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Abstract

Endowing mesophilic microorganisms with high-temperature resistance is highly desirable for industrial microbial
fermentation. Here, we report a cold-shock protein (Cspl) that is an RNA chaperone protein from a lactate producing
thermophile strain (Bacillus coagulans 2-6), which is able to recombinantly confer strong high-temperature resistance
to other microorganisms. Transgenic csplL expression massively enhanced high-temperature growth of Escherichia coli
(a 24-fold biomass increase at 45 °C) and eukaryote Saccharomyces cerevisiae (a 2.6-fold biomass increase at 36 °C).
Importantly, we also found that Cspl promotes growth rates at normal temperatures. Mechanistically, bio-layer
interferometry characterized Cspl's nucleotide-binding functions in vitro, while in vivo we used RNA-Seq and RIP-Seq
to reveal Cspl's global effects on mRNA accumulation and Cspl's direct RNA binding targets, respectively. Thus,
beyond establishing how a cold-shock protein chaperone provides high-temperature resistance, our study introduces
a strategy that may facilitate industrial thermal fermentation.

Introduction

It is essential for microbial survival to maintain func-
tional homeostasis despite changes in the external envir-
onment. Temperature is one of the most important
environmental factors affecting the growth and survival of
microbes. Higher temperatures bring various benefits in
industrial fermentation, such as accelerating chemical
reaction rates, facilitating downstream product recovery,
and avoiding risk of microbial contamination. However,
higher temperatures are deleterious for many types of
cells because of damage to cellular structures such as lipid
membranes and disruption of the processing and/or
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functions of biomolecules such as proteins and RNA'™,
Consequently, high temperatures reduce cell viability and
fermentation capability, and further reduce production
stability and yield.

Thermophilic microorganisms are of scientific and
industrial interests due to their unique cellular and meta-
bolic processes enabling them to remain viable and even
thrive at high temperatures®. While there are numerous
and diverse mechanisms conferring high temperature tol-
erance, they are typically grouped into conceptual cate-
gories such as membrane metabolism (e.g., increased sterol
content)’, enzyme properties (e.g, increased numbers of
disulfide bonds to improve protein stability)®, post-
translational processing of protein biosynthesis (e.g., phos-
phorylation for regulating the activity of enzymes)’ and
post-transcriptional regulation of RNA metabolism (e.g.,
molecular chaperones including certain heat shock and cold
shock proteins)'®™'%. Several of the high temperature tol-
erance mechanisms discovered and characterized from
thermophiles have been successfully exploited as novel
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strategies to facilitate the growth of mesophilic organisms
(e.g., E. coli and S. cerevisiae) at elevated temperatures, but
progress in this area has been slow'>'°, Increased tolerance
for growth at elevated temperatures offers potential
applicable benefits such as decreasing the risk of con-
tamination in non-sterile open fermentation, thereby sub-
stantially reducing production costs over traditional sterile
fermentation®'’~*°, Moreover, elevated fermentation tem-
peratures can in some cases cause faster microbial growth
and increased overall biomass production®’, making
increased tolerance for high temperature growth an
industrially attractive trait.

At high temperatures, heat shock proteins have been
repeatedly reported to prevent aggregation and assist in
folding of numerous proteins, resulting in a balance of
protein homeostasis in general. However, changes at the
mRNA level during heat shock response are not well
understood. CspA, an intensively studied member of the
cold shock protein family in E. coli, protects the secondary
structures of mRNA, which heavily affects the transcrip-
tion process of cells following sudden decreases in tem-
perature. The amino acid sequence of CspA shows 43%
identity to the eukaryotic Y-box protein family*?, both of
which contain the highly conserved “cold shock domain”
(CSD). Several proteins containing CSD show varied
nucleic acid-binding activities that affect gene transcrip-
tion, DNA replication, and DNA repair, while others
interact with mRNA to affect translational effi-
ciency'>'>?3**, Recently, the cold shock proteins have
been highlighted the likely importance in adaptation to
stress that were not previously considered to be part of
the heat-shock stimulon in Streptomyces coelicolor®.
Thus, we hypothesized that proteins containing CSD from
thermophilic bacteria, which already show adaptability to
high temperatures, might serve as updated stress-
response elements to improve high temperature toler-
ance of other microbes.

To explore this concept, we first identified and con-
firmed candidate genes associated with high temperature
response and tolerance in a high yield (of L-lactate acid)
thermophile strain Bacillus coagulans 2-6 (DSM 21869)
using integrated multi-omics methods. We next hetero-
logously expressed a gene in E. coli encoding the cold
shock protein CspL, which increased growth rates and
biomass production at both 37°C and 45°C; cells
expressing cspL had a 2.4-fold increase in biomass at
45°C, and the cell morphology changed. We used bio-
layer interferometry assays to demonstrate the nucleotide-
binding function of CspL; by using RNA sequencing
(RNA-Seq), RNA-immunoprecipitation sequencing (RIP-
Seq) and the isobaric Tags for Relative and Absolute
Quantification (iTRAQ), characterize the global effects of
CspL on mRNA transcript and protein accumulation, and
the in vivo RNA targets of this nucleotide-binding
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protein, respectively. We also showed that a nucleotide-
binding-dead variant form of CspL did not increase
growth or biomass production at high temperatures.
Moreover, growth increases at elevated temperatures
were also observed when we expressed c¢spL in S. cerevi-
siae (2.7-fold biomass increase) and Pseudomonas putida
(1.4-fold increase). The GFP-expression assay showed that
the CspL has no deleterious effects on GFP expression or
function. The fermentation validations demonstrated
significant improvement in the growth and fermentation
performance of two industrially relevant microorganisms.
In summary, our study revealed that CspL as an RNA
chaperone may significantly contribute to global tran-
scriptional and post-transcriptional regulation and the
establishment of a new proteostasis.

