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Abstract

Molecular chaperone CbpA from extreme acidophile Acidithiobacillus caldus was applied to improve acid tolerance of
Escherichia coli via CRISPR/Cas9. Cell growth and viability of plasmid complementary strain indicated the importance of
cbpA“¢ for bacteria acid tolerance. With in situ gene replacement by CRISPR/Cas9 system, colony formation unit (CFU) of
genome recombinant strain BL21-AcbpA/AccbpA showed 7.7 times higher cell viability than deficient strain BL21-AcbhpA
and 2.3 times higher than wild type. Cell morphology observation using Field Emission Scanning Electron Microscopy
(FESEM) revealed cell breakage of BL21-AcbpA and significant recovery of BL21-AcbpA/AccbpA. The intracellular
ATP level of all strains gradually decreased along with the increased stress time. Particularly, the value of recombinant
strain was 56.0% lower than that of deficient strain after 5 h, indicating that the recombinant strain consumed a lot of
energy to resist acid stress. The arginine concentration in BL21-AchpA/AccbpA was double that of BL21-AcbpA, while
the aspartate and glutamate contents were 14.8% and 6.2% higher, respectively, compared to that of wild type. Moreover,
RNA-Seq analysis examined 93 genes down-regulated in BL21-AchpA compared to wild type strain, while 123 genes
were up-regulated in BL21-AcbpA/AccbpA compared to BL21-AchpA, with an emphasis on energy metabolism, transport,
and cell components. Finally, the working model in response to acid stress of chpA from A. caldus was developed. This
study constructed a recombinant strain resistant to acid stress and also provided a reference for enhancing microorgan-
isms’ robustness to various conditions.

Keywords Extreme acidophile - Acidithiobacillus caldus - CRISPR/Cas9 genome editing - Acid tolerance - Molecule
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Introduction is of increasing concern (Krulwich et al. 2011; Chen et al.

2020). Compared with Acidithiobacillus, the acid resistance
Acidithiobacillus, which plays an important role in the bio-  of typical industrial microorganism, E. coli, is poor. It has
leaching process, are a group of acidophilic aerobic bac-  been reported that exposure to low environmental pH leads

teria known for their resistance to extreme acid stress (pH  to a rapid drop in periplasm and cytosol pH, which could
0.5~2) (Chen et al. 2022). As a perfect extremophile, the  cause protein unfolding, denaturation of essential enzymes
acid tolerance of the bacteria to this extreme environment  and DNA damage, inhibiting microbial growth and produc-

tion (Brameyer et al. 2022; Monteagudo-Cascales et al.

2022).

Chaperones can stabilize misfolded proteins or help

>4 Shoushuai Feng refold proteins that have been disrupted by stresses (Wang
fengss@jiangnan.cdu.cn et al. 2019). To mitigate the toxic effects of isopropanol,
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Biotechnology, Ministry of Education, Jiangnan University, introduced into the isopropanol producing Cupriavidus
Wauxi, China necator strain. The resulting strain exhibited increased
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Jiangnan University, Wuxi, China ferase, as well as elevated isopropanol titers of 9.8 g L™!

3 School of Food Science and Technology, Jiangnan (Marc et al. 2017; Liu et al. 2021). The overexpression of
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B. psychrosaccharolyticus Hsp33 in E. coli increased iso-
propanol tolerance, indicating that psychrophilic proteins
function at higher temperatures and bestow a tolerant phe-
notype. (Kang et al. 2007). Overexpression of the archaeal
Pyrococcus horikoshii OT3 chaperone protein and its cofac-
tor prefolding protein in E. coli resulted in higher n-hexane
and octane tolerance (Okochi et al. 2008). Weidmann et al.
expressed the small molecule Hsp Lo18 of Oenococcus oeni
in Lactococcus lactis, which improved its tolerance to acid
and heat stress (Weidmann et al. 2017).

CbpA is a stress-responsive protein that binds to nucleic
acids to prevent damage (Cosgriff et al. 2010; Molan and
Zgur Bertok 2022). CbpA expression is low during the expo-
nential growth phase but increases during the late stationary
phase, under phosphate deprivation, and when cultivated in
low pH conditions (Chae et al. 2004). The protein belongs to

Table 1 Strains and plasmids used in this study

Strains or plasmids Description Sources
Strains
A. caldus CCTCC M 2,018,727 Isolated from the leach-  Yin et
ate of industrial dump al. 2022
leaching of Zijin Mining
Group Co.,
Fujian Province, China
E. coli DH5a the cloning host Sangon
Biotech

E. coli BL21 (DE3) F ompT hdsSB(rg~ mg~) Sangon

gal dgmmet (DE3), start- Biotech

ing strain
BL21-AcbpA E. coli BL21 (DE3) This
AcbpA study
BL21-AcbpA/pACYC BL21-AcbpA with This
pACYCDuet-1 study
BL21-AcbpA/pACYC-AcecbpA  BL21-AcbpA with This
pACYCDuet-1-AcchpA  study
BL21-AcbpA/pETDuet BL21-AcbpA with This
pETDuet-1 study
BL21-AcbpA/ BL21-AcbpA with This
pETDuet- AccbpA pETDuet-1-AccbpA study
BL21-AcbpA/AccbpA BL21-AcbpA with This
cbpA*¢ gene knockin study
plasmids
pCas repA101(Ts)kan Novagen
P,-cas9 P, .z-Red lacl?
P tre”
sgRNA-pMBI
pTargetF PMBI aadA sgRNA Novagen
pTargetF-cbpA PMBI aadA This
sgRNA-chpA study
pACYCDuet-1 Cm®, ori p15A, T7 Novagen

promoter, lacl

pACYCDuet-1 contain-  This

ing chpA“° gene study
AmpR, ori ColE1, T7 Novagen
promoter, lacl

pETDuet-1 containing  This
chpA*° gene study

pACYCDuet-1-AccbpA
pETDuet-1

pETDuet-1-AccbpA
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the Hsp40 class of accessory chaperones and can stimulate
the folding activity of Hsp70 family chaperones. A number
of small heat shock proteins constitute a very varied collec-
tion of proteins whose expression is stimulated by stress,
and whose primary role is to bind and protect unfolded
proteins, keeping them in a non-degradable conformation
until they are efficiently refolded by an ATP-driven partner.
(Matuszewska et al. 2005; Roncarati and Scarlato 2017).

