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Genes to Cells

1  |   INTRODUCTION

The ribosome is an essential cellular component, widely 
conserved among organisms, which is responsible for trans-
lating genetic information from the nucleotide sequence of 
mRNA to the amino acid sequence of a protein. In bacte-
ria, small (30S) and large (50S) subunits associate and form 
the 70S ribosomal particle, which is active in translation. In 
Escherichia coli, the 30S subunit consists of 16S rRNA and 
21 ribosomal proteins (r-proteins), and the 50S subunit con-
tains 23S rRNA, 5S rRNA and 33 r-proteins (Kaltschmidt & 

Wittmann, 1970; Wada, 1986a, 1986b; Wada & Sako, 1987). 
In addition to the r-proteins identified by Kaltschmidt and 
Wittmann (1970), L35 (A), L36 (B) and full-length (intact) 
L31 (C) were discovered using radical-free and highly re-
ducing two-dimensional–polyacrylamide gel electrophoresis 
(RFHR 2D-PAGE) (Wada,  1986a,b; Wada & Sako,  1987). 
All three of the newly detected r-proteins are widely con-
served in bacterial ribosomes. Thus, 54 r-proteins are now 
recognized to constitute the ribosome.

We found that the eight C-terminal amino acids of L31 
are artificially cleaved during ribosome preparation by outer 
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Abstract
When a cell is zinc-deficient, ykgM and ykgO, which encode paralogs of the zinc-
binding ribosomal proteins L31 and L36, are expressed from the ykgM operon, which 
is ordinarily held inactive by the Zur repressor. In ribosomes lacking L31, riboso-
mal subunit association is weakened, resulting in reduced in vitro translation and 
the deletion mutants of rpmE, the gene encoding L31, forming small colonies. We 
isolated four suppressor mutants of ∆rpmE that formed normal colonies. All four 
mutation sites were located in zur, and ribosomes of zur mutant cells contained one 
copy of YkgM and had translational activities equivalent to those of ribosomes con-
taining L31. L36 is highly conserved among bacteria, chloroplast and mitochondria. 
Analysis of a deletion mutant of rpmJ, which encodes L36, suggested that L36 is 
involved in late assembly of the 50S particle, in vitro translation and cell growth. In 
zur mutant cells lacking rpmJ, the paralog YkgO was expressed and took over the 
functions of L36. zur mutant cells contained four types of ribosomes containing com-
binations of L31 or YkgM, and L36 or YkgO. Copy numbers of L31 and YkgM, and 
L36 and YkgO, summed to 1, indicating that each paralog pair shares a binding site.
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membrane protein protease 7 (encoded by ompT), leading to 
the formation of a short form of L31 (Ueta, Wada, Bessho, 
Maeda, & Wada, 2017). Initially, this short L31 was defined 
as L31 itself (Brosius, 1978). We investigated the function of 
L31 using three ribosomal populations: (a) ribosomes con-
taining both intact and short L31 obtained from wild-type 
cells; (b) ribosomes containing just intact L31, prepared from 
∆ompT cells; and (c) ribosomes containing no L31, prepared 
from ∆rpmE cells. We found that L31 plays important roles 
in 70S formation by promoting association of the 30S and 
50S subunits, and that the eight C-terminal amino acids of 
L31 are involved in subunit association. The translational ac-
tivities of ribosomes prepared from ∆rpmE cells were 40% 
lower than those of ompT-mutant ribosomes (wild type), 
indicating that intact L31 is involved in translation in vitro. 
Structural analysis by cryo-electron microscopy (cryo-EM) 
showed that the L31 protein spans the 30S and 50S subunits 
(Agirrezabala et al., 2012; Fischer et al., 2015). This place-
ment is reasonable for the roles of L31 in 30S and 50S sub-
unit association and translation activity (Ueta et al., 2017).

In the stationary phase, E. coli cells form dimers of 70S 
(100S ribosomes) via an interaction with ribosome modula-
tion factor (RMF) (Wada, Igarashi, Yoshimura, Aimoto, & 
Ishihama, 1995; Wada, Yamazaki, Fujita, & Ishihama, 1990) 
and hibernation promoting factor (HPF), both of which are 
expressed specifically under stressful conditions (Izutsu, 
Wada, & Wada, 2001; Maki, Yoshida, & Wada,  2000; 
Shimada, Yoshida, & Ishihama,  2013; Ueta et  al.,  2005, 
2008; Wada, 1998; Yoshida & Wada, 2014). The 100S ribo-
some lacks translational activity because RMF binds near the 
peptidyl transferase center and peptide exit tunnel (Yoshida 
et al., 2002; Yoshida, Yamamoto, Uchiumi, & Wada, 2004). 
Cryo-EM showed that the structure of the 100S ribosome 
relies on interactions between the S2, S3, S4 and S5 pro-
teins of the 30S subunit, and lacks tRNA and mRNA (Kato 
et al., 2010; Ortiz et al., 2010). Ribosomes lacking L31 failed 
to form the 100S ribosome in the stationary phase, consistent 
with the idea that L31 is also involved in 100S formation in 
addition to 30S and 50S subunit association and translation 
activity (Ueta et al., 2017). The 100S particle is widely con-
served in bacteria and probably serves to negatively regulate 
translational activity via dimerization of active 70S (Ueta 
et al., 2013). Furthermore, L31 forms together with S13 and 
L5 Bridge B1b, which connects the 50S and 30S subunits and 
plays a crucial role in ribosome dynamics due to rotational 
movements of the subunits during translation process and is 
important for determining translational fidelity and stabiliz-
ing subunit association (Chadani et al., 2017; Fischer et al., 
2015; Lilleorg et al., 2019; Liu & Fredrick, 2016; Shasmal, 
Chakraborty, & Sengupta, 2010; Ueta et al., 2017).

Zinc is an essential metal ion in all organisms and a nec-
essary component of many proteins involved in fundamen-
tal basic cellular processes. Several r-proteins contain zinc; 

proteomic studies have shown that E. coli ribosomal proteins 
L2, L13, S2, S15, S16 and S17 can bind Zn (II) (Katayama, 
Tsujii, Wada, Nishino, & Ishihama, 2002). X-ray absorption 
fine structure (EXAFS) studies showed that the E. coli 70S ri-
bosome binds eight equivalents of Zn (II) (S2, S15, S16, S17, 
L2, L13, L31 and L36) (Hensley, Tierney, & Crowder, 2011). 
However, only two E. coli r-proteins, L31 and L36, contain 
a predicted Zn (II)-ribbon motif (Makarova, Ponomarev, 
& Koonin,  2001; Panina, Mironov, & Gelfand,  2003); the 
Zn (II)-binding sites in L31 (Hensley et al., 2012) and L36 
(Lilleorg et  al., 2019) were showed by cryo-EM and X-ray 
crystallography, respectively.

The E. coli genome contains two L31 genes: rpmE, which 
encodes L31 (a Zn (II)-responsive gene), and ykgM (is also 
called rpmE2), which encodes the L31 paralog YkgM. In me-
dium containing zinc, only rpmE is expressed. Under zinc 
deficiency, transcription of the operon containing ykgM is 
induced by inactivation of the transcriptional regulator Zur 
(zinc-dependent regulator), which represses the promoter of 
the operon and regulates gene expression in response to zinc 
levels (Graham et al., 2009; Hemm et al., 2010). YkgM (87 
amino acids, MW 9,920.20 Da, pI 9.30) is 17 amino acids 
longer than L31 (70 amino acid, MW 7,871.06 Da, pI 9.46), 
but the two proteins have very similar sequences in their 
N-terminal and C-terminal regions. L31 has one Zn-binding 
motif (CxxC: C16-S17-C18-Xn-C37-S38-K39-C40), 
whereas YkgM has none. Moreover, YkgM lacks the cleav-
age site recognized by protease 7 (K↓R), which is present in 
L31 (Figure S1(1)).

L36, the other zinc-binding r-protein in E. coli, binds 
to one Zn (II) via Cys11, Cys14, Cys27 and His33. The 
ykgO gene is a paralog of rpmJ. YkgO (46 amino acids, 
MW5463.12Da, pI 11.40) is eight amino acids longer than 
L36 (38 amino acids, MW 4,364.33Da, pI 10.69), but the two 
proteins are otherwise very similar (Figure S1(2)). ykgM and 
ykgO are contained within the ykgM–ykgO operon, whose 
transcription is inhibited by the Zur repressor. When Zur is 
inactivated under zinc depletion, the operon is induced, and 
YkgM and YkgO are expressed.