Results
A cold shock protein improves growth of E. coli

We previously isolated a B. coagulans strain 2-6 (DSM
21869) from a milk processing plant in Beijing by cul-
turing samples from soil at 55 °C*°. This thermophile can
produce optically pure r-lactic acid when cultured at
60°C, but despite having sequenced its genome, we to
date know relatively little about the mechanisms that
drive the high-temperature productivity of this strain®’.
We, therefore, observed the growth of B. coagulans 2-6 at
37°C and 60°C, then used RNA-Seq and iTRAQ pro-
teomics method to investigate how exposure to high
temperature affects, respectively, its transcriptome and
proteome (Fig. 1la). At the mRNA level, there were 170
differentially accumulated mRNA transcripts (P < 0.05, >
2-fold change) between the cells grown at 37 °C and 60 °C
(106 mRNAs increased and 64 decreased for the 60°C
samples) (Fig. 1b; Supplementary Tables S1 and S2).
Prediction using the Multiple Em for Motif Elicitation
(MEME) program indicated that there were no sig-
nificantly different transcriptional start site structures in
the genes encoding the increased vs decreased transcripts
(Supplementary Fig. Sla). The iTRAQ experiment iden-
tified 275 proteins with differential accumulation (P <
0.05, > 2-fold change) between B. coagulans 2-6 cells
grown at 37 °C or 60 °C (122 proteins increased and 144
decreased for the 60 °C samples; Fig. 1b; Supplementary
Tables S3 and S4).

There were 38 transcripts/proteins that were differentially
expressed in both the RNA-Seq and iTRAQ datasets (24
increased and 14 decreased in the 60 °C samples; Fig. 1b,
Supplementary Table 5). Both KEGG, GO, and protein
interaction network analyses suggested enrichment among
these candidate thermotolerant gene transcripts/proteins for
functional roles related to stress responses and post-
transcriptional modification processes (e.g, the global
stress regulators RsbV and GsiB and the molecular cha-
perones Hsp20 and GroEL) (Supplementary Fig. S1b, c).
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Fig. 1 Screening and identifying candidate genes associated with high temperature growth. a Global view of B. coagulans 2-6 transcriptome
and proteome analysis at 37 °C and 60 °C. Concentric circles from the periphery to the core represent the following: (i) differential proteome analysis;
the font color of the protein names indicates whether a protein is downregulated (blue), upregulated (red), or shows no significant change (gray) at
60 °C; (i) chromosomal location; (iii) bar chart in red (inner orientation) representing gene expression levels at 60 °C; (iv) scatter diagram representing
protein expression at different conditions (red squares and blue triangles represent 60 °C and 37 °C, respectively); (v) bar chart in orange (outer
orientation) representing gene expression levels at the 37 °C condition; (vi) bar chart representing differential expression of the same gene at the
mRNA (purple) and protein (blue) levels; (vii) transcriptome analysis; the font color of the gene names indicates whether a gene is downregulated
(blue), upregulated (red), or shows no significant changes (gray) at 60 °C. b Venn diagram depicting the numbers of genes upregulated at the mRNA
and protein levels in B. coagulans 2-6. ¢ Functional analysis of DH5a-cspl at 45 °C. Compared with the control group, DH5a-cspl shows a growth
advantage. d Differences in dry cell weight (DCW) between DH5a-cspL and the control at the 45 °C culture condition. ***P < 0.001 (two-tailed
Student's t-test).

Although extensive efforts were made to delete the 38
candidate genes in B. coagulans 2—6, there was no deletion
mutants generated. Thus, we subsequently used E. coli
DH5a cells to heterologously express the 38 candidate
thermotolerance-related genes and monitored the growth of
the E. coli cells at 45 °C (Supplementary Fig. S2).
Expression of several candidate genes resulted in an
obvious improvement in the growth of E. coli at 45°C. A
cold shock protein L (BCO26_1317; hereafter “cspL”) was
heterologously expressed in E. coli DH5a using vector
pUCI19. Since the detection of CspL by SDS-PAGE was
problematic, we confirmed its expression by nano-HPLC-
MS/MS analysis (Supplementary Figs. S3 and S4).

