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Materials and Methods

PCR primer design for metagenomic library screening for functional 16S rRNAs in E.
coli A7

Through genetic complementation assays of the E. coli KT101 (A7) strain 3 we previously
showed that E. coli 16S rRNA (16S"°) can be replaced by foreign 16S rRNAs from diverse
bacterial origins, including those from Gammaproteobacteria and Betaproteobacteria 4,
Therein, we amplified foreign (non-E. coli) 16S rRNA genes from environmental DNA
samples using a set of universal primers, Bac8f and UN1541r, which are frequently used for
phylogenetic and/or community analysis °. However, we noticed that these primers overlap
variable sites, 19 (A or C) in Bac8f and 1527 (U or C) in UN1541r, respectively, and thus the
amplicon could contain mutations. This was problematic, particularly for the former site,
because nucleotide 19 pairs with nucleotide 916 to form a central pseudoknot structure, which
is functionally critical 68 producing only modest results. Thus, we designed a new primer set,
Baclf and UN1542r (Supplementary Table 2), which encompassed nucleotides 1-18 and
15421528, respectively S,

The PCR mixture contained 100 ng of template DNA (environmental metagenome), 1
x PCR buffer, 0.4 mM each of dNTPs, 0.25 uM each of primers (Baclf and UN1542r), and 1
U of KOD FX-Neo DNA polymerase (Toyobo) in a total volume of 50 pL. The mixture was
heated at 94°C for 2 min, then subjected to 30 rounds of thermal cycling at 98°C for 10 s,
48°C for 30 s, and 68°C for 1 min, followed by a final incubation at 68°C for 5 min. The
amplicon was separated by agarose gel (0.8% [w/v]) electrophoresis; a single band was
excised from the gel, purified, and dissolved in 30 uL of water.

An expression vector for the 16S rRNA gene was modified from pRB103 410 by
replacing the antibiotic selection marker from Zeocin to trimethoprim (Tmp) to yield pRB105,
thereby avoiding undesired DNA fragmentation caused by Zeocin ''. The entire vector
(without the 16S rRNA gene) was PCR-amplified using the primer set Baclr and UN1542f.
The PCR mixture contained 1 x PCR buffer, 0.2 mM each of dNTPs, 1.5 mM MgSQOy, 0.25
UM of each primer, 10 ng of pRB105, and 1 U of KOD-Neo- DNA polymerase (Toyobo) in a
total volume of 50 pL. The mixture was heated at 94°C for 2 min, then subjected to 25 cycles
at 94°C for 10 s and 68°C for 5 min, followed by a final incubation at 68°C for 5 min. The
products were treated with Dpnl (New England Biolabs, 10 U, 37°C, 6 h), gel-purified, and
dissolved in 30 pL of water.

The 16S rRNA gene (~200 ng) and the linearized pRB105 (~200 ng) fragments were
combined and ligated using the In-Fusion Cloning Kit (Clontech) in a total volume of 10 pL.



After incubation at 50°C for 1 h, the reaction products (2 uL) were introduced into competent
E. coli IM109 cells (100 puL) and grown on LB/Tmp agar plates by incubating at 37°C
overnight. The colonies were combined and the plasmids were extracted to yield a library.
This plasmid library was then used to transform KT101. A functional screen based on the
viability of the transformed KT101 was carried out as described previously % in which the

selecting agent was changed from Zeocin to Tmp (10 pg/mL).

Domain-based chimeragenesis
Domain-based chimeragenesis was carried out between the 16S rRNA genes of Acidobacteria
NS11

and E. coli using pRB105 carrying 16S
[547-916], 3" major [917—-1388], and 3' minor [1389-1542]; E. coli numbering) was

as a template. Each domain (5’ [1-546], central

PCR-amplified from the E. coli 16S rRNA (rrsB) gene using sets of the following primers:
Baclf and 5D for the 5’ domain, CntD+ and CntD- for the central domain, 3MjD+ 3M;D-
for the 3’ major domain, and 3MnD+ and UN1542r for the 3'minor domain (table S2, fig.. S3).

For domain deletion in pRB105 carrying 16SNS!!

, pPRB105 was amplified inversely using sets
of the following primers: Baclr and CntD+ for the 5’ domain deletion, 5D— and 3MjD+ for
the central domain deletion, CntD— and 3MnD+ for the 3'major domain deletion, and 3MjD—
and 1542f for the 3'minor domain deletion. PCR was performed using KOD Neo DNA
polymerase (Toyobo) with the following temperature cycles: 94°C for 2 min, followed by 35
cycles of incubation at 94°C for 10 s, 48°C for 30 s, and 68°C for 15 s (for domain
amplification) or 8 min (for domain deletion), and a final incubation at 68°C for 10 min. The
amplicons were gel purified and dissolved in 30 uL of water. Each 16S rRNA domain
fragment (~200 ng) and the cognate linearized vector fragment (~200 ng) were combined and
ligated using the In-Fusion Cloning Kit (Clontech) in a total volume of 10 puL. After
incubation at 50°C for 1 h, the products (2 uL) were introduced into competent E. coli IM109

cells. Correct shuffling products were confirmed by DNA sequencing and used for further

studies.

