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Abstract

Bacteria use several means to survive under stress conditions such as nutrient

depletion. One such response is the formation of hibernating 100S ribosomes,

which are translationally inactive 70S dimers. In Gammaproteobacteria

(Enterobacterales), 100S ribosome formation requires ribosome modulation

factor (RMF) and short hibernation promoting factor (HPF), whereas it is

mediated by only long HPF in the majority of bacteria. Here, we investigated

the role of HPFs of Comamonas testosteroni, which belongs to the Betaproteo-

bacteria with common ancestor to the Gammaproteobacteria. C. testosteroni

has two genes of HPF homologs of differing length (CtHPF-125 and CtHPF-

119). CtHPF-125 was induced in the stationary phase, whereas CtHPF-119 con-

served in many other Betaproteobacteria was not expressed in the culture con-

ditions used here. Unlike short HPF and RMF, and long HPF, CtHPF-125

could not form 100S ribosome. We first constructed the deletion mutant of

Cthpf-125 gene. When the deletion mutant grows in the stationary phase, 70S

particles were degraded faster than in the wild strain. CtHPF-125 contributes

to stabilizing the 70S ribosome. CtHPF-125 and CtHPF-119 both inhibited pro-

tein synthesis by transcription-translation in vitro. Our findings suggest that

CtHPF-125 binds to ribosome, and stabilizes 70S ribosomes, inhibits transla-

tion without forming 100S ribosomes and supports prolonging life.
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1 | INTRODUCTION

Living cells make a large number of proteins to maintain
vital functions. As an essential structural component of
protein synthesis, ribosomes translate mRNAs into pro-
teins and are conserved widely from prokaryotes to
eukaryotes. Bacteria use several means to survive in

severe environments or stress conditions such as nutrient
depletion. In previous studies, we identified a novel bac-
terial stress response that involves the formation of 100S
ribosomes (Wada et al., 1990; Yoshida & Wada, 2014).
These translationally inactive “hibernating ribosomes”
are dimers of 70S ribosomes. When the stressor is
removed from the environment, 100S ribosomes
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dissociate rapidly to reform translationally active 70S
ribosomes. Therefore, translational control in response to
stress involves the interconversion of active 70S and inac-
tive 100S ribosomes (Yoshida & Wada, 2014).

During stress conditions in Escherichia coli, ribosome
modulation factor (RMF) and hibernation promoting fac-
tor (HPF) are expressed and 100S ribosomes are formed
by binding of RMF and HPF to 70S ribosomes (Izutsu
et al., 2001; Maki et al., 2000; Maki & Yoshida, 2021; Ueta
et al., 2005; Wada, 1998; Yamagishi et al., 1993; Yoshida
et al., 2002; Yoshida & Wada, 2014). When E. coli cells
are transferred from nutrient-depleted medium (starva-
tion state) to fresh medium, RMF and HPF are released
from the 100S ribosome, and the dissociated 70S ribo-
somes are translationally active (Maki et al., 2000;
Wada, 1998). This process occurs within 1 min after the
transfer (Aiso et al., 2005; Wada et al., 1990), and cells
start to proliferate within 6 min. The 100S ribosome rep-
resents a resting form, and the process of 100S ribosome
formation has been named the “hibernation” stage
(Yoshida et al., 2002).

During the stationary phase, 100S ribosomes are
formed in many bacterial strains. Two types of 100S ribo-
somes formation, RMF type and long HPF type, have
been identified (Ueta et al., 2013): the RMF type is found
in the Gammaproteobacteria class (Enterobacterales)
containing E. coli and involves RMF and short HPF as
hibernation factors (Maki et al., 2000; Ueta et al., 2005;
Wada et al., 1990), whereas the long HPF type involves
long HPF only as hibernation factor, and 100S of this
type is formed in the majority of other bacterial species,
including Staphylococcus aureus (Basu & Yap, 2016; Ueta
et al., 2010; Ueta et al., 2013), Bacillus subtilis (Tagami
et al., 2012), Lactococcus lactis (Puri et al., 2014), Lactoba-
cillus paracasei and Thermus thermophilus (Ueta
et al., 2013), Listeria monocytogenes (Kline et al., 2015),
and Streptomyces venezuelae (Jones et al., 2014). A struc-
tural analysis of the RMF type revealed that 100S ribo-
some dimerization involves a back-to-back interaction of
the 30S subunits of each 70S monomer (Beckert
et al., 2018; Kato et al., 2010; Ortiz et al., 2010; Polikanov
et al., 2012). On the other hand, a cryoelectronic micros-
copy analysis showed that long HPF-induced 100S dimer-
ization involves platform-to-platform interaction of 30S
subunits via binding of the C-terminal tail regions of two
long HPF molecules (Beckert et al., 2017; Flygaard
et al., 2018; Franken et al., 2017; Khusainov et al., 2017;
Matzov et al., 2017).

In E. coli, in addition to the hibernation factors HPFs
and RMF, YfiA (RaiA) also induced by cold shock and in
the stationary phase associates with 70S ribosomes and
participates in the modulation of ribosome (Agafonov
et al., 2001; Maki et al., 2000). YfiA protect ribosomes by
protecting ribonuclease target sites within the ribosome

(Agafonov et al., 1999; Prossliner et al., 2021). Binding of
YfiA interferes with translation initiation (Vila-Sanjurjo
et al., 2004) and elongation (Agafonov et al., 2001) by
blocking mRNA-dependent tRNA binding in the P site
and inhibiting tRNA binding to the A site (Vila-Sanjurjo
et al., 2004). Furthermore, Since EcHPF and YfiA have
the same binding site, there is a competition for the bind-
ing site in normal strains, resulting in a higher 100S yield
in YfiA deletion strains (Ueta et al., 2005).

The HPF homologs long HPF, short HPF, and YfiA
(RaiA) are conserved widely in bacteria and plant plastids
(Sharma et al., 2007; Ueta et al., 2008; Ueta et al., 2013).
Genes encoding long HPF exist in the majority of bacte-
ria, except Gammaproteobacteria and Betaproteobacteria.
According to a phylogenetic tree of prokaryotes, the
Alphaproteobacteria class and a common ancestor of
Gammaproteobacteria and Betaproteobacteria classes
diverged first, and then the Gammaproteobacteria and
Betaproteobacteria classes diverged many years later
(Battistuzzi & Hedges, 2009). During the first divergence
of the Alphaproteobacteria class, which has a long HPF,
the common ancestor appears to have lost about 50% of
the C-terminal region of long HPF essential to 100S ribo-
somes formation. During the second divergence, the
Gammaproteobacteria class diverged from the Betapro-
teobacteria class, and acquired the rmf gene. Conse-
quently, for example, in E. coli, it was established a new
different system to generate 100S ribosomes by RMF and
short HPF (Figure S5). In the stationary phase of E. coli,
RMF and short HPF expressed in large amounts. RMF
binds to 70S ribosomes, and forms 90S ribosome. Next,
short HPF binds to the 90S, and completes tight 100S
(Ueta et al., 2005).

E. coli HPF (EcHPF) lacks the C-terminal tail
sequence required for dimerization of the 70S ribosome;
as such, it can only induce formation of the 100S ribo-
some in the presence of EcRMF. On the other hand, 100S
ribosomes were not formed in the Betaproteobacteria
species Burkhordelia multivorans, which lacks RMF and
has a BmHPF homolog lacking the C-terminal region
(Ueta et al., 2013). To understand the hibernation mecha-
nism in Betaproteobacteria in more detail, we analyzed
the ribosomes of the Betaproteobacteria species Comamo-
nas testosteroni, which has no rmf gene but two hpf genes
that encodes HPF lacking the full C-terminal region of
long HPF. C. testosteroni exists naturally in soil and water
and has also been identified as a clinical specimen.

The C. testosteroni TK102 strain (NBRC 109938) was
isolated from soil contaminated with polychlorinated
biphenyls in Hamamatsu, Japan (Fukuda et al., 2014).
Because it is resistant to heavy metals and can utilize
biphenyl as a sole carbon source and degrades polychlori-
nated biphenyls, C. testosteroni is useful for waste treat-
ment and bioremediation. Moreover, steroid degradation
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by C. testosteroni has also been described (Horinouchi
et al., 2018).

Here, we used C. testosteroni ATCC11996 (NBRC
14951T) (Tamaoka et al., 1987) and examined the funda-
mental functions of CtHPF expressed under stress condi-
tions by analyzing deletion mutant strains.