The c¢spL expressed cells exhibited the most pro-
nounced increases in growth (2.5-fold increase) and
biomass production (2.4-fold increase in dry cell weight)
when grown at 45 °C (Fig. 1c, d). Moreover, three other
predictive cold shock genes were found in B. coagulans 2-
6, listed as BCO26_1484, BCO26_1235 and BCO26_0628,
respectively. After aligning amino acid sequences, we
found that CspL shares 66% identity with its closest
E. coli homolog CspA (Fig. 2a). We also overexpressed
c¢spA in E. coli DH5a and this caused significantly
increased growth at 45 °C compared to the empty vector
control strain; however, the growth increases resulting
from overexpression of cspA were not as pronounced as
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Fig. 2 Functional comparison with homologous gene cspA in E. coli. a Amino acid BLAST reveals that E. coli CspA and B. coagulans 2-6 CspL have
66% identity and share the same RNA-binding motifs. These two binding motifs are highly conserved. b, ¢, Growth curves of CsplL and CspA

expressed in E. coli under different treatment conditions, including being induced by IPTG and cultured at 37 °C or 45 °C. d DCW of CspL and CspA
expressed in E. coli at 37 °C and 45 °C. Both DH5a-cspL and DH5a-cspA’'s DCW had significantly improved. e Scanning electron microscopy images of
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those resulting from cspL expression. Interestingly, we
observed similar increases in growth and biomass pro-
duction when we grew the strain heterologously expres-
sing cspL and cspA at 37 °C (Fig. 2b—d) whether induced
by IPTG or not. More intriguingly, scanning electron
microscopy (SEM) analysis revealed a striking morpho-
logical phenotype: for samples grown at both 37 °C and

merC, and merD*®

45 °C, log-phase cells expressing cspL were shorter than
WT cells and had a ‘peanut-like’ shape (Fig. 2e), but not
shown in cspA-expressing cells; note that a subsequent
RNA-seq analysis showed that expression of c¢spL in E.
coli resulted in the differential expression of multiple
genes associated with cell size/shape, including fisZ,
(Supplementary Table S6).
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CspL binds RNA in vitro and its RNA-binding activity
confers improved growth

As the structure of CspA has been characterized by X-
ray diffraction and nuclear magnetic resonance spectro-
scopy””?’, we used the CspA structure (PDB ID: 1MJC) as
a template to show that the structure of CspL was also a
B-barrel comprising four flexible loops between five
[B-sheets that act as linkers to form a hollow structure
(Supplementary Fig. S5). As CspA is known to bind RNA
molecules***?, this structural similarity suggested that
CspL may function as an mRNA chaperone to confer the
growth- and biomass accumulation-promoting effects
that we observed in E. coli.

We, therefore, used in vitro bio-layer interferometry
(BLI) assays to biochemically assess the potential
nucleotide-binding functions of CspL. In this analysis, we
tested the interactions of HIS-tag purified CspL (20 pg/
ml) with variously sized 5’-biotin-labeled RNA and DNA
oligonucleotides that were immobilized to a scaffold using
streptavidin. Representative data for the association and
dissociation phases of these assays are presented in Fig. 3a
and Supplementary Fig. S6. We found that CspL could
bind both RNA and single-stranded (ss)DNA, but it could
not bind to double-stranded DNA (Supplementary Fig.
S6c—f). CspL could bind RNA and ssDNA probes of 24, 6,
and 5 nucleotides, but it could not bind RNA and ssDNA
probes of only 4 nucleotides (Fig. 3a). As the sequences of
the scaffold-bound oligonucleotide targets were rando-
mized, we speculate that CspL may function as a global
chaperone for mRNA and/or ssDNA.

Using the conserved domain analysis tools available at
NCBI, we identified 11 amino acids located in the putative
nucleotide-binding domain of CspL and mutated all of
them to alanine. BLI analysis revealed that this variant
form of CspL lost its nucleotide-binding capacity (Fig. 3b).
Consistent with the hypothesis that the nucleotide-binding
function of CspL is responsible for its growth-promoting
effects, we observed no significant increases in growth
rates or biomass production effects compared with control
cells when we expressed this 11 amino acid mutation of
CspL in E. coli and grew the cells at 45 °C (Fig. 3¢, d). We
also generated a variant form of CspL with seven residues
mutated to alanine, and BLI assays showed that the
nucleotide-binding function of this variant was partially
impaired (Fig. 3b). Growth assays at 45 °C showed that the
growth and biomass production of this seven-mutated-
residue variant were intermediate between wild-type CspL
and the 11-mutated-residue variant (Fig. 3c, d). We pre-
dicted that the structures of mutant proteins with both
mutations could not form a stable binding pocket (Sup-
plementary Fig. S7). These findings further support our
conclusion that the nucleotide-binding function of CspL
confers its observed effects and raises the prospect that it
may be possible to tailor the nucleotide-binding functions
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of CspL to further
temperatures.

promote growth at elevated

RIP-seq analysis reveals interaction of CspL and hundreds
of mRNA transcripts in vivo

Based on growth, cell morphology, and nucleotide-
binding results, we speculate that expressed CspL in E. coli
may have a global effect at the whole genome level. Having
demonstrated the nucleotide-binding functions of CspL
and having shown that the observed growth increases were
mediated by such binding in vitro, we next used functional
genomics profiling methods to further probe the function
(s) of CspL in living cells. Global transcriptome profiling
with RNA-Seq revealed that cspL expression resulted in
increased accumulation of transcripts for numerous genes
(Supplementary Fig. S8a): at 45°C, transcripts for 1160
genes (27% of all genes in the E. coli genome) were more
abundant in cspL-expressing cells than in empty-vector
control cells. Transcripts for 383 genes were less abundant
in the cspL-expressing strain.