In addition to the ykgM–ykgO operon, the Zur regulon of 
gamma-proteobacteria includes the znuABC cluster of zinc 
uptake genes; zinT, which encodes a periplasmic zinc traf-
ficking protein; and the hlyCABD operon (Hantke,  2005; 
Hemm et  al.,  2010; Li et  al.,  2009; Panina et  al.,  2003; 
Velasco et al., 2018). The 23 bp consensus sequence for Zur-
binding sites in gamma-proteobacteria, including Escherichia 
coli, was determined by computational analysis (Panina 
et  al.,  2003). Further refinement showed that the sequence 
recognized by Zur is a 13 bp palindrome with a three-base 
spacer (RNNNYxxxRNNNY) (Gilston et al., 2014).

We discovered that L36 is a component of the 50S par-
ticle (Wada,  1986a, 1986b; Wada & Sako,  1987). L36 is 
conserved highly in bacteria, mitochondria and chloroplasts 
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(Table S3), but it is not present in archaea or the nuclear ge-
nome of eukaryotes. Cross-linking studies showed that L36 
interacts with 23S rRNA (Urlaub, Kruft, Bischof, Müller, & 
Wittmann-Liebold,  1995), and chemical protection experi-
ments showed that it plays a significant role in organizing 23S 
rRNA structure (Maeder & Draper, 2005). 2′-O-methylation 
of uridine at position 2552 of 23S rRNA by the RlmE meth-
yltransferase promotes association between helices 92 and 
71 of 23S rRNA, which together with incorporation of L36 
promotes the late steps of 50S ribosomal subunit assembly 
(Arai et al., 2015). Although rpmJ is nonessential, deletion 
of the gene results in a temperature-sensitive growth defect 
(Maeder & Draper, 2005).

Both L31 and L36 of E.  coli are zinc-binding r-protein. 
Under zinc-limited conditions, YkgM and YkgO are ex-
pressed due to inactivation of Zur repressor, and replace 
their paralogs in the ribosome. In zur mutant cells, L31, L36, 
YkgM and YkgO are all expressed in the logarithmic growth 
phase, as well as in the stationary phase. The rpmE zur double 
mutant expresses the paralog YkgM, and the rpmJ zur dou-
ble mutant expresses the paralog YkgO from the ykgM–ykgO 
promoter. Previously, however, it was not known whether 
YkgM and YkgO functionally substitute their paralogs. In 
this study, we investigated comparatively the functions of 
L31, YkgM and L36, YkgO using ribosomes prepared from 
mutant cells.

F I G U R E  1   Depletion of L31 inhibits 
bacterial growth in both liquid EP and solid 
LB media, but zur mutation rescues the 
growth inhibition. (a) W3110 (open circles), 
W3110 ∆rpmE::Km (open triangles) and 
W3110 ∆rpmE::Km & zur::IS2 (closed 
triangles) were cultured in EP medium 
at 37°C. Cell growth was monitored by 
measuring turbidity (Klett units). Time 
scales are 0–8 hr (1) and 1–7 days (2). The 
vertical axis shows normal logarithmic 
values for 0–8 hr and a linear scale for 
1–7 days. (b) Colony-forming unit (CFU) 
values of the three strains listed in (a). 
Cultured cells were sampled every day 
over 1–7 days of cultivation, and the CFU 
value was measured. (c) Bacterial colony 
size on LB solid medium. W3110, W3110 
∆rpmE::Km and W3110 ∆rpmE::Km 
zur::IS2 cells incubated overnight at 37°C 
in LB medium were spread by diluting 
the samples as indicated on solid agar 
plates. The plates were incubated overnight 
(16–18 hr) at 37°C. Images of the resultant 
colonies are shown
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2  |   RESULTS

2.1  |  ∆rpmE cells grow slowly and forms 
small colonies, but the growth defect is 
suppressed by zur mutation

W3110 ΔrpmE::Km (YB1010) cells, which do not contain 
ribosomal protein L31, grew more slowly (doubling time 
[DT], 35–40 min) than the parental strain (DT, 18–20 min) 
in EP liquid medium and formed small colonies on L-broth 
agar plates at 37°C [(Figure  1a–c) (Ueta et  al.,  2017)]. 
Likewise, BW25113 ΔrpmE::Km [JW3907-1, Keio collec-
tion (Baba et al., 2006)] cells grew more slowly than paren-
tal cells (BW25113) (Figure S2A–C). We isolated a total of 

four spontaneous mutants that formed colonies of normal 
size, three from W3110 ΔrpmE::Km and one from BW25113 
ΔrpmE::Km.

Based on the prediction that these mutations would af-
fect expression of the zur gene or the behavior of the Zur 
protein, we determined the mutation sites by sequencing the 
zur-binding promoter region and zur gene itself. All four mu-
tations were located in the zur gene. In the three suppressors 
of W3110 ΔrpmE::Km, the mutation sites in zur were an IS2 
insertion 25 nt from the 5’ end (YB1018), an IS1 insertion 
59 nt from the 5’ end (YB1024) and the G422A/Gly141Glu 
point mutation (YB1025) [Figure 2(1),(2),(3)]. The mutation 
in BW25113 ΔrpmE::Km was the T200A/Leu67Gln point 
mutation (YB1022).

F I G U R E  2   The locations of zur 
mutations. The mutation sites of YB1018, 
YB1024, YB1025 and YB1022 were 
determined as described in the Section 4
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The four mutants grew as well as their original parental 
strains (W3110 and BW25113) in liquid and solid media in 
both exponential and stationary phases [Figure 1a(1),(2),b,c; 
Figure S2A(1),(2),B,C].

2.2  |  High-salt-washed ribosomes (HSRs) 
from W3110 ΔrpmE::Km zur::IS2 mutant cells 
contain one copy of YkgM in the 50S subunit

When the Zur repressor is inactivated by mutation of zur, genes 
in the zur regulon of E.  coli (pliG, znuABC, zinT and ykgM-
ykgO) are induced (Gilston et  al.,  2014; Mikhaylina, Ksibe, 
Scanlan, & Blindauer, 2018; Patzer & Hantke, 2000). Using the 
W3110 ΔrpmE::Km zur::IS2 mutant strain, we sought to deter-
mine whether the L31 paralog YkgM and L36 paralog YkgO 
would be incorporated into ribosomes and suppress the rpmE 
mutant phenotype when the ykgM–ykgO operon was expressed.

We prepared HSRs from five strains: W3110 (wild type), 
ΔykgM::Km (YB1011), ΔrpmE::Km (YB1010), ΔrpmE 
ΔykgM::Km (YB1013) and ΔrpmE::Km zur::IS2 (YB1018). 
Cells were grown in EP medium at 37°C to exponential phase 
(Klett units: 50). We then analyzed the r-proteins of each HSR 
by RFHR 2D-PAGE. Ribosomes of wild-type and ΔykgM::Km 
cells contained equal levels of full-length and short L31 
[Figure 3(1)a,b and (2)a,b]. Short L31 is an artificial product 
generated by protease 7 cleavage during ribosome preparation 
(Ueta et al., 2017). By contrast, in HSRs of ΔrpmE::Km, nei-
ther L31 nor YkgM was detected. Because ΔrpmE::Km does 
not express ykgM under the growth conditions used in this ex-
periment (EP medium), the r-protein pattern derived from this 
strain was the same as that in the ΔrpmE ΔykgM::Km strain 
(YB1013) [Figure 3(3)a,b and (4)a,b].

Ribosomes of BW25113 ΔrpmE::Km cells, one of the 
Keio collection strains, contained neither L31 nor YkgM 
(Figure S3A). Under the growth conditions used for this ex-
periment, zinc was not depleted, so ykgM was not expressed 
despite the lack of L31.

In HSRs of W3110 ΔrpmE::Km zur::IS2 cells, YkgM was 
present at one copy per ribosome [Figure 3(5)a,b]. HSRs from 
BW25113 ΔrpmE::Km zur (T200A) cells also contained one 
copy of YkgM per ribosome, as did W3110 ΔrpmE::Km zu-
r::IS2 cells (Figure S3A).

We next sought to determine whether YkgM was pres-
ent in the 50S or 30S subunit. To this end, we prepared 50S 
and 30S subunits from HSRs of W3110 ΔrpmE::Km zur::IS2 
cells and analyzed them by RFHR 2D-PAGE. The results 
showed that YkgM protein was present in the 50S subunit 
but not in the 30S subunit (Figure 3c; Figure S3B). Because 
YkgM does not contain the amino acid sequence cleaved by 
protease 7 (K↓R), loss of yield due to cleavage during ribo-
some preparation (Ueta et al., 2017) was avoided, in contrast 
to the situation for L31 in W3110 wild-type cells.

Together, these results show that the rpmE paralog ykgM 
is expressed in zur mutant cells irrespective of the presence 
of zinc and that YkgM is incorporated into ribosomes at one 
copy per 50S subunit.