2 | RESULTS

2.1 | Betaproteobacteria C. testosteroni
grows at 30�C

C. testosteroni ATCC11996 (NBRC 14951T) wild type
strain and the deletion mutant of Cthpf-125 gene isolated

from C. testosteroni wild type strain were cultured for
overnight (16 h) at 30�C in liquid 802-medium, and then
the cells were diluted and spread onto 802-medium agar
plates. The plates were incubated in the incubator for
2 days at 30, 37, or 42�C, and were taken by photo. At
each temperature, the size and number of colonies did
not differ between the wild type and the mutant strain.
The wild and mutant cells incubated at 30�C grew better
than those incubated at the higher temperatures
(Figure 1a); therefore, C. testosteroni was cultured at 30�C
in subsequent experiments. When two C. testosteroni
were cultured in liquid 802-medium at 30�C, the dou-
bling time in the logarithmic phase was 31–34 min
(Figure 1b[1]), and the mutant strain did not differ from
the wild-type strain. In the stationary phase, cell turbidity
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FIGURE 1 Growth of C. testosteroni ATCC11996 wild type and Cthpf-125 mutant in liquid and solid 802-medium at various

temperatures. (a) Bacterial colony sizes on solid 802-medium. C. testosteroni wild and Cthpf-125 mutant cells were cultured overnight at 30�C
in liquid 802-medium and then diluted and spread onto 802-medium plates. The plates were incubated at 30, 37, or 42�C for 2 days and the

photographs were shown. (b) Growth curves of C. testosteroni wild and Cthpf-125 mutant cells cultured in liquid 802-medium at 30�C. Cell
growth was monitored via turbidity (Klett units). Panels (1) and (2) show different time scales (0–8 h and 1–7 days, respectively). The vertical

axes show normal logarithmic values. Filled and open circles show the wild type and the Cthpf-125 mutant cells, respectively. (c) Colony

forming unit (CFU) values of C. testosteroni cultured wild and Cthpf-125 mutant cells in liquid 802-medium at 30�C. Cultured cells were

sampled every day for 4 days, and the CFU value was measured. The vertical axis shows normal logarithmic values CFU (�109)/mL. Filled

and open circles show the wild type and the Cthpf-125 mutant cells, respectively.
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(Klett units) of the wild and the mutant strain was almost
the same increase across a 6 days period but the mutant
strain subsequently decreased on the 7th day unlike the
wild strain. (Figure 1b[2]). However, the number of col-
ony forming units of the wild type strain increased two
generations for the first 2 days and decreased thereafter,
but that of the deletion strain increased during 1 day and
decreased thereafter (Figure 1c).

2.2 | The genome of C. testosteroni
ATCC11996 encodes two HPF homologs

The genome of C. testosteroni encodes two HPF
homologs of 125 and 119 amino acids (hereafter named

CtHPF-125 and CtHPF-119, respectively). We performed
an amino acid alignment analysis of CtHPF-125, CtHPF-
119, EcHPF (as an example of short HPF), L. paracasei
HPF (LpHPF; as an example of long HPF), and EcYfiA
(Figure 2). Although the C-terminus of HPF differs, its
N-terminus is conserved in a large number of bacteria.
EcHPF and EcYfiA have a β1α1β2β3β4α2 topology with
disordered terminal residues (Rak et al., 2002; Sato
et al., 2009; Ye et al., 2002). The structures of CtHPF-125
and CtHPF-119 predicted by amino acid sequence homol-
ogy modeling are similar to those of EcYfiA, EcHPF, and
LpHPF, with two main exceptions. Specifically, CtHPF-
125 and CtHPF-119 are 20 and 19 amino acids longer
than EcHPF at the C-terminal region, respectively, and
both include additional amino acids in the 50–55 region

FIGURE 2 Amino acid sequence alignment of CtHPF-119, CtHPF-125, LpHPF (long HPF), EcHPF (short HPF), and EcYfiA (paralog of

EcHPF). Black and gray shading indicate residues that are identical between five and four or three sequences, respectively. The overall

structure of the HPF homologs is shown above the sequence by boxes (alpha helices) and arrows (beta sheets). The downward small arrows

indicate the six amino acids involved in ribosome binding in EcYfiA (Vila-Sanjurjo et al., 2004). Red shading indicates the first and sixth

ribosome binding-associated amino acids, which differ in CtHPF-125. The short blue arrow indicates the unique sequences of HPF homologs

from Betaproteobacteria. The long blue arrow indicates the C-terminal extension, which does not exist in EcHPF.
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between the β2 and β3 sheets (Figure 2). The six amino
acids of EcYfiA involved in ribosome binding (Vila-
Sanjurjo et al., 2004) are mostly conserved across the
HPF proteins examined (downward arrows in Figure 2),
although CtHPF-125 differs in two of the six amino acids.
Overall, approximately 24% of the amino acid residues of
CtHPF-125 and approximately 35% of those of CtHPF-119
are identical to those of the corresponding regions of
EcHPF (Figure 2).

2.3 | Analysis of the ribosomal proteins
of C. testosteroni ATCC11996

To analyze the ribosomal proteins (r-proteins) of
C. testosteroni ATCC11996, high-salt washed ribosomes
(HSRs) and both subunits (50S and 30S) fractions were
prepared from logarithmic growth phase cells, as
described in the Section 4. The r-proteins in the HSR,
50S, and 30S fractions were extracted using the acetic
acid method and analyzed by radical-free and highly
reducing 2D polyacrylamide gel electrophoresis (RFHR
2D PAGE). The position of each C. testosteroni r-protein
on the RFHR 2D PAGE gel was predicted by comparing
the theoretical molecular weight (MW) and isoelectric
point (pI) computed from the amino acid sequence of
each r-protein with the pattern of the E. coli r-proteins on
an RFHR 2D PAGE gel (Wada, 1986a, 1986b). Some spots
(L10, L17, L19, L22, L27, L33, S11, and S17) were identi-
fied by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS). All
r-proteins of C. testosteroni ATCC11996 that existed in
the 50S fraction (L1–L36, except L8 and L26) and the 30S
fraction (S1–S21) were located as spots on the RFHR 2D
PAGE gel (Figure 3).

Next, crude ribosome (CR) and HSR fractions were pre-
pared from C. testosteroni cells in the logarithmic growth
and stationary phases. We searched for candidate spots on
the RFHR 2D PAGE gel representing CtHPF-125 (125 amino
acids; MW 13,513; pI 5.52) and CtHPF-119 (119 amino acids;
MW 13,524; pI 9.93). Assuming that these proteins promote
bacterial hibernation, we expected the spots to be present
only in the stationary phase samples. Using MALDI-TOF
MS, CtHPF-125 was identified as a spot located near to the
L7/L12 r-protein, but a candidate spot representing CtHPF-
119 was not found (Figure 3b). High-salt washing of CRs
(i.e., the HSR fraction) released CtHPF-125 from the ribo-
some particles (Figure 3b). These findings suggest that
CtHPF-125 is expressed only in the stationary phase and
bound to ribosomes. No CtHPF-125 protein was identified
in the RFHR electrophoresis patterns of the CR and post
ribosomal supernatant (PRS) fractions of the Cthpf-125 dele-
tion mutant strains even in the stationary phase (Figure S2).

2.4 | CtHPF-125 existed in the CR and
PRS fractions of stationary phase cells

To investigate how the expression of CtHPF-125 changes
with culture time, the CR fraction and the total protein,
the latter of which comprises the CR, PRS, and cell debris
(CD) fractions, were prepared from cells in the logarith-
mic growth phase for 5 h (Klett units = 50) and the sta-
tionary phase (10 h, 15 h, 1 day, and 2 days). RFHR 2D
PAGE analysis of these samples identified CtHPF-125 in
the CR fraction and total protein of stationary phase cells
only (Figure 4a[1,2]), suggesting that CtHPF-125 is bound
to ribosomes in the CR fraction of the cells.

Next, the densities of the CtHPF-125 spot and the
r-protein spots in the CtHPF-125-adjacent region on
the RFHR 2D PAGE gel were measured using a densi-
tometer, and the copy number of each protein was calcu-
lated. The copy number of CtHPF-125 in the CR fraction
increased during the stationary phase (10 and 15 h),
reached a maximum at 1 day, and thereafter decreased
(Figure 4a[1],b). Moreover, the copy number of CtHPF-
125 in the total protein fraction increased and decreased
in a similar manner (Figure 4a[2],b); however, the copy
number of CtHPF-125 in the total protein fraction was
larger than that in the CR fraction at each stationary
phase time-point. The difference between the copy num-
bers of CtHPF-125 in the CR fraction and that of the free
form (total protein minus CR) became larger as the time
in the stationary phase increased (Figure 4b). These find-
ings suggested that only a subset of CtHPF-125 proteins
binds to ribosomes, and a larger subset exists in a free
state in the PRS fraction. To test this hypothesis, PRS
fractions were prepared from cells in the logarithmic
phase (5 h) and the stationary phase (10 h, 15 h, 1 day,
and 2 days), and the proteins were analyzed by RFHR 2D
PAGE. CtHPF-125 was found in all stationary phase PRS
fractions and existed stably even after culture of the cells
for 2 days (Figure 4a[3]), indicating that, in addition to
binding to ribosomes, it can also exist stably in a free
state.