In the cspL-expressing cells, the mRNA accumulation of
cspA was almost 18-fold more abundant than the empty-
vector cells at 45 °C; however, only one-tenth of the empty-
vector cell abundance could be detected at 37°C. This
result suggested that CspL could trigger cspA transcrip-
tional expression, while cspA homologs had the same
trends. The interaction network shows that some genes
had a close connection with cspA (Supplementary Fig. S8b).
For example, rhlE encodes a type of ATP-dependent RNA
helicase®?, suggesting that RNA processing is regulated
energetically under the dual stress of temperature and
presence of CspL at that exact phase. This is the first time
that CspA was found to participate in the high-temperature
response. In addition, CspL expression also mediates global
regulator gene fis and membrane biosynthesis-related
genes, such as lamB, malE, malM, and malK, were
upregulated.

To explore translation level changes, we analyzed 359
proteins identified in the iTRAQ experiment to have
differential accumulation (P<0.05, > 2-fold change)
between E. coli cells with or without expressing CspL
grown at 45 °C (69 proteins increased and 294 decreased
for the 45 °C samples). The GO analysis suggested that the
most changes occurred in biological process and cellular
component categories (Supplementary Fig. S8c). It is
reasonable to connect these changes with cell morphology
changes in E. coli DH5a. For example, the proteins Dnak,
DnaJ, HtpG, and related DnaK/DnaJ proteins were
involved in the high temperature stress response.

To further explore the effect of CspL at the transcrip-
tional level, we next used RIP-seq to identify the RNA
binding targets of CspL in E. coli cells grown at 37 °C and
45 °C (Supplementary Fig. S8d). Consistent with the idea
that CspL is a global chaperone of mRNA, the RIP-seq
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data demonstrated that, in vivo, CspL binds with the
mRNA transcripts of 206 and 662 genes at 37°C and
45 °C, respectively (Fig. 4a, II&III). The expression of 1605
transcripts (35% of 4583 genes) in E. coli were significantly
affected by CspL, and the data of BLI binding assay for
randomized RNA sequences support the function of CspL
as a global chaperone for mRNA transcripts.

We were cautious in our interpretation of these data
sets with regard to possible trends of enrichment for
particular annotation categories among the differentially
accumulated transcripts or the CspL targets. We noted
significant enrichment for genes related to ribosomes in
the RIP-Seq data (Supplementary Fig. S8e). The deter-
mination of mRNA level showed that many binding tar-
gets of CspL were with varying degrees protected at
different temperatures, and rmf and mreC showed a clear
effect at 45°C (Fig. 5). Apparently, CspL and CpsA
reduced mRNA degradation to a certain extent, resulting
in a different protective effect.

CspL improves growth and production capacity of various
microorganisms

To explore the possibility that cspL may also help
increase the high-temperature growth of other micro-
organisms, we heterologously expressed cspL in S. cere-
visiae INVScl and P. putida KT2440 and conducted
growth assays at elevated temperatures (30 °C to 38°C in
2°C increments). In P. putida KT2440, both the growth
rates and final biomass production of the cspL-expressing
cells significantly outperformed those of the wild-type
cells at all the tested temperatures (Fig. 6a, b). At 36°C,
the cspL-expressing cells accumulated 1.4-fold more bio-
mass than the empty-vector control cells (Fig. 6c).

The high-temperature growth-promoting effects of cspL
were even more obvious in S. cerevisiae INVScl. Not only
did the cspL-expressing cells significantly outperform the
empty-vector control cells at all temperatures tested, there
was also an obvious ‘step’ trend in the growth of cspL-
expressing cells at each increase in temperature (Fig. 6d, e).
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These results suggest that the growth-promoting effects of
CspL in yeast are tightly linked to temperature. The most
pronounced increase was observed at 34 °C, with the cspL-
expressing cells accumulating 2.7-fold more biomass than
the empty-vector control cells (Fig. 6f). We did not observe
any “peanut-like” phenotypes for S. cerevisiae or P. putida
strains expressing CspL (Supplementary Fig. S9).