In this study, we characterized chp4“¢ derived from Aci-
dithiobacillus caldus strain conserved in our laboratory and
analyzed its sequencing, genetic relationship and structure.
Then, the chp4”?® gene was introduced into E. coli using
vector and genome editing to evaluate its effect on acid
tolerance of the strain. We discovered that the presence of
CbpA”° could promote E. coli biomass under acidic con-
ditions and enhance its tolerance to organic acids. Finally,
the acid tolerance mechanism of cbpA from A. caldus was
developed based on comparative transcriptome analysis.

Materials and methods
Strains, plasmids, and culture conditions

The strain Acidithiobacillus caldus CCTCC M 2,018,727
was stored in our lab and cultured according to Yin et al.
(Yin et al. 2022). E. coli strains were cultured in Luria-Ber-
tani (LB) broth at 37 °C. When necessary, antibiotics were
added at final concentrations of 100 pg/mL for ampicillin,
50 pg/mL for chloramphenicol, 50 pg/mL spectinomycin,
and 50 pg/mL for kanamycin. In addition, the genome of 4.
caldus ATCC 51,756 was employed as a reference sequence
in this study. The strains and plasmids used in this study
are listed in Table 1. The primers used for gene cloning and
genomic recombination are listed in Table 2.

In silico analysis of the cbpA®‘ gene

Several typical DnalJ family proteins were selected accord-
ing to the report of Bird et al. (Bird et al. 2006), and their
amino acid sequences were aligned using MEGA 11 and
ESPript 3.0 software. The secondary structure of CbpA was
predicted on the PSIPRED web site (http://bioinf.cs.ucl.
ac.uk/psipred/). The unrooted phylogenetic tree was created
using MEGA 11 software to analyze the genetic relation-
ship between 4. caldus CbpA and its homologous proteins.
The three-dimensional structure of E. coli CbpA was used
as a template to model the ACAty RS00255 encoded protein
CbpA”° by AlphaFold 2 software, and the protein structures
of A. caldus CbpAA° and E. coli CbpAE® were aligned by
PyMol software.
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Table 2 Primers used in this study

Primers Sequence (5°-3”)

cbpA-F CAGGATCCGAATTCGAGCTTGGAATACAAA-
GATTACTATCAGATTCTGGGTG

cbpA-R GCAAGCTTGTCGACCTGCAGTCAGCGAC-
GTGGGTGAAAGTG

plasmid-F  CTGCAGGTCGACAAGCTTGC

plasmid-R  GCTCGAATTCGGATCCTGGC

N20-F CGTCGGTTTCACGCCCATGAGTTTTAGAGC-
TAGAAATAGCAAGTT

N20-R TCATGGGCGTGAAACCGACGACTAGTAT-
TATACCTAGGACTGAGC

pTargetF-S CTATGAGAAAGCGCCACGCTTC

cbpA-U-F GTTATTGCTGGTGTTAGTGGAGTGC
cbp4-U-R  GTGTTGATTTACGCGAGATAACGCTATGGCTA-
ATGTTACGGTGACTTTTACTATTACC
GGTAATAGTAAAAGTCACCGTAACATTAGC-
CATAGCGTTATCTCGCGTAAATCAACAC
ATTATCATTCTGTATTTCCTCAAATTCTTTTTC-
TAGTGATTC

cbpA-D-F

cbpA-D-R

cbpA-I-F - GGTAATAGTAAAAGTCACCGTAACATTAGC-
CATTCAGCGACGTGGGTGAAAGT
cbpA-I-R  GTGTTGATTTACGCGAGATAACGCTTTGGAATA-

CAAAGATTACTATCAGATTCTGGGTGTTG
cbpA-UI-R ACTTTCACCCACGTCGCTGAATGGCTAATGT-
TACGGTGACTTTTACTATTACC
cbpA-DI-F  CAACACCCAGAATCTGATAGTAATCTTTG-
TATTCCAAAGCGTTATCTCGCGTAAATCAACAC

Construction of complementary plasmids and
strains

The vectors with different copy numbers, pACYCDuet-1
(about 15 copies) and pETDuet-1 (about 40 copies) were
chosen as complementary plasmids. Molecular biology
manipulations were carried out using standard techniques
(Feng et al. 2022). First, the chp4*¢ gene was amplified from
the A. caldus genome with primers cbhpA-F and chpA-R, and
the pACYCDuet-1 and pETDuet-1 plasmids were reverse
amplified to create linearized fragments using the primers
plasmid-F and plasmid-R. Then the chpA4 with the homolo-
gous fragment was respectively ligated with the linearized
plasmids by homologous recombination, and transformed
into BL21-AcbpA to construct plasmid complementary
strains. The constructed strains were named BL21-AcbpA/
pACYC-AccbpA and BL21-AcbpA/pETDuet-AccbpA.