The CR fraction is typically prepared by ultracentrifu-
gation with a 30% sucrose cushion (Ueta et al., 2013).
When the CR fraction of C. testosteroni cells cultured for
1 day was prepared with a 30% or 50% sucrose cushion,
the copy number of CtHPF-125 was 0.26 or 0.16, respec-
tively, whereas it was 0.4 without a sucrose cushion. This
finding suggests that CtHPF-125 bound to ribosomes was
released by ultracentrifugation with the sucrose cushion,
and that the ability of CtHPF-125 to bind to ribosomes is
weaker than those of other HPF homologs such as
EcHPF and long HPF. Consequently, in subsequent
experiments, we prepared CR fractions without the use of
a sucrose cushion.

UETA ET AL. 5
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FIGURE 3 Proteome analysis of ribosomal fractions of C. testosteroni ATCC11996 using RFHR 2D PAGE. (a) The upper column shows

the RFHR 2D PAGE pattern of HSRs prepared from C. testosteroni cells in the logarithmic phase (5 h). The lower column shows the RFHR

2D PAGE pattern of the 30S and 50S subunits prepared from the HSR sample. The spots shown as blue characters (L10, L17, L19, L22, L27,

L33, S11, and S17) were identified by MALDI-TOF MS. The positions of the other proteins were estimated based on r-proteins belonging to

the 30S or 50S subunit, MW, and pI. The position of each E. coli r-protein spot was used as a reference. (b) Identification of CtHPF-125. CR

samples were prepared from cells in the logarithmic phase (5 h), and CR and HSR samples were prepared from cells in the stationary phase

(1 day). The arrows indicate the spots representing CtHPF-125.
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2.5 | CtHPF-119 is not expressed at any
growth phase

Purified CtHPF-119 synthesized in E. coli was able to
bind to ribosomes of C. testosteroni (Ct-ribosomes)
in vitro and was located close to the L7/L12 (L17) spot on

an RFHR 2D PAGE gel (Figure 5a). However, as men-
tioned above, the RFHR 2D PAGE analysis did not detect
native CtHPF-119 in the CR fraction or total protein of
logarithmic growing or stationary phase cells (Figure 4a).
To detect potential low-level expression of CtHPF-119,
the cell extract (CE), CR, and PRS fractions of

FIGURE 4 The expression of CtHPF-125 in the CR, total protein and PRS fractions of cells in the logarithmic and stationary phases.

(a) RFHR 2D PAGE patterns of the CR (1), total protein (2), and PRS (3) fractions of cells in the logarithmic phase (5 h) and stationary phase

(10 h, 15 h, 1 day, and 2 days). The spots representing CtHPF-125 are indicated by arrows. (b) The copy numbers of CtHPF-125 in the CR

(open circles) and total protein (filled circles) fractions of the cells described in (a). The gray broken line indicates the difference (CD + PRS

fractions) between the copy numbers of CtHPF-125 in the CR and total protein fractions. Data are represented as the mean ± SEM of at least

five independent experiments.

UETA ET AL. 7
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C. testosteroni were analyzed by western blotting using an
antibody of CtHPF-119. The anti-CtHPF-119 antibody
reacted with CtHPF-119 but not with CtHPF-125
(Figure 5b, upper image). No CtHPF-119 immunoreactive
bands were detected in the CE, CR, and PRS fractions of
cells in the logarithmic growth and stationary phase
(Figure 5b). These results indicate that CtHPF-119 is not
expressed at any growth phase in the culture conditions
used here.

2.6 | CtHPF-119 and CtHPF-125 are not
expressed during cold or heat stress

EcYfiA, a homolog of EcHPF, is induced by cold shock
(Agafonov et al., 2001). Therefore, we examined whether
CtHPF-119 and CtHPF-125 are expressed in cells during
cold or heat shock. To this end, cells in the logarithmic
growth phase were cultured at 20�C for 2 h (cold shock)
or at 37�C for 1 h (heat shock). Subsequently, CR factions
were prepared and analyzed by RFHR 2D PAGE. CtHPF-
119 and CtHPF-125 were not detected in the CR fraction
of either cell type (Figure 6a). In addition, western blot-
ting of the CR and PRS fractions of cells cultured under
cold or heat shock conditions did not detect CtHPF-119
immunoreactive bands (Figure 6b). These results suggest
that CtHPF-119 and CtHPF-125 are not induced by cold
or heat shock.

2.7 | Purified CtHPF-119 and CtHPF-125
bind to C. testosteroni ATCC11996
ribosomes in vitro

As CtHPF-119 expression was not detected in vivo, we
analyzed its function in vitro using a ribosome binding
assay. The HSR fraction prepared from C. testosteroni cells
cultured for 1 day was incubated with purified CtHPF-119
(10-fold) and/or CtHPF-125 (10-fold) at 30�C for 30 min.
Subsequently, the mixtures were centrifuged with 30%
sucrose bed to avoid contamination of free CtHPF into the
ribosomal fraction, and the ribosomes were collected. The
r-proteins of the ribosomal fractions were then analyzed
by RFHR 2D PAGE. The ribosome binding assay revealed
that 0.47 copies of CtHPF-119 and 0.27 copies of CtHPF-
125 were bound to each ribosome (Figure 7a). When
CtHPF-119 and CtHPF-125 were added to the ribosome at
same time, the copy number of bound CtHPF-119
increased to 0.54 (0.07 copies higher than the single addi-
tion), whereas that of CtHPF-125 was reduced to 0.20 (0.07
copies lower than the single addition; Figure 7a).

FIGURE 5 CtHPF-119 binds to ribosomes in vitro but is not

expressed in C. testosteroni cells during any growth phase. (a) HSRs

were isolated from C. testosteroni cells in the logarithmic phase and

incubated with purified CtHPF-119 for 30 min at 37�C. The mixture

was then centrifuged to collect the ribosomes, and r-proteins were

analyzed by RFHR 2D PAGE. The arrow indicates the spot near

L17 representing CtHPF-119. (b) Western blot analysis using an

anti-CtHPF-119 antibody. CE fractions were prepared from

C. testosteroni cells in the logarithmic phase (5 h; A260 nm = 0.5,

A280 nm = 0.23) and stationary phase (1 day; A260 nm = 0.32,

A280 nm = 0.15) (upper image). CR fractions (middle image;

A260 nm = 0.1 or 0.2) and PRS fractions (lower image; 20 μL,
A280 nm = 0.1–0.2) were also prepared from cells in the

logarithmic phase (5 h) and stationary phase (10 h, 15 h, 1 day, and

2 days). The fractions were separated on 12% SDS-PAGE gels and

analyzed by immunoblotting with an anti-CtHPF-119 antibody.

Purified CtHPF-119 and CtHPF-125 (0.5 μg or 1.0 μg) were loaded
as controls in the upper image, and purified CtHPF-119 (0.5 μg)
was loaded as a control in the middle and lower images.
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2.8 | Purified CtHPF-119 and CtHPF-125
inhibit translation activity in vitro

Next, we used an in vitro transcription-translation PURE
assay system (Shimizu et al., 2005) to investigate whether
CtHPF-119 and CtHPF-125 can affect translational activ-
ity. Ct-ribosomes were prepared from C. testosteroni cells
in the logarithmic growth and stationary phases. As DNA
template, the gene encoding modified E. coli glutathione
S-transferase (EcGST; 201 amino acids), harboring a dele-
tion (194–201) of C-terminal amino acids 1–193 was used
to distinguish the synthesized protein band from the
bands of C. testosteroni r-proteins and other proteins con-
tained in the reaction mixture. The addition of CtHPF-
125 or CtHPF-119 to the in vitro transcription-translation
assay mixture reduced translational activity in a dose-
dependent manner (Figure 7b[1]). For both proteins, the
inhibitory effects were similar on ribosomes extracted
from cells in the logarithmic and stationary growth
phases; however, the inhibitory effect of CtHPF-119 was
much more pronounced than that of CtHPF-125
(Figure 7b[1]), which may be a result of its stronger

ribosome binding activity (Figure 7a). When a 10:1 molar
ratio of CtHPF-125 or CtHPF-119 to ribosome was added
to a reaction mixture containing Ct-ribosomes prepared
from cells cultured for 1 day, translation was inhibited by
approximately 18% by CtHPF-125 or 36% by CtHPF-119,
respectively (Figure 7b[1,2]). Furthermore, when both
CtHPF-125 and CtHPF-119 were added to the in vitro
transcription-translation reaction mixture containing log-
arithmic growth phase Ct-ribosomes, translation activity
was inhibited by approximately 58% (Figure 7b[2]).

