffer.

Note: The usual yield is 14 mg of 70S with at least 95% purity.

Check the purity of 70S by 15% polyacrylamide gel (Figure 1A-II) and by mass-spectrometry analysis
(Figure 1A-III).
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B. 30S subunit purification

1. Load 14 mg of 70S in the dissociation buffer directly on 0%—-30% sucrose gradients equilibrated in the
same buffer and spin at 109,000 x g for 14.5 h (SW28 rotor).

2. Fractionate the sucrose gradients (Figure 1B-I) and adjust the magnesium acetate of pooled fractions to 10
mM and spermidine to 2.5 mM.

3. Concentrate the 30S sample to 2-3 mg/mL in the Amicon ultra centrifugal filter.
Note: By using two filters in parallel, it takes 1 h to concentrate the sample.

4. Make aliquots, flash freeze them in liquid nitrogen, and store at -80 °C.
Note: The volume of the aliquots should not be less than 3 uL to prevent evaporation of the sample.
Moreover, the size of the aliquots should be small (3—5 uL), as a large amount of sample is not required
for subsequent experiments.
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Figure 1. The 30S ribosomal subunits purification.

The 30S (B) were obtained from 70S (A) by running through sucrose gradients twice (I and IV, 35 mL is the
total volume of sucrose gradients). The bold blue line represents the fraction used for further experiments. Both
708 and 30S fractions were run on SDS-PAGE to check the purity of the samples (IT and V). 70S ribosome was
sent to mass spectrometry analysis to assess the sample purity (III). 16S was obtained from 30S by
phenol/chloroform extraction and run on agarose gel in denaturing conditions to represent its integrity (V).

C. spa mRNA purification

The plasmid used in this study was previously described in Benito et al. (2000) and Huntzinger et al. (2005).
The pUT?7 plasmid contains a T7 promoter for T7 in vitro transcription and ampicillin resistance. spa mRNA
sequence with a strong Shine—Dalgarno AGGGGG (underlined) and UUG start codon (bold) is shown below:
ACAAAUACAUACAGGGGGUAUUAAUUUGAAAAAGAAAAACAUUUAUUCAAUUCGUAAACUA
GGUGUAGGUAUUGCAUCUGUAACUUUAGGUACAUUACUUAUAUCUGGUGGCGUAACACCUG
CUGCAAAUGCUGCGCAACACGAUGAAGCUCAACAAAAUGCUUUUUAUCAAGUCUUAAAUAUG
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CCUAACUUAAACGCUGGGAUCCUCUAGAGUCGACCUGCAGG

Note: Before starting to work with the mRNA, wipe the bench and pipettes with a liquid that removes RNase

contamination (e.g., RNaseZap).

1.
2.
3.

© N

11.
12.
13.
14.

15.
16.
17.

Transform XL1 Escherichia coli cells with the pUT7-spa plasmid.

Grow cells in 250 mL of LB medium with 100 pg/mL ampicillin at 37 °C for 16 h.

Purify the plasmid using a NucleoSpin Plasmid mini kit and linearize it (up to 50 pg of plasmid per reaction)

with BamHI enzyme in a 1% CutSmart buffer for 2 h at 37 °C.

Note: The usual yield is 10 ug of plasmid per one reaction. One linearization reaction is enough to proceed

with the experiments.

Extract the linearized plasmid DNA from 1% agarose gel using a NucleoSpin Gel and PCR Clean-up mini

kit.

Extract the DNA with phenol/chloroform:

e  Add an equal volume of phenol, vortex well, and spin down at 17,000 x g for 1 min. Keep the upper
phase.

e Add an equal volume of chloroform, vortex well, and spin down at 17,000 x g for 1 min. Keep the
upper phase.

Precipitate the DNA with 2.5 volumes of 100% cold ethanol and 1/16 volume of 3 M sodium acetate.

Wash the pellet with 500 pL of 80% cold ethanol.

