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of ribosomal elements in E. coli
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In vitro reconstitution is a powerful tool for investigating ribosome functions and biogenesis,
as well as discovering new ribosomal features. In this study, we integrated all of the pro-
cesses required for Escherichia coli small ribosomal subunit assembly. In our method, termed
fully Recombinant-based integrated Synthesis, Assembly, and Translation (R-iSAT), assembly
and evaluation of the small ribosomal subunits are coupled with ribosomal RNA (rRNA)
synthesis in a reconstituted cell-free protein synthesis system. By changing the components
of R-iSAT, including recombinant ribosomal protein composition, we coupled ribosomal
assembly with ribosomal protein synthesis, enabling functional synthesis of ribosomal pro-
teins and subsequent subunit assembly. In addition, we assembled and evaluated subunits
with mutations in both rRNA and ribosomal proteins. The study demonstrated that our
scheme provides new ways to comprehensively analyze any elements of the small ribosomal
subunit, with the goal of improving our understanding of ribosomal biogenesis, function, and
engineering.
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central roles in cellular protein synthesis, the final step of

gene expression. To elucidate their biogenesis and trans-
lational function, extensive in vitro reconstitution studies have
been performed on the Escherichia coli ribosome, dating back to
the early stages of the field of biochemistry!2. These studies
revealed the hierarchical assembly map of both 30S and 50S
subunits®*. Subsequently, these efforts were expanded to obtain
more detailed knowledge regarding assembly pathways and
kinetics, using cutting-edge technologies such as quantitative
mass spectrometry and microscopic analyses>®. Applied studies
have also been performed to evolve ribosomes with improved
functions or altered chemical properties”-8. Other efforts in the
field of synthetic biology have been directed toward the design
and construction of minimal cells, with the ultimate goal of
answering questions such as “What is life?” and “What is the
origin of life?”*10,

Currently, a variety of schemes are available for in vitro
reconstitution of the E. coli ribosome. In particular, the integrated
synthesis, assembly, and translation (iSAT) technology developed
by Jewett et al. allows both 30S and 50S subunit assembly and
detection of ribosomal activity in a sophisticated manner!!. The
method has made it possible to perform one-step rRNA tran-
scription and ribosome assembly in a reaction mixture containing
S150 crude cell extract under physiological conditions. The
reconstitution efficiency of the iSAT method was subsequently
improved by extensive optimization of the reaction conditions!?.
On the basis of this technology, a unique selection system using a
liposome-sorting technique, which integrates iSAT with the
protein synthesis using recombinant elements (PURE) recon-
stituted cell-free protein synthesis system!3, has been developed
for the in vitro evolution of 16S rRNA7.

The iSAT technology is based on a mixture of ribosomal
proteins called TP30 (total proteins of the 30S subunit) or TP50
(total proteins of the 50S subunit). In contrast to this approach,
in vitro ribosome reconstitution methods have also been devel-
oped using individually prepared ribosomal proteins, particularly
for the 30S subunit. Using a conventional approach, including
high salt concentration, heat activation, and ordered addition of
ribosomal proteins according to the hierarchical assembly map
revealed by Nomura and co-workers3, Culver et al. demonstrated
the in vitro reconstitution of the 30S subunit from individually
purified recombinant ribosomal proteins and purified native 16S
rRNA!4, They also showed that the addition of protein chaper-
ones facilitated assembly at low temperature!®. Tamaru et al.
adopted a similar approach using purified recombinant ribosomal
proteins and showed that the addition of ribosome biogenesis
factors such as Era and RsgA (YjeQ) facilitates reconstitution
efficiency under low-salt conditions!®. Li et al. succeeded in
reconstituting the 30S subunit using purified native 16S rRNA
with individually prepared ribosomal proteins in a cell-free
manner utilizing the PURE system!”.

Based on these successful studies, it is clear that in vitro syn-
thesized products can be used for both rRNA and ribosomal
proteins, at least for the in vitro reconstitution of the 30S subunit.
Hence, in this study, we integrate all of the previously developed
approaches into a single reaction mixture based on the PURE
system. Initially, we introduce the iSAT-like scheme into the
previously developed system using purified recombinant riboso-
mal proteins!®, in which in vitro transcription of 16S rRNA, 30S
subunit assembly from individually prepared ribosomal proteins
and transcribed rRNA, and the subsequent superfolder GFP
(sfGFP) synthesis reaction based on the assembled 30S subunits
are coupled within the PURE system. The resultant system makes
it possible to examine 16S rRNA mutant produced from DNA
templates in the PURE system, similar to the approach described

Ribosomes are large macromolecular complexes that play

in previous studies”-8. With this system, we discover a partially
orthogonal Shine-Dalgarno (SD)/anti-SD pair that can be used to
differentiate “host” and “newly assembled” ribosomes in the
PURE system. Using this new pair, we add the native 30S subunit
to the system and replace each ribosomal protein with a DNA
template encoding the corresponding ribosomal protein gene, and
detect the activity of 30S subunits assembled from each cell-free-
synthesized ribosomal protein based on the fluorescence of syn-
thesized sfGFP. This system enable us to prepare and detect the
activity of ribosomes with mutations in both 16S rRNA and
ribosomal proteins. Moreover, this approach provides new ways
to comprehensively analyze ribosomal elements in the 30S sub-
unit, with the goal of elucidating ribosomal biogenesis, functions,
and engineering.

Results

Fully recombinant-based small ribosomal subunits assembly.
We recently showed that active 30S subunits can be reconstituted
from individually prepared recombinant ribosomal proteins
under low-salt conditions using ribosome biogenesis factors!®. In
parallel studies, Jewett et al. developed the iSAT system, in which
in vitro transcription of 16S rRNA, assembly of ribosomes from
transcribed 16S rRNA and TP30, and protein synthesis from
newly assembled ribosomes are performed in a single reaction
mixture in the presence of S150 cell extract!!. The presence of
S150 cell extract was later shown to be nonessential because the
iSAT system also functions in the PURE system’. These studies
prompted us to develop an iSAT-like method based on indivi-
dually prepared recombinant ribosomal proteins within the
PURE system. We term this approach fully recombinant-based
iSAT (R-iSAT).

R-iSAT was constructed in the PURE system using 50S
subunits instead of 70S ribosomes, enabling simultaneous 16S
rRNA transcription, ribosome assembly, and subsequent protein
synthesis reaction using assembled 30S subunits (Fig. 1a). To
detect the activity of the assembled ribosomes, we monitored
changes in the fluorescence intensity of synthesize sfGFP over a
time course. We compared native 16S rRNA, in vitro transcribed
16S rRNA prepared in advance, and co-transcriptionally
synthesized 16S rRNA. In addition, we compared TP30 with
the individually prepared recombinant ribosomal proteins.

A reconstitution experiment without 16S rRNA co-
transcription revealed that either TP30 or recombinant ribosomal
proteins, or either native 16S rRNA or in vitro transcribed 16S
rRNA, could assemble into active 30S subunits capable of
synthesizing sfGFP (Fig. 1b). The increase in fluorescence was
initiated after a lag period that likely corresponds to the time
required for ribosome assembly, sfGFP synthesis, and folding.
This lag time was shortest when native 16S rRNA and TP30 were
used, indicating that these reagents are optimal for the ribosome
assembly reaction. Translation efficiency was also highest when
native parts were used, probably due to the presence of
modifications on both 16S rRNA and ribosomal proteins.
Nonetheless, these results confirmed that active 30S subunits
can be formed even with in vitro transcribed 16S rRNA and
recombinant ribosomal proteins.