Construction of deficient strain and genome
recombinant strain

The cbpA gene knockout deficient strain BL21-AchpA was
constructed via CRISPR/Cas9 system (Figure S1), described
by Jiang et al. (Jiang et al. 2015). A 20-bp guide sequence
(CGTCGGTTTCACGCCCATGA) together with the NGG-
PAM sequence (N20NGQG) in the E. coli BL21(DE3) was

selected to design sgRNA using CRISPR direct (http://
chopchop.cbu.uib.no/). Inverse PCR was used to create
the plasmid pTargetF-chpA from pTargetF using the prim-
ers N20-F and N20-R. The PCR fragments were digested
with Dpnl to remove the template plasmid and subsequently
transformed into . coli DH5a to generate circular plas-
mids. The sequence was then validated by sequencing using
primer pTargetF-S. The editing template fragment, which
had two homologous arms corresponding to the upstream
and downstream regions, was designed to have 500-bp
homology arms on either side, and the sequences were
amplified independently before being synthesized together
by overlapping PCR. The fusion products should be purified
by gel extraction before electroporation.

The construction of chp4“® gene knockin recombinant
strain BL21-AcbpA/AccbpA was similar to that of deficient
strain, with the exception of the homology arm. There was a
cbpA”¢ gene fragment that needed to be knocked in between
the 500-bp upstream and downstream homology arms,
which was amplified by primers chbpA-1-F and cbpA-I-R.

Determination of cell growth and cell viability

To assess the growth of plasmid complementary strains,
overnight cultures with the same ODy, were transferred as
1% (v/v) inoculum into M9 medium acidified with hydro-
chloric acid at pH 7.0 and pH 5.0. Appropriate antibiotics
were added when necessary, and the cultures were cultured
at 37 °C, 200 rpm, until the ODy, reached 0.5. The cultiva-
tion was then maintained at 28 °C with the addition of 0.5
mM IPTG. Their ODy,, was measured every 2 h for a total
of 24 h. For genome recombinant strain, the entire assay
was conducted at 37 °C, 200 rpm for a total of 18 h with no
antibiotics or IPTG. The specific growth rate (1) was calcu-
lated using Origin 2022 software.

To investigate cell viability, plasmid complementary
cells seed solutions with the same ODy,, were injected into
LB medium with appropriate antibiotics and grown at 37 °C
until the ODy, reached 0.5. Afterward, 0.5 mM IPTG was
added. Each strain culture was incubated for 2 h at 28 °C
before being supplemented with 17.5 mM acetic acid, 35
mM acetic acid, or no organic acid. The strains were stressed
for 10 h at 28 °C. Gradient dilutions of the cells were made,
and 5 uL of 10%, 10°, 10°, and 107-fold dilutions were depos-
ited on LB solid medium. After an overnight incubation at
37 °C, the colonies were photographed. For genome recom-
binant strains, seed solutions with the same optical density
were inoculated into LB medium and cultivated at 37 °C
until ODg,,=0.5, then acetic acid was added to the culture
as previously indicated for 10 h stress. The cells were then
diluted in the same way and photographed.
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Cell morphology observed via Field Emission
scanning Electron Microscopy (FESEM)

Strains were cultivated in LB medium to exponential phase
with the same optical density and then stressed for 10 h with
35 mM acetic acid. The cells were centrifuged and fixed with
5% glutaraldehyde for 12 h at 4 °C. After that, the samples
were washed with 0.1 M phosphate buffer several times to
eliminate the glutaraldehyde solution. Gradient dehydration
was carried out with 30%, 50%, 70%, 90% and 100% etha-
nol solution, respectively. The morphological structure of
bacteria was observed via FESEM (SU8200, Hitachi, Ltd.,
Japan) following critical point drying and ion sputtering.

Measurement of intracellular ATP and free amino
acids

Strains were grown in LB medium to exponential phase
with same optical density and subsequently stressed with 35
mM acetic acid. The cells were sampled at 0 h, 5 and 10 h to
measure intracellular ATP concentration using an ATP assay
kit (Beyotime, Shanghai, China). Final ATP concentrations
were shown in nmol mg™~! protein.

Cells for the determination of intracellular free amino
acids were sampled under 35 mM acetic acid stress. Fifty
milliliters of cells were centrifuged (12,000xg, 10 min) and
washed twice with ultrapure water after being treated with
35 mM acetic acid for 10 h. Cells were resuspended in 1
mL of 5%(w/v) trichloroacetic acid, which was then mixed
and sonicated at room temperature for 20 min. The mixture
was left to stand for 2 h. Cell debris was removed by cen-
trifugation at 12,000xg for 15 min, and the supernatant was
filtered through a 0.22 um filter membrane and evaluated
using HPLC according to previous report (Fountoulakis and
Lahm 1998).

mRNA sequencing and transcriptomic analysis

The exponential phase cells were stressed with 35 mM ace-
tic acid for 10 h. After centrifugation at 5000 rpm min~!
for 5 min, cells were collected by washing twice with ice-
cold deionized water and stored in a -80 °C refrigerator until
transcriptome analysis. Total RNA was extracted and puri-
fied. NanoDrop 2000 was used to detect the pure RNA. The
cDNA library was constructed by rRNA removal, mRNA
purification and fragmentation, cDNA synthesis, linker liga-
tion, UNG enzyme digestion and polymerase chain reaction
(PCR) amplification. Library was sequenced on Illumina
Hiseq (Illumina, USA). The RNA-seq data of BL21, BL21-
AcbpA and BL21-AcbpA/AccbpA has been submitted to
NCBI (accession ID: PRINA915998).