2.3  |  50S subunits containing YkgM 
associate with 30S subunits, forming 70S 
ribosomes in vivo and in vitro as effectively as 
50S subunits containing L31

∆rpmE cells contain reduced levels of 70S ribosomes, and 
correspondingly elevated levels of free 30S and 50S subu-
nits, both in vivo and in vitro, suggesting that L31 promotes 
the 30S–50S association (Ueta et  al.,  2017). We investi-
gated whether the L31 paralog YkgM could restore this 
association in ∆rpmE cells. For this purpose, four cells 
(W3110 ΔompT::Km, ΔrpmE::Km, ΔrpmE ΔykgM::Km and 
ΔrpmE::Km zur::IS2) were grown in EP medium at 37°C, 
and the cells were collected in logarithmic growth phase 
(Klett units: 50) and used to prepare HSRs. To examine subu-
nit association in these HSRs, we analyzed ribosome profiles 
by sucrose density gradient (SDG) centrifugation under vari-
ous Mg2+ concentrations (2, 3, 5, 6, 8, 10 and 15 mM). After 
SDG centrifugation in 10 or 15 mM Mg2+, ribosome profiles 
in all four strains exhibited a main peak corresponding to 70S 
[Figure 4A(1)–(4)]. After SDG centrifugation in 8, 6 or 5 mM 
Mg2+, the main 70S peak was still present in ΔompT::Km. By 
contrast, in ΔrpmE::Km and ΔrpmE ΔykgM::Km, in 8 mM 
Mg2+, the 70S peak shifted to a lower S value, and in 5 or 
6 mM Mg2+, the magnitude of the 70S peak decreased, and 
the 30S and 50S peaks grew [Figure 4a(2),(3) compared with 
Figure 4a(1),(4)]. In 2 mM Mg2+, 70S completely dissociated 
into 30S and 50S in all four strains [Figure 4a(1)–(4)].

In HSRs of ΔompT::Km, which carried one copy of intact 
L31, and those of ΔrpmE::Km zur::IS2, which carried one 
copy of YkgM, ribosome profiling showed that almost all the 
ribosomes were present in the 70S form, with very low levels 
of free ribosomal subunits in 5–15 mM Mg2+. At 3 mM Mg2+, 
however, 70S shifted to a lower S value [Figure 4a(1),(4)]. 
HSRs derived from BW25113 ΔrpmE::Km zur (T200A) cells 
also recovered association activity relative to ΔrpmE::Km 
cells (Figure S4A).

To further examine the association of 30S and 50S in 
vitro, we cultured the four strains (W3110 ΔompT::Km, 
ΔrpmE::Km, ΔrpmE ΔykgM::Km and ΔrpmE::Km zur::IS2) 
in EP medium at 37°C, collected them in logarithmic growth 
phase (Klett units: 50) and used them to prepare HSRs. We 
dissociated the HSRs into 30S and 50S, re-associated them by 
incubation for 30 min at 37°C and then analyzed the re-asso-
ciated mixtures by SDG centrifugation in 6 or 15 mM Mg2+. 
In wild-type HSRs, 70S was observed as the main peak in 
both 6 and 15 mM Mg2+ [Figure 4b(1)]. In ΔrpmE::Km and 
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ΔrpmE ΔykgM::Km cells, 70S was observed in 15 mM Mg2+, 
whereas in 6 mM, very little 70S was present, and ribosomes 
with lower S values were detected [Figure 4b(2),(3)]. On the 
other hand, in the ribosome profile of ΔrpmE zur::IS2 cells 
(with one copy of YkgM), a prominent 70S peak was ob-
served in both 6 and 15 mM Mg2+ [Figure 4b(4)], as in HSRs 

from ΔompT::Km (with one copy of L31). In HSRs prepared 
from BW25113 ΔrpmE::Km zur (T200A) cells, a prominent 
70S peak was also observed in 6 mM Mg2+, in contrast to 
ΔrpmE::Km cells (Figure S4B).

The in vitro findings correspond with the in vivo results 
described above and verify that YkgM plays an important role 

F I G U R E  3   Ribosomes prepared from W3110 ∆rpmE::Km zur::IS2 cells each contain one copy of YkgM. (a) W3110 wild-type (1), 
∆ykgM::Km (2), ∆rpmE::Km (3), ∆rpmE ∆ykgM::Km (4) and ∆rpmE::Km zur::IS2 (5) cells were grown at 37°C in EP medium and collected in 
logarithmic growth phase (Klett units: 50); high-salt-washed ribosomes (HSRs) were prepared. HSR proteins were analyzed by RFHR 2D-PAGE. 
Gels were stained with CBB. Spots corresponding to r-proteins S10, L21, L25, L29, L30, intact L31, short L31 and YkgM are indicated. (b) Copy 
numbers of L31 (closed square), short L31 (open square) and YkgM (gray square) are shown. (c) The L31 paralog YkgM is contained in the 50S 
subunit, not the 30S subunit. W3110 ∆rpmE::Km zur::IS2 cells were grown at 37°C in EP medium and collected in logarithmic growth phase 
(Klett units: 50). HSRs were suspended in dissociation buffer I and dialyzed against the same buffer overnight. The samples were fractionated by 
10%–40% SDG centrifugation in dissociation buffer, and 50S and 30S fractions were collected. Each fraction was analyzed by RFHR 2D-PAGE, 
and patterns after CBB staining are shown
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F I G U R E  4   (a) High-salt-washed 
ribosomes (HSRs) without L31 dissociate 
into 30S and 50S subunits during SDG 
centrifugation under low Mg2+ conditions, 
but HSRs containing YkgM form 70S. 
HSRs of W3110 ∆ompT::Km (1), 
∆rpmE::Km (2), ∆rpmE ∆ykgM::Km 
(3) and ∆rpmE::Km & zur::IS2 (4) cells 
were grown at 37°C in EP medium and 
collected in logarithmic growth phase 
(Klett units: 50). HSRs were prepared and 
analyzed by 5%–20% SDG centrifugation 
at the indicated Mg2+ concentrations. The 
resultant ribosome profiles are shown. 
(b) Dissociated ribosomes (50S + 30S) 
containing no L31 form unstable 70S in 
vitro, but YkgM-containing ribosomes form 
stable 70S. HSRs were prepared from the 
following four types: W3110 ∆ompT::Km 
(1), ∆rpmE::Km (2), ∆rpmE ∆ykgM::Km 
(3) and ∆rpmE::Km zur::IS2 (4). HSRs 
of each strain were dissociated into 30S 
and 50S subunits. A sample (60 pmol) was 
layered onto a 5%–20% SDG in dissociation 
buffer II and centrifuged. The ribosome 
profiles are shown in the dissociation 
panels. Dissociated HSRs were incubated 
at 37°C for 30 min to allow re-association. 
The samples (60 pmol) were analyzed by 
5%–20% SDG centrifugation in 6 or 15 mM 
Mg2+. The resultant ribosome profiles are 
shown in the re-association panels
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in 30S–50S association to form 70S. The measured properties 
of these ribosomes were identical to those of ΔompT::Km, 
which contained one copy of intact L31 (Figure 4a), suggest-
ing that YkgM binds to the ribosome in place of L31 and 
functionally substitutes for it.

2.4  |  Ribosomes containing YkgM form 
100S ribosomes in stationary phase, like 
ribosomes containing intact L31 protein

In stationary phase, the majority of 70S ribosomes assemble 
into 100S ribosomes (70S dimer), which do not have trans-
lational activity. Formation of 100S is executed by RMF 
and facilitated by HPF (Maki et al., 2000; Ueta et al., 2005; 
Wada,  1998; Wada et  al.,  1990; Yoshida & Wada,  2014). 
W3110 ΔrpmE::Km ribosomes, which lack L31, cannot form 
stable 100S ribosomes in stationary phase (Ueta et al., 2017). 
Hence, we investigated whether ribosomes carrying YkgM 
recover the ability to form 100S ribosomes.

For this purpose, we grew three strains (W3110 wild 
type, ΔrpmE::Km and ΔrpmE::Km zur::IS2) in EP medium 
at 37°C and collected the cells after 1 or 3 days of culture. 
Crude ribosomes (CRs) from the cells were prepared and 

analyzed by SDG centrifugation in 5, 8 or 15 mM Mg2+. In 
CRs of ΔrpmE::Km, which contain neither intact L31 nor 
YkgM, 100S was observed in 8 and 15 mM Mg2+, but shifted 
to a lower S value in 5  mM Mg2+. In CRs of ΔrpmE::Km 
zur::IS2, which contain only YkgM, 100S ribosomes were 
observed even in 5  mM Mg2+, as in the wild-type strain 
[Figure  5b(1),(3)]. We also analyzed r-proteins from CRs 
by RFHR 2D-PAGE. The level of RMF, which is required 
for 100S formation, did not differ among the three strains 
[Figure 5a(1),(2),(3)]. In BW25113 ΔrpmE::Km zur (T200A), 
100S formation was the same as in W3110 ΔrpmE::Km zu-
r::IS2 (Figure  S5). These results indicated that ribosomes 
containing YkgM form 100S ribosomes to the same extent as 
ribosomes containing intact L31.