We then examined co-transcriptional assembly by replacing
16S rRNA with a DNA template encoding native rRNA derived
from rrnB operon in E. coli genome (Fig. 1c). Under these
conditions, sfGFP was synthesized both with TP30 and
recombinant ribosomal proteins. The lag period was much longer
than with native 16S rRNA, perhaps corresponding to the time
required for rRNA transcription and subsequent assembly. We
checked the final concentration of co-transcribed 16S rRNA by
urea-polyacrylamide gel electrophoresis (PAGE) and found that
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Fig. 1 Fully Recombinant-based integrated synthesis, assembly, and translation (R-iSAT). a Schematic of R-iSAT. Two template DNAs encoding 16S
rRNA and sfGFP are added into the PURE system. Recombinant ribosomal proteins (recombinant rps) bind to the transcribed 16S rRNA, and they are
assembled into 30S subunits that interact with native 50S subunits to form the ribosome. Transcribed sfGFP mRNA is translated on the ribosome to
synthesize sfGFP synthesis. b Time-course analysis of sfGFP synthesis in reactions without coupling of 16S rRNA transcription. € Time-course analysis of
sfGFP synthesis in reactions with coupling of 16S rRNA transcription. R-rps represents recombinant ribosomal proteins, and IVT 16S rRNA represents
in vitro transcribed 16S rRNA. Fluorescence intensities after subtracting the background intensity are shown. Error bars indicate standard deviation of

triplicate measurements.

sufficient rRNA (~0.8 pM), comparative to that in reaction
without co-transcription (0.3 pM), was transcribed in the reaction
mixture. Although the fluorescence intensity was lower than
when native components were used, the results confirmed that
the R-iSAT scheme is available for reconstitution of active 30S
subunits. We note that the coupling of rRNA transcription with
ribosome reconstitution was effective for increasing sfGFP
synthesis when the final intensities are compared with each other
(compare gray and green lines in Fig. 1b with red and blue lines
in Fig. 1c, respectively). This may suggest that co-transcriptional
folding of 16S rRNA in the presence of ribosomal proteins
facilitated the assembly efficiency, as recently revealed!®19, Also
note that a long-term analysis showed that R-iSAT continued for
almost half a day with very slow kinetics (Supplementary Fig. 1).
Concentrations of recombinant proteins were semi-optimized
with a series of R-iSAT experiments (Supplementary Fig. 2a).

Effects of ribosomal modification and biogenesis factors. In a
previous study, we performed matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MS) analysis of
recombinant ribosomal proteins and showed that at least uS5 and
bS18 are not acetylated and uS12 is not methylthiolated!® (Here,
we follow the new universal nomenclature for ribosomal pro-
teins?0). For deeper understanding of the modification status of
recombinant ribosomal proteins, we performed native MS ana-
lysis of uS5, bS6, uS11, uS12, and bS18, which are known to be

posttranslationally modified?! (Supplementary Fig. 3), demon-
strating that large parts of these proteins are unmodified, con-
sistent with previous results.

The previous study also showed that the addition of ribosome
biogenesis factors facilitates 30S subunit reconstitution efficiency
under low or moderate salt concentrations!®. Hence, we
reevaluated the effects of these factors on R-iSAT with semi-
optimized concentration of the factors (Supplementary Fig. 2b).
The results revealed trends similar to those observed in the
previous study, in which Era had the greatest effect on total sfGFP
synthesis (Supplementary Fig. 4). We also confirmed the overall
effect of these factors in the R-iSAT without co-transcriptional
coupling (Supplementary Fig. 5). Here, again note that the sfGFP
synthesis efficiency was facilitated by the coupling of rRNA
transcription. These data suggest that the effects of these factors
were equivalent to those in our previous study, even though the
method for detecting ribosome activity was switched from poly
(U)-directed polyphenylalanine synthesis to sfGFP synthesis, and
16S rRNA transcription was coupled to the ribosome assembly
reaction.

Effects of removal of a single ribosomal protein. One of the
advantages of R-iSAT is that we can control the composition of
ribosomal proteins in the reaction mixture. We examined the
effects of removing individual ribosomal proteins from the R-
iSAT to learn about each protein’s role in assembly and activity.

COMMUNICATIONS BIOLOGY | (2020)3:142 | https://doi.org/10.1038/s42003-020-0874-8 | www.nature.com/commsbio 3


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-0874-8

1.2,

Normalized sfGFP fluorescence (a.u.)

a
0
a
2

<

'

Fig. 2 Effects of removal of a single ribosomal protein from R-iSAT. Increase in sfGFP fluorescence after 4 h incubation was normalized by dividing by the
average value of the control reaction. Red bars indicate nonessential ribosomal proteins, as revealed by genome deletion studies. Orange bars indicate
putative nonessential ribosomal proteins identified in this study. Error bars indicate standard deviation of triplicate measurements. Each dot represents
individual observed value.
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Table 1 Nonessential ribosomal protein genes, as

determined by genome deletion studies.

Gene name Protein References
rpsF bsS6 22-24

rpsl us9 22,2425
rpsM us13 22,24,27
rpsO us1s 24,28

rpsQ us17 22,2425
rpsT bS20 22-24

rpsU bS21 26

The results revealed that sfGFP was still synthesized in R-iSAT
even in the absence of some proteins, including uS5, bS6, uS7,
uS9, uS13, uS15, uS17, bS20, and bS21 (Fig. 2). Previous genomic
deletion studies?2-28 showed that bS6, uS9, uS13, uS15, uS17,
bS20, and bS21 are nonessential for viability (Table 1), consistent
with our results in this study, although the extent to which the
assembled subunits were functionally impaired differed among
proteins. In addition, subunits without uS5 and uS7 were still
active  for  sfGFP  synthesis in  R-iSAT.  Liquid
chromatography-MS (LC-MS) analyses revealed no carry-over
of ribosomal proteins from any other components of the R-iSAT
mixtures (Supplementary Data 1), suggesting that these results
reflected the nonessentiality of these proteins for ribosomal
assembly and function. Genomic deletion approaches aimed at
elucidating the function of each ribosomal protein may be limited
by the fact that their outcomes can depend on the relationship
between growth rate and ribosomal activities or gene regulation.
These findings demonstrate that R-iSAT makes possible more
detailed analyses of each ribosomal protein. The dependence of
bS1 was also examined and found that reconstituted bS1-free
ribosomes synthesized sufficient amount of sfGFP in R-iSAT
(Supplementary Fig. 6a). This appears to be inconsistent with our
previous results where bS1-free ribosomes were not functional for
the protein expression from mRNA with 5’ leader sequence®.
This will be mentioned later in this paper.