@ Springer

Results

Sequence, genetic relationship and structure
prediction analysis

The co-chaperone gene c¢bpA (accession number:
0Q126891) in A. caldus genome, which encodes a protein
named Dnal-class molecular chaperone CbpA was identi-
fied. As shown in Fig. 1A and Figure S2, 4. caldus CbpA’°
contains a domain with a highly conserved sequence, which
is a characteristic J-domain of Dnal family proteins, consist-
ing of ~ 75 amino acids (Cosgriff et al. 2010). All J-domains
contain a conserved tripeptide (His, Pro, Asp) between the
two long helices of the J-domain, which is required for
cochaperone activity (Bird et al. 2006; Pepe et al. 2020).
According to the results of the phylogenetic tree (Fig. 1B),
the three-dimensional structure of E. coli CbpA with the
closest genetic relationship was selected as the template to
model CbpAA° and aligned with it (Fig. 1D). According to
(Fig. 1C), the J-domain of the CbpA protein is composed of
four o helices, with helices I and III forming an antiparallel
coiled coil fold anchored by helix 1. Helices II and III are
linked by a solvent-exposed loop. CbpA forms homodimers
in solution and dimerizes through the C-terminal domain
(Sarraf et al. 2010).

Cell growth and cell viability of BL21-AcbpA and
plasmid complementary E. coli strains

Cell growth

The deficient strain BL21-AcbpA was constructed by delet-
ing cbpA from the E. coli BL21 genome using CRISPR/
Cas9. Cell growth of BL21-AcbpA and plasmid comple-
mentary E. coli strains (BL21-AcbpA/pACYC-AcchpA,
BL21-AcbpA/pETDuet-AccbpA) were analyzed at pH 7.0
and 5.0 (Fig. 2A and B). The final biomass of wild-type
BL21 (WT) and deficient strain BL21-AcbpA was similar
at pH 7.0, but lower than that of the complementary strain.
Under this condition, the final OD value of complementary
strains BL21-AcbpA/pACYC-AccbpA and BL21-AcbpA/
pETDuet-AccbpA was 15.3% and 10.5% higher than that of
BL21-AchpA, respectively. At pH 5.0, The final OD value
of the deficient strain was 11.1% lower than that of the wild
type BL21. The ODy,, of BL21-AchbpA/pACYC-AccbpA
and BL21-AcbpA/pETDuet-AccbpA strains was increased
by 22.1% and 22.9%, respectively, when compared to
BL21-AcbpA. They increased by 8.6% and 9.3%, respec-
tively, when compared to BL21 (WT).

The strain carrying the chpA“® overexpression vector
showed a growth advantage as the pH of the media declined,
suggesting that CbpA may play a role in acid resistance
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Fig. 1 In silico analysis of chbp4“ gene and CbpA”° protein
(A) Amino acid sequence alignment of ACAty RS00255 product
CbpAA° with orthologues (B) unrooted phylogenetic tree of CbpAA°

under acidic conditions. The recombinant strain BL21-
AcbpApACY C-AcchpA was chosen for further acetic acid
tolerance experiments based on cell growth under different
conditions and SDS-PAGE results of different expression
vectors (Figure S3).

Cell viability

In the absence of organic acids, there was no significant
difference in cell viability between wild type and deficient
strain, as shown in Fig. 2C. However, the survival rate of
BL21-AcbpA/pACYC and BL21-AcbpA/pACYC-AccbpA
was relatively reduced because they consumed nutrients
during growth to over-express proteins. The viability of the
deficient strain BL21-AchpA fell by 40.0% compared with
that of BL21 (WT) under 17.5 mM acetic acid. The exog-
enous introduction of chpA4“ did not enhance the acid toler-
ance of E. coli in this case. The survival rate was lower than
that of wild type E. coli BL21. When the four strains were
grown in the medium supplemented with 35 mM acetic acid,
the survival rates of each strain differed significantly. The

with DnaJ family homologs (C) J-domain structure of the CbpA”~®
protein (D) structure alignment between CbpA”° and CbpAE®. Blue:
CbpAA° from A.caldus; Green: CbpAF® from E. coli

cell viability of the deficient strain was reduced by 82.2%
when compared to the wild type, while the survival rate of
BL21-AcbpA/pACYC cells carrying the empty vector was
reduced by over 100 times. Moreover, the survival of BL21-
AcbpA/pACYC-AccbpA cells with chpA™¢ overexpression
recovered to the wild-type level.

Construction of recombinant E. coli by CRISPR/Cas9
and physiological parameters analysis under acid
stress

Cell growth of BL21-AcbpA/AccbpA

With the assistance of CRISPR/Cas9 genome editing, the
chpA*¢ gene was successfully replaced in situ to the cor-
responding position in E. coli BL21, which was verified by
nucleic acid electrophoresis and sequencing. The growth
status was assessed at pH 7.0 and pH 5.0, and the results
were shown in Fig. 3A and B. At pH 7.0, the growth status
of the three E. coli strains was nearly identical, and the spe-
cific growth rate also showed a similar trend. When the pH

@ Springer
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was decreased to 5.0, the three strains revealed some varia-
tions. The final ODg, of the deficient strain was 8.7% lower
than that of the wild type, and the final biomass of recombi-
nant BL21-AcbpA/AccbpA was 4.5% higher than that of the
deficient strain.