We further explored the practical potential of CspL in
industrial biotechnology for several applications. First,
when enhanced GFP and CspL were simultaneously
expressed in E. coli at 45°C, the co-expression of both
recombinant proteins significantly increased growth
(reduced lag phase) without any deleterious effects on
GFP expression or function (Fig. 6g). Second, the
expression of CspL in Actinosynnema pretiosum ATCC
31280% significantly improved the production of the
potent antitumor agent ansamitocin P-3 (a 1.6-fold
increase) (Fig. 6h). Third, the expression of CspL in high-
temperature (50°C) cultures of a recently engineered
Bacillus licheniformis ATCC 14580°* strain (BN11) sig-
nificantly increased both p-lactate production (1.4-fold
increase) and glucose consumption (1.33-fold increase)
(Fig. 6i). These additional uses of CspL in fermentation
applications highlight the strong industrial biotechnolo-
gical promise of CspL.

Discussion

Temperature increases can damage cellular homeostasis,
interfere with essential functions of cells, and change cel-
lular structures. These phenomena are a concentrated
manifestation of changes in protein levels®*, however,
changes at the mRNA levels remained uncharacterized.
Over the past decade, several global engineering approa-
ches, including global transcriptional machinery engi-
neering (gTME) and artificial transcription factors®®>®
have been increasingly explored in reprogramming cellular
phenotypes, including tolerances to substrates and pro-
ducts. Most recently, we developed a global regulator
engineering (GRE) method based on an exogenous global
regulator, IrrE, from Deinococcus radiodurans R1%°. When
the irrE gene is transferred into hosts, it enhances toler-
ance to acidic stress. In addition, IrrE endows different
hosts with different tolerances, including radiation,
osmotic stress, and oxidative stress for E. coli*; acid
stresses for Zymomonas mobilis*'; and salt stress for
Brassica napus**. These results show that a single, global
regulatory gene transferred into non-native hosts endows
particular tolerances to the recombinant hosts. Practically,
it also provides a new insight of synthetic biological
strategy at global regulation for improving stress tolerance
in prokaryotic and eukaryotic cells.
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To comprehensively understand global changes at the
mRNA level under high-temperature stress, we first
screened and identified several candidate genes associated
with high temperature response and tolerance from
multi-omic datasets of the excellent industrial strain B.
coagulans 2-6. Then, we precisely confirmed that a novel
cold shock protein, CspL, which acts as an mRNA cha-
perone to modulate the global gene expressions, affected a
signal transduction pathway appropriately in stress con-
ditions. CspL is different from other chaperones at the
protein level, reflecting a new function of cold shock
protein that could be used to improve the cellular high-
temperature tolerance at the global transcriptional level.

Many mechanistic aspects of cold shock proteins are
unclear. Based on our findings, the regulatory range of
CspL is not limited to responding to temperature stresses,
since other pathways, including transcriptional regula-
tion, stress responses, energy metabolism, signal trans-
duction, and protein turnover, were also significantly
altered compared to empty-vector cells. More specifically,
in our study, the mRNA remaining for dps was different
in three groups (Supplementary Fig. S10). The dps gene
encodes for DNA-binding protein from starved cells. Dps
becomes the dominant nucleoid-organizing protein in

stationary-phase E. coli cells and is required for robust
survival under stress conditions, including carbon or
nitrogen starvation, oxidative stress, metal exposure, and
irradiation®®. In cspL-expressing cells, the dps gene was
captured by CspL in vivo, and the fold-change of
enrichment was 1.532 (p-value 0.01289651, FDR 0.052)
based on the RIP-seq result. At the transcriptional level,
we could see that the dps transcripts were increased by
1.63- and 2.82-fold in cspL-expressing cells compared to
empty vector cells at 37 °C and 45 °C, respectively. Under
45 °C conditions, empty vector cells and cspL-expressing
cells were reduced by 0.19- and 0.38-fold compared to
37 °C. This result shows that dps has more transcripts in
cspL-expressing cells at 45°C. However, we could not
completely confirm that the dps transcript accumulation
was only affected by the nucleotide binding function of
CspL. In this case, we speculate that on the one hand,
CspL binds and protects the dps mRNA under high
temperature conditions; while on the other hand, cells
expressing cspL might trigger other stress response reg-
ulators including Dps in vivo to protect themselves
against high ambient temperature stress. From the view of
synthetic biology, cspL can be considered an evolvable
“part” for various stresses. Furthermore, this GRE
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were observed at all temperatures tested. *P < 0.05 and ***P < 0.001 (two-tailed Student's t-test). d, e Cell growth curves of S. cerevisiae at different
temperatures. f DCW of S. cerevisiae at different temperatures. Statistically significant differences between S. cerevisiae INVSc1-cspL and the control
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strain at 45 °C. The strain carrying csplL had a shorter lag phase. h HPLC analysis indicated that the production of AP-3 was increased by 160% from
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approach can be extended to exploit other exogenous Future research will likely focus on the imple-
global regulators from natural or artificial sources for mentation and optimization of CspL expression as a
eliciting industrially useful phenotypes. tool to promote high-temperature growth, as well as
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delineating the range of microorganisms that can
receive growth-promoting benefits from the transgenic
expression of CspL. The large number of targets
identified by our RIP-seq analysis makes it clear that
CspL functions as a global RNA chaperone that
somehow promotes high temperature growth. It will be
interesting to determine the extent to which CspL
targets particular subsets of transcripts based on some
sequence motifs, or other higher-order structural fea-
tures. Our findings highlight the fact that transgenic
cspL expression improved E. coli growth at its normal
37°C culture temperature, which underscores the
importance of identifying the particular positive con-
tribution of RNA binding by CspL to bacterial growth.