In vitro transcribe the mRNA for 3 h at 37 °C using a MEGAscript kit.

Stop the reaction with 2 U/ulL DNase turbo and incubate for 15 min at 37 °C.

. Extract the mRNA with phenol/chloroform and precipitate it with 100% cold ethanol (similar to steps 5

and 6).

Wash the pellet with 500 pL of 80% cold ethanol.

Add 50% formamide to the sample and heat for 3 min at 90 °C.

Separate the mRNA by 6% polyacrylamide midi-size gel and elute with the buffer ELU for 16 h at 4 °C.
Extract the mRNA with phenol/chloroform and precipitate it with 100% cold ethanol (similar to steps 5
and 6).

Wash the pellet with 200 pL of 80% cold ethanol.

Resuspend in 10-30 uL mQ water.

Store the aliquots at -20 °C.

E. 30S and mRNA quality analysis

The absence of high-molecular-weight non-ribosomal proteins and the presence of all ribosomal proteins are
detected on a 15% polyacrylamide gel (Figure 1B-V). The positions of all 70S ribosomal proteins on the SDS-
PAGE are identified in Khusainov et al. (2016) (Figure 1 A-II). The ribosomal RNA integrity is checked by 0.8%
agarose gel in denaturing conditions (Figure 1B-VI).

1

Protein polyacrylamide gel

Mix all buffer components for the 15% resolving gel and leave to polymerase for 15-20 min.

Repeat the same procedure for 4% stacking gel.

Add 1x blue buffer to the 30S samples (0.15 OD per lane) and heat for 3 min at 95 °C.

Load 5 pL of protein ladder and 5 puL of 30S samples in the blue buffer.

Run the gel in a 1x running buffer at 120 V for 30 min and then at 150 V for 1 h.

. Stain the gel in InstantBlue® coomassie for 20 min and destain in water for 1 h.

Extracting the ribosomal RNA

a. Add an equal volume of phenol to the 0.15 OD 30S, mix well by vortexing, and spin down at 17,000
x g for 1 min.

b. Add an equal volume of chloroform to the upper phase, mix well by vortexing, and spin down at
17,000 x g for 1 min.

C. Repeat the two last steps.

@ o0 ow
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d. Precipitate the ribosomal RNA with 1/10 volume 3 M sodium acetate pH 5.3 and 2.5 volumes of 100%
cold ethanol.

e. Keep the sample overnight at -20 °C or for 1 h at -80 °C and spin down at 17,000 x g for 15 min at
4 °C.

f.  Wash the pellet with 70% cold ethanol and dry it for 5 min in a speed vac.

0. Resuspend the obtained sample in 10 pL of mQ water.

RNA agarose gel

a. Melt 0.8% agarose in 1x TBE buffer in the microwave and then cool down to 60 °C.

Add 100 mM potassium thiocyanate and ethidium bromide to the mixture.

Leave the gel for 40 min to polymerase.

Load 0.015 OD of the sample on the gel together with a high-range RNA ladder.

. Run the gel in a 1x TBE buffer at 120 V for 45 min.

RNA polyacrylamide gel

The mRNA purity and integrity are checked by 6% polyacrylamide gel stained in ethidium bromide (Figure

2C). The sequence of spa mRNA is shown in Figure 2D.

a. Mix all components for 6% polyacrylamide gel and leave to polymerize for 15-20 min.

b. Load 4 pL of low-range RNA ladder in 1x RNA loading dye close to the 100 ng of mRNA in 50%
formamide preheated at 90 °C for 2 min.

C. Run the gel at 200 V for 30 min.

d. Stain the gel in ethidium bromide for 10 min.

®oo0o

F. Toeprinting assay

Mix 1 pM Toe primer in PNK buffer, 10 U/uL T4 PNK, and 5 pL of [y-3?P]-ATP, incubate at 37 °C for 1
h, and then pass through the micro bio-spin column pre-equilibrated in mQ water.