Cell viability of BL21-AcbpA/AccbpA

The cell viability was detected under acetic acid stress
(Fig. 3C). In the absence of organic acids, the cell viabil-
ity of the three strains were nearly same. The survival rate
of BL21-AchpA was reduced by 69.7% under 17.5 mM
acetic acid stress, whereas the survival rate of the recom-
binant strain BL21-AcbpA/AccbpA was 5.7 times higher
than that of the deficient strain and slightly higher than that
of the wild type. Acid stress significantly affected the cell
viability as the concentration of acetic acid increased to 35
mM. When compared to no organic acid, the survival rate
of BL21 and BL21-AcbpA decreased by about 100 times,
and the survival rate of BL21-AcbpA/AccbpA decreased
by 83.3%. Meanwhile, the survival rate of BL21-AcbpA/
AccbpA was 7.7 times higher than that of the deficient strain
and 2.3 times higher than that of the wild type.

Cell morphology via FESEM observation
The cell morphology was observed via FESEM, as shown

in Fig. 4. In the absence of acid, BL21-AcbpA cell was
somewhat longer and had a minor membrane damage.

SU8200 3.0k

Breakﬁ e
o

SR
2.00um  SU8200 3.

Fig.4 The morphological structure of bacteria via FESEM
(A) BL21 (WT) with no acid (B) BL21-AcbpA with no acid (C) BL21-
AcbpA/AccbpA with no acid (D) BL21 (WT) with 35 mM acetic acid

Conversely, both wild-type BL21 and recombinant strain
BL21-AcbpA/AccbpA maintained normal cell morphology.
Under 35 mM acetic acid stress, the length of BL21 and
BL21-AcbpA/AccbpA was over 1.5 times that of their acid-
free counterparts, while BL21-AcbpA showed no significant
elongation. As the outmost element, the cell envelope is the
first defensive line for environmental stress. The cell enve-
lope of BL21-AcbpA showed obvious breakage, the external
pressure may affect the components related to the cell enve-
lope, thereby causing changes in cell morphology (Ultee et
al. 2019).

Intracellular ATP level

Most metabolism for revisiting stress requires energy,
so intracellular ATP level is another crucial parameter to
determine the effect of defensive mechanism. As shown
in Fig. 5A, the ATP level of BL21-AcbpA was higher than
that of BL21 (WT) and BL21-AchpA/AccbpA under varied
stress time, suggesting that CbpA is involved in an ATP-
dependent reaction to prevent aggregation of denatured
proteins (Chae et al. 2004). Besides, it gradually decreased
in all strains with the extension of stress time, indicating
that the strain consumed a lot of energy to resist the dam-
age caused by acid stress. The ATP level of genome recom-
binant strain BL21-AcbpA/AccbpA was 26.2%, 56.0% and
38.0% lower than that of deficient strain at corresponding
stress time, respectively. When the ATP level of each strain
was compared at 5 and 10 h stress time, it was reduced by

2.00pm

- Longer

2.00pum

(E) BL21-AcbpA with 35 mM acetic acid (F) BL21-AcbpA/AccbpA
with 35 mM acetic acid
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64.5% of BL21 (WT) at 10 h compared to 5 h, and 50.0%
of BL21-AchpA, but only 29.5% of BL21-AcbpA/AccbpA
integrated with acidophile gene.

Intracellular free amino acid composition

Intracellular free amino acid compositions were shown in
Fig. 5B. The glutamate, arginine, lysine and histidine con-
tents in the deficient strain showed significant changes,
which were reduced by 12.4%, 59.1%, 68.3% and 24.4%,
respectively, when compared to the wild type strain. The
concentrations of several amino acids in recombinant strain
were higher than those in deficient strain, with arginine
being roughly twice as high. Furthermore, the aspartate and
glutamate contents were 14.8% and 6.2% greater, respec-
tively, than in the wild type strain. The higher intracellular
accumulation of aspartate in the recombinant strain may be
because it can be converted to alanine and thus consume
intracellular H" (Fernandez and Zaiiiga 2006). Besides, the
levels of lysine and histidine in recombinant strain were 1.0
and 0.7 times greater than in deficient strain, respectively.

Comparative transcriptomic analysis of the
recombinant strain

DEGseq software was employed for differentially expressed
genes (DEGs) analysis. Parameters were set to pad-
just<0.05, [log2FC| = 1.5 to screen DEGs between wild type
BL21 (WT) and deficient type BL21-AchpA. A total of 173
genes were up-regulated and 93 genes were down-regulated
in deficient strain compared to wild type were screened.
Parameter set to padjust<0.05, [log2FC| > 1.0 to screen
DEGs between deficient type and recombinant strain BL21-
AcbpA/AccbpA. A total of 123 genes were up-regulated and
43 genes were down-regulated in recombinant strain com-
pared to deficient strain. Most of the genes were related to
membrane transport, translation and metabolism (Fig. 6 and
Table S1), which are the processes most commonly affected
by acid stress (Zhu et al. 2019). It also indicated that the
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function of chpA in bacteria is relevant to these physiologi-
cal processes.

Defense and repair mechanisms

The stabilization of macromolecules is a crucial strategy for
adaptation to environmental stresses. Heat shock protein
(HtpG) functions as a molecular chaperone in a variety of
bacterial cellular activities, including protein folding, repair,
and signal transduction, especially under environmental
stress (Dong et al. 2021). The deletion of chpA in deficient
strain BL21-AcbpA allowed the bacteria to enhance the
expression of other chaperones (HtpG) in response to stress.