Differentiattion of “host” and “newly assembled” ribosomes. In
this study, we sought to couple ribosomal protein synthesis in R-
iSAT. Hence, we searched for a suitable orthogonal SD/anti-SD

-uS2
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-bS6
-us7
-uS8
-uS9
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pair that would enable us to differentiate “host” from “newly
assembled” ribosomes using the R-iSAT feature of 16S rRNA co-
transcriptional synthesis. To this end, we first selected pairs from
a previous network study of orthogonal ribosome/mRNA pairs
based on in vivo selection experiments30. In particular, we
selected 16S rRNA sequences for rRNA-2, rRNA-8, and rRNA-9
and SD sequences for mRNA-A, mRNA-B, and mRNA-C,
assuming that each of the respective pairs is orthogonal (rRNA-2/
mRNA-A, rRNA-8/mRNA-B, and rRNA-9/mRNA-C, respec-
tively) (Fig. 3a). In addition to the anti-SD region, mutations were
introduced in the 16S rRNA sequences at positions 722 and 723,
which form a bulge proximal to the minor grove of the SD/anti-
SD helix.

All possible combinations, including wild-type pairs, were
tested in R-iSAT, in which sfGFP synthesis was regulated by the
selected SD sequences. Although the results suggested that it was
difficult to achieve complete orthogonality (Fig. 3b, c), partial
orthogonality was apparent: sfGFP synthesis under non-wild-type
SD sequences was less active when the wild-type 30S subunits
were used (see green box in Fig. 3b). Nevertheless, sfGFP
synthesis was still observed in the presence of selected non-wild-
type SD sequences (9.1-11.4% relative to wild-type SD). Because
we wanted to minimize background sfGFP synthesis with wild-
type ribosomes as depicted in Fig. 4a, we additionally designed an
SD sequence (mRNA-comp) complementary to the strong SD
sequence frequently used in overexpression vectors such as pET
(Merck Millipore). The anti-SD sequence (rRNA-comp) was also
designed to be complementary to the wild type (Fig. 3a).
Surprisingly, sfGFP synthesis from mRNA-comp by the wild-
type 30S subunit was suppressed to the background level (2.4%;
green box in Fig. 3b), whereas the 30S subunit with rRNA-comp
tended to accept mRNAs with a variety of SD sequences (blue box
in Fig. 3b). These results demonstrated that sfGFP synthesis from
mRNA-comp was stimulated only by the 30S subunit with rRNA-
comp (see red box in Fig. 3c). The ratio of sfGFP expression
against the expression with the wild-type ribosome was highest
among tested orthogonal pairs (Supplementary Fig. 7). The
observed one-sided orthogonality (blue box in Fig. 3b vs. red box
in Fig. 3c) provided the R-iSAT with an ideal feature for
differentiating “host” from “newly assembled” ribosomes using
this novel pair.

It is interesting to note that unexpected results were obtained
through this series of experiments. The levels of sfGFP synthesis
using non-wild-type pairs were higher than the wild-type pair.
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Fig. 3 A mutational study of 16S rRNA to search for applicable orthogonal SD/anti-SD pair for differentiating “host” and "“newly assembled”
ribosomes. a Sequences of 16S rRNA and mRNA examined in this study. SD sequences are indicated by light blue characters, and mutated nucleotides in
16S rRNA by red characters. b, ¢ Synthesis of sfGFP using various SD/anti-SD pairs. Increase in sfGFP fluorescence after 4 h incubation was normalized by
dividing by the average value of the control reaction. Graphical display is different, but the same data were used in (b) and (¢). Symbols “wt”, “A", “B", “C",
and “cp” for sfGFP template represent mRNA-wt, mMRNA-A, mRNA-B, mRNA-C, and mRNA-comp, respectively, as shown in (a). Symbols “wt", “2", “8",
"9", and “cp” for rRNA represent rRNA-wt, rRNA-2, rRNA-8, rRNA-9, and rRNA-cp, respectively, as shown in (a). A green box indicates a data set obtained
using rRNA-wt, a blue box indicates a data set obtained using rRNA-comp, and a red box indicates a data set obtained using mRNA-comp. Error bars
indicate standard deviation of triplicate measurements. Each dot represents individual observed value.

Particularly, mRNA-A/rRNA-2 and mRNA-C/rRNA-9 showed
threefold higher sfGFP fluorescence compared to the wild-type
pair. Time-course of the sfGFP synthesis clearly showed that the use
of non-wild-type pairs are beneficial for increasing sfGFP synthesis
in R-iSAT (Supplementary Fig. 8), suggesting that mutations in the
anti-SD sequence, together with those at positions 722 and 723,
facilitated the ribosome assembly or the gene expression processes.
In particular, three pairs from the literature3? were selected through
in vivo evolutional experiments where a plenty of wild-type
ribosomes coexisted in cells. This might have resulted in the
selection of sequences that are favorable for the assembly or

translation efficiency. Because the mutation in the anti-SD sequence
may affect all gene expression in cells, this region may have been left
out during the evolution, leaving room for improving ribosome
functions. This point is insightful for the studies for ribosome
engineering and ribosome evolution, which should be investigated
more in detail in the future.

Co-translational coupling of ribosomal protein synthesis.
Finally, we sought to integrate ribosomal proteins synthesis in R-
iSAT. A template DNA encoding specific ribosomal proteins
under the control of the wild-type SD sequence were added to the
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Fig. 4 Co-translational coupling of ribosomal proteins synthesis in R-iSAT. a Schematic of R-iSAT coupled with ribosomal proteins synthesis. Three
template DNAs encoding 16S rRNA-comp (shown in Fig. 3a), a ribosomal protein under the wild-type SD, and sfGFP under the SD encoded in mRNA-comp
(shown in Fig. 3a) were added into the PURE system. A ribosomal protein synthesized by the native ribosome and recombinant ribosomal proteins
(Recombinant rps) in the reaction mixture bind to transcribed 16S rRNA-comp, and these components are assembled into 30S subunits that interact with
native 50S subunits to form a partially orthogonal ribosome for subsequent sfGFP synthesis. Transcribed sfGFP mRNA-comp is translated on the newly
assembled ribosome to synthesize sfGFP. b Effects of ribosomal protein synthesis in R-iSAT. The increase in sfGFP fluorescence after 4 h incubation was
normalized by dividing by the average value of the control reaction. Error bars indicate standard deviation of at least triplicate measurements. Each dot
represents individual observed value. Double asterisk, single asterisk, and n.s. indicate that P values are less than 0.003, P values are less than 0.05, and
P values are more than 0.05, respectively. Welch's t test was applied between in the presence and absence of the rps template.

R-iSAT mixture in place of specific ribosomal proteins, and were
synthesized by the native 30S subunits. Synthesized ribosomal
proteins were designed to be assembled with rRNA-comp, fol-
lowed by evaluation of stGFP synthesis from mRNA-comp by the
newly assembled 30S subunits (Fig. 4a).

We observed an increase in sfGFP synthesis when the putative
essential proteins identified in Fig. 2 were synthesized (uS2, uS3,
uS4, uS10, uS11, uS12, uS14, bS16, bS18, and uS19), with the
exception of uS8 (Fig. 4b). Synthesis of sfGFP was observed in the
absence of nonessential proteins (bS6, uS9, uS13, uS15, uS17,
bS20, and bS21) and the putative nonessential proteins identified
in Fig. 2 (uS5 and uS7). A prominent increase in ribosomal
protein synthesis was observed for uS5, uS9, uS13, bS20, and
bS21, whereas only a slight or no increase was observed for bS6,
uS7, uS15, and uS17 (Fig. 4b). The expression of each ribosomal
protein in the PURE system was confirmed ahead and the data
showed successful expression of all proteins with yields in the
same orders of magnitude without any aggregate formations
(Supplementary Fig. 9).