2.5  |  In vitro translation activity of 
ribosomes containing YkgM

The in vitro translation activity of HSRs from W3110 
ΔrpmE::Km, which lack L31, was about 40% of that of HSRs 
from ΔompT::Km, which carry one copy of L31 (Figure 6a; 
Ueta et  al.,  2017). Hence, we investigated whether ribo-
somes of W3110 ΔrpmE::Km zur::IS2, which contain one 

F I G U R E  5   Ribosomes lacking L31 are defective in 100S formation in the stationary phase, but YkgM restores their function. (a) W3110 (1), 
∆rpmE::Km (2) and ∆rpmE::Km zur::IS2 (3) cells were grown at 37°C for 1 or 3 days in EP medium, and then harvested. Crude ribosomes (CRs) 
from each strain were prepared and analyzed by RFHR 2D-PAGE and 5%–20% SDG centrifugation with 5, 8 and 15 mM Mg2+. Copy numbers per 
ribosome of intact L31 (white), short L31 (gray), YkgM (dark gray) and RMF (black) in each CR sample are shown in the bar graph. (b) Ribosome 
profiles after 5%–20% SDG centrifugation in 5, 8 and 15 mM Mg2+ are shown. For each CR sample, 150 pmol was used
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copy of YkgM, recover translational activity. To this end, 
we measured synthesis of dihydrofolate reductase (DHFR) 
from the folA gene using a purified in vitro transcription–
translation protein synthesis system (PUREfrex 1.0 kit) (Ueta 
et  al.,  2017). In HSRs from ΔrpmE::Km zur::IS2, transla-
tional activity was the same as in HSRs from ΔompT::Km 
(Figure  6a). These observations show that ribosomes con-
taining YkgM have the same in vitro translational activity as 
those containing L31.

2.6  |  Growth of ∆rpmJ is inhibited at 25, 
37 and 42°C

To investigate the functions of L36, we examined growth at a 
range of temperatures. For these experiments, W3110 ΔompT, 
ΔompT ΔrpmJ and ΔompT ΔrpmJ Δzur::Km cells were cul-
tured overnight at 37°C. The cultures were diluted 1:106 in sa-
line, spread 0.1 ml on L-broth plates and incubated for 1–4 days 
at 25, 37 or 42°C. Colony size was visualized by taking photo-
graphs of each plate every day for 4 days. The ΔompT ΔrpmJ 

strain formed smaller colonies than wild-type cells even after 
4 days of incubation at all temperatures tested (Figure 7); in 
contrast to the wild type, colonies of the ΔompT ΔrpmJ strain 
were not clearly visible before 1 day of incubation at 37°C or 
2 days of incubation at 25 or 42°C. Thus, growth of the ΔompT 
ΔrpmJ strain was especially strongly inhibited at nonoptimal 
temperatures. Colony size of the zur mutant, which expressed 
the L36 paralog YkgO, was the same as that of wild-type cells 
at all time points and temperatures (Figure 7). We examined 
whether the inhibition of growth causes by rpmJ gene. For 
this purpose, W3110 ΔrpmJ::Km/pBAD22 and ΔrpmJ::Km/
pBAD22-rpmJ+ cells were grown overnight at 37°C, di-
luted as described above, spread on L-broth plates contain-
ing 0.08% arabinose + 50 µg/ml ampicillin and incubated at 
25, 37 or 42°C. Again, colony size was monitored by photo-
graphing the plates daily over 4 days. ΔrpmJ::Km/pBAD22-
rpmJ+ cells formed normal colonies, whereas ΔrpmJ::Km/
pBAD22 did not (Figure S6(A)). Thus, growth inhibition was 
caused by deletion of rpmJ and rescued by expression of L36 
from pBAD22-rpmJ+. Furthermore, W3110ΔompT, ΔompT 
ΔrpmJ::Km, ΔompT ΔrpmJ zur::Km and ΔompT ΔrpmJ::Km/

F I G U R E  6   (a) In vitro translational activity of ribosomes lacking L31 is 40% lower than that of ribosomes containing intact L31, but 
ribosomes containing YkgM almost completely recover their function. Synthesis of DHFR (1–152) was measured using a purified in vitro 
transcription–translation system. High-salt-washed ribosomes (HSRs) prepared from three strains (W3110 ∆ompT::Km, ∆rpmE::Km and 
∆rpmE::Km zur::IS2) were added to the purified system. After electrophoresis of reaction mixtures on 10%–20% linear gradient SDS-PAGE 
gels, synthesized DHFR (1–152) was visualized by CBB. The density of the DHFR band was normalized against that of the r-protein band. 
Protein synthesis was normalized against synthesis by HSRs containing only intact L31 (i.e., ∆ompT::Km). The data shown are averages of four 
independent reactions and two PAGE gels for each reaction (a total of eight gels). (b) Translational activity of ribosomes lacking L36 is 30% lower 
than that of ribosomes containing L36, but YkgO almost completely recover their function. Data were obtained as described in (a), except that 
the ribosomes were prepared by the method of Shimizu and Ueda (2010) from W3110 ∆ompT::Km, ∆ompT ∆rpmJ::Km, ∆ ompT and ∆rpmJ ∆ 
zur::Km cells
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pBAD22-rpmJ+ cells were grown in EP liquid medium at 37°C 
and turbidity was measured every thirty minutes in the logarith-
mic growth phase and every day in the stationary growth phase. 
Doubling time of ΔompT ΔrpmJ::Km was 60 min but DT of 
wild type (ΔompT) was 45 min. ΔompT ΔrpmJ zur::Km and 
ΔompT ΔrpmJ::Km/pBAD22-rpmJ+ were DT = 45 min and 
50 min, respectively (Figure S6B). In liquid culture, cells lack-
ing L36 grow 33% later than wild-type cells (ΔompT) and the 
growth inhibition was recovered by zur mutant and pBAD22-
rpmJ+. In the liquid EP medium, a result same as solid L me-
dium culture was also observed.

2.7  |  Association of 30S and 50S 
subunits and formation of 100S are not 
prevented by the lack of L36 or YkgO

W3110 ΔompT::Km, ΔrpmJ ΔompT::Km and Δzur ΔrpmJ 
ΔompT::Km cells were grown to 50 Klett units at 37°C, and 
HSRs were prepared from each strain. To examine subunit 
association in these HSRs, we performed SDG centrifuga-
tion under various Mg2+ concentrations (2, 3, 5, 6, 8, 10 
and 15 mM). In contrast to our findings regarding L31, in 
ribosomes lacking L36, the association of 30S and 50S was 
not affected even in 5  mM Mg2+, and the 70S ribosomes 
were observed as the main peak (compare Figure  S7 with 
Figure 4a(2),(3)).

Ribosomes lacking L31 cannot form stable 100S ribo-
somes (Figure  5; Ueta et  al.,  2017). However, ribosomes 

lacking L36 formed stable 100S in stationary phase (i.e., 
after culture for 1 or 3 days). In ∆rpmJ cells lacking L36 and 
YkgO, the level of 100S formation after 1 or 3 days of cul-
ture was essentially the same as in the wild type (Figure S8). 
W3110 ΔompT::Km ΔrpmJ Δzur, which contains YkgM and 
YkgO but not L36, formed 100S ribosomes even after SDG 
centrifugation in 5 mM Mg2+ (Figure S8). Thus, ribosomes 
lacking L36 and its paralog YkgO are not deficient in 30S–
50S association or 100S formation.

2.8  |  Translation activity of L36 or YkgO 
in vitro

Next, we examined whether ribosomes lacking L36 have 
any influence on in vitro translation activity. Three strains, 
W3110 ΔompT::Km, ΔompT ΔrpmJ::Km and ΔompT ΔrpmJ 
Δzur::Km, were cultured to 50 Klett units, and the cells were 
collected. Ribosomes were prepared from each strain as de-
scribed in Section 4. In vitro transcription–translation activ-
ity of the ribosomes was determined using a purified system 
(the PUREfrex 1.0 kit) (Shimizu, Kanamori, & Ueda, 2005; 
Shimizu & Ueda, 2010; Ueta et al., 2017). Ribosomes pre-
pared from W3110 ΔompT ΔrpmJ::Km, which did not con-
tain L36 or its paralog YkgO, had ~30% less activity than 
ribosomes from W3110 ΔompT::Km (wild type), which con-
tained one copy of L36 (Figure 6b). Ribosomes prepared from 
ΔompT ΔrpmJ Δzur::Km cells, which contained one copy of 
YkgO (Figure 8b), recovered translation activity comparable 

F I G U R E  7   The rpmJ deletion mutant strain forms small colonies and grows more slowly than the wild type, but the Δzur::Km mutation 
rescued the inhibition of growth at 25, 37 and 42°C. W3110 ∆ompT, ∆ompT ∆rpmJ and ∆ompT ∆rpmJ ∆zur::Km cells were grown overnight at 
37°C. Each strain was diluted 1:106 in saline and spread 0.1 ml on plates. The plates were incubated for 1–4 days at 25, 37 and 42°C. The colony 
size on each plate was measured in photographs
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to ribosomes from W3110 ΔompT::Km (Figure  6b). These 
observations show that L36 contributes to translation in vitro, 
as does its paralog YkgO, which restores normal translational 
activity to ribosomes lacking L36.