2.9 | Mutant CtHPF-125 lacking the
central six amino acids (Δ50–55) has a
stronger translation inhibitory effect than
the wild-type protein or CtHPF-125
(Δ106–125)

CtHPF-125 has two characteristic features that differenti-
ate it from HPFs of other bacteria; the first is the pres-
ence of an additional six amino acid residues (50–55) in
the central region between the β2 and β3 sheets, and the

FIGURE 6 CtHPF-119 and CtHPF-125 are not expressed at low (20�C) and high (37�C) temperatures. (a) CR fractions were prepared

from cells cultured in cold or heat shock conditions and were analyzed by RFHR 2D PAGE. (b) Western blot analysis of CtHPF-119 in CR

(A260 nm = 0.1 or 0.2) and PRS (20 μL; A280 0.09 at 20�C or A280 0.15 at 37�C) fractions prepared from cells cultured in cold or heat shock

conditions. Purified CtHPF-119 (0.5 μg) was loaded as a control.
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FIGURE 7 CtHPF-119 and CtHPF-125 bind to Ct-ribosomes and inhibit translation in vitro. (a) In vitro ribosome binding assay of

CtHPF-119 and CtHPF-125. HSRs were prepared from C. testosteroni cells cultured for 1 day. The HSRs were then incubated with purified

CtHPF-119 (10-fold) and/or CtHPF-125 (10-fold) at 30�C for 30 min. The mixture was centrifuged to collect the ribosomes, and the r-proteins

were separated by RFHR 2D PAGE. The copy numbers of CtHPF-119 and CtHPF-125 per ribosome were then measured. (b) In vitro

transcription-translation activity assays using CtHPF-125 and CtHPF-119. (1) Assay mixtures contained Ct-ribosomes prepared from cells in

the logarithmic phase (open circles or triangle) or the stationary phase (filled circles or triangle) and varying amounts of CtHPF-125 or

CtHPF-119 (10-, 20-, 30-, or 50-fold per ribosome). Data are represented as the mean ± SD of at least three independent experiments.

 

CtHPF-119 + log ribosome CtHPF-119 + 1d ribosome

CtHPF-125 + 1d ribosomeCtHPF-125 + log ribosome

(2) Assay mixtures contained Ct-ribosomes prepared from cells in the logarithmic phase and 10-fold (per ribosome) amounts of CtHPF-119

and/or CtHPF-125. The left y-axis (white box). shows translation activity relative to that without the protein's addition. The right y-axis

(black box) shows the degree (percent) of inhibition assuming to be inhibited by CtHPF-125 and/or CtHPF-119 bound to ribosome.

(c) In vitro transcription-translation assays using Ct-ribosomes and wild-type CtHPF-125 or the CtHPF-125(Δ50–55) or CtHPF-125(Δ106–
125) mutant (10-fold or 30-fold per ribosome). Data are represented as the mean ± SD of at least three independent experiments.
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second is a disordered C-terminal sequence (106–125),
which is not present in EcHPF (Figure 2, Figure S1a). To
examine the roles of these two domains in the inhibitory
effect of CtHPF-125 on translation activity, we generated
and overexpressed YB1035 [KRX (pTXB1-Ct-hpf-125
(Δ50–55))] and YB1036 [KRX (pTXB1-Ct-hpf-125(Δ106–
125))] deletion mutants in E. coli. and purified both pro-
teins as described in the Section 4. When added to in vitro
transcription-translation assay reaction mixtures at 10-fold
or 30-fold per ribosome, the inhibitory activity of CtHPF-
125(Δ50–55) was 1.8- or 2.8-fold stronger than that of
wild-type CtHPF-125, respectively. By contrast, the inhibi-
tory activity of CtHPF-125(Δ106–125) was similar to that
of the wild-type protein (Figure 7c). These results indicate
that the six amino acids between the β2 and β3 sheets of
CtHPF-125 contribute to relief of the inhibition of transla-
tion activity in vitro, whereas the C-terminal region of
CtHPF-125 is unlikely to play a role.

2.10 | CtHPF-125 cannot form 100S
ribosomes and the 70S ribosome of
C. testosteroni Cthpf mutant cells decreases
suddenly than that of wild type cells in the
stationary phase

In response to stress conditions such as nutrient deple-
tion (i.e., stationary phase culture), the inactive 100S (70S
dimer) ribosomes in E. coli (representing Gammaproteo-
bacteria) are formed by EcRMF and EcHPF (short HPF)
(Wada et al., 1990; Yoshida & Wada, 2014). Many other
bacteria show a similar stress response but utilize long
HPF (Ueta et al., 2010, 2013). The ribosome binding sites
of CtHPF, EcHPF, and long HPF are similar; however,
the C-terminal regions of these proteins differ in both
length and amino acid content (Figure 2, Figure S1a). To
investigate whether CtHPF can promote the formation of
100S ribosomes, CR fractions were prepared from
C. testosteroni cells in the logarithmic growth and station-
ary growth phases. The cells were disrupted using quartz
sand, and the CE was ultracentrifuged without a sucrose
cushion. Subsequently, the CR fraction was collected
from the pellet and subjected to 5%–20% sucrose density
gradient (SDG) centrifugation. The analysis revealed that
70S ribosomes, but not 100S ribosomes, were detected in
the CR fraction of cells in the logarithmic growth phase
(5 h) as well as in that of cells in the stationary
phase (10 h, 15 h, 1 day, 2 days, 3 days) (Figure 8a), in
which CtHPF-125 is expressed (Figure 4a). These findings
indicate that CtHPF-125 is unable to form 100S ribo-
somes in the stationary phases.

A similar SDG analysis of CR fractions prepared from
C. testosteroni cells exposed to heat shock (37�C) or cold

shock (20�C) also detected 70S ribosomes but no 100S
ribosomes (Figure S3).

The yield of the CR fraction of E. coli cells, which con-
tains mainly ribosomes, decreased by approximately 62%
following transition from the logarithmic growth phase
(5 h) to the stationary phase (24 h), and then remained
constant throughout the 3 days analysis period
(Figure 8b). By contrast, the yield of the CR fraction of
C. testosteroni wild type and mutant cell continued to
decrease after entering the stationary phase and dropped
to approximately 18% and 11% of that of the logarithmic
growth phase after 3 days and the reduction was more
pronounced in the mutant strain than in the wild-type
strain (Figure 8b). Next, we investigated whether 70S par-
ticles in the CR fraction of C. testosteroni wild type and
mutant cells are retained stably in stationary phase. The
cells were cultured and sampled at various times (5 h,
10 h, 1 day, 2 days, and 3 days), and the CEs were ultra-
centrifuged without a sucrose cushion. Subsequently, the
CR fractions were collected as the pellet and analyzed by
5%–20% SDG centrifugation. In the logarithmic growth
phase, 70S ribosomes accounted for 67% and 72% of the
CR fraction in wild type and the mutant cells, respec-
tively but this percentage decreased to 50% and 28% after
3 days, and the percentage of the upper fraction contain-
ing degradation products of ribosome increased after
1 day (Figure 8a,c[1,2]). Next, to remove low MW RNAs,
the CE was ultracentrifuged with a 30% sucrose cushion.
The CR was collected and analyzed by 5%–20% SDG cen-
trifugation. In this experiment, the 30S and 50S subunits
were not observed by SDG centrifugation with 15 or
6 mM Mg2+ in the CR fractions of cells cultured for 1 day
(Figure 8d). These findings suggest that Ct-ribosomes do
not dissociate into the 30S and 50S subunits in the sta-
tionary phase, despite a reduction in the number of ribo-
somes per cell after culture for 1 day. Furthermore, these
results suggests that Ct-ribosomes do not decompose dur-
ing culture for up to 1 day。However, in the mutant
strain, 70S particle degradation is higher than in the
wild-type strain from 1 day, and the decay progresses sig-
nificantly over the next 3 days. This suggests that CtHPF-
125 is responsible for preventing 70S from degradation in
the stationary phase.

2.11 | Long HPF promotes the formation
of 100S ribosomes from 70S ribosomes in
C. testosteroni ATCC11996

Betaproteobacteria such as C. testosteroni do not have the
hibernation factors found in other bacteria (long HPF or
RMF plus short HPF) which form 100S ribosome, but
have two distinct CtHPFs and express one (CtHPF-125)
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FIGURE 8 C. testosteroni does not form 100S ribosomes in the logarithmic growth or stationary phase. (a) The ribosome profiles of CR

fractions (60 pmol) prepared from C. testosteroni cells in the logarithmic phase (5 h) and stationary phase (10 h, 15 h, 1 day, 2 days, and

3 days). The CR fractions were analyzed by 5%–20% SDG centrifugation. The direction of the 5%–20% SDG is from left (top) to right

(bottom). (b) The ribosome yields of C. testosteroni ATCC11996 wild, Cthpf-125 mutant cells and E. coli W3110 cells in the logarithmic and

stationary phases. The amount of ribosomes in each strain was estimated based on the absorbance of the CR fraction normalized to the cell

weight. The y-axis shows the amount of ribosome relative to that of the logarithmic phase. Closed circle, open circle, and closed triangle

show C. testosteroni wild, Cthpf-125 mutant cells and E. coli W3110 cells, respectively. (c) (1) The stability of 70S ribosomes in the CR

fraction of C. testosteroni wild and Cthpf-125 mutant cells. CR fractions were prepared from C. testosteroni (WT) and the Cthpf-125 mutant

cells in the logarithmic phase (5 h; black) and stationary phase (1 day; red, 2 days; blue, and 3 days; green). The CR fractions (60 pmol) were

analyzed by 5%–20% SDG centrifugation. The profiles were shown. The direction of the 5%–20% SDG is from left (top) to right (bottom).

