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ARTICLE INFO ABSTRACT

Keywords: HU, a small, basic histone-like protein, binds to bacterial genomic DNA, influencing DNA conformation, repli-
HU cation, and transcription. Its acetylation is a key post-translational modification affecting its DNA-binding ac-
Ace_tylati‘m tivity. The role of HU acetylation in regulating cell division through the cell cycle regulatory system remained
]é};iiriieivision largely unknown. In this study, we find that stimulation of lysine acetylation or non-acetylation in HupB, a
Transcriptional regulation homolog of HU, differentially regulates the expression of cell cycle regulators, as well as cell growth and division
P! 8
in Sinorhizobium meliloti. Lys3, Lys13, and Lys83 in HupB were identified as acetylated residues by mass spec-
trometry. Mutating these residues to arginine (stimulating non-acetylation) in HupB impedes normal cell divi-
sion, while substituting them with glycine (mimicking acetylation) allows for rapid cell duplication. The mimicry
of non-acetylated HupB leads to enlarged abnormal cells, while stimulating acetylated HupB only reduces cell
length. Transcription activation was observed in the mutant cells. Cell cycle regulators such as CtrA, GerA and
DnaA were differentially expressed in the mutants. HupB substitutions differentially bound to these cell cycle
regulatory genes. These findings suggest that the appropriate acetylation of HupB regulates the expression of cell
cycle regulators, thereby controlling S. meliloti cell division.

1. Introduction

The HU protein in Escherichia coli is a member of the nuclear-
associated protein DNABII family. Comprising two subunits, a and §, it
forms heterodimers in vivo (Kano et al., 1985). This protein is capable of
binding and compressing single-stranded DNA, double-stranded DNA
with special structures, as well as RNA (Balandina et al., 2002). Notably,
it is involved in the formation of negative DNA supercoils and DNA
compaction (Hammel et al., 2016). The HU protein plays a regulatory
role in various DNA-related functions, including replication initiation,
inversion, phage Mu transposition, DNA repair, and gene expression,
akin to eukaryotic histones (Balandina et al., 2001; Holowka et al.,
2017; Kamashev and Rouviere-Yaniv, 2000). The deletion of both sub-
units affects the transcription of approximately 1500 genes, encom-
passing translation and stress response genes, which underscores the HU
protein’ significance in transcriptional regulation in E. coli (Prieto et al.,
2012; Stojkova et al., 2019). Interestingly, the HU deletion mutant in
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E. coli exhibits multiple phenotypes, suggesting that the transcriptional
changes in the mutant might not be directly caused by the HU protein
itself but rather by the affected transcription factors (Remesh et al.,
2020). Consequently, the exact role of the HU protein in gene expression
remains largely elusive.

The use of pan-acetyl-lysine antibody immunoprecipitation coupled
with high-resolution mass spectrometry techniques has uncovered that
HU proteins have extensive acetylation at lysine residues across various
bacterial species (Carabetta, 2021). K3, K18, and K86 are the most
conserved acetylation sites among these bacteria. These conserved,
positively charged lysine residues of HU proteins directly engage with
the DNA backbone. The acetylation sites of HU proteins are distributed
across three regions (Swinger and Rice, 2004). The first region is located
within the initial 20 amino acids of the N-terminus, where nearly every
bacterium exhibits at least one acetylation site. The second region is
found in the middle of the protein, spanning approximately 40 amino
acids, with lower conservation of modification sites. The third region is
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situated at the C-terminus, comprising 25 amino acids, and features
multiple modification sites. Acetylation within the DNA binding domain
of the HU protein partially neutralizes the positive charge of the lysine
side chains, thereby affecting their DNA binding activity.

The acetylation of HU homologous proteins and its effects on phys-
iological functions have been a subject of intense research in recent
years. For instance, in Acinetobacter baumannii, the 13th lysine of the HU
protein is acetylated (Liao et al., 2017). Unlike E. coli, the HU in
A. baumannii, encoded by hupB, forms a homodimer. This acetylation
does not change the proteins’ polymer state but reduces its thermal
stability. The acetylated HU protein at K13 shows significantly different
DNA binding and dissociation constants compared to the non-acetylated
form, suggesting that it acts as an epigenetic regulatory factor control-
ling HU activity (Liao et al., 2017).

HBsu, similar to HU, binds non-specifically to curved DNA and aids
in its compression in the nucleoid of the Gram-positive bacterium Ba-
cillus subtilis (Kohler and Marahiel, 1998). Encoded by a single gene,
HBsu also forms a homodimer and is essential for the growth of B. subtilis
(Micka and Marahiel, 1992). It plays a role in DNA recombination and
repair. Proteomic analyses have revealed acetylated lysine residues on
HBsu, with seven of these residues being studied for their role in
nucleoid compression (Kohler and Marahiel, 1997). Mutating lysine to
arginine mimics the non-acetylation and enhances nucleoid compres-
sion, while mutating to glutamine simulates acetylation, leading to
reduced DNA content. This indicates that acetylation of HBsu regulates
DNA replication activity (Karaboja and Wang, 2022). One mutant,
HBsuX?, shows a significant reduction in affinity for both HBsu and
DNA (Kohler and Marahiel, 1998). Therefore, it is probable that acety-
lation of HU homologs modulates bacterial cell division or cell cycle
progression.