2.9  |  zur mutant cells express rpmE, ykgM, 
rpmJ and ykgO, and contain ribosomes with a 
mixture of all four proteins

W3110 ΔompT Δzur::Km mutant cells were grown in EP 
medium at 37°C and collected in logarithmic growth phase 
(Klett units: 50) or stationary growth phase (1 or 3 days of 
culture). HSRs (for logarithmic phase) or CRs (for station-
ary phase) were prepared, and r-proteins were analyzed 
by RFHR 2D-PAGE. In zur-defective mutant cells, rpmE, 
ykgM, rpmJ and ykgO were expressed, and L31 or YkgM 
and L36 or YkgO were incorporated into ribosomes. The 
sum of copy numbers of L31 and YkgM was ~1, and that 
of L36 and YkgO was 0.7–0.9 (Figure 8a), suggesting that 
each paralog pair shares a single binding site. The ribosomes 
contained YkgM than L31 (ratio: 21–59:1), but YkgO than 
L36 (1:2.5–3.8). These uneven proportions did not differ be-
tween logarithmic phase and stationary phase (1 or 3 days) 
(Figure 8a), suggesting that expression of these proteins and 
their insertion into ribosome are homeostatically regulated 
and non-phase-dependent.

Ribosomes of W3110 ΔompT cells contained one copy of 
L31, and those of ΔrpmE zurIS2 cells contained one copy of 
YkgM. If the expression levels of L31 and YkgM in ΔompT 
Δzur::Km mutant cells are comparable to those in ΔompT 
and ΔrpmE zur::Km cells, respectively, it means that YkgM 
binds to ribosomes in vivo with greater affinity than L31. 
Ribosomes of ΔompT cells contain a single copy of L36. 
When rpmJ (L36) was deleted, ribosomes contained a single 
copy of YkgO (Figure 8b). If L36 and YkgO are present at 
comparable levels in W3110 ΔompT Δzur::Km mutant cells, 
L36 is likely to have higher affinity for ribosomes than YkgO.

2.10  |  ∆rpmJ is defective in late 
assembly of the 50S subunit

Chemical protection experiments suggested that L36 directly 
contacts four regions of the ribosome (helices 89 and 91 of 
23S RNA, which stem from the peptidyl transferase center; 
bases in the stalk that binds L10/(L12)4, and helix 97 in the 
four-helix junction containing the sarcin–ricin loop) and plays 
a significant role in organizing 23S rRNA structure (Maeder 
& Draper,  2005). Hence, we investigated whether the 50S 
subunit was assembled normally in cells lacking L36. The 
W3110 ∆ rpmJ and wild-type strains were grown at 25, 37 
and 42°C, and used to prepare CRs; these ribosome samples 

were analyzed by SDG centrifugation at 15 or 0.5 mM Mg2+. 
In sedimentation profile of the ribosomes of wild-type CRs 
at 25, 37 and 42°C, 30S and 50S subunits were predominant 
in 0.5 mM Mg2+, whereas 70S ribosomes were predominant 
in 15 mM Mg2+. Analysis of r-proteins by RFHR 2D-PAGE 
yielded normal constitutive profiles (Figure S9). On the other 
hand, in CRs from ∆ rpmJ cells, an unexpected smaller peak 
at 40S was observed in 0.5 mM Mg2+ (Figure 9a). The 40S 

F I G U R E  8   zur mutant cells express four genes (rpmE, ykgM, 
rpmJ and ykgO), and have four types of ribosomes containing L31 or 
its paralog YkgM and L36, or its paralog YkgO. (a) W3110 ∆ompT 
∆zur::Km and (b) ∆zur ∆rpmJ ∆ompT::Km mutant cells were 
grown in EP medium at 37°C and collected in logarithmic growth 
phase (Klett unit: 50) or stationary phase (1 and 3 days). HSRs (for 
the logarithmic phase) or CRs (for stationary phase) were prepared, 
and the r-proteins were analyzed by RFHR 2D-PAGE. In Zur-
defective mutant cells, four genes (rpmE, ykgM, rpmJ and ykgO) were 
expressed, and L31 or its paralog YkgM, and L36 or its paralog YkgO 
were incorporated into ribosomes. The copy numbers of L31, YkgM, 
L36 or YkgO in the HSR or CR were analyzed by RFHR 2D-PAGE. 
The vertical axis shows copy number per ribosome. Copy numbers of 
L31, YkgM, L36 or YkgO in ribosomes prepared from logarithmic 
phase (Klett unit: 50) (white) or cells cultured for 1 day (gray) or 
3 days (black) are shown
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and 50S fractions of ∆ rpmJ cells were collected, and the 
r-proteins were analyzed by RFHR 2D-PAGE. The 50S r-
proteins from the ∆rpmJ cells had the same profile as those 
from wild-type 50S, whereas r-proteins from the 40S frac-
tion lacked L16 and L35, which are late assembly proteins 
(Figure 9b; Figure S9). This observation shows that the 40S 
subunit is an intermediate of 50S subunit assembly into which 
L16 and L35 have not yet been incorporated, suggesting that 
∆ rpmJ cells take longer than wild-type cells for late-stage 
assembly of the 50S subunit.

3  |   DISCUSSION

We first discovered L36, along with L35, by RFHR 
2D-PAGE, which is well suited to the detection of small 
basic proteins (Wada, 1986a, 1986b; Wada & Sako, 1987). 
L36 is the smallest and most highly basic r-protein, with a 
theoretical pI of 10.69 and MW of 4,364.33. Consequently, 
it could not have been detected by the traditional 2D-PAGE 
method (Kaltschmidt & Wittmann, 1970). L36 is widely con-
served in bacteria, chloroplasts and mitochondria, but not in 
archaea or the nuclear genome of eukaryotes. Furthermore, 
intact L31 (70 amino acids), but not the short form (62 amino 
acids), which was misidentified as the full-length protein 
by Kaltschmidt & Wittmann, was also detected by RFHR 
2D-PAGE (Wada, 1998; Wada et al., 1990).

Ribosomes lacking L31 were 40% less active than wild-
type ribosomes in an in vitro transcription–translation system 
(Figure  6a; Ueta et  al.,  2017). In these ribosomes, peptide 
elongation is slower, 30S and 50S subunit association in 
vivo and in vitro is weakened, and 100S ribosomes are not 
formed in the stationary phase (Figure 4a,b; Figure 5; Ueta 
et al., 2017). L31 was defined as a 50S r-protein (Kaltschmidt 
& Wittmann., 1970), but it has an extremely specific bind-
ing mode which bridges 50S with the N-terminal half and 
30S with the C-terminal half, and interacts with L5, S13, 
S19 and S14. Therefore, ribosomes lacking L31 may give 
rise to negative structural changes to not only 50S but also 
30S, and fails to translational function, subunit association 
and 100S formation. On the other hand, ribosomes lacking 
L36 were 30% less active than wild-type ribosomes in vitro 
but correctly formed 70S from 30S and 50S subunits both in 

vivo and in vitro (Figure 6b; Figure S7), and like wild-type 
ribosomes could also form 100S ribosomes during stationary 
phase (Figure S8). Therefore, L36 probably does not contrib-
ute to 70S association and 100S formation.

Zinc-binding proteins in ribosomes are widely conserved 
among bacteria. In many gamma-proteobacteria, including 
Escherichia coli, both L31 and L36, and their paralogs are 
conserved; notably, however, the paralogs have no zinc-bind-
ing sites (Table S3).

In this study, to understand the functional relationships 
of these two pairs of paralogs in regard to some functions 
containing translational activity and Zur regulation, we con-
structed five strains: zur mutant, single deletions of rpmE 
and rpmJ, and double-deletion mutants of zur & rpmE and 
zur & rpmJ. Ribosomes from the zur rpmE mutant, which 
contained one copy of YkgM, were functionally equivalent 
to wild-type ribosomes (which contain one copy of L31) in 
terms of the association of 30S and 50S subunits (Figure 4a,b; 
Figure  S4A,B), in vitro translational activity (Figure  6a), 
100S formation (Figure  5) and cell growth (Figure  1a–c; 
Figure S2A–C), indicating that YkgM is functionally identi-
cal to L31 in these contexts.