The functions of CspL coincide with the core idea of
current synthetic biology. It has long been desired to
directly manipulate and modify the core metabolic net-
work or basic functional cellular processing in order to
achieve a particular goal more easily for implementing in
industrial bacteria. Design from the top level in synthetic
biology could result in many advantages compared with
normal metabolic engineering. Likewise, when CspL is
present, regulation at the transcriptional and post-
transcriptional level may alter the natural robustness of
metabolic flux distribution in industrial microbes, without
increasing the metabolic burden for cells.

Materials and methods
Bacterial strains and primers

Detailed information about the bacterial and yeast
strains, as well as the plasmids and oligonucleotide pri-
mers used in this study is provided in the Supplementary
content (Supplementary Tables S7-S9).

Bacterial growth conditions and quantification of cell
density

To evaluate the growth of bacteria under different
temperatures, single colonies were grown overnight at
37°C (or other temperature conditions when required).
The detailed information is described in Supplementary
Materials and Methods.

Preparation of proteomes, 2D-LC/MS analysis, and protein
identification

The differential proteomics and protein identification
were described previously**; see Supplementary Materials
and Methods for details.

RNA deep-sequencing and identification of differentially
expressed mRNA

Total RNA was extracted from B. coagulans 2—6 and E.
coli DH5a with the RNAiso Plus kit (Takara, Japan). RNA
deep-sequencing was performed by a commercial
sequencing company (Novogene, China), and data
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processing were described previously** with slight mod-
ifications; see Supplementary Materials and Methods for
details.

Bio-layer interferometry

The interactions between CspL and DNA/RNA frag-
ments were performed by using bio-layer interferometry
(BLI). ForteBio Octet RED 96 was used for real-time
analysis of interactions. The measure method was
described previously*>*® with slight modifications; see

Supplementary Materials and Methods for details.

RIP-seq experiment

RNA-immunoprecipitation sequencing (RIP-seq) was
performed to identify RNA targets bound by CspL. The
method was described previously”” with slight modifications;
see Supplementary Materials and Methods for details.

mRNA level assay

To investigate the ratio of mRNA remaining in E. coli, we
performed the RT-qPCR to determinate the mRNA level,
and the method was modified from previous publication®;
see Supplementary Materials and Methods for details.

Heterologously expressing B. coagulans 2-6 genes in
bacteria and fungi

The gene function validation was performed in E. coli, P.
putida, and Saccharomyces cerevisiae under different
temperature conditions; see Supplementary Materials and
Methods for details.

Scanning electron microscopy

For scanning electron microscopy, cell cultures were
grown in the appropriate medium with antibiotics. Cells
were collected by centrifugation and washed three times
with 0.1 M PBS buffer (pH 7.4). The cells were then fixed
for 1h at room temperature in 0.1 M PBS buffer con-
taining 2.5% glutaraldehyde. Samples were dehydrated
through a graded ethanol series up to absolute ethanol,
critical point dried with liquid CO,, mounted on alumi-
num stubs and sputter coated with gold-palladium. Ima-
ging was carried out on a Hitachi S-4800 scanning
electron microscope.

Fermentation validation

To obtain CspL function in industrial microbes, the
fermentations were performed in appropriate media with
antibiotics. Details are available in Supplementary Mate-
rials and Methods.

Acknowledgements

This study was supported by grants from the National Key Research and
Development Project (2018YFA0901200), by Shanghai Excellent Academic
Leaders Program (20XD1421900), by the “Shuguang Program” (175G09) which
is supported by the Shanghai Education Development Foundation and



Zhou et al. Cell Discovery (2021)7:15

Shanghai Municipal Education Commission, by grants from the Science and
Technology Commission of Shanghai Municipality (17JC1403300), and by
grants from the Chinese National Science Foundation (31870088). We thank
Dr. John H. Snyder for assistance and discussion regarding this manuscript.

Author contributions

ZZ,HT, and P.X. wrote the manuscript. H.T. and P.X. conceived the project.
ZZ,HT, WW, LZ, YW, and S.L. designed and performed all the experiments.
ZZ,HT, LB, YS, and FT. analyzed the results.

Data availability

The data that support the findings in this study are available within the article,
Supplementary information or from the corresponding author upon
reasonable request. Source data are provided with this paper.

Conflict of interest
The authors declare no competing interests.

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

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541421-021-00246-5.

Received: 12 July 2020 Accepted: 27 January 2021
Published online: 16 March 2021

References

1.

2.

10.
1.

Richter, K, Haslbeck, M. & Buchner, J. The heat shock response: life on the
verge of death. Mol. Cell 40, 253-266 (2010).

Tyedmers, J, Mogk, A. & Bukau, B. Cellular strategies for controlling protein
aggregation. Nat. Rev. Mol. Cell Biol. 11, 777-788 (2010).