Vertical axis shows absorbance at OD 260. (2) The percentages of the CR fraction represented by 70S ribosomes and the upper fraction

(fraction excluding 70S) were calculated from the ribosome profiles shown in (c) (1). Closed circle, open circle, closed triangle and open

triangle show wild 70S, Cthpf-125 mutant 70S, wild upper fraction and Cthpf-125 mutant upper fraction, respectively. Vertical axis shows

70S ratio in crude ribosome as percentages (%). (d) The ribosome profiles of CR fractions prepared from C. testosteroni cells cultured for

1 day. The CR fractions were prepared by ultracentrifugation using a 30% sucrose cushion and were analyzed by 5%–20% SDG centrifugation

with different Mg2+ concentrations (6 or 15 mM). The direction of the 5%–20% SDG is from left (top) to right (bottom).
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of two (Table S2). As described above, 70S ribosomes, but
not 100S ribosomes, were detected in C. testosteroni cells
during the logarithmic growth and stationary phases
(Figure 8a). Therefore, we investigated whether ribo-
somes from C. testosteroni can form 100S ribosomes
in vitro in the presence of long HPF (LpHPF) or EcRMF
plus EcHPF. Although EcRMF and EcHPF were able to
bind to E. coli 70S ribosomes which were prepared from
rmf, hpf and yfiA deleted cells and form 100S ribosomes,
they were unable to form 100S ribosomes from
C. testosteroni 70S ribosomes (Ct-70S ribosomes)
(Figure 9a). Notably, EcHPF was able to bind to Ct-70S
ribosomes, whereas EcRMF was not (Figure 9a). On the
other hand, the long HPF homolog of L. paracasei
(LpHPF) was able to bind to Ct-70S ribosomes and
formed Ct-100S ribosomes (Figure 9b). These findings

indicate that, unlike CtHPF-125, ancestral-type long HPF
is able to promote the dimerization of Ct-70S ribosomes
to form Ct-100S ribosomes.

3 | DISCUSSION

This study investigated the functions of two HPF homo-
logs in the Betaproteobacteria class, using C. testosteroni
ATCC11996 as a representative species. The genome of
C. testosteroni, which belongs to the Comamonas genus
(Comamonadaceae family, Burkholderiales order, Betapro-
teobacteria class), is present. two HPF homologs: CtHPF-
125 and CtHPF-119, which contain 125 and 119 amino
acid residues, respectively. While CtHPF-119 orthologs are
universally present in all Betaproteobacteria genomes

FIGURE 9 Ancestral-type long HPF promotes the dimerization of Ct-70S ribosomes to form Ct-100S ribosomes. (a) The ribosome

profiles of 5%–20% SDG centrifugation after incubation Ct-HSRs and EcRMF and/or EcHPF. Ct-HSRs were prepared from C. testosteroni cells

cultured for 1 day and then incubated with Buffer I, EcRMF, and/or EcHPF at 37�C for 30 min. The reaction mixtures were analyzed by 5%–
20% SDG centrifugation. The direction of the 5%–20% SDG is from left (top) to right (bottom). The images below the graphs show western

blot analyses of the corresponding fractions using an anti-EcRMF or anti-EcHPF antibody. Purified EcRMF (1.9 μg) and EcHPF (3.2 μg)
protein were loaded as controls. (b) The ribosome profiles of 5%–20% SDG centrifugation after incubation Ct-HSRs and LpHPF. Ct-HSRs

were prepared as described in (a) and dissociated as described in the Section 4. The reaction mixture containing LpHPF and dissociated Ct-

HSR was incubated at 37�C for 30 min, and then the ribosome fractions were collected and analyzed by 5%–20% SDG centrifugation. The

direction of the 5%–20% SDG is from left (top) to right (bottom). The images below the graphs show western blot analyses of the level of

LpHPF protein in the corresponding fractions. Purified LpHPF (2.6 μg) protein was loaded as a control.
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sequenced so far, Betaproteobacteria harboring CtHPF-125
are confined to the Comamonadaceae family, some mem-
bers of the Burkholderiaceae family, some members of the
Oxalobacteraceae family, Paenalcaligenes hominis, Nitroso-
monas communis, Thiobacillus denitrificans, and Azospira
oryzae (Table S2). An alignment analysis revealed that the
amino acid homology of CtHPF-119 to EcHPF is higher
than that of CtHPF-125 to EcHPF (Figure 2, Figure S1).

We found that CtHPF-125 was expressed in station-
ary phase cells but not in logarithmic growth phase
cells (Figures 3 and 4a,b). CtHPF-125 existed stably in
the PRS fraction (Figure 4a[3],b), whereas HPFs from
E. coli (EcHPF), S. aureus (SaHPF), and L. paracasei
(LpHPF) are bound to ribosomes, exist in the CR frac-
tion but are not found in the PRS fraction (Ueta
et al., 2010, 2013; Yoshida et al., 2019). Therefore, it
indicates that CtHPF-125 exists stably in a free state in
addition to being bound to the ribosome in the cell.
When not bound to ribosomes, EcHPF, SaHPF, and
LpHPF are unstable and may be degraded by proteases.
We hypothesize that C. testosteroni does not contain
such proteases or that CtHPF-125 is resistant to prote-
ase degradation. We don't know if free HPF has any
other functions. RFHR 2D PAGE and western blotting
analyses did not detect CtHPF-119 in the CR, PRS, or
CE fraction of cells in the logarithmic growth or sta-
tionary phase (Figures 4a and 5b). Nonetheless, it
would be worth examining the expression of CtHPF-
119 in other culture conditions.

The ribosome binding ability of CtHPF-125 was lower
than those of other HPF homologs, including CtHPF-119,
which have nearly identical binding amino acid
sequences to ribosomes. Alignment of the amino
acid sequences of CtHPF-125, CtHPF-119, EcHPF, and
LpHPF showed that two (the first and sixth) of six amino
acids involved in ribosome binding differ in CtHPF-125
(E24, T97) compared with CtHPF-119 (K23, R92), EcHPF
(K23, K87), and LpHPF (R24, K91) (Figure 2; red shad-
ing), representing a change from positively charged
amino acids (K or R) to negatively charged (E24) or
hydrophilic (T97) amino acids in CtHPF-125. The lower
ribosome binding ability of CtHPF-125 may be a result of
the replacement of these two basic amino acids.

YfiA (EcYfiA) which is a homolog of EcHPF is
induced during the cold shock stress and the stationary
phase (Agafonov et al., 2001; Maki et al., 2000). However,
CtHPF-125 and CtHPF-119 were not expressed in
C. testosteroni cells exposed to cold or heat stress
(Figure 6). CtHPF-119 were not expressed in the CtHPF-
125 deletion mutant. As CtHPF-119 are universally pre-
sent in all Betaproteobacteria genomes sequenced so far,
additional experiments are required to investigate
whether these proteins are expressed in other stress

conditions. We will examine the function of CtHPF-119
in Betaproteobacteria that have only CtHPF-119.

We also investigated the functions of CtHPF-125 and
CtHPF-119 in translation in vitro. The addition of
CtHPF-125 or CtHPF-119 to an in vitro transcription-
translation system dose-dependently inhibited the trans-
lational activity (Figure 7b[1,2]). Notably, the inhibitory
activity of CtHPF-119 (36%) was higher than that of
CtHPF-125 (18%). In addition, an in vitro binding analy-
sis revealed that 0.47 copies of CtHPF-119 and 0.27 copies
of CtHPF-125 bind to each ribosome (Figure 7a), which
corresponds to the difference between the translation
inhibitory activities of these two proteins. Furthermore,
when both CtHPF-125 and CtHPF-119 were added to the
in vitro transcription-translation reaction mixture con-
taining logarithmic growth phase Ct-ribosomes, transla-
tion activity was inhibited by approximately 58%
(Figure 7b[2]). Assuming that CtHPF-125 (0.27/ribo-
some), CtHPF-119 (0.47/ribosome), or CtHPF-125 plus
CtHPF-119 (0.74/ribosome) bound to Ct ribosome inhibit
in vitro translation activity, these inhibition is about
70%–80% (Figure 7b[2] black box). Overall, these results
suggest that CtHPF-125 and CtHPF-119 inhibit transla-
tion in vitro by binding to ribosomes.

Two deletion mutants were constructed to character-
ize the region of CtHPF-125 involved in the inhibition of
translation activity. The CtHPF-125(Δ50–55) mutant har-
boring a deletion of the six amino acids between the β2
and β3 sheets had a stronger translational inhibitory
effect than the wild-type protein. On the other hand, the
inhibitory effect of a deletion mutant lacking the 20 C-
terminal amino acids (CtHPF-125(Δ106–125)) was simi-
lar to that of the wild-type protein (Figure 7c). The copy
numbers of CtHPF-125, CtHPF-125(Δ50–55), and CtHPF-
125(Δ106–125) bound to each ribosome were comparable
(Figure S4). These results suggest that the central region
of CtHPF-125 may attempt to diminish the effect of the
translation inhibition, whereas the C-terminal region
does not. A previous structural and biochemical analysis
of EcYfiA revealed that it fills the tRNA- (A site and P
site) and mRNA-binding channel of the 30S subunit and
impairs initiation factor-dependent binding of fMet-tRNA
to ribosomes at 16�C (Vila-Sanjurjo et al., 2004). Since
EcYfiA and CtHPF-125 share similar ribosome binding
sequences (Figure 2), the location of CtHPF-125 on the
ribosome may be the same as that of EcYfiA (Figure 2).
Therefore, the central region of CtHPF-125 may locate
close to the A-site (tRNA-binding site) of the 30S subunit
and regulate translation inhibition. Further experiments
are required to elucidate the mechanism of translational
inhibition by CtHPF-125.