Ribosomes containing one copy of YkgO were also func-
tionally equivalent to wild-type ribosomes (which contain 
one copy of L36) in in vitro translational activity (Figure 6b) 
and cell growth (Figure 7; Figure S6B). It suggests that zinc 
atom bound to L31 or L36 is not involved in these processes. 
On the other hand, it is known that L31 and L36 are related 
to Zn storage and provision in vivo. Under conditions of zinc 
starvation, non-Zn-ribbon paralogs are expressed, leading 
to incorporation of the paralogs into ribosomes in place of 
the original Zn-binding r-proteins, and thus, released zinc 
atoms are used by other cellular zinc-binding proteins such as 
DNA polymerase and primase (Gabriel & Helmann., 2009; 
Nanamiya et  al.,  2004; Owen, Pascoe, Kallifidas, & 
Paget, 2007; Panina et  al.,  2003; Shin & Helmann., 2016). 
Our results also suggest that L31 and L36 may be related to 
Zn storage and provision in vivo.

All four mutation sites in spontaneous mutants isolated 
from ∆rpmE were located in the zur gene (Figure 2). Two 
of the mutants involved insertion mutations of IS into 
zur, and the other two were caused by point mutations. 
The Zur monomer includes two domains, an N-terminal 

F I G U R E  9   In the rpmJ deletion mutant strain, 40S particles were observed after SDG centrifugation in 0.5 mM Mg2+. (a) W3110 
∆ompT::Km (wild type) and ∆ompT ∆rpmJ::Km cells were grown at 25, 37 and 42°C. Crude ribosomes were prepared from each strain and 
analyzed by SDG centrifugation in 15 or 0.5 mM Mg2+. The ribosome profiles are shown in the top (W3110 ∆ompT::Km) and bottom (W3110 
∆ompT & ∆rpmJ::Km) panels. (b) The r-proteins in the 40S fraction did not contain L16 and L35, in contrast to those in the 50S fraction. The 
upper panel in b(1) shows the ribosome profile after SDG centrifugation (10%–40% sucrose, 31,500 g, 44 hr, SW41Ti) in 0.5 mM Mg2+. 40S 
or 50S fractions were collected, and each collected fraction was confirmed by SDG centrifugation (left panel: same as upper panel; right panel: 
10%–40% sucrose, 35,600 g, 19.5 hr, SW41Ti) in 0.5 mM Mg2+ [b(1) bottom panel]. R-proteins of the collected 40S or 50S fractions were analyzed 
by RFHR 2D-PAGE. Copy numbers of L16 and L35 differed significantly between the 40S and 50S fractions. Copy numbers are shown in b(2). 
White and gray squares show copy numbers of L16 and L35 in the 50S and 40S fractions, respectively. Black squares show copy numbers in 40S 
particle, which corrected L16 and L35 in 50S fractions carried to 40S fractions
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DNA-binding domain (α2–α4, amino acids 23–72) and a 
C-terminal dimerization domain (α5/β5, amino acids 115–
141). A dimer of Zur dimers, (Zur2)2, interacts specifically 
with promoter DNA (33-mer) in the zur regulon and is es-
sential for promoter region binding (Gilston et al., 2014). 
One of the point mutations, T200A/Leu67Gln, altered a 
residue in the DNA-binding region of Zur. The other point 
mutant was G422A/Gly141Glu, located in the dimerization 
domain. It is likely that neither of the mutant Zur proteins 
can bind to the promoter of the ykgM–ykgO operon. The IS 
insertions occurred 25 and 59 nucleotides from the 5′ end 
of the zur gene, and insertion into the N-terminus probably 
interferes with promoter binding. It is likely that all four 
zur mutants are unable to bind the ykgM–ykgO promoter, 
resulting in constitutive induction of ykgM and ykgO. 
The frequency of zur mutation in the ∆rpmE strain was 
not particularly high, comparable to the frequency of Nal-
resistance mutations.

The rpmJ gene is not essential for growth at 37°C in 
L-broth (Baba et  al.,  2006), but cells lacking this gene 
grew more slowly than wild-type or ykgO-expressing cells 
(Figure 7; Figure S6A,B). This tendency was particularly evi-
dent at lower (25°C) or higher temperature (42°C) (Figure 7). 
Ikegami, Nishiyama, Matsuyama, and Tokuda (2005) re-
ported that an insertion mutant of rpmJ might affect the 
expression of secY, which precedes rpmJ in the spc operon, 
resulting in slow growth. However, the growth inhibition ob-
served in the rpmJ mutant we used was suppressed by provid-
ing L36 on a plasmid harboring rpmJ+ (Figure S6A,B), but 
not complemented by a plasmid harboring secY: wild-type 
DT, 20 min; ΔrpmJ strain DT, 45 min; ΔrpmJ/Aska secY+ 
strain DT, 45 min. This indicates that L36 or its paralog YkgO 
is involved in growth. The growth defect in the rpmJ mutant 
had been previously reported (Maeder & Draper, 2005).

Chemical protection experiments identified four regions 
in the 50S subunit as possible direct contact sites between 23S 
RNA and L36: helices 89 and 91, which stem from the pep-
tidyl transferase center; helix 42, the rRNA stem that binds 
L10/(L12)4; and helix 95 in the four-helix junction contain-
ing the sarcin–ricin loop. The tertiary interactions between 
helices 89, 91 and 95 are disrupted in ribosomes lacking L36, 
supporting the argument that L36 plays a significant role in 
organizing 23S rRNA structure (Maeder & Draper.,  2005). 
Helix 89 of 23S rRNA is very important for the functional 
regions of the ribosome, including the peptidyl transferase 
center and elongation factor binding site. Consistent with 
this, the secondary structure of helix 89, determined by X-ray 
structural analysis, showed that the tertiary contacts of heli-
ces 89, 91 and 95 are also important for ribosome function 
(Burakovsky et al., 2011). This suggests that in our ribosomes 
lacking L36, the reduction of in vitro translation activity was 
caused by a structural change in the peptidyl transferase cen-
ter of 23S RNA.

50S subunit biogenesis is performed by RNA helicases 
(DeaD, DbpA, SrmB, RhlE), RNA modification enzymes 
[RlmE (FtsJ, RrmJ, MrsF), RluB (YciL), RluC, RluD], chap-
erones (DnaK/DnaJ/GrpE, GroES/GroEL) and GTPases 
[ObgE (CgtAE), Der, YihA, BipA, RbgA] (Britton,  2009; 
Hager, Staker, Bugl, & Jakob, 2002; Iost, Bizebard, & Dreyfus, 
2013; Kaczanowska & Rydén-Aulin,  2007; Leppik, Liiv, & 
Remme,  2017; Shajani, Sykes, & Williamson,  2011). When 
these functions are defective, pre-50S subunits (40S or 45S) 
are observed along with 30S and 50S in SDG centrifugation at 
low Mg2+ (Shajani et al., 2011). The 40S and 45S intermediate 
particles lack some ribosomal proteins; for example, in the 40S 
particle formed in the ∆srmB strain, the levels of L6, L7/L12, 
L14, L16, L25, L27, L31, L32 and L33 are reduced, and L13, 
L28 and L34 are missing (Charollais, Pflieger, Vinh, Dreyfus, & 
Lost, 2003). In the 40S particle formed by the csdA mutant, L6, 
L16, L25, L28, L32, L33 and L34 are present at dramatically 
reduced levels (Charollais, Dreyfus, & Lost, 2004). In the 45S 
particle from a mutant in the RNA helicase dbpA, the levels of 
L16, L25, L27, L28, L33, L34 and L35 were significantly re-
duced (Elles, Sykes, Williamson, & Uhlenbeck, 2009). In the 
45S particle of the ∆rlmE mutant, the levels of L5, L6, L16, 
L18, L19, L25 and L27 are reduced, and L35 is significantly less 
abundant (Arai et al., 2015). Quantitative mass spectrometry has 
shown that the r-proteins L7/L12, L10, L16, L25, L27, L30, L35 
and L36 belong to the late (or “fifth”) assembly group (Chen & 
Williamson, 2013). In our results, the 40S intermediate particle 
in rpmJ cells lacked L16 and L35, which are late assembly r-pro-
teins, whereas the other r-proteins in the 50S particle did not 
differ between wild-type and ∆rpmJ strains. Furthermore, 50S 
or 70S particles from rpmJ cells contained the same r-proteins as 
those from wild-type cells. Together, these findings imply that 
the 40S is an intermediate of the 50S subunit. Deficiency of L36 
causes a structural change in 23SRNA, preventing late assembly 
from advancing normally and causing accumulation of a 40S 
intermediate particle that lacks L16 and L35. This suggests that 
L36 is involved in incorporation of L16 and L35 into the ribo-
some in the final step of late assembly. Whether L36 itself par-
ticipates directly or indirectly in ribosome assembly is a matter 
that should be addressed in future studies.