The cell-free-synthesized essential protein uS8 and nonessen-
tial proteins bS6, uS7, uSl5, and uS17 appeared to be
nonfunctional in the assay. Although it is possible that we could
not detect the activity of these proteins due to problems such as
misfolding or low yield, it is also possible that the timing of their
synthesis affects the assembly process. Interestingly, four of these
five proteins (uS7, uS8, uS15, and uS17), which showed slight or
no increase in SfGFP fluorescence are identified as primary

binding proteins in Nomura’s assembly map (Supplementary
Fig. 10); the fifth protein, bS6, is considered to be a secondary
binding protein dependent on uS15. Because production of
sufficient protein for 30S subunit assembly will inevitably be
delayed if the proteins must be simultaneously synthesized, it is
possible that partially assembled subunits are caught in kinetic
traps that can no longer bind these proteins.

To further clarify this point, we performed two-step reactions
in which ribosomal proteins were translated in the first step (2 h)
in the presence of recombinant ribosomal proteins, and then
rRNA transcription and subsequent sfGFP synthesis occurred in
the second step (4h). The results revealed that pre-synthesis of
uS7, uS8, and uS15 facilitated active 30S subunit assembly,
whereas bS6 and uS17 yielded results similar to those of
simultaneous synthesis (Supplementary Fig. 11), confirming the
functionality of cell-free-synthesized uS7, uS8, and uS15. uS8 was
particularly important: almost no functional subunits were
produced when the supply of uS8 was delayed. We further tested
uS8 by performing two-step reactions in which 16S rRNA co-
transcription was performed in the first step, and recombinant
ribosomal proteins were added in the second step. Again, almost
no functional subunits were produced, suggesting that the timing
of uS8 binding to the 16S rRNA plays a crucial role as a
checkpoint that determines the fate of the assembled subunits
(Supplementary Fig. 12).

We also examined bS1 expression in this system but effect was
comparatively lower than other proteins (Supplementary Fig. 6b).
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This might be caused by the decrease in rRNA or stGFP mRNA
synthesis due to the competition among RNAs to be transcribed.
This was suggested by an experiment with sufficient amount of
bS1, which resulted in decrease of sfGFP synthesis when bSI
template is added (Supplementary Fig. 6b). Because the size of
bS1 is much larger than other proteins, degree of this competition
might become higher and thus, the effect of bS1 expression might
have been constrained. Nevertheless, we observed slight stimula-
tion of sfGFP synthesis when the bS1 template was added,
suggesting functional bS1 expression.

It was surprising that sfGFP synthesis was highly dependent on
the presence of bS1 in this experiment, which was inconsistent
with the result using wild-type rRNA (Supplementary Fig. 6a).
Because the different point was only the use of the orthogonal
pair (rRNA-comp/mRNA-comp) for sfGFP expression, bS1
dependency might be changed according to the selected SD/
anti-SD pair. We also note that we have previously showed that
bS1-free ribosomes were not functional for protein expression
from mRNA with 5 leader sequence?’. The leader sequence
including SD sequence was again different from the one used in
this ppaer, suggesting that the bS1 dependency depends on the
selected leader sequence. Detailed analysis should be performed
for clarifying this point in the future.

Mutational analysis of the ribosomal protein. Taking advantage
of the co-translational synthesis of ribosomal proteins in R-iSAT,
we performed a mutational study of uS12, which along with
critical nucleotides of 16S rRNA plays an important role in the
decoding process®!. Mutations in uS12 affect translational accu-
racy, and are associated with resistance or dependence on the
antibiotic streptomycin, which promotes misreading of the
genetic code by the ribosome32.

Several uS12 mutants, including K42T, P90L, and G91D, were
synthesized in R-iSAT without uS12. The K42T mutant is
streptomycin-resistant, whereas P90L and G91D are
streptomycin-dependent33. To detect streptomycin dependence,
we performed two-step reactions: uS12 synthesis and its assembly
into the 30S subunit with rRNA-comp occurred in the first step
(2h); next, to allow sfGFP synthesis by the assembled 30S
subunits, streptomycin and sfGFP template DNA were added in
the second step (4 h).

2.0 4

0.5 1

Normalized sfGFP fluorescence (a.u.)
o

When wild-type uS12 was synthesized, sfGFP fluorescence was
dramatically reduced upon addition of streptomycin (Fig. 5). By
contrast, sfGFP fluorescence was not affected by addition of
streptomycin when uS12 mutants were synthesized, consistent with
the previously reported streptomycin-resistant properties of these
mutants33. Surprisingly, P90L and G91D exhibited no streptomycin
dependence: the same level of stGFP synthesis was observed even in
the absence of streptomycin. This is consistent with a previous
report that sufficient amounts of proteins can be synthesized by
these mutants in a cell-free manner in the absence of streptomy-
cin33. Thus, the reported drug-dependent properties of strains
carrying these mutations may be due to factors other than ribosomal
activity. The results shown here demonstrated that a variety of
mutants in ribosomal proteins can be easily tested using R-iSAT
coupled with co-translational ribosomal protein synthesis; by
contrast, conventional methods of testing require multiple processes,
including laborious genetic manipulation.

Discussion
Multiple approaches for reconstitution of both ribosomal sub-
units have been proposed to date. Post-transcriptional mod-
ifications on a specific region in 23S rRNA was suggested to be
required for the functional 50S subunit assembly using in vitro
transcribed rRNAs343%, whereas this drawback was overcome by
the construction of iSAT supplemented with S150 cell extract,
which may include enzymes for those modifications!!. Con-
trastingly, functional 30S subunits can be assembled with in vitro
transcribed rRNA without any modifications”>3¢. Consistent with
this, in the present study, we demonstrated that functional 30S
subunits capable of synthesizing sfGFP can be assembled by using
in vitro synthesized 16S rRNA and native ribosomal protein
mixtures, so-called TP30 (Fig. 1b). This suggests that 16S rRNA
modifications are nonessential for the 30S subunit’s function. The
notice for importance of modifications are expanded to ribosomal
proteins. We successfully replaced TP30 with a set of individually
prepared recombinant ribosomal proteins (Fig. 1). Native MS
analyses showed that large parts of prepared proteins are
unmodified (Supplementary Fig. 3), implying that functional 30S
subunits may not require any modifications for the protein
synthesis as discussed previously?!.

In addition to enjoying iSAT’s flexibility with regard to rRNA
synthesis!!, R-iSAT neither use cell extract nor TP30, and

0 H H H
rps template: - wt i - wt K42T P9OL GO1Di - wt i -  wt K42T P9OL G91D
R-rps: +Allrps | -uS12 P4 Allps i -uS12

- streptomycin

+ streptomycin (10 pg/mL)

Fig. 5 Mutational analysis of uS12. Reactions were separated into two steps: uS12 synthesis and the 30S subunit assembly were performed in the first step
(2 h), and then streptomycin and sfGFP template DNA were added for sfGFP synthesis in the second step (4 h). The increase in sfGFP fluorescence after
the 4-h incubation in the second step was normalized by dividing by the average value of the control reaction. Error bars indicate standard deviation of at

least triplicate measurements. Each dot represents individual observed value.