Incubate 0.5 uM of spa mRNA with 169,916 cpm/uL Toe primer in a toeprinting buffer at 90 °C for 1 min,
put on ice for 1 min, and then add MgCl, to a 10 mM final concentration. Leave for refolding/annealing at
20 °C for 15 min. The final volume of the reaction mixture is 20 pL.

Mix 33,983 cpm/pL of mRNA-Toe primer with 0.025 puM, 0.05 uM, and 0.2 pM 30S small ribosomal
subunits. Incubate at 37 °C for 10 min and with 0.1 pM itRNA for an additional 5 min (final MgCl,
concentration should be 8 mM). The final volume of the reaction mixture is 13 pL.

Incubate obtained samples with 0.3 U/uL of AMV reverse transcriptase and 0.3 mM dNTPs in AMV buffer
for 30 min at 37 °C, extract with phenol/chloroform, and resuspend in urea blue buffer.

For sequencing lanes, incubate 0.33 uM mRNA with 135,932 cpm/pL Toe primer, 1.7 uM nucleotides, and
0.27 U/uL AMV reverse transcriptase in AMV buffer at 37 °C for 30 min.

Add 237 mM KOH, 26 mM tris-HCI1 pH 8, 0.26 % SDS, and 3.9 mM EDTA to the samples for the
sequencing lanes and incubate at 90 °C for 3 min and at 37 °C for 1 h. Precipitate RNA in 0.3 M sodium
acetate and 100% cold ethanol and resuspend in urea blue buffer.

Migrate both samples on a 10%, 40 cm, 0.5 mm denaturing polyacrylamide gel.

Obtain the data by autoradiography (Figure 2A and 2B).
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Figure 2. Toeprinting assay of the 30S—-mRNA-itRNA complex.

(A) Scheme of the toeprinting assay. (B) Toeprint analysis of the 30S—mRNA-itRNA complex formation with
increasing 30S concentration. (C) The intactness of mRNA was checked by polyacrylamide gel in denaturing
conditions. (D) Sequence of spa mRNA with the start codon in bold and Shine—Dalgarno sequence underlined;
the +16 nucleotide is shown by the black arrow.
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30S—mRNA complex preparation for cryo-EM

Combine 450 nM of spa mRNA with 90 nM of 30S in a storage buffer, apply immediately on the Quantifoil
R2/2300-mesh holey carbon cryo-EM grids, and plunge-freeze in liquid ethane using a Vitrobot Mark IV
device (4 °C and 100% humidity) under the following conditions: 4 uL of complex on the grid, 3 s blotting
time, blot force of 5, and waiting time of 30 s.

Clip the grids into the cartridges if you intend to use an Autoloader equipped microscope.

Keep in liquid nitrogen until data acquisition.

Data acquisition and analysis

Collect the data on a 200 kV Talos Arctica instrument with a Falcon III direct electron detector under the
focus range of -0.5 to -2.7 pm with a 0.2 step.

Note: For our purposes, the 120,000 x magnification was used, yielding a pixel size of 1.24 A.

Transfer the obtained data to the workstation or cluster for data processing.

Use the RELION 3.0 software for data processing (Zivanov et al., 2018).

Perform drift and gain correction and dose weighting with MotionCor2 (Zheng et al., 2017).

Use a dose-weighted average image of the whole stack to determine the contrast transfer function with the
software Getf (Zhang et al., 2016).

Pick the particles using a Laplacian of Gaussian function (min diameter 180 A, max diameter 290 A).
Extract the particles with a box size of 270 pixels and divide into several classes for 3D classification.
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8. Merge classes (if necessary), extract the original size, and continue with 3D refinement.
The obtained 30S—mRNA structure has been refined to an overall 3.6 A resolution with individual focused
refinement of the head and the body leading to the resolution of 3.6 and 3.4 A, respectively (Figure 3B and
30).