When E.  coli is cultured in the mops medium at 37°C, 
YkgM is expressed in the stationary phase from late log phase 
(Lilleorg et al., 2019). However, when we carried out exper-
iments using wild-type strains (W3110 and W3110 ΔompT) 
cultured in EP medium at 37°C, the stationary phase-spe-
cific protein RMF was expressed, but YkgM was expressed 
in neither logarithmic phase (Figure 3) nor stationary phase 
(Figure  6), as in the W3110 ΔykgM strain. Expression of 
ykgM and ykgO is regulated by the Zur repressor. When Zur 
is inactivated by zinc depletion (Gilston et al., 2014) or the 
zur gene is mutated, ykgM and ykgO are expressed from the 
ykgM–ykgO operon. Under our culture conditions, the zinc 
concentration during stationary phase was sufficient for Zur 
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repression. Therefore, Zur repression may depend solely on 
zinc concentration even in stationary phase. It is possible that 
YkgM and YkgO were expressed due to zinc depletion rather 
than induction by stationary phase.

In wild-type cells, one copy each of L31 and L36 binds 
to 50S subunits in all growth phases. In zur deletion mutants 
of rpmE (L31) or rpmJ (L36), one copy each of YkgM or 
YkgO, respectively, binds to 50S subunits (Figure 8b). On the 
other hand, in zur mutant cells, L31, L36, YkgM and YkgO 
were observed simultaneously in ribosomes (Figure 8a). We 
measured the copy numbers of these four proteins by RFHR 
2D-PAGE. The sum of copy numbers of L31 and YkgM was 
one, indicating that the two proteins share a single binding 
site on the 50S subunit. Similarly, the sum of copy numbers 
of L36 and YkgO was also approximately one, likewise sug-
gesting a single binding site (Figure  8a). Recently, it was 
established by X-ray structure of 70S ribosome that L31 & 
YkgM, and L36 & YkgO share identical ribosome-binding 
sites to L31 and L36 (Lilleorg et al., 2019).

4  |   EXPERIMENTAL 
PROCEDURES

4.1  |  Bacterial strains and plasmids

All strains used in this study are shown in Table S1. W3110 
ΔykgM::Km (YB1011) and W3110 ΔrpmJ::Km (YB1026) 
were constructed by P1vir transduction of the recipient strain 
W3110 (wild type). Deletion mutants of ykgM and rpmJ 
(BW25113-derived strains; JW5035-1, JW3261-1) were 
obtained from the E.  coli Keio Knockout Collection (Baba 
et  al.,  2006), and P1vir phages from the two strains were 
prepared and used as donors. In each strain constructed, ex-
change of the kanamycin-resistance gene Km for the ykgM 
and rpmJ genes was confirmed by PCR. W3110 ΔrpmE, 
ΔompT, ΔrpmJ and Δzur mutants were constructed by elimi-
nation of the kanamycin-resistance cassette from W3110 
ΔrpmE::Km, ΔompT::Km, ΔrpmJ::Km and Δzur::Km, re-
spectively, using a helper plasmid (pCP20) encoding the 
FLP recombinase (Datsenko & Wanner, 2000). The double-
deletion mutants W3110 ΔrpmE ΔykgM::Km (YB1013), 
Δzur ΔrpmJ::Km (YB1027), ΔrpmJ ΔompT::Km (YB1028), 
ΔompT ΔrpmJ::Km (YB1029) and ΔompT Δzur::Km 
(YB1031) were constructed using donor P1vir phage from 
BW25113 ΔykgM::Km, ΔrpmJ::Km, ΔompT::Km and 
Δzur::Km via general transduction of recipient strains W3110 
ΔrpmE, ΔompT, ΔrpmJ and Δzur, respectively. All double-
deletion strains were confirmed by PCR. The four sponta-
neous zur mutants W3110 ΔrpmE::Km zur::IS2 (YB1018), 
ΔrpmE::Km zur::IS1 (YB1024), ΔrpmE::Km zur::G422A 
(YB1025) and BW25113 ΔrpmE::Km zur::T200A (YB1022) 
were isolated by large-colony selection from YB1010 

(W3110 ΔrpmE::Km) or JW3907-1(BW25113 ΔrpmE::Km), 
which grew slowly and formed small colonies. The mutation 
sites in the zur gene were determined by DNA sequencing 
(Figure 2).

Plasmids used were as follows: ASKA clones (Kitagawa 
et  al.,  2005), JW3262 (pCA24N-secY+ without GFP), 
JW3261 (pCA24N-rpmJ+ without GFP) and pBAD22-
rpmJ+. The multiple cloning site of pBAD22 (Guzman, 
Belin, Carson, & Beckwith, 1995) was cleaved with EcoRI 
and HindIII, and replaced with the EcoRI-rpmJ-HindIII 
fragment, which was constructed by amplifying chro-
mosomal DNA from W3110 wild-type cells with prim-
ers 5’-GCCATGAATTCAAAGTTCGTGCTTC-3’ and 
5’-ACAGCGCCAAGGCTGAAAGCTTGCC-3’; the ampli-
con was digested with EcoRI and HindIII.

4.2  |  Media and growth conditions

All strains were grown in medium E supplemented with 2% 
polypeptone and 0.5% glucose (EP medium) (Wada, 1986a), 
at 37°C. Cell growth was monitored by measuring turbidity 
using a Klett Summerson photoelectric colorimeter (Bel-Art 
Product, Wayne, NJ, USA) with a green filter (#54). Cells 
were harvested in exponential and/or stationary phases, and 
stored at −80°C until use. Cell growth on L-broth agar plates 
was determined by colony size after 1–4 days of incubation 
at 25, 37 or 42°C.

4.3  |  Determination of mutation sites in the 
four spontaneous suppressor mutants of 
∆rpmE

The four mutants were grown at 37°C, and each genomic 
DNA was prepared using the Gentra Puregene Yeast/Bacteria 
Kit (QIAGEN). PCR was performed on chromosomal DNA 
using PCR primers for the zur gene and promoter region of 
ykgM (Table S2) and GoTaq Green Master Mix (Promega). 
The four PCR products were purified by QIAquick PCR 
purification kit (QIAGEN), and the sequencing of purified 
PCR products was performed by Fasmac (Ltd.). The primers 
used were zur (up) and zur (down) for YB1024, YB1025 and 
YB1022, and zur (up) and insAB (down), and insA (up) and 
zur (down) for YB1018 (Table S2).

4.4  |  Ribosome preparations and analyses

4.4.1  |  Preparations of CRs

CRs were prepared from cell extracts according to the method of 
Noll, Hapke, Schreire, and Noll (1973) with slight modifications 
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(Horie, Wada, & Fukutome, 1981). Cells harvested at the indi-
cated times were ground with similar volumes of quartz sand 
(Wako) and then extracted with buffer I [20 mM Tris-HCl (pH 
7.6), 15 mM magnesium acetate, 100 mM ammonium acetate 
and 6  mM 2-mercaptoethanol]. The homogenate was centri-
fuged at 9,000 g for 15 min at 4°C. The supernatant was saved, 
and the pellet was re-suspended in buffer I. The suspension was 
centrifuged again under the same conditions. The pellet was 
termed the cell debris (CD) fraction. The combined supernatants 
(cellular extracts, CEs) were layered onto a 30% sucrose cush-
ion in buffer I and centrifuged in a 55.2 Ti rotor (Beckman) at 
206,000 g for 3 hr at 4°C. The pellet was re-suspended in buffer 
I. This suspension was used as CRs.

4.4.2  |  Preparation of high-salt-washed 
ribosomes (HSRs)

HSRs were prepared as described by Horie et  al.  (1981). 
CRs were re-suspended in buffer II [20 mM Tris-HCl (pH 
7.6), 10 mM magnesium acetate, 1 M ammonium acetate and 
6 mM 2-mercaptoethanol]. After mixing for 1 hr at 4°C, the 
high-salt-washed suspension (20 ml) was layered onto a 30% 
sucrose cushion in buffer II (10 ml) and centrifuged in a 55.2 
Ti rotor (Beckman) at 206,000 × g for 4 hr at 4°C. The pellet 
was re-suspended in buffer I and dialyzed against buffer I 
overnight. This suspension was used as HSRs.

4.4.3  |  Preparation of 30S and 50S subunits

High-salt-washed ribosomes were suspended in dissocia-
tion buffer I [20 mM Tris-HCl (pH 7.6), 1 mM magnesium 
acetate, 100  mM ammonium acetate and 6  mM 2-mercap-
toethanol] and dialyzed against the same buffer overnight. 
The sample was layered onto a 10%–40% SDG in dissocia-
tion buffer I and centrifuged in a 45 Ti rotor (Beckman) at 
20,000 g for 19 hr at 4°C. The gradient was fractionated, and 
the absorbance of each fraction was measured with a UV-
1800 spectrometer (Shimadzu) at 260 nm. The 30S and 50S 
fractions were collected, and each subunit was pelleted by 
centrifugation in a 55.2 Ti rotor (Beckman) at 206,000 g for 
4 hr at 4°C. Each pellet was re-suspended in buffer I.