Bacteria having long HPF or RMF and short HPF
as hibernation factor, form 100S ribosome but
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Betaproteobacteria such as C. testosteroni cannot form
100S ribosome by CtHPF-125 under stress conditions. To
determine whether this difference results in Ct-70S ribo-
some, we examined the ability of Ct-70S ribosomes to
form 100S ribosomes in vitro in the presence of LpHPF
(long HPF) or EcRMF and EcHPF. Although EcHPF (but
not EcRMF) bound to the Ct-70S ribosome (Figure 9a),
the protein was unable to promote the formation of Ct-
100S ribosomes. By contrast, LpHPF bound to Ct-70S
ribosomes and induced the formation of 100S ribosomes
(Figure 9b). Therefore, although CtHPF-125 cannot pro-
mote the formation of Ct-100S ribosomes, Ct-70S ribo-
somes have the potential to dimerize and form Ct-100S
ribosomes in the presence of ancestral-type long HPF, as
was observed in E. coli ribosome which delete EcRMF,
EcHPF, and EcYfiA (Ueta et al., 2013). Lack of the
C-terminal domain of long HPF, which is essential to
the HPF-HPF hydrophobic interaction required for 100S
formation (Usachev et al., 2020), may explain why
CtHPF-125 is able to bind to ribosomes but cannot induce
100S ribosome formation.

In E. coli, EcRMF (55 amino acids) is required for pro-
longed survival during nutrient starvation conditions,
whereas EcHPF (95 amino acids) and EcYfiA are not
(Ueta et al., 2005; Yamagishi et al., 1993). Pseudomonas
aeruginosa has two genes coding PaRMF (70 amino
acids) and PaHPF (102 acids), corresponding to EcRMF
and EcHPF, and has not yfiA gene. PaHPF is necessary
for prolonged survival under nutrient-limited conditions,
whereas PaRMF is not (Akiyama et al., 2017). By our
experiments, Pseudomonas fluorescens also have two
genes of PfHPF (102 amino acids; 77% identity with
PaHPF) and PfRMF (70 amino acids; 80% identity with
PaRMF), and the genes encoding the HPF and RMF pro-
teins of P. aeruginosa or P. fluorescens are located at the
same genomic position in each species. HPF and RMF of
two strains are similar. In P. fluorescens cells, an RFHR
2D PAGE analysis detected PfHPF but could not PfRMF
in stationary phase. In addition, 100S ribosomes were not
detected in the stationary phase cells (our unpublished
data). It suggests that PfHPF cannot form 100S ribosome
but have the function of prolonged survival. Similarly,
PaRMF may not be expressed in P. aeruginosa. The
strains belong to Gamma Proteobacteria, Pseudomonada-
ceae but could not form 100S ribosome by PfRMF and
PfHPF (Figure S5).

We isolated for the first time a deletion mutant strain
of CtHPF-125 gene from C. testosteroni. In the deletion
mutant, the yield of ribosomes was lower than wild type
strain and 70S ribosomes were collapsed earlier than in
wild type strain (Figure 8b,c). Growth (colony former) of
the mutant strain in the stationary phase also decreased
faster than wild type strain (Figure 1c). This suggests that

CtHPF-125 is a hibernation factor of C. testosteroni.
CtHPF-125 does not produce 100S (Figure 8a), as PaHPF
of P. aeruginosa or P. fluorescens, but instead binds to
70S, thereby interrupting translation during stress and
allowing the strain to survive.

Here, we found that the numbers of ribosomes per
cell in C. testosteroni and E. coli decreased suddenly dur-
ing transition from the logarithmic growth phase to the
stationary phase. Subsequently, the ribosome number of
C. testosteroni continued to decrease, whereas that of
E. coli remained fairly constant throughout the 3 days
observation period (Figure 8b). Furthermore, in
C. testosteroni, 70S ribosomes accounted for a large per-
centage (about 70%) of the CR fraction, and their level
was constant in cells cultured for up to 1 day but then
decreased gradually with extended culture (Figure 8c).
The 70S ribosomes did not dissociate into the 30S and
50S subunits in exponential growth or stationary phase
cells, and the level of fractions smaller than 30S increased
gradually after culture for 1–3 days (Figure 8a,c). The col-
ony former of C. testosteroni increased from 3.5 � 108

cells/mL after culture for 8 h to 1.4 � 109 cells/mL after
culture for 2 days, and then decreased sharply
after 3 days (Figure 1c). In the early stationary phase,
despite the decrease in the number of ribosomes per cell,
the cells continued to proliferate for two generations.
This suggest that ribosomes are not newly synthesized
and not yet collapsed in the early stationary phase, the
existing ribosomes are distributed, and the number of
ribosomes per cell decreases. The life of C. testosteroni is
shorter than that of E. coli, which may be attributed to
the fact that CtHPF-125 cannot form 100S ribosomes in
contrast to E. coli and binds weakly to 70S ribosomes.

Recent studies have shown that E. coli hibernation
factors (HPF and RMF) and SaHPF from S. aureus pre-
vent ribonuclease-mediated degradation of rRNA to pro-
tect complete ribosomes, thereby contributing to
ribosome particle homeostasis and efficient resumption
of logarithmic growth after nutrient replenishment
(Lipo�nska & Yap, 2021; Prossliner et al., 2021). Ribo-
somes of B. subtilis cells lacking the Bshpf gene lose
r-proteins S2 and S3 in the stationary phase (Feaga
et al., 2020), and ribosomes of P. aeruginosa cells lacking
the Pahpf gene lose r-proteins L5 and S13 (Theng
et al., 2020). These findings suggest that BsHPF and
PaHPF bind to ribosomes and protect against ribosome
collapse during nutrient deficient conditions, ensuring
that ribosomes are ready for use when the stress is
removed, and that translation can restart rapidly without
new ribosome synthesis.

To summarize, this study demonstrates that CtHPF-
125, one of two HPF homologs in C. testosteroni, is
expressed specifically in the stationary phase. Together
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with the results of several other bacterial HPF studies,
the data presented here suggest that binding of CtHPF-
125 to the ribosome stops translation and protects against
70S ribosome degradation, enabling C. testosteroni cells to
restart translation without the synthesis of new ribo-
somes when stress (such as nutrient starvation) is
removed. CtHPF-125 may be involved in cellular transla-
tional regulation as hibernation factor as HPF of other
bacteria; however, as it binds to ribosomes weakly, ribo-
some collapse likely continues during the late stationary
phase, and C. testosteroni cells die at a faster rate than
E. coli.

Based on the phylogenetic tree, we summarized the
transition of the hibernation factor and the 100S ribo-
some formation (Figure S5).

4 | EXPERIMENTAL PROCEDURES

4.1 | Bacterial strains and plasmids

The C. testosteroni ATCC11996 (NBRC 14951T) strain was
used. The Cthpf-125 and Cthpf-119 genes were amplified
by PCR from genomic DNA isolated from C. testosteroni
ATCC11996. The following primers were used: 50-NdeI-
Cthpf-125-F and 30-SapI-Cthpf-125-R, or 50-NdeI-Cthpf-
119-F and 30-SapI-Cthpf-119-R (Table S1). The amplified
products were cloned into the pTXB1 expression vector
(IMPACT System; New England Biolabs, Inc., Ipswich,
MA), and the resulting plasmids (pTXB1-Cthpf-125 and
pTXB1-Cthpf-119) were transformed into the E. coli KRX
strain (Promega, Madison, WI) to generate the YB1035
[KRX (pTXB1-Cthpf-125)] and YB1036 [KRX
(pTXB1-Cthpf-119)] strains, respectively. The cloned
Cthpf-119 and Cthpf-125 products were confirmed by
DNA sequencing. The sequence of cloned Cthpf-119 was
identical to that of Cthpf-119 from C. testosteroni
ATCC11996 (WP_003072415.1). Four independent clones
of Cthpf-125 had a single nucleotide replacement
(A369C) compared with Cthpf-125 from C. testosteroni
ATCC11996 (WP_003060358.1).