9. Estimate the local resolution in RELION 3.0 (Zivanov et al., 2018).

10. Analyze structures in Chimera (Pettersen et al., 2004) or ChimeraX (Goddard et al., 2018) (Figure 3A).

P
h S
= -~
-
Electron movies Motion correction CTF estimation Particle picking

3D refinement and postprocessing

I:> : . J ’ o [:> \“h/

:
&

Alignment / Classification 3D reconstruction

)

30S head at 3.6 A 30S body at 3.4 A
Focused refinement

Figure 3. Scheme of the cryo-EM data processing.

Electron movies were obtained from sample collection on the Talos microscope. After motion correction and
contrast transfer function (CTF) estimation, the particles were picked and extracted with a minimum diameter
of 180 A and maximum diameter of 290 A. The next steps were 2D and 3D classification, followed by 3D
refinement and post-processing. The final 30S—-mRNA structure was obtained at 3.6 A with focus refinement
on the head and body at 3.4 and 3.6 A, respectively.

Recipes

70S ribosome purification

1. Buffer A
100 mM NH.CI
21 mM Mg acetate
20 mM HEPES-KOH, pH 7.5
1 mM dithiothreitol (DTT)
2. BufferB
1.05 M sucrose
0.5 M KCI
10.5 mM Mg acetate
0.5 mM EDTA
20 mM HEPES-KOH, pH 7.5
1mMDTT
3. 5xpuffer E
500 mM KCI
50 mM Mg acetate
25 mM EDTA
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50 mM HEPES-KOH, pH 7.5
5mM DTT

4. Dissociation buffer
1 mM Mg acetate
30 mM NH.CI
10 mM HEPES-KOH, pH 7.5
1mMDTT

30S subunit purification

1. 30S storage buffer
10 mM Mg acetate
30 mM NH,4CI
10 mM HEPES-KOH, pH 7.5
1 mM DTT
2.5 mM spermidine

mRNA purification

1. Buffer ELU
16% (v/v) phenol pH 4.5-5.0
50 mM ammonium acetate
1 mM EDTA, pH 8.0

30S and mRNA quality analysis

1. 4% stacking gel
4% (v/v) ROTIPHORESE® NF-acrylamide/bis-solution 30 (37.5:1)
125 mM tris-HCI, pH 6.8
0.1% (w/v) sodium dodecyl sulfate
0.1% (v/v) ammonium persulfate
1/500 V TEMED
2. 15% resolving gel
15% (v/v) ROTIPHORESE® NF-acrylamide/bis-solution 30 (37.5:1)
375 mM tris-HCI, pH 8.8
0.1% (w/v) sodium dodecyl sulfate
0.1% (v/v) ammonium persulfate
1/1000 V TEMED
3. 4x blue buffer
0.25 M tris-HCI, pH 6.8
9.2% (w/v) sodium dodecyl sulfate
40% (v/v) glycerol
0.1% (w/v) bromophenol blue
100 mM DTT
4. 10x running buffer
30 g tris base
144 g glycine
10 g sodium dodecyl sulfate in 1,000 mL of mQ water, pH 8.3
5. 6% polyacrylamide gel
6% (v/v) ROTIPHORESE® NF-acrylamide/bis-solution 40 (19:1)
1x TBE
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8 M urea
6. 10x TBE

108 g tris base

55 g boric acid

40 mL 0.5 M EDTA, pH 8.0 in 1,000 mL of mQ water, pH 8.3
7. 1xTBEis a 1:10 dilution of the 10x TBE (from step 6)

Toeprinting assay

1. 10x toeprinting buffer
100 mM tris-HCI, pH 7.5
300 mM KCl
5SmM DTT
2. 10% polyacrylamide gel
10% (v/v) acrylamide/bis-solution 40 (19:1)
1x TBE
8 M urea
3. Urea blue buffer
0.025% bromophenol blue
xylene cyanol in 7.6 M urea
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