COMMUNICATIONS BIOLOGY | (2020)3:142 | https://doi.org/10.1038/s42003-020-0874-8 | www.nature.com/commsbio 7


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-0874-8

consequently is more flexible with respect to ribosomal protein
composition, as well as testing of ribosome biogenesis factors and
modification enzymes. The sfGFP synthesis rate in R-iSAT was
lower than in reactions using native components, presumably due to
the lack of modifications in both 16S rRNA and ribosomal proteins
(Fig. 1). Ribosome biogenesis factors facilitate 30SS subunit assem-
bly in R-iSAT (Supplementary Fig. 4), consistent with our previous
observations using native 16S rRNA!®. In addition to these factors,
we can test 16SS rRNA modification enzymes with their substrates;
this should be evaluated in future work to construct an even more
efficient ribosome assembly method.

Removal of single ribosomal proteins from the R-iSAT
showed that sfGFP synthesis could proceed even in the absence
of uS5, bS6, uS7, uS9, uS13, uS15, uS17, bS20, and bS21 (Fig. 2).
Except for uS5 and uS7, all of those proteins have already been
shown by genomic deletion studies to be nonessential for
ribosomal function (Table 1); however, the nonessentiality of
uS5 and uS7 is an interesting finding. Mutations that affect
important interactions between uS4 and uS5 are closely related
to the ribosome ambiguity or ram phenotype, which increases
the error rate of translation3”. uS7 interacts with uS11 and E-
site tRNA37 and a mutational study of uS7 revealed that
appropriate contact between uS7 and uS11 is important for
translational fidelity33. Therefore, these proteins are likely to be
involved in translational fidelity, and it would be interesting to
measure the fidelity of ribosomes lacking uS5 or uS7 assembled
by R-iSAT. We note that similar studies were of course per-
formed by Nomura and co-workers using poly(U)-directed
polyphenylalanine synthesis?>4? and there are some dis-
crepancies between their results and ours. For example, the
subunit without bS16 or bS18 showed relatively high activity in
their analysis whereas lack of these proteins showed almost
background level activity in the present study. Although such
discrepancy may arise from the difference of mRNA (poly(U)
vs. sfGFP mRNA) used, leaky sfGFP synthesis was also
observed in bS16- and bS18-lacking R-iSAT (Fig. 2 and Fig. 4b)
and hence, it does not disagree with their suggestion that these
proteins are not directly involved in ribosomal function but
important for ribosomal assembly and structural stabilization.

As noted by Nomura, the removal of single ribosomal proteins
from R-iSAT may also affect the ribosome assembly process, rather
than the functionality of the assembled ribosome, ie., the compo-
sition of the assembled ribosomes may be dramatically altered by
removal of a single protein. To elucidate whether such removals
affect assembly or translation itself, it will be necessary to quantify
ribosomal protein composition using techniques such as quantita-
tive MS and Cryo-EM. We are currently undertaking these studies
using a protein quantification method we developed previously*!.

Our results also suggest that assembly can proceed via multiple
pathways, as proposed previously*>43. Nonessential proteins
uS15, uS17, bS20, and the putative nonessential protein uS7 are
classified as primary binding proteins in the assembly map
(Supplementary Fig. 10), and may thus affect subsequent protein
binding. Nevertheless, functional subunit assembly occurs even in
their absence, suggesting the presence of alternative routes for
formation of functional subunits. Thus, we may be able to control
the route to mature subunits via parallel pathways by omitting
specific ribosomal proteins. The testing of ribosome biogenesis
factors for maturation and modifications in such controlled
assembly reactions represents an important aspect of this study,
and may provide new insights into ribosomal function and
assembly processes.

Further integration of the co-translational synthesis of ribo-
somal proteins with R-iSAT, applying the one-sided orthogonal
pair discovered by both the SD and 16S rRNA mutational studies
(Fig. 3), will provide ways to investigate ribosomal protein

function (Fig. 4). We observed a dramatic increase in sfGFP
synthesis in the context of coupled synthesis ribosomal proteins,
with the exception of bS6, uS7, uS8, uS15, and uS17. Further
investigation using two-step reactions revealed that pre-synthesis
of uS7, uS8, and uS15 is necessary for activity (Supplementary
Fig. 11). All of these proteins are classified as primary binding
proteins in the assembly map (Supplementary Fig. 10), and our
data suggest that the timing of synthesis of these proteins is
important for their participation in the assembly process, parti-
cularly for uS8 (Supplementary Figs. 11 and 12). The importance
of uS8 for the assembly process was also suggested by feedback
regulatory mechanism in spc operon*4, where uS8 binds directly
to the mRNA to control the expression of operon genes. Eleven
from twelve genes are ribosomal proteins and thus, uS8 plays a
role in balancing the ribosomal proteins expression in cells. On
the other hand, for other proteins such as uS4, uS9, uS13, bS16,
bS18, uS19, and bS20, a delay in synthesis did not affect func-
tional subunit assembly, irrespective of whether they were pri-
mary or secondary binding proteins (Supplementary Fig. 10). It
remains unclear whether these proteins participate in assembly in
a different order than in the assembly map, or if the assembling
particles can maintain their states while waiting for these proteins
to bind. However, it is likely that the assembly process is robust
enough to tolerate a delay in synthesis of these proteins.

The scheme presented in this study provides a platform for
mutational studies aimed at comprehensive analysis of 30S sub-
unit elements, including the 16S rRNA and all ribosomal pro-
teins. In addition to the mutational studies on 16S rRNA
performed with the iSAT”-8, R-iSAT enables studies of both 16S
rRNA (Fig. 3) and ribosomal proteins (Fig. 5) by using DNAs
encoding the mutations of interest. Although the functions of
ribosomal proteins such as uS4, uS5, and uS12, which are located
around the decoding center, are well known, other proteins may
also affect subunit assembly and subsequent translational pro-
cesses. Furthermore, it may become possible to simultaneously
evolve both 16S rRNA and ribosomal proteins by introducing
mutations into both DNA templates. Such ribosome engineering
studies could contribute to the construction of more efficient
ribosome assembly systems in the future.

Methods

Native ribosomal components. 70S ribosomes were prepared from E. coli A19
cells by hydrophobic chromatography followed by ultracentrifugation as described
previously*®. They were further purified by sucrose density gradient (SDG) cen-
trifugation as previously described*®. Ribosomes pelleted by ultracentrifugation
were dissolved in ribosome buffer (10 mM HEPES-KOH, pH 7.6, 30 mM KOAc,
10 mM Mg(OAc),, and 1 mM DTT) and stored at —80 °C. Ribosomal subunits
were prepared as follows: 70S ribosomes were dissociated by dialysis against
ribosome buffer with low Mg?* concentration (1 mM Mg(OAc),) using Slide-A-
Lyzer Dialysis Cassette or MINI Dialysis Units (3500 MWCO; Thermo Fisher
Scientific, USA). The resultant mixtures were subjected to 12.2-36.6% SDG cen-
trifugation in SDG buffer (10 mM HEPES-KOH, pH 7.6, 1 mM Mg(OAc),, 60 mM
NH,CI, and 2 mM DTT), and the fractions corresponding to the 30S and 50S
subunits were collected and pelleted by ultracentrifugation. The subunits were
dissolved in ribosome buffer and stored at —80 °C. SDG separation had to be
performed three times to obtain 50S subunits without any carry-over of 30S sub-
units. Native 16S rRNA was extracted from 30S subunits using phenol and
chloroform, followed by isopropanol precipitation. Precipitated rRNA was purified
using Micro Bio-Spin columns (Bio-Rad, USA), using water for elution, and stored
at —80 °C. TP30 was extracted from 30S subunits as previously described*® and
stored at —80 °C.