In vitro translational activity

The KT105 derivative strains were grown in 600 mL of LB/Km/Tmp in a 3 L flask at 37°C to
ODgoo 0.5-0.6. Cells were pelleted by centrifugation (5,000 g, 10 min, 4°C), resuspended in
10 mL of cold RBS-H buffer (20 mM HEPES-KOH [pH 7.6], 10 mM Mg(OAc),, 30 mM
NH4Cl, 6 mM 2-mercaptethanol), and transferred into 2 mL tubes (1.2 mL each). The tubes

were centrifuged (36,220 g, 10 min, 4°C), supernatant was discarded, and the pellets were



combined with equal amount of glass beads (YGBO0S, Yasui Kikai) and 500 uLL of RBS-H
buffer. Cells were disrupted in a Taitec bead crusher (uT-12) at maximal speed for 1 min at
room temperature, followed by chilling in an ice water bath for 2 min. This cycle was
repeated three times to ensure complete disruption of the cells. The mixture was centrifuged
at 15,000 rpm (36,220 g) for 10 min at 4°C. The supernatant was then transferred to a new
tube.

The cell extract was then layered on top of a 10-40% (w/v) sucrose gradient prepared in
RBS salt-wash buffer (20 mM HEPES-KOH [pH 7.6], 10 mM Mg(OAc),, 500 mM NH4Cl,
and 6 mM 2-mercaptoethanol) and separated by ultracentrifugation in a Beckman SW-40 Ti
Rotor (35,000 rpm [245,853 g], 3 h, 4°C). Samples were taken from the top of the tube using
a BIOCOMP Piston Gradient Fractionator, and the 70S ribosome was collected by monitoring
at Ajss. The 70S ribosome solution thus obtained (15 Azs4 each, ~400 A;s4 total) was overlaid
onto an equal volume of 30% (w/v) sucrose in RBS-H buffer and ultracentrifuged at 40,000
rpm (280,976 g) for 12 h at 4°C in a Beckman SW-40 Ti rotor. The pellet was dissolved in
RBS-L buffer (20 mM HEPES-KOH [pH 7.6], 6 mM Mg(OAc),, 30 mM KCI, 7 mM
2-mercaptoethanol) '2 to obtain pure ribosomes.

For translational activity measurements, the PUREfrex cell-free translational system

(GeneFrontier) was used. The superfolder GFP 13.14

was used as a reporter; the gene was
PCR-amplified, and the amplicon was gel-purified and dissolved in 30 uL of water. The
reaction mixture (10 pL total) contained PUREfrex solution I (5 pL), solution II (0.5 pL),
DNA template (20 ng), and 0.2 pmol of pure ribosomes. The reaction was monitored for an
increase in GFP fluorescence (excitation: 488 nm; emission: 530 nm) for 1 min intervals at

37°C using a Stratagene Mx3000p qPCR system.

Sucrose density gradient analysis

Sucrose density gradient analysis of the ribosomes was carried out as previously described !
Briefly, KT105 derivatives were grown in 50 mL of LB/Km/Tmp in a 500 mL flask at 37°C.
When the ODggo reached 0.4 to 0.6, 100 pg/mL chloramphenicol was added 5 min before
harvesting to avoid polysome run off. The flask was rapidly chilled in ice water for 10 min,
and the cells were collected by centrifugation (5,000 g, 10 min, 4°C). The pellets were
resuspended in 1 mL of cold RBS-H buffer. Then, 15 pL of 0.5 mg/mL lysozyme (Sigma)
was added, mixed and frozen at —80°C for 1 h. The sample was then incubated in ice water
until completely thawed. This freeze-thaw cycle was repeated four times to ensure efficient

recovery of the polysomes. The cell lysates were cleared by centrifugation (15,000 rpm



[36,220 g], 15 min, 4°C) and the supernatant was collected. Then, 5 units of the lysate at Axeo
were layered on top of a 10-40% (w/v) sucrose gradient prepared in RBS-H buffer, and
separated by ultracentrifugation in a SW-40 Ti Rotor (35,000 rpm [245,853 g], 3 h, 4°C].
Samples were taken from the top of the tube using a BIOCOMP Piston Gradient Fractionator,
and Ajs4 was monitored continuously on an ATTO UV monitor (AC-5200).
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Supplementary Fig. 1. Secondary structure maps of 16S rRNAs