ATP-dependent DEAD-box RNA helicases may play
an important role in macromolecular metabolism, particu-
larly in translation and mRNA degradation (Vinnemeier and
Hagemann 1999; Prud’homme-Généreux et al. 2004). It is
speculated that the knockout of chbpA may slow down the
repair of damaged proteins, which in turn slows the func-
tion of these helicases. Nth is a DNA glycosylase used to
scavenge oxidized pyrimidine base residues in DNA (Luna
et al. 2000). The down-regulation (1.5 times) of nth gene in
the deficient strain may be due to the weakened or impaired
physiological activities, The deficient strain’s down-regula-
tion (1.5 times) of nth gene may be attributed to weakened
or impaired physiological activities,, whereas the recom-
binant strain’s expression was up-regulated. These results
implied that CbpA plays a role in protein and DNA repair,
and that chp4“° in recombinant strain can restore this func-
tion to a certain extent.

Energy metabolism

The genes encoded well-known tricarboxylic acid cycle
enzymes aconitase (AcnB) (Brock et al. 2002), fumarate
hydratase (Akram 2014), malate dehydrogenase (Akram
2014), and succinate dehydrogenase complex (Moosavi
et al. 2020) were up-regulated by 1.51~1.68 times in
BL21-AcbpA, respectively, suggesting that deficient cells
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Fig.6 KEGG pathway clas- A
sification of the DEGs between
samples

(A) Up-regulated genes, (B)
down-regulated genes of BL21
vs. BL21-AcbpA; (C) Up-regu-
lated genes, (D) down-regulated
genes of BL21-AcbpA vs.
BL21-AcbpA/AccbpA
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synthesized a lot of energy to resist acid stress. Acetyl-CoA
synthetase (Ace) catalyzes the binding of acetic acid with
CoA to produce acetyl-CoA, which is employed in various
metabolic pathways such as fatty acid and cholesterol syn-
thesis as well as the tricarboxylic acid cycle (Fujino et al.
2001; Martinez-Reyes and Chandel 2020). Succinyl-CoA
synthase (Scs) synthesizes GTP with ATP as phosphate
donor in the presence of GDP, and it synthesizes ATP with
GTP as a phosphate donor in the presence of ADP (Kapatral
et al. 2000). The o and B subunits of Scs were up-regulated
by about 2.7 times. Acetate kinase (AckA) catalyzes the
reversible transfer of a phosphate group from acetyl phos-
phate to ADP to produce acetate and ATP (Chittori et al.
2011). Cytochrome oxidase completes the last step of the
electron transport chain during aerobic respiration and pro-
motes the formation of charge gradients across the mem-
brane for ATP synthesis. (VanOrsdel et al. 2013).

Amino acid metabolism

D-amino acid is an important component of bacterial pep-
tidoglycan participating in cell wall remodeling and bio-
film decomposition. D-amino acid dehydrogenase (DadA)
catalyzes D-amino acid degradation and has a broad sub-
strate specificity (Ohide et al. 2011). It was suggested that
Pseudomonas aeruginosa could use various D-amino acids
as nutrients (He et al. 2011). Meanwhile, the arginine suc-
cinyltransferase (AST) pathway was responsible for the
majority of arginine catabolism in E.coli (Itoh 1997; Shi-
rai and Mizuguchi 2003). The genes ast4, astB, astC, astE,
and astD related to this pathway in BL21-AchpA were all

Number of Unigenes

* | co— c— c— e—

25 s
Metabolism
8 Mt Number of Unigenes

up-regulated to varying degrees. The bacterial aldolase-
dehydrogenase complex could produce pyruvate for other
metabolic pathways (Baker et al. 2012). The glycine cleav-
age system is a multienzyme complex that catalyzes revers-
ible glycine oxidation to produce carbon dioxide, ammonia,
etc. (Okamura-Tkeda et al. 1993). Multifunctional proline
utilization A from E. coli oxidize proline to glutamate in two
catalytic steps (Moxley et al. 2011). Tryptophan enzyme can
catalyze the degradation of L-tryptophan to indole, pyruvate
and ammonia in vivo. The enzyme can reverse the synthe-
sis to L-tryptophan under conditions of excessive pyruvate,
ammonia, and moderate indole availability (Isupov et al.
1998). Glutaminase catalyzes glutamine hydrolysis to glu-
tamic acid and ammonia, which is very critical for cellular
bioenergetics (Marquez et al. 2006).

Cell envelope

The envelope of Gram-negative bacteria is mainly composed
of outer membrane, peptidoglycan cell wall and inner mem-
brane, which protects the cell from adverse environmental
damage while enabling the passage of external nutrients and
internal wastes (Silhavy et al. 2010). mdoC encodes a trans-
membrane protein necessary for glucan backbones replace-
ment, which catalyzes the transfer of succinyl residues to
the new glucan backbone (Lacroix et al. 1999). Putrescine
can be synthesized from ornithine and arginine, and the
putrescine synthesis pathway components SpeA and SpeC
are required for the formation of normal biofilms (Kuri-
hara et al. 2011). Lecithin plays a main role in the structure
and function of cell membrane. Most integral membrane
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proteins from the large CDP-alcohol phosphatidyltrans-
ferase family are involved in phospholipids biosynthesis
(Nogly et al. 2014). This family protein was down-regulated
by 4.14 times in deficient strain BL21-AcbpA.

Entericidin is involved in the synthesis of two small
cell envelope lipoproteins that regulate membrane stabil-
ity reciprocally (Bishop et al. 1998). The GABA pathway
consists of glutamate decarboxylase (Gad) and glutamate/
GABA antiporter. The pathway’s function is to promote
local alkalization of extracellular environment (Le Vo et al.
2013). Antiporter proteins were up-regulated in recombi-
nant strain. The expression of proteins involved in gluconate
transport was increased by 1.46 times. In addition, proteins
related to membrane transport systems such as CydX, PTS
system, ATP-binding cassette system, permease and secre-
tion system were down-regulated in the deficient strain, but
most of them were up-regulated in recombinant strain.