Recombinant ribosomal proteins and biogenesis factors. Purification proce-
dures for ribosomal proteins and ribosome biogenesis factors were described
previously!®. Before the R-iSAT reactions, bS1 was dialyzed against bS1 buffer
(50 mM HEPES-KOH, pH 7.6, 100 mM K-Glu, 10 mM Mg(OAc),, 30% glycerol,
and 7 mM 2-mercaptoethanol) and equimolar amounts of ribosomal proteins
uS2-bS21 were mixed and dialyzed against R-rps buffer (50 mM HEPES-KOH, pH
7.6, 300 mM K-Glu, 30% Glycerol, and 2 mM DTT) using Slide-A-Lyzer MINI
Dialysis Units (3,500 MWCO). Ribosome biogenesis factors including Era, RbfA,
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Riml, RimJ, RimM, RimN, RimP, and RsgA (YjeQ) were dialyzed against rbf buffer
(HEPES-KOH, pH 7.6, 100 mM KOAc, 30% Glycerol, and 1 mM DTT).

DNA templates. DNA sequences of the plasmids used in preparation of DNA
templates for R-iSAT are summarized in Supplementary Data 2. The 16S rRNA gene
was amplified by polymerase chain reaction (PCR) from the rrnB operon in E. coli
and cloned into pET15b (Merck Millipore, USA) directly downstream of the T7
promoter using the Gibson Assembly system (New England Biolabs, USA). The
sequences encoding sfGFP and each ribosomal protein were cloned into pET32b and
pET26b (Merck Millipore), respectively. Only a gene for ribosomal protein bS1 was
cloned into pQE30 (QIAGEN, Germany) Genes encoding 16S rRNA mutants
reported by Rackham and Chin®’ and uS12 mutants reported by Chumpolkulwong
et al.33 were generated by PCR-based site-directed mutagenesis method using the
PrimeSTAR Max DNA Polymerase and Dpnl (Takara, Japan). DNA templates for
16S rRNA transcription and sfGFP and ribosomal protein translation in R-iSAT were
prepared by 1- or 2-step PCR from plasmids encoding these genes using adequate
primers listed in Supplementary Data 3. Replacement of the SD sequence for sfGFP
expression was carried out by the PCR. A template for 16S rRNA-comp with a
mutation only in anti-SD was generated by replacing the reverse primer with one
encoding a sequence complementary to mutated anti-SD. Amplified DNA templates
were purified using Wizard SV Gel and PCR Clean-Up System (Promega, USA) and
eluted with water. We note that we can share all of the plasmids on requests.

Ribosome assembly by iSAT or R-iSAT. Reaction mixtures (10 uL) contained
solutions I (Buffer Mix) and II (Enzyme Mix) of PUREfrex 2.0 (GeneFrontier
Corporation); 0.3 uM 50S subunits; 20 nM DNA template encoding 16S rRNA, 0.3
uM native 16S rRNA, or 0.3 uM in vitro transcribed 16S rRNA; 5 nM DNA
template encoding sfGFP; 0.5 uM recombinant bS1 protein; 0.5 uM each of
recombinant ribosomal proteins uS2-bS21; and 0 or 0.125 uM of each biogenesis
factor. For negative controls, an equal volume of the same buffer was added to
reaction mixtures to rule out the influence of buffers. Reactions were carried out at
37°C for 4h in Mx3005P (Agilent Technologies, USA), and sfGFP fluorescence
was monitored during incubation.

Native MS analysis. Native MS analysis was performed using an Orbitrap mass
spectrometer (Q Exactive; Thermo Fisher Scientific) equipped with a nanospray ion
source (Nanospray Flex, Thermo Fisher Scientific). Ribosomal proteins (uS5, bS6,
uS11, uS12, and bS18) at a concentration of 1 mg/mL were dialyzed against water and
they were mixed with an equal volume of a solution containing 50% acetonitrile and
1% acetic acid. One microlitre of each sample was filled into the Cellomics tips (CT-
10 pum, HUMANIX, Japan) and electrosprayed at spray voltage 1.7kV into the MS
(positive mode, scan range of 400-2000 m/z, 140,000 FWHM resolution). Theoretical
spectra were obtained using Xcalibur (Thermo Fisher Scientific).

LC-MS analysis. Preparation of samples for mass spectrometric analysis was per-
formed according to a phase transfer surfactant (PTS)-aided protocol#’. Ribosomal
protein mixtures, including 5 pmol each of recombinant ribosomal proteins
(uS2-bS21) or no specified ribosomal protein, 5 pmol of bS1, 3 pmol of 50S subunits,
and solution II of PUREfrex 2.0 (GeneFrontier Corporation) were dissolved in 10 uL
of a PTS buffer (10 mM sodium deoxycholate, 10 mM sodium N-lauroylsarcosinate,
and 50 mM NH,HCOj3). They were reduced with 10 mM TCEP at 37 °C for 30 min,
alkylated with 20 mM iodoacetamide at 37 °C for 30 min, and quenched with 20 mM
L-cysteine residues. Before digestion, the sample was diluted 5-fold with 50 mM
NH,4HCOj; and digestion was performed by incubation with 100 ng of Lys-C
(FUJIFILM Wako Chemicals, Japan) and 100 ng of trypsin (Thermo Fisher Scientific)
at 37 °C overnight. After digestion, 5 uL of 10% trifluoroacetic acid (TFA) was added
to the samples to precipitate the detergents. Supernatants of centrifuged samples were
desalted using self-prepared stage tips*® and dried on a SpeedVac. Mass spectrometric
analysis was performed using an Orbitrap mass spectrometer (LTQ Orbitrap Velos
Pro, Thermo Fisher Scientific) equipped with a nanospray ion source (Nanospray
Flex, Thermo Fisher Scientific) and a nano-LC system (UltiMate 3000, Thermo Fisher
Scientific). The dried peptide mixtures were dissolved in 10 uL of a solution con-
taining 5% acetonitrile and 0.1% TFA, and 1 uL of each sample was applied to the
nano-LC system. Peptides were concentrated using a trap column (0.075 x 20 mm, 3
pm, Acclaim PepMap 100 C18, Thermo Fisher Scientific) and then separated using a
nano capillary column (0.1 x 150 mm, 3 pm, C18, Nikkyo Technos) using two mobile
phases A (0.1% formic acid) and B (acetonitrile and 0.1% formic acid) with a gradient
(5% B for 5 min, 5-45% B in 40 min, 45-90% B in 1 min, and 90% B in 4 min) at a
flow rate of 500 nL/min. Elution was directly electrosprayed (2.2kV) into the MS
(positive mode, scan range of 200-1500 m/z, 60,000 FWHM resolution at 400 m/z).
Data analysis was performed using Proteome Discoverer 2.2 (Thermo Fisher Scien-
tific) to select peptides specific for each ribosomal protein. Peptides with sufficient
peptide spectrum matches (two to five peptides for each protein) were selected and
quantified using Skyline (v4.2.0.18305; MacCoss Lab Software). Peak areas were
calculated by setting the MS1 filter to a count of three (M, M + 1, and M + 2).