Zwirowski, S. et al. Hsp70 displaces small heat shock proteins from aggregates
to initiate protein refolding. EMBO J. 36, 783-796 (2017).

Yost, H. J, Petersen, R. B. & Linquist, S. RNA metabolism: strategies for reg-
ulation in the heat shock response. Trends Genet. 6, 223-227 (1990).

Olson, D. G, Sparling, R. & Lynd, L. R. Ethanol production by engineered
thermophiles. Curr. Opin. Biotechnol. 33, 130-141 (2015).

Chen, Z. & Wan, C. Non-sterile fermentations for the economical bio-
chemical conversion of renewable feedstocks. Biotechnol. Lett. 39,
1765-1777 (2017).

Daniel, R M. & Cowan, D. A. Biomolecular stability and life at high tempera-
tures. Cell Mol. Life Sci. 57, 250-264 (2000).

Liu, T. et al. Enhancing protein stability with extended disulfide bonds. Proc.
Natl Acad. Sci. USA 113, 5910-5915 (2016).

Kobayashi, I. et al. Conserved two-component Hik34-Rre1 module directly
activates heat-stress inducible transcription of major chaperone and other
genes in Synechococcus elongatus PCC 7942. Mol. Microbiol. 104, 260-277
(2017).

Schlesinger, M. J. Heat shock proteins. J. Biol. Chem. 265, 12111-12114 (1990).
Treweek, T. M, Meehan, S, Ecroyd, H. & Carver, J. A. Small heat-shock proteins:
important players in regulating cellular proteostasis. Cell Mol. Life Sci. 72,
429-451 (2015).

Phadtare, S, Alsina, J. & Inouye, M. Cold-shock response and cold-shock
proteins. Curr. Opin. Microbiol. 2, 175-180 (1999).

Thieringer, H. A, Jones, P. G. & Inouye, M. Cold shock and adaptation. Bioessays
20, 49-57 (1998).

Hudson, W. H. & Ortlund, E. A. The structure, function and evolution of pro-
teins that bind DNA and RNA. Nat. Rev. Mol. Cell Biol. 15, 749-760 (2014).
Liu, Y. Q. et al. Enhanced pathway efficiency of Saccharomyces cerevisiae by
introducing thermo-tolerant devices. Bioresour. Technol. 170, 38-44 (2014).
Vanbogelen, R. A, Acton, M. A. & Neidhardt, F. C. Induction of the heat shock
regulon does not produce thermotolerance in Escherichia coli. Genes Dev. 1,
525-531 (1987).

Wang, Q, Chen, T, Zhao, X. & Chamu, J. Metabolic engineering of thermo-
philic Bacillus licheniformis for chiral pure o-2, 3-butanediol production. Bio-
technol. Bioeng. 109, 1610-1621 (2012).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 12

Sun, H. et al. Rational synthetic combination genetic devices boosting
high temperature ethanol fermentation. Synth. Syst. Biotechnol. 2, 121
(2017).

Zheng, J. et al. Enhancement of (-lactic acid production via synergism in open
co-fermentation of Sophora flavescens residues and food waste. Bioresour.
Technol. 225, 159-164 (2017).

Murata, M. et al. High-temperature fermentation technology for low-cost
bioethanol. J. Jpn. Inst. Energy 94, 1154-1162 (2015).

Wallace-Salinas, V. & Gorwa-Grauslund, M. F. Adaptive evolution of an indus-
trial strain of Saccharomyces cerevisiae for combined tolerance to inhibitors
and temperature. Biotechnol. Biofuels 6, 151 (2013).

Jiang, W., Hou, Y. & Inouye, M. CspA, the major cold-shock protein of
Escherichia coli, is an RNA chaperone. J. Biol. Chem. 272, 196-202
(1997).

Giuliodori, A. et al. The cspA, mMRNA is a thermosensor that modulates
translation of the cold-shock protein CspA. Mol. Cell 37, 21-33 (2010).
Rennella, E. et al. RNA binding and chaperone activity of the E. coli cold-shock
protein CspA. Nucleic Acids Res. 45, 4255-4268 (2017).

Bucca, G. et al. Translational control plays an important role in the adaptive
heat-shock response of Streptomyces coelicolor. Nucleic Acids Res. 46,
5692-5703 (2018).

Qin, J. et al. Non-sterilized fermentative production of polymer-grade L-lactic
acid by a newly isolated thermophilic strain Bacillus sp. 2-6. PLoS ONE 4, e4359
(2009).

Su, F. & Xu, P. Genomic analysis of thermophilic Bacillus coagulans strains:
efficient producers for platform bio-chemicals. Sci. Rep. 4, 3926 (2014).
Zheng, H. et al. Interrogating the Escherichia coli cell cycle by cell dimension
perturbations. Proc. Natl. Acad. Sci. USA 113, 15000-15005 (2016).

Newkirk, K. et al. Solution NMR structure of the major cold shock protein
(CspA) from Escherichia coli- identification of a binding epitope for DNA. Proc.
Natl. Acad. Sci. USA 91, 5114-5118 (1994).