Carbohydrate metabolism

Malate dehydrogenase catalyzes the NAD/NADH-depen-
dent interconversion of malate and oxoacetate substrates,
which is important for the shuttle of malate/aspartate across
the mitochondrial membrane and the tricarboxylic acid
cycle within the mitochondrial matrix (Minarik et al. 2002).
IdnK catalyzes ATP-dependent phosphorylation of D-gluco-
nate to 6- phosphogluconate, which is further metabolized
by the enter-doudoroff pathway (Bausch et al. 1998). The
pyruvate dehydrogenase (PDH) complex is a major bridge
between bacterial glycolysis and TCA cycle, leading to oxi-
dative decarboxylation of pyruvate to acetyl-CoA (Yang and
Zhang 2017). The protein’s E1 and E2 components were
both downregulated.

Bacterial L-rhamnose kinase, an enzyme that catalyzes
the transfer of y-phosphate from ATP to the L-hydroxyl
group of L-rhamnose, is involved in L-rhamnose degrada-
tion (Grueninger and Schulz 2006). The ptsG gene of glu-
cose permease was up-regulated 2.02 times in recombinant
strain compared to the deficient strain to supply cell physi-
ological activities. idnK was up-regulated by 1.41 times.
Deoxyribosylalase, a key enzyme in the pentose phosphate
pathway, catalyzes the reversible reaction of deoxyribose
5-phosphate with glyceraldehyde 3-phosphate and acetalde-
hyde (Valentin-Hansen et al. 1982).

Gene replication, transcription and translation

Ribosome is a basic cellular complex that is highly con-
served in all organisms and is responsible for translating
mRNA genetic information into the amino acid sequence
of proteins. Most genes associated to the large and small
subunits of the ribosome were down-regulated, such as rpsO
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(RP-S15) and rpsQ (RP-S17), which were down-regulated
by 1.51 and 1.64 times, respectively, in the deficient strain.
S15 is located at the edge of the 30 S subunit and, together
with S17 and S20, is considered to be crucial for initiat-
ing subsequent cooperative binding of secondary and late
assembly proteins (Bubunenko et al. 2007). The intact r
protein L31 of E. coli plays an important role in the for-
mation and stabilization of 70 S ribosomes and is involved
in translational activity (Arnold and Reilly 1999; Ueta et
al. 2017). The E. coli 50 S subunit lacking L.36 contains
aberrations extending from the L36 binding site ~60 A to
the peptidyl transferase center (Jomaa et al. 2014). Other
ribosomal protein subunits were likewise down-regulated to
varied degrees, suggesting that the translation process was
severely affected. However, ribosomal-related proteins L31,
L34, and L36 were up-regulated in recombinant strain, indi-
cating that the genome editing strain enhanced translation
processes.

Transport system

Microorganisms could modulate nutrient transport and
ion exchange to resist acid stress by altering the activity
of transporters (Guan et al. 2017). Members of the ATP-
binding cassette (ABC) superfamily are one of the largest
classes of systems that utilize ATP to transport a variety of
solutes in prokaryotic and eukaryotic cells, including amino
acids, ions, proteins, and polysaccharides (Stewart and Her-
modson 2003; Locher 2016). The N-acetylgalactosamine
transporter components agaE and agalWW were related to
cell wall components. These transport system related pro-
teins were up-regulated, indicating that cell wall synthesis
is enhanced under stress. However, the expression of genes
related to fructose, glucose phosphate transfer protein were
down-regulated as well as secretion system. It was consis-
tent with the results of carbon metabolism, indicating that
the cell activity is mostly used to defend against stress when
bacteria suffer from acid environment.

The outer membrane of most Gram-negative bacteria
contains lipopolysaccharide (LPS). LPS is a biologically
important molecule that restricts the entry of hydropho-
bic molecules in bacteria by establishing a barrier (Li et
al. 2020). The secretion system-related proteins GspG and
GspK are also up-regulated. Secretion protein homologues
may polymerize into a columnar structure that mediates the
flow of released proteins across the cell membrane (Reeves
et al. 1993).
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Discussion

It has been reported that microorganisms require the tran-
sient and rapid expression of certain proteins, such as heat
shock proteins, in order to survive under stress environments
(Liu et al. 2021). In silico analysis showed that CbpA™© from
A. caldus contained a distinct J-domain which can stimu-
late Hsp70/DnaK ATPase activity, thereby interacting with
DnaK (Wall et al. 1994; Mayer 2021). The J-domain and its
chaperone regulatory mechanism are highly conserved from
bacteria to humans (Sarraf et al. 2014).

To verify the effect of CbpA™° protein on acid tolerance
of E. coli, a recombinant vector carrying the target gene
was introduced into the gene knockout strain BL21-AchpA.
Different copy number plasmids were selected, and strain
BL21-AcbpA/pACYC-AcchbpA showed a better growth
performance under acid stress. Acetic acid is a growth
inhibitory substance and a typical byproduct in carbohy-
drate metabolism. During biomass utilization in industrial
production, a substantial amount of acetic acid may be
released, leading to increased acid stress (Gao et al. 2018).
Cell viability experiment was conducted to evaluate the
bacteria acid tolerance, which showed a greater improve-
ment of BL21-AchpA/pACYC-AcchpA to increase in ace-
tic acid concentration rather than wild type. The increased
cell viability indicated that chp4“¢ plays an important part
in acid tolerance process. Under stress circumstances,
molecular chaperone CbpA could stimulate the assembly of
DnaK and client proteins, and further engaged in cell signal-
ing and stress response. (Genest et al. 2015). However, an
unavoidable metabolic burden and higher adaption costs are
frequently brought about by the introduction of engineered
genetic systems in bacteria (Diaz Ricci and Hernandez
2000; Rouches et al. 2022).