R-iSAT coupled with ribosomal protein synthesis. Reaction mixtures (10 uL)
contained solutions I and II of PUREfrex 2.0 (GeneFrontier Corporation),
0.03 uM 30S subunit, 0.3 uM 50S subunit, 20 nM DNA template encoding

rRNA-comp, 2nM DNA template encoding sfGFP-comp, 4 nM DNA template
encoding the ribosomal protein to be synthesized, 0.5 uM recombinant S1
protein, and 0.5 uM each of recombinant ribosomal proteins uS2-bS21 without
the protein that was to be removed. Reactions were carried out at 37 °C for 4 h in
Mx3005P (Agilent Technologies), and sfGFP fluorescence was monitored during
incubation.

SDS-PAGE analysis of PURE synthesized ribosomal proteins. Each ribosomal
protein was expressed in PUREfrex 2.0 (GeneFrontier Corporation). Reaction
mixtures (20 uL) contained solutions I (Buffer Mix) and II (Enzyme Mix) from
PUREfrex 2.0, 2 uM 70SS ribosomes, 1 nM DNA templates encoding ribosomal
proteins, and 0.2 uM [3°S] methionine (PerkinElmer, USA). After incubation at
37°C for 2h, aliquots (7 uL) were withdrawn as total reaction mixtures (T) and
remaining solutions were centrifuged at 21,600g for 30 min and then supernatant
fractions (S) were withdrawn. Totally, 1.33 uL of each aliquot was analyzed with
19% SDS-PAGE and the gel image was visualized by a BAS-5000 bio-imaging
analyzer (GE Healthcare, USA).

Mutational analysis of uS12 with the R-iSAT. Reaction conditions were based on
R-iSAT with ribosomal protein synthesis, but two-step reactions were performed
for the mutational study. Translation of uS12 and subsequent assembly into 30S
subunits were performed at 37 °C for 2 h in the first step, and then DNA templates
for stGFP-comp were added with or without 10 pg/mL streptomycin sulfate
(FUJIFILM Wako Chemicals) for the second-step reactions. For negative controls,
an equal volume of water was added to reactions. Second-step reactions were
carried out at 37 °C for 4 h in Mx3005P (Agilent Technologies), and sfGFP
fluorescence was monitored during incubation.

Statistics and reproducibility. Error bars indicate standard deviation of at least
triplicate measurements. Welch’s ¢ test was applied to show statistical significance
using values of at least triplicate measurements. Exact number of replicates are
shown in Supplementary Data 4.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data for mass spectrometric analysis of protein mixtures used in R-iSAT is available in
Supplementary Data 1. DNA sequences of the plasmids and DNA primers used in
preparation of DNA templates for R-iSAT is available in Supplementary Datas 2 and 3,
respectively. Source data for main figures are presented in Supplementary Data 4.

Received: 19 October 2019; Accepted: 3 March 2020;
Published online: 25 March 2020

References

1. Traub, P. & Nomura, M. Structure and function of E. coli ribosomes. V.
Reconstitution of functionally active 30S ribosomal particles from RNA and
proteins. Proc. Natl Acad. Sci. USA 59, 777-784 (1968).

2. Nierhaus, K. H. & Dohme, F. Total reconstitution of functionally active 50S
ribosomal subunits from Escherichia coli. Proc. Natl Acad. Sci. USA 71,
4713-4717 (1974).

3. Mizushima, S. & Nomura, M. Assembly mapping of 30S ribosomal proteins
from E. coli. Nature 226, 1214-1218 (1970).

4. Rohl, R. & Nierhaus, K. H. Assembly map of the large subunit (50S) of
Escherichia coli ribosomes. Proc. Natl Acad. Sci. USA 79, 729-733 (1982).

5. Davis, ]. H. & Williamson, J. R. Structure and dynamics of bacterial ribosome
biogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20160181 (2017).

6. Nikolay, R. et al. Structural visualization of the formation and activation of the
508 ribosomal subunit during in vitro reconstitution. Mol. Cell 70, 881-893.e3
(2018).

7. Murase, Y., Nakanishi, H., Tsuji, G., Sunami, T. & Ichihashi, N. In vitro
evolution of unmodified 16S rRNA for simple ribosome reconstitution. ACS
Synth. Biol. 7, 576-583 (2017).

8.  Hammerling, M. J. et al. In vitro ribosome synthesis and evolution through
ribosome display. Nat. Commun. 11, 1108 (2020).

9. Jewett, M. C. & Forster, A. C. Update on designing and building minimal cells.
Curr. Opin. Biotechnol. 21, 697-703 (2010).

10. Matsubayashi, H. & Ueda, T. Purified cell-free systems as standard parts for
synthetic biology. Curr. Opin. Chem. Biol. 22, 158-162 (2014).

11. Jewett, M. C., Fritz, B. R.,, Timmerman, L. E. & Church, G. M. In vitro
integration of ribosomal RNA synthesis, ribosome assembly, and translation.
Mol. Syst. Biol. 9, 678 (2013).

COMMUNICATIONS BIOLOGY | (2020)3:142 | https://doi.org/10.1038/s42003-020-0874-8 | www.nature.com/commsbio 9


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-0874-8

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Caschera, F. et al. High-throughput optimization cycle of a cell-free ribosome
assembly and protein synthesis system. ACS Synth. Biol. 7, 2841-2853 (2018).
Shimizu, Y. et al. Cell-free translation reconstituted with purified components.
Nat. Biotechnol. 19, 751-755 (2001).

Culver, G. M. & Noller, H. F. Efficient reconstitution of functional Escherichia
coli 30S ribosomal subunits from a complete set of recombinant small subunit
ribosomal proteins. RNA 5, 832-843 (1999).

Maki, J. A., Schnobrich, D. J. & Culver, G. M. The DnaK chaperone system
facilitates 30S ribosomal subunit assembly. Mol. Cell 10, 129-138 (2002).
Tamaru, D., Amikura, K., Shimizu, Y., Nierhaus, K. H. & Ueda, T.
Reconstitution of 30S ribosomal subunits in vitro using ribosome biogenesis
factors. RNA 24, 1512-1519 (2018).

Li, J. et al. Cogenerating Synthetic Parts toward a Self-Replicating System. ACS
Synth. Biol. 6, 1327-1336 (2017).

Duss, O., Stepanyuk, G. A., Puglisi, J. D. & Williamson, J. R. Transient
protein-RNA interactions guide nascent ribosomal RNA folding. Cell 179,
1357-1369.e16 (2019).

Rodgers, M. L. & Woodson, S. A. Transcription increases the cooperativity of
ribonucleoprotein assembly. Cell 179, 1370-1381.e12 (2019).

Ban, N. et al. A new system for naming ribosomal proteins. Curr. Opin. Struct.
Biol. 24, 165-169 (2014).

Nesterchuk, M. V., Sergiev, P. V. & Dontsova, O. A. Posttranslational
modifications of ribosomal proteins in Escherichia coli. Acta Nat. 3, 22-33 (2011).
Dabbs, E. R. Mutants lacking individual ribosomal proteins as a tool to
investigate ribosomal properties. Biochimie 73, 639-645 (1991).

Yamamoto, N. et al. Update on the Keio collection of Escherichia coli single-
gene deletion mutants. Mol. Syst. Biol. 5, 335 (2009).

Bubunenko, M., Baker, T. & Court, D. L. Essentiality of ribosomal and
transcription antitermination proteins analyzed by systematic gene
replacement in Escherichia coli. J. Bacteriol. 189, 2844-2853 (2007).