To generate the C-terminal deletion mutant of Cthpf-
125, the ORF of Cthpf-125(Δ106–125) was amplified using
genomic DNA isolated from C. testosteroni as a template
and the following PCR primers: 50-NdeI-Cthpf-125-F and
30-SapI-Cthpf-125(Δ106–125)-R (Table S1). The central
deletion mutant of Cthpf-125 was generated by PCR using
the PrimeSTAR Mutagenesis Basal Kit (Takara Bio Inc.,
Shiga, Japan), pTXB1-Cthpf-125 as a template, and the fol-
lowing PCR primers: Cthpf-125(Δ50–55)-1 and Cthpf-125
(Δ50–55)-2 (Table S1). The DNA sequences of the cloned
deletion mutants were confirmed by sequencing. The
pTXB1-Cthpf-125(Δ106–125) and pTXB1-Cthpf-125(Δ50–

55) plasmids were transformed into the E. coli KRX strain
to generate the YB1037 [KRX (pTXB1-Cthpf-125(Δ106–
125))] and YB1038 [KRX (pTXB1-Cthpf-125(Δ50–55))]
strains, respectively.

4.2 | Medium and growth conditions

The C. testosteroni ATCC11996 strain was grown by shak-
ing at 30�C in 802-medium containing 1% Hipolypepton
(FUJIFILM-Wako, Osaka, Japan), 0.2% yeast extract
(Difco, BD Biosciences Advanced Bioprocessing 50 NW
176 Street, Miami, USA) and 0.1% MgSO4/7H2O (pH 7.0).
Cell growth was estimated by measuring the cell turbidity
using a Klett–Summerson photoelectric colorimeter (Bel-
Art Products, Wayne, NJ, USA) with a green filter (#54).
Cells were harvested in the logarithmic and stationary
phase, and stored at �80�C until use. Cell growth on
802-medium agar plates was determined by monitoring
the colony size or by counting colony numbers after incu-
bation at 30�C for 2 days.

4.3 | Construction of the Cthpf-125
deletion mutant (ΔCthpf-125)

Cthpf-125 deletion mutants of C. testosteroni (NBRC
14951T, ATCC11996) were constructed by modifications
of a rapid streamlined method (Huang & Wilks, 2017).
pEX18Tc plasmid was replaced by the shuttle vector
pMADcm (Tsai et al., 2011), which is designed for effi-
cient allelic replacement in Gram positive bacteria
(Arnaud et al., 2004) and cannot replicate stably at 30�C
in C. testosteroni. The properties were useful to select the
genes integrated by homologous recombination into
chromosomes. The chloramphenicol gene of pMADcm
was cut out with SalI and BglII and replaced with the
fragment (SalI-Cthpf-125-Up-tet-Cthpf-125-Down BglII),
which was replaced the Cthpf-125 gene of the host with
tetracycline gene of pMADtet (Tsai et al., 2011). Three
fragments were amplified by PCR with the following
primers (Table S2) and were sequentially ligated using
NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs).

[tet gene]
Cthpf-125-Up-tet-F: GAGGATTTGCTAAGTGATGA
AATACTGA
Cthpf-125-Down-tet-R: AACGCTTCATCTGTTATAA
AAAAAGGAT
[upstream region]
SalI-Cthpf-125-Up-F: GATCGTCGACCCGGCGAAA
TCTGGATTC

16 UETA ET AL.

 13652443, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gtc.13137 by M

asam
i U

eta - C
ochrane Japan , W

iley O
nline L

ibrary on [11/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



tet-Cthpf-125-Up-R: TCATCACTTAGCAAATCCTCC
TAGTCAC
[downstream region]
tet-Cthpf-125-down-F: TTTATAACAGATGAAGCGT
TTTTGGCTTC
BglII-Cthpf-125-Down-R: CGAGATCTGCAACGATA
CCGCCATCAC

The constructed fragment was amplified by PCR and
digested by SalI and BglII, and ligated into SalI-BglII
sites of pMADcm to generate the pMAD Up gene region
(500 bp)-tet(ΔCthpf-125)-Down gene region(505 bp),
and transformed to E. coli NEB-5 alpha strain (New
England Biolabs) and the tetracycline-resistant transfor-
mant was isolated and the plasmid DNA was prepared.
The inserted fragment of the target plasmid was con-
firmed by PCR and sequencing. The target plasmid
DNA was introduced into C. testosteroni cells by electro-
poration. The tetracycline-resistant ΔCthpf-125 deletion
mutant was isolated using 802-medium plate with
10 μg/mL tetracycline. The absence of the Cthpf-125
gene in the deletion mutant cells was confirmed by col-
ony PCR using the following primer pairs and sequenc-
ing the PCR fragment.

del-F: GATGATTGAGGTCAGCCCTG
del-R: GTCTGCTTCGAAGTGATAGG

4.4 | Preparation of the CR, PRS, and CD
fractions

CRs were prepared from CEs according to the method
of Noll et al. (1973) with slight modifications (Horie
et al., 1981). Harvested cells were ground with similar
volumes of quartz sand (FUJIFILM-Wako, Osaka,
Japan), and the disrupted cells were 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 centrifuged
at 9000g for 15 min at 4�C. The supernatant was
saved, and the pellet was resuspended in buffer
I. Subsequently, the suspension was centrifuged again
under the same conditions, and the resulting pellet was
collected as the CD fraction. The combined superna-
tants (CE) were layered onto a 30% sucrose cushion in
buffer I and centrifuged in a 55.2 Ti rotor (Beckman,
Fullerton, CA, USA) at 206,000g for 3 h at 4�C. To mini-
mize dissociation of CtHPF-125 from C. testosteroni ribo-
somes, the CE was centrifuged without a sucrose
cushion. The pellet was resuspended in buffer I and
used as the CR fraction, and the supernatant was used
as the PRS.

4.5 | Preparation of HSRs

HSRs were prepared as described by Horie et al. (1981).
Briefly, the CR fraction was resuspended in buffer II
[20 mM Tris–HCl (pH 7.6), 10 mM magnesium acetate,
1 M ammonium acetate, and 6 mM 2-mercaptoethanol]
and mixed for 1 h at 4�C. Subsequently, 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 206,000g for 4 h at 4�C. The
pellet was resuspended in buffer I and dialyzed against
the same buffer overnight. This suspension was used as
the HSR fraction.

4.6 | Preparation of 30S and 50S subunits

HSRs were suspended in dissociation buffer I [20 mM
Tris–HCl (pH 7.6), 1 mM magnesium acetate, 100 mM
ammonium acetate, and 6 mM 2-mercaptoethanol] and
dialyzed against the same buffer overnight. The sample
was then layered onto a 10%–40% SDG in dissociation
buffer I and centrifuged in a 45 Ti rotor (Beckman) at
20,000g for 19 h at 4�C. The gradient was fractionated,
and the absorbance of each fraction was measured using
a UV-1800 spectrometer (Shimadzu, Kyoto, Japan) 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 206,000g for 4 h at 4�C. Each pellet
was resuspended in buffer I.

4.7 | Analysis of ribosomes by SDG
centrifugation

Each ribosome sample was layered onto a 5%–20% SDG
(12 mL) in buffer I and centrifuged in a SW 40 Ti rotor
(Beckman) at 25,000g for 20 h at 4�C. The SDGs were
prepared using a Gradient Mate 6T instrument (Bio-
Comp Instruments, Fredericton, NB, Canada). The absor-
bance of each fraction was measured at 260 nm using a
flow cell in a UV-1800 spectrometer (Shimadzu).

4.8 | RFHR 2D PAGE

C. testosteroni ATCC11996 proteins were prepared by the
acetic acid method (Hardy et al., 1969). A one-tenth vol-
ume of 1 M MgCl2 and two volumes of acetic acid were
added to the protein solution, and the mixture was stirred
for 1 h at 0�C. After centrifugation at 10,000 g for 10 min,
the supernatant was dialyzed three times against 2%
acetic acid (the volume of the dialysis buffer was 300-fold
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larger than the volume of the sample) for 24 h. The pro-
teins were lyophilized and stored at �80�C until use. The
protein solution (2 mg of 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,
1986b), with some slight modifications (Ueta et al., 2010).
RFHR 2D PAGE was improved on the 2D PAGE method
of Kaltschmidt and Wittmann (1970) as follows: (a) To
avoid immobilization of proteins by free radical fixation
to the sample gels, gelation of the sample solution was
not performed. Instead, when preparing sample gels,
“sample charging electrophoresis” was performed before
the first dimension (1D) electrophoresis to charge pro-
teins into gel pieces polymerized previously in the
reduced conditions. (b) During electrophoresis, proteins
migrate together with charged reductants; therefore,
2-aminoethanethiol was used to avoid the formation of
artificial disulfide bridges during migration. (c) The sec-
ond dimension (2D) electrophoresis was carried out at a
more acidic pH (3.6) to achieve better separation of very
small and basic proteins. These modifications improved
the quantitative yield and reproducibility of the 2D PAGE
analyses, and many faint spots disappeared not only at
the high MW side but also in the region containing the
primary spots of r-proteins. Sample charging electropho-
resis was carried out at 100 constant volts (CV) for
15 min at room temperature (RT). Subsequently, 1D elec-
trophoresis was carried out at 170 CV for 8 h at RT, and
2D electrophoresis was carried out at 100 CV for 15 h at
RT. The 2D gels were stained with CBB G-250, and pro-
tein spots were scanned using a GS-800 calibrated densi-
tometer (Bio-Rad Laboratories, Hercules, CA, USA).