4.4.4  |  Analysis of ribosomes by SDG 
centrifugation

Each ribosome sample was layered onto a 5%–20% SDG in 
buffer I or modified Mg2+ buffer I [20  mM Tris-HCl (pH 
7.6), 2–15 mM magnesium acetate, 100 mM ammonium ac-
etate and 6  mM 2-mercaptoethanol] and centrifuged in an 
SW 40 Ti rotor (Beckman) at 25,000 g for 20 hr at 4°C. The 

SDGs were prepared using Gradient maker (GRADIENT 
MATE 6T; BioComp Instruments). The absorbance of each 
fraction was measured at 260 nm using a flow cell in a UV-
1800 spectrometer (Shimadzu).

4.5  |  RFHR 2D-PAGE

E.  coli r-proteins were prepared by the acetic acid method 
(Hardy, Kurland, Voynow, & Mora, 1969). One-tenth volume 
of 1 M MgCl2 and two volumes of acetic acid were added to 
the ribosomal solutions, and the mixture was stirred for 1 hr at 
0°C. After centrifugation at 10,000 g for 10 min, the superna-
tant was dialyzed three times against 2% acetic acid (the vol-
ume of the dialysis buffer was 300-fold larger than the volume 
of the sample) for 24  hr. The proteins were lyophilized and 
stored at −80°C until use. The protein solution (2 mg protein 
in 100  µl of 8  M urea containing 0.2  M 2-mercaptoethanol) 
was analyzed by RFHR 2D-PAGE as described previously 
(Wada, 1986a,b), with some slight modifications (Ueta, Wada, 
& Wada, 2010). The RFHR 2D-PAGE (radical-free and highly 
reducing two-dimensional–polyacrylamide gel electrophoresis) 
was produced by improving the Kaltschmidt and Wittmann's 
2D-PAGE (Kaltschmidt & Wittmann, 1970) in the following 
points. (a) Gelation of sample solution was not performed to 
avoid immobilization of proteins by free radical fixation to 
the sample gels. Instead, for preparing sample gels, before the 
first dimension (1D) electrophoresis, another “sample charg-
ing electrophoresis” was performed to charge proteins into gel 
pieces polymerized previously in the reduced conditions. (b) In 
every electrophoresis, proteins migrated together with charged 
reductants, 2-aminoethanethiol to avoid formation of artificial 
disulfide bridges during migration. (c) The second dimension 
(2D) electrophoresis was carried out at a more acidic pH, 3.6, 
to get better separation of very small and basic proteins. With 
these modifications, quantitative yield and reproducibility be-
came much better, and many faint spots disappeared not only at 
the high molecular weight side but also in the region containing 
primary spots of ribosomal proteins. Sample charging electro-
phoresis was carried out at 100 constant volts (CV) for 15 min 
at room temperature (RT). Subsequently, one-dimensional 
electrophoresis was carried out at 170 CV for 8 hr at RT, and 
two-dimensional (2D) electrophoresis was carried out at 100 
CV for 15 hr at RT. The 2D gels were stained with CBB G-250, 
and protein spots were scanned using a GS-800 calibrated den-
sitometer (Bio-Rad Laboratories).

4.6  |  Determination of the ribosomal protein 
copy number

“Copy number” refers to the molar ratio of a ribosome-bind-
ing protein to a single 70S ribosomal particle, 30S subunit or 
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50S subunit. The OD of a protein spot on a RFHR 2D-PAGE 
gel was determined by scanning the spot with a GS-800 cali-
brated densitometer. The molar amount of the protein was 
proportional to its OD value (OD/MW). The OD/MW was 
calculated as a function of molecular weight, and the values 
for the intact L31, short L31 and RMF proteins were normal-
ized against the OD/MW value for the r-proteins L27, L29 
and L30. The r-proteins used for normalization were L21, 
L23 and L25 for YkgM, and L32, L33 and L35 for L36 and 
YkgO. These r-proteins were used as protein copy number 
markers because their copy numbers are known (Hardy, 1975; 
Tal, Weissman, & Silberstein, 1990; Wada, 1986a) and are 
near the spots corresponding to intact L31, short L31, RMF, 
YkgM, L36 and YkgO.

4.7  |  In vitro dissociation and re-
association of the 30S and 50S subunits

High-salt-washed ribosomes were prepared from CRs of mi-
dexponential cells and dialyzed against dissociation buffer II 
[20 mM Tris-HCl (pH 7.6), 1 mM magnesium acetate, 30 mM 
ammonium acetate and 6 mM 2-mercaptoethanol] overnight to 
dissociate the 30S and 50S subunits. To confirm the dissocia-
tion of the ribosomal subunits, the solutions were subjected to 
a 5%–20% SDG in dissociation buffer I and centrifuged in a 
SW 40 Ti rotor (Beckman) at 200,200 g for 2.5 hr at 4°C. The 
dissociated ribosomal subunits were exchanged into buffer I 
and incubated at 37°C for 30 min to re-associate the subunits 
into the 70S complex. The mixtures were analyzed by 5%–20% 
SDG centrifugation in the presence of either 15 or 6 mM Mg2+.

4.8  |  In vitro translation assay

In vitro transcription–translation protein synthesis (Shimizu 
et  al.,  2005) was performed using the PUREfrex 1.0 kit 
(GeneFrontier). The ribosomes in kit component Solution 
III were replaced with the high-salt-washed ribosomes 
prepared from W3110 ΔompT::Km, ΔrpmE::Km and 
ΔrpmE::Km zur::IS2 (for Figure  6a) as described in our 
previous study (Ueta et  al.,  2017). For Figure  6b, the ri-
bosomes of W3110 ΔompT::Km, ΔompT ΔrpmJ::Km 
and ΔompT ΔrpmJ Δzur::Km were prepared from the mi-
dexponential cells using HiTrap Butyl FF column (GE 
Healthcare Life Sciences) (Shimizu et  al.,  2005; Shimizu 
& Ueda, 2010). To clearly separate the in vitro synthe-
sized protein from other proteins by the analysis of SDS-
PAGE, DNA encoding DHFR (1–152 a.a.) was amplified 
from cDNA of DHFR (1–159 a.a.) using PCR primers 
5′-GAAATTAATACGACTCACTATAGGGAGACC-3′ 
and 5′-GATAGCTCAGCTAATTAGCAATAGCTGTGA 
GAGTT-3′. The amplicon was purified by QIAquick PCR 

purification kit (QIAGEN) and used as the template DNA 
in the transcription–translation reaction. The reactions were 
carried out for 2 hr at 37°C in a 20 µl reaction mixture, con-
taining 1 µM ribosomes, 20 ng template DNA and 10 units 
RNase Inhibitor (Super) (Wako). The reaction mixtures were 
analyzed by SDS-PAGE using Multi Gel II mini 10%–20% 
linear gradient gel (Cosmo Bio Inc.). After CBB staining, gel 
bands were scanned using a GS-800 calibrated densitometer 
(Bio-Rad Laboratories) to measure the density of the synthe-
sized protein.

4.9  |  Preparation of 40S fraction

W3110 ΔompT ΔrpmJ::Km cells were grown at 37°C in EP 
medium and collected in logarithmic growth phase (Klett 
units: 50). CRs were prepared and dialyzed against disso-
ciation buffer II overnight. The sample was layered onto a 
10%–40% SDG in dissociation buffer III [20 mM Tris-HCl 
(pH 7.6), 0.5 mM magnesium acetate, 100 mM ammonium 
acetate and 6 mM 2-mercaptoethanol] and centrifuged in a 
70 Ti rotor (Beckman) at 40,000 g for 21 hr at 4°C. The gra-
dient was fractionated, and the absorbance of each fraction 
was measured with a UV-1800 spectrometer (Shimadzu) 
at 260 nm. The respective 40S or 50S fractions were col-
lected. Each collected fraction was concentrated. Sucrose 
was removed, and the buffer was replaced with dissociation 
buffer I using an Amicon Ultra filter (100K; Millipore). For 
sedimentation profile of the ribosome, the CR, 40S or 50S 
fractions were layered onto 10%–40% SDG in dissociation 
buffer III and centrifuged in an SW 41 Ti rotor (Beckman) 
at 31,500 g for 44 hr at 4°C. The absorbance of each frac-
tion at 260  nm was measured using a flow cell within a 
UV-1800 spectrometer (Shimadzu). The proteins of 40S 
and 50S fractions were analyzed by RFHR 2D-PAGE. The 
copy number of L16 was normalized against the values for 
the area containing L13, L14, L15, L17 and L18. The copy 
numbers of L35 were normalized against the values for 
L32 and L33. These r-proteins were used as protein copy 
number markers because their copy numbers are known 
(Hardy,  1975; Tal et  al.,  1990; Wada,  1986a), and they 
are near the spots corresponding to L16 and L35 proteins, 
respectively.
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