Schindelin, H, Jiang, W, Inouye, M. & Heinemann, U. Crystal structure of CspA,
the major cold shock protein of Escherichia coli. Proc. Natl. Acad. Sci. USA 91,
5119-5123 (1994).

Jain, C. The E. coli RhIE RNA helicase regulates the function of related RNA
helicases during ribosome assembly. RNA 14, 381-389 (2008).

Khemici, V., Toesca, I, Poljak, L., Vanzo, N. F. & Carpousis, A. J. The RNase
of Escherichia coli has at least two binding sites for dead-box RNA
helicases: functional replacement of RhIB by RhIE. Mol. Microbiol. 54,
1422-1430 (2004).

Ning, X. et al. Identification and engineering of post-PKS modification bot-
tlenecks for ansamitocin P-3 titer tmprovement in Actinosynnema pretiosum
subsp. pretiosum ATCC 31280. Biotechnol. J. 12, 1700484 (2017).

Li, C, Tao, F. & Xu, P. Carbon flux trapping using a unique p-lactate dehy-
drogenase for high-temperature production of polymer-grade p-lactic acid.
Chembiochem 17, 1491-1494 (2016).

Schumann, W. Regulation of bacterial heat shock stimulons. Cell Stress Cha-
perones 21, 1-10 (2016).

Alper, H. & Stephanopoulos, G. Global transcription machinery engineering: a
new approach for improving cellular phenotype. Metab. Eng. 9, 258-267
(2007).

Zhang, F. et al. Significantly improved solvent tolerance of Escherichia
coli by global transcription machinery engineering. Microb. Cell Fact. 14,
175 (2015).

Tan, F. R. et al. Using global transcription machinery engineering (gTME) to
improve ethanol tolerance of Zymomonas mobilis. Microb. Cell Fact. 15, 4
(2016).

Zhou, Z. K et al. Enhancing bioremediation potential of Pseudomonas putida
by developing its acid stress tolerance with glutamate decarboxylase
dependent system and global regulator of extreme radiation resistance. Front.
Microbiol. 10, 2033 (2019).

Ma, R Q. et al. Improved osmotic tolerance and ethanol production of
ethanologenic Escherichia coli by IrrE, a global regulator of radiation-resistance
of Deinococcus radiodurans. Curr. Microbiol. 62, 659-664 (2011).

Zhang, Y. et al. inE, an exogenous gene from Deinococcus radiodurans,
improves the growth of and ethanol production by a Zymomonas mobilis
strain under ethanol and acid stress. J. Microbiol. Biotechnol. 20, 1156-1162
(2010).

Pan, J. et al. Ik, a global regulator of extreme radiation resistance in Deino-
coccus radiodurans, enhances salt tolerance in Escherichia coli and Brassica
napus. PLoS ONE 4, e4422 (2009).


https://doi.org/10.1038/s41421-021-00246-5

Zhou et al. Cell Discovery (2021)7:15

43.

45.

Nair, S. & Finkel, S. E. Dps protects cells against multiple stresses during sta-
tionary phase. J. Bacteriol. 186, 4192-4198 (2004).

Tang, H. Z. et al. Systematic unraveling of the unsolved pathway of nicotine
degradation in Pseudomonas. PLoS Genet. 9, €1003923 (2013).

Wang, L. J, Tang, H. Z, Yu, H. & Xu, P. An unusual repressor controls the
expression of a crucial nicotine-degrading gene cluster in Pseudomonas putida
S16. Mol. Microbiol. 91, 1252-1269 (2014).

46.

47.

48.

Page 12 of 12

Engohang-Ndong, J. et al. EthR, a repressor of the TetR/CamR family impli-
cated in ethionamide resistance in Mycobacteria, octamerizes cooperatively on
its operator. Mol. Microbiol. 51, 175-188 (2004).

Zhao, J. et al. Polycomb proteins targeted by a short repeat RNA to the mouse
X chromosome. Science 322, 750-756 (2008).

Dar, D. & Sorek, R. Extensive reshaping of bacterial operons by programmed
mMRNA decay. PLoS Genet. 14, e1007354 (2018).



	A cold shock protein promotes high-temperature microbial growth through binding to diverse RNA species
	Introduction
	Results
	A cold shock protein improves growth of E. coli
	CspL binds RNA in�vitro and its RNA-binding activity confers improved growth
	RIP-seq analysis reveals interaction of CspL and hundreds of mRNA transcripts in�vivo
	CspL improves growth and production capacity of various microorganisms

	Discussion
	Materials and methods
	Bacterial strains and primers
	Bacterial growth conditions and quantification of cell density
	Preparation of proteomes, 2D-LC/MS analysis, and protein identification
	RNA deep-sequencing and identification of differentially expressed mRNA
	Bio-layer interferometry
	RIP-seq experiment
	mRNA level assay
	Heterologously expressing B. coagulans 2-6 genes in bacteria and fungi
	Scanning electron microscopy
	Fermentation validation

	Acknowledgements
	Acknowledgements