4.9 | Protein identification by MALDI-
TOF MS

The identification of proteins in the spots from the RFHR
2D PAGE gels were analyzed by Genomine Inc.
(Gyeongsangbuk-do, Korea). The proteins were digested
by trypsin, and a peptide mass fingerprinting analysis
was performed using MALDI-TOF MS. The results were
searched against the UniProt database using the Mascot
Search engine. The genome sequence of C. testosteroni
ATCC11996 was used for identification of the HPF homo-
log (CtHPF-125; Accession No. EHN67804) and eight
r-proteins (L10, L17, L19, L22, L27, L33, S11, and S17).

4.10 | Determination of the CtHPF-125
and CtHPF-119 copy numbers

Copy number refers to the molar ratio of a ribosome
binding protein to a single 70S ribosomal particle, 30S

subunit, or 50S subunit. The optical density (OD) of a
protein spot on an RFHR 2D PAGE gel was deter-
mined by scanning the spot with a GS-800 calibrated
densitometer. The molar amount of the protein was
based on its OD value and MW (OD/MW). The
OD/MW values for CtHPF-125 and CtHPF-119 were
normalized against those for the r-proteins L9 and S6
or L14 and L17, respectively. These r-proteins were
used as references because their protein copy numbers
are known (Hardy, 1975; Tal et al., 1990;
Wada, 1986a), and they were located near the spots of
CtHPF-125 and CtHPF-119 in the RFHR 2D
PAGE gels.

4.11 | Preparation of the CtHPF-125,
CtHPF-119, CtHPF-125(Δ106–125), and
CtHPF-125(Δ50–55) proteins

YB1035 = KRX (pTXB1-Cthpf-125), YB1036 = KRX
(pTXB1-Cthpf-119), YB1037 = KRX [pTXB1-Cthpf-125
(Δ106–125)], and YB1038 = KRX [pTXB1-Cthpf-125
(Δ50–55)] were overexpressed by adding 0.2% rhamnose
to the 802 medium. The cells were cultured for 7 h and
collected. The PRS fractions were prepared. Each intein-
tagged protein in the PRS fraction was purified using a
column filled with Chitin beads (New England Biolabs,
Inc.) and then cleaved by DTT to obtain the desired pro-
teins, as described in the instruction manual for the
IMPACT™ Kit (New England BioLabs Inc., New
England). The purified proteins were dialyzed against
Tris-KCl buffer (20 mM Tris–HCl (pH 7.6) and 30 mM
KCl) for use in the in vitro translation and binding
assays. The purified proteins were stored at �20�C
until use.

4.12 | Detection of CtHPF-119 by
immunoblotting

Protein samples were separated on 12% SDS-PAGE
gels and transferred to PVDF membranes
(Immobilon-P transfer membrane; Merck Millipore,
Burlington, MA, USA). Subsequently, the membranes
were incubated with an anti-CtHPF-119 (NCBI acces-
sion no. WP_003072415) polyclonal rabbit antibody
against a specific sequence of 13 amino acids
(KTRQQGPRATAKR), which was produced and puri-
fied by SCRUM Inc. (Tokyo, Japan). Anti-CtHPF-119
reacted with CtHPF-119 but did not react with CtHPF-
125. Anti-Rabbit IgG (Fc) Alkaline Phosphatase Con-
jugate (Promega, Madison, Wisconsin, USA) was used
as a secondary antibody and detected using BCIP/NBT
Color Development Substrate (Promega).
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4.13 | Binding of CtHPF-125 and CtHPF-
119 to ribosomes in vitro

HSRs were prepared from C. testosteroni ATCC11996 cells
cultured for 1 day. The Ct-HSRs were mixed with CtHPF-
125 and/or CtHPF-119 and then incubated at 30�C for
30 min. The mixtures were then layered onto a 30%
sucrose cushion prepared in buffer I and centrifuged in a
90 Ti rotor (Beckman) at 155,000g for 4 h at 4�C. Each
pellet was resuspended in buffer I and analyzed by RFHR
2D PAGE.

4.14 | Expression of CtHPF-125 and
CtHPF-119 under heat and cold stress

C. testosteroni ATCC11996 cells were cultured at 30�C
until logarithmic phase (Klett units: 50) and then incu-
bated at 37�C for 1 h (heat shock) or at 20�C for 2 h (cold
shock). The cells were then centrifuged and used to pre-
pare the CR fractions. The CR proteins were analyzed by
RFHR 2D PAGE and western blotting using an anti-
CtHPF-119 antibody.

4.15 | In vitro translation assay

In vitro transcription-translation protein synthesis
(Shimizu et al., 2005) was performed using the PUREfrex
1.0 kit (GeneFrontier, Chiba, Japan). The E. coli ribo-
somes in kit component Solution III were replaced with
C. testosteroni ribosomes. Ct-ribosomes were prepared
from logarithmic phase cells (Klett units: 50) or cells cul-
tured for 1 day, using HiTrap Butyl FF columns
(GE Healthcare Life Sciences, Chicago, IL, USA)
(Shimizu et al., 2005; Shimizu & Ueda, 2010). To distin-
guish the in vitro synthesized protein from other proteins
during SDS-PAGE, the DNA encoding EcGST-(1–193)
(theoretical MW: 22098.5) was amplified from the geno-
mic DNA of E. coli W3110 using PCR primers 50-Ecgst-F
and 30-Ecgst (1–193)-R (Table S1). Subsequently, a second
amplification of the Ecgst-(1–193) DNA was performed
using the first PCR product as the template and PCR
primers 50-T7pRQ-SD and 30-Ecgst (1–193)-R (Table S1).
The amplicon was purified using the QIAquick PCR puri-
fication kit (QIAGEN, Hilden, Germany) and used as the
template DNA in the transcription-translation reaction.
The reactions were carried out for 2 h at 37�C in a 20 μL
reaction mixture containing 1 μM ribosomes, 20 ng of
template DNA, and 10 units of RNase Inhibitor (Super)
(FUJIFILM-Wako, Osaka, Japan). The reaction mixtures
were analyzed by SDS-PAGE using a Multi Gel II mini,
10%–20% linear gradient gel (Cosmo Bio Inc., Tokyo,

Japan). After Coomassie brilliant blue staining, gel bands
were scanned using a GS-800 calibrated densitometer
(Bio-Rad Laboratories) to measure the density of the syn-
thesized protein.

4.16 | In vitro formation of 100S
ribosomes from C. testosteroni ATCC11996
70S ribosomes by EcRMF/EcHPF or
long HPF

The method of 100S ribosome formation in vitro followed
the protocol described previously, the brief steps of which
are summarized below.

a. HSRs were prepared from C. testosteroni cells cultured
for 1 day and incubated with EcRMF (10-fold) and/or
EcHPF (10-fold), or buffer I as a control, for 30 min at
37�C. The mixtures were then subjected to 5%–20%
SDG centrifugation and divided into 18 SDG fractions.
These fractions were precipitated with 10% TCA, sepa-
rated on 16% Tricine SDS-PAGE gels, and analyzed by
immunoblotting with an anti-EcRMF or anti-EcHPF
antibody. The EcRMF and EcHPF proteins were puri-
fied as described in the previous study (Ueta
et al., 2008).

b. CR fractions were prepared from C. testosteroni cells
cultured for 1 day. The CR fractions were washed
with high-salt buffer, dialyzed against dissociation
buffer II [20 mM Tris–HCl (pH 7.6), 1 mM magne-
sium acetate, 30 mM ammonium acetate, and 6 mM
2-mercaptoethanol], and then separated into two ali-
quots. One aliquot was mixed with purified LpHPF
(1.5:1 molar ratio of LpHPF to ribosomes), and the
other was mixed with buffer I. The samples were incu-
bated at 37�C for 30 min and then layered onto a 30%
sucrose cushion prepared in buffer I and centrifuged
in a 90 Ti rotor (Beckman) at 155,000g for 4 h at 4�C.
Each pellet was resuspended in buffer I and subjected
to 5%–20% SDG centrifugation and divided into
18 SDG fractions. Each sample was then precipitated
with 10% TCA, separated on a 12% SDS-PAGE gel,
and analyzed by immunoblotting with an anti-SaHPF
antibody, which reacted with LpHPF. The LpHPF pro-
tein was purified as described in the previous study
(Ueta et al., 2013).

4.17 | Detection of LpHPF, EcRMF, and
EcHPF by immunoblotting

Protein samples were separated on 12% SDS-PAGE gels
or 16% Tricine SDS-PAGE gels and then transferred to
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PVDF membranes (Immobilon-P transfer membrane;
Merck Millipore). The LpHPF, EcRMF, and EcHPF pro-
teins were detected with anti-SaHPF, anti-EcRMF, and
anti-EcHPF antibodies, respectively. Anti-Rabbit IgG
(Fc) Alkaline Phosphatase Conjugate (Promega) was
used as a secondary antibody and detected using BCIP/
NBT Color Development Substrate (Promega).
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