(A) E. coli. (B) NS11. The E. coli 16S rRNA map was obtained from the Comparative RNA
website (http://www.rna.ccbb.utexas.edu/) '® The structure of NS11 was superimposed onto
the E. coli secondary structure map; the nucleotides that are different from those of E. coli are

shown in red in the NS11 structure.
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Supplementary Fig. 2. Analysis of atomic interactions between 16S rRNA and ribosomal

proteins
Contact map showing interactions between (A) 16S rRNA —ribosomal proteins and (B) 16S
rRNA —16S rRNA in the E. coli 30S subunit. Information on atomic interactions between

oxygen, phosphorus, or nitrogen atoms within 3.4 A distances were extracted from the crystal
structure of the E. coli ribosome ribosome (PDB: 3R80) 16 using CONTACT software 7 and

NSIT are dotted

dotted in black. Among them, contacts that involve mutated nucleotides in 16S
in red. 16S rRNA contains 1542 nucleotides. S2-S21 denote the ribosomal proteins in 30S
subunit (S1 is not included in the crystal structure). In the RNA—protein contact map (A), 88
of the total 410 RNA—protein interactions involved variable nucleotides. Thus, 73.7%
nucleotides varied in NS11 do not interact with ribosomal proteins. Nucleotides 1416 and
1484 are not involved in interaction with proteins. It is known that genes for S9 and S17 can
be knocked out in E. coli '®, suggesting that interactions between 16S rRNA and these
proteins are also not essential. The other 18 ribosomal protein genes are reported to be
essential '°. In the RNA-RNA contact map (B), the interactions of the compensatory
nucleotides within the RNA helices were seen as patterns that protruded perpendicular to the
diagonal line (the nucleotide interaction between 1416 and 1484 is also seen in a protrusion).
In this map, 285 nucleotides, representing 85.3% of the total 334 variable nucleotides,

occurred in this protruding pattern, confirming the compensatory and conservative nature of

the RNA secondary structure.
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Supplementary Fig. 3. DNA constructs designed for domain-based chimeragenesis
experiment

Schematic illustrations of DNA constructs (1655, 16S™5!", 16SN311-E 16gNSH-CntE,
16SNS1-ME and 16SN112ME) are shown. The 16S° (full length; 1-1542) construct is

colored in grey, 16SN°'! (19-1527) colored in white, and primer-binding sites are in black.
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Supplementary Fig. 4. Biochemical characterization of mutant ribosomes

(A) In vitro translational activity of purified ribosomal samples containing E. coli (Eco),
NS11, or NS11-3MnE 16S rRNAs. All ribosome samples were extracted from KT105 strains
carrying the corresponding 16S rRNA genes. The ribosomal activity was determined using an

13,14
3 gene was used as a

in vitro transcription-translation system. The superfolder GFP
template. The reaction was carried out at 37°C, and fluorescence was measured at 10 min
intervals. (B) Patterns of ribosomal subunit association. A sucrose density gradient analysis

was conducted as described in the Materials and Methods.



Supplementary Table 1. Sequence information for acidobacterial 16S rRNA genes1

Clone Accession Blast top hit (Accession number), identity ~ Phylogenetic Identity to

number classification E. coli rrsB

NS5 LC093165 Holophaga sp. WY42 (KC921174.1), 89% Acidobacteria  79.3%
NS11 LC093166 Holophaga sp. WY42 (KC921174.1), 88%  Acidobacteria  78.4%

'As a result of functional screening using KT101 (A7 prrn strain), we identified a total of 31
different 16S rRNA genes from diverse bacterial lineages, in which two genes belonging to
phylum Acidobacteria were included. These genes, designated as 16S™*° and 16S™°"", showed
79.3% (16S™°%) and 78.4% (16S™°'") identities, respectively, to the E. coli 16S rRNA gene
(16S"°) and were 93.8% identical to each other.



Supplementary Table 2. Oligonucleotide primers used in this study

Primer Sequence (5" to 3')

Baclf AAATTGAAGAGTTTGATC

UN1542r TAAGGAGGTGATCCA

Baclr GATCAAACTCTTCAATTTAAAAGTTTGACGCTCAAAG
UN1542f TGGATCACCTCCTTACCTTAAAGAAGCGT

5D- CGCTTTACGCCCAGTAATTCCGATTAACGCT
CntD+ AGCGTTAATCGGAATTACTGGGCGTAAAGCG
CntD- CCACCGCTTGTGCGGGCCCCCGTCAATTC
3MjD+ GAATTGACGGGGGCCCGCACAAGCGGTGG
3M;jD- CTCCCATGGTGTGACGGGCGGTGTGTACAAG
3MnD+ CTTGTACACACCGCCCGTCACACCATGGGAG
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