With the assistance of CRISPR/Cas9 genome editing,
we further constructed a genome recombinant strain BL21-
AcbpA/AccbpA. Genomic integration of chpA“¢ didn’t show
a significant growth advantage, which may be because the
associated genes varied among hosts in terms of base com-
position and codon preference (Harnischfeger et al. 2021).
In addition, the plasmid-complementary strain stimulated
the target gene’s expression, which was higher than that of
the genome recombinant strain due to the coexistence of the
T7 promoter on the plasmid and the E. coli T7 RNA poly-
merase. Surprisingly, compared to no acetic acid, the cell
viability of recombinant strain was significantly increased
when the strain suffered 35 mM acetic acid. On the contrary,
cell viability of wild type BL21 was decreased dramatically.
The introduction of stress response factor in the genomic
context is a promising technique for engineering acid-tol-
erant phenotypes (Lin et al. 2021). Chen et al. reported that
Lactobacillus kefiranofaciens adapts to stress by increasing

the production of Hsps and chaperone proteins, which play
an important role in correct folding and post-translational
modification of newly synthesized proteins (Chen et al.
2017). Besides, the shape and size change of bacteria,
known as morphological plasticity or adaptive morphogen-
esis, is a positive response to combat environmental stress
and promote survival (Yang et al. 2016; Ultee et al. 2019).

When microbial cells are exposed to acid stress, they
will typically consume ATP for a variety of physiological
pathways to maintain intracellular pH homeostasis (Guan
and Liu 2020). The presence of molecular chaperone CbpA
requires a cycle of ATP binding and hydrolysis to act on
unnatural peptides, promoting their folding or unfolding
(Saibil 2013). The recombinant strain’s ATP level showed
the minimal change after 5 h of stress, indicating that it was
more stable to withstand long-term acid stress. Studies have
shown that the stress of most weak acids such as sorbate,
propionic acid and acetic acid can stimulate the unfolded
protein response (Kawazoe et al. 2017). In addition, the
accumulation of weakly acidic anions in cytoplasm disrupts
electron transport chains in the inner mitochondrial mem-
brane, leading to ATP depletion (Piper et al. 2001; Peeter-
mans et al. 2021).

Amino acids also play an important role in the resistance
of microorganisms to acid stress, including the regulation
of intracellular pH, energy production, and redox capacity
(Lund et al. 2014; Liu et al. 2015). The arginine deaminase
(ADI) system, which could produce ATP and NHj;, can sta-
bilize intracellular H* and thus protect cells from acid stress
(Diez-Gonzalez and Karaibrahimoglu 2004; Wang et al.
2020). In addition, aspartate can be converted to arginine
to enter the ADI pathway, and it can also consume protons
to form alanine (Fernandez and Zufiiga 2006; Wang et al.
2020). Glutamate decarboxylase (GAD) system is another
important acid tolerance mechanism in bacteria. The accu-
mulation of glutamate under acid stress conditions is condu-
cive to the decarboxylation reaction catalyzed by glutamate
decarboxylase, which generates CO, and y-aminobutyric
acid (GABA) while consuming a molecule of H* to alleviate
intracellular acid stress (Krulwich et al. 2011). The proton
consumption reaction mediated by lysine decarboxylase, as
well as the decarboxylation of histidine to histamine and
CO,, also are common acid stress coping methods (Fernan-
dez and Ztiiga 2006; Guo et al. 2019).

The DEGs of the wild-type strain BL21, the deficient
strain BL21-AcbpA, and the recombinant strain BL21-
AcbpA/AccbpA under 35 mM acetic acid stress were illus-
trated to further investigate the putative mechanism of acid
tolerance enhancement mediated by the molecular chaper-
one protein CbpA™°. CbpA was shown to be involved in
a variety of cellular processes, including repair, cell enve-
lope integrity, carbohydrate metabolism, gene replication,
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Fig. 7 The overall model of acid tolerance mechanism closely related to molecule chaperone CbpA from 4. caldus

transcription and translation as well as transport system. In
the absence of chpA, the strain initiated other repair mecha-
nisms to resist acid. It also enhanced energy mechanism and
amino acid mechanism. The down-regulation of membrane
proteins and associated components was consistent with
the cell membrane breakage observed via FESEM. Fur-
thermore, the transport system on membrane was damaged.
Based on the findings, the model of acid tolerance mecha-
nism of c¢bpA in A. caldus was preliminarily developed as
Fig. 7.

Conclusion

In this study, with the assistance of CRISPR/Cas9, molecu-
lar chaperone CbpA from extreme acidophile A. caldus
was applied to enhance the acid tolerance of E. coli. Both
of the cell growth and cell viability were improved under
acid stress. FESEM observation showed a well cell mor-
phology. More ATP was consumed, while the contents of
intracellular aspartate and glutamate participated in argi-
nine deaminase system and glutamate decarboxylase sys-
tem were increased. Taking together, a potential model of
the molecular chaperone CbpA’s acid tolerance mechanism
was developed. This study constructed an engineered strain
which could be utilized to reduce the protein misfolding
under acid stress. Furthermore, the work also shines a light
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on how to enhance microorganisms’ robustness to various
environmental stresses.
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