Shoji, S., Dambacher, C. M., Shajani, Z., Williamson, J. R. & Schultz, P. G.
Systematic chromosomal deletion of bacterial ribosomal protein genes. J. Mol.
Biol. 413, 751-761 (2011).

Hashimoto, M. et al. Cell size and nucleoid organization of engineered
Escherichia coli cells with a reduced genome. Mol. Microbiol. 55, 137-149 (2005).
Cukras, A. R. & Green, R. Multiple effects of S13 in modulating the strength of
intersubunit interactions in the ribosome during translation. J. Mol. Biol. 349,
47-59 (2005).

Bubunenko, M. et al. 30S ribosomal subunits can be assembled in vivo without
primary binding ribosomal protein S15. RNA 12, 1229-1239 (2006).

Qi, H., Shimizu, Y. & Ueda, T. Ribosomal protein S1 is not essential for the
trans-translation machinery. J. Mol. Biol. 368, 845-852 (2007).

Rackham, O. & Chin, J. W. A network of orthogonal ribosome x mRNA pairs.
Nat. Chem. Biol. 1, 159-166 (2005).

Sharma, D., Cukras, A. R,, Rogers, E. ]., Southworth, D. R. & Green, R.
Mutational analysis of S12 protein and implications for the accuracy of
decoding by the ribosome. J. Mol. Biol. 374, 1065-1076 (2007).

Demirci, H. et al. A structural basis for streptomycin-induced misreading of
the genetic code. Nat. Commun. 4, 1355 (2013).

Chumpolkulwong, N. et al. Effects of Escherichia coli ribosomal protein S12
mutations on cell-free protein synthesis. Eur. . Biochem. 271, 1127-1134
(2004).

Green, R. & Noller, H. F. In vitro complementation analysis localizes 23S
rRNA posttranscriptional modifications that are required for Escherichia coli
508 ribosomal subunit assembly and function. RNA 2, 1011-1021 (1996).
Semrad, K. & Green, R. Osmolytes stimulate the reconstitution of functional
508 ribosomes from in vitro transcripts of Escherichia coli 23S rRNA. RNA 8,
401-411 (2002).

Krzyzosiak, W. et al. In vitro synthesis of 16S ribosomal RNA containing
single base changes and assembly into a functional 30S ribosome. Biochemistry
26, 2353-2364 (1987).

Brodersen, D. E., Clemons, W. M. Jr., Carter, A. P., Wimberly, B. T. &
Ramakrishnan, V. Crystal structure of the 30 S ribosomal subunit from
Thermus thermophilus: structure of the proteins and their interactions with 16
S RNA. J. Mol. Biol. 316, 725-768 (2002).

Robert, F. & Brakier-Gingras, L. A functional interaction between ribosomal
proteins S7 and S11 within the bacterial ribosome. J. Biol. Chem. 278,
44913-44920 (2003).

Held, W. A,, Mizushima, S. & Nomura, M. Reconstitution of Escherichia coli
30 S ribosomal subunits from purified molecular components. J. Biol. Chem.
248, 5720-5730 (1973).

Held, W. A. & Nomura, M. Escherichia coli 30 S ribosomal proteins uniquely
required for assembly. J. Biol. Chem. 250, 3179-3184 (1975).

Narumi, R. et al. Cell-free synthesis of stable isotope-labeled internal standards
for targeted quantitative proteomics. Synth. Syst. Biotechnol. 3, 97-104 (2018).

42. Talkington, M. W,, Siuzdak, G. & Williamson, J. R. An assembly landscape for
the 30S ribosomal subunit. Nature 438, 628-632 (2005).

43. Mulder, A. M. et al. Visualizing ribosome biogenesis: parallel assembly
pathways for the 30S subunit. Science 330, 673-677 (2010).

44. Dean, D., Yates, J. L. & Nomura, M. Escherichia coli ribosomal protein S8
feedback regulates part of spc operon. Nature 289, 89-91 (1981).

45. Ohashi, H., Shimizu, Y., Ying, B. W. & Ueda, T. Efficient protein selection
based on ribosome display system with purified components. Biochem.
Biophys. Res. Commun. 352, 270-276 (2007).

46. Spedding, G. Isolation and analysis of ribosomes from prokaryotes,
eukaryotes, and organelles. in Ribosomes and protein synthesis: a practical
approach. (ed Spedding, G.) 1-29 (IRL Press at Oxford University Press, New
York, 1990).

47. Masuda, T., Tomita, M. & Ishihama, Y. Phase transfer surfactant-aided trypsin
digestion for membrane proteome analysis. J. Proteome Res. 7, 731-740
(2008).

48. Rappsilber, J., Mann, M. & Ishihama, Y. Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics using
StageTips. Nat. Protoc. 2, 1896-1906 (2007).

49. MacLean, B. et al. Skyline: an open source document editor for creating and
analyzing targeted proteomics experiments. Bioinformatics 26, 966-968
(2010).

Acknowledgements

The authors thank Nono Takeuchi-Tomita for helpful discussions. This work was sup-
ported by a scholarship from The Futaba Foundation (to M.S.), a Grant-in-Aid in
number 17H05680 (to Y.S.) and 15K16083 (to K.A.) from Japan Society for the Pro-
motion of Science (JSPS), Human Frontier Science Program (RGP0043/2017 to Y.S.),
Astrobiology Center Project of the National Institutes of Natural Sciences (AB271004
and AB281007 to K.A. and AB311005 to Y.S. and K.A.), and an intramural Grant-in-Aid
from the RIKEN Center for Biosystems Dynamics Research (to Y.S.).

Author contributions

M., KA, T.U, and Y.S. designed the study. M.S., K.A,, and Y.S. wrote the paper. M.S.
performed most of the experiments and K.A. prepared the recombinant ribosomal
proteins. M.S., K.A., and Y.S. interpreted the data. M.S. and K.M. performed the mass
spectrometry analysis and K.M. analyzed the data. T.K. prepared the reaction mixture for
cell-free protein synthesis system. All authors discussed the results and commented on
the paper.

Competing interests
T.K. is employed by GeneFrontier Corporation. Remaining authors declare no competing
interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
020-0874-8.

Correspondence and requests for materials should be addressed to Y.S.
Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

COMMUNICATIONS BIOLOGY | (2020)3:142 | https://doi.org/10.1038/s42003-020-0874-8 | www.nature.com/commsbio


https://doi.org/10.1038/s42003-020-0874-8
https://doi.org/10.1038/s42003-020-0874-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	In vitro reconstitution of functional small ribosomal subunit assembly for comprehensive analysis of�ribosomal elements in E. coli
	Results
	Fully recombinant-based small ribosomal subunits assembly
	Effects of ribosomal modification and biogenesis factors
	Effects of removal of a single ribosomal protein
	Differentiattion of “host” and “newly assembled” ribosomes
	Co-translational coupling of ribosomal protein synthesis
	Mutational analysis of the ribosomal protein

	Discussion
	Methods
	Native ribosomal components
	Recombinant ribosomal proteins and biogenesis factors
	DNA templates
	Ribosome assembly by iSAT or R-iSAT
	Native MS analysis
	LC–nobreakMS analysis
	R-iSAT coupled with ribosomal protein synthesis
	SDS-PAGE analysis of PURE synthesized ribosomal proteins
	Mutational analysis of uS12 with the R-iSAT
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