In recent years, advancements in bacterial molecular cell biology
have led to the discovery of a cell cycle control mechanism in Caulo-
bacter crescentus, a model a-proteobacterium. This mechanism revolves
around the response regulator protein CtrA, along with DnaA and GcrA
(van Teeseling and Thanbichler, 2020). It modulates cell division by
detecting changes in temporal and spatial signals through histidine ki-
nases like CckA, DivL, DivJ, and PhdS. These kinases autophosphorylate
and then pass the phosphate groups to downstream phospho-transfer
proteins, such as DivK and ChpT. Ultimately, these phosphate groups
are transferred to CtrA, which directly controls the expression of over
300 genes, influencing processes like DNA replication, cell division, and
differentiation (McAdams and Shapiro, 2009). In C. crescentus, DnaA
protein binds to DnaA boxes at the chromosome origin, initiating DNA
replication by unwinding the DNA helix (Felletti et al., 2019). Its
expression and activity are regulated by cell cycle factors like CtrA,
ensuring timely replication. DnaA also ensures once-only chromosome
replication and interacts with other cell cycle proteins, playing a
multifunctional role in cell cycle regulation and progression. GerA, a key
transcriptional regulator, collaborates with cell cycle factors like CtrA to
control DNA replication, chromosome segregation, and cell division in
C. crescentus (Fioravanti et al., 2013). GerA binds to gene promoters,
acting as an activator or repressor, and regulates cell cycle-related genes.
Its interaction with CtrA at different cell cycle stages finely tunes gene
expression. GerA also influences DnaA activity to time DNA replication
accurately and regulates stalk formation and polar growth. It adapts the
cell cycle and metabolism to environmental changes, forming a complex
regulatory network essential for C. crescentus cell cycle precision. In
Sinorhizobium meliloti, a model rhizobial strain closely related to
C. crescentus, key cell cycle regulatory genes such as ctrA, divJ, cpdR, and
podJ have been identified through homology analysis. These genes are
crucial for cell division in rhizobia and also play a role in the develop-
ment of symbiotic nodules (Xue and Biondi, 2019). In S. meliloti, CtrA is
a key cell cycle regulator, controlling gene expression to influence
replication, division, and morphogenesis (Pini et al., 2015; Schallies
et al., 2015). Its activity is cell cycle-stage dependent, essential for a
normal cycle. CtrA stability is regulated by cell cycle-controlled protein
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degradation, important for differentiation processes during
nitrogen-fixing symbiosis. Although functionally similar to CtrA in
C. crescentus, the S. meliloti CtrA regulates through different genes, like
negatively regulating the Min system instead of directly controlling the
Fts complex for cell division timing. In our previous study on the func-
tion of the NtrY/NtrX two-component system in S. meliloti, the phos-
phorylated NtrX protein directly activated the expression of dnaA and
ftsZ genes, and repressed the expression of ctrA and gcrA genes, thereby
regulating cell division (Xing et al., 2022). NtrX is a response regulator
protein composed of a receiver domain and a DNA-binding domain. The
receiver domain is responsible for sensing upstream signals, typically
phosphorylation signals from histidine kinases, while the DNA-binding
domain allows NtrX to bind to specific DNA sequences, thereby regu-
lating gene expression (Xing et al., 2022; Fernandez et al., 2017). The
receiver domain of NtrX contains a conserved phosphorylation site,
usually an aspartate residue. NtrX regulates nitrogen metabolism and
the expression of related genes in several bacteria, and plays a regula-
tory role in bacterial motility and succinoglycan production in S. meliloti
(Wang et al., 2013; Calatrava-Morales et al., 2017)., it is an interesting
question that the expression of cell cycle regulators is affected by HU
homologs with acetylation to operate cell division in bacteria. In the
present study, the stimulating mutants of the HU homolog of S. meliloti
were created for investigation of cell division phenotypes and gene
expression.

2. Materials and methods
2.1. Strains and medium

The bacterial strains employed in this study are detailed in Table S1.
E. coli strains DH5a, MT616, and BL21 (DE3) were cultivated in LB
medium at 37 °C, while S. meliloti strains were nurtured in LB/MC me-
dium at 28 °C (Leigh et al., 1985). The study utilized following antibi-
otics at the specified concentrations: chloramphenicol at 10ug ml?,
neomycin at 200ug ml?, kanamycin at 25ug ml, gentamicin at 10ug
ml, tetracycline at 10 pg ml™}, and streptomycin at 500 pg ml.

2.2. Reconstruction of the three-dimensional (3D) structure of S. meliloti
HupB protein

The amino acid sequence of the HupB protein was obtained from the
S. meliloti 1021 genome website. Subsequently, a search for the 3D
templates of the HupB protein was conducted on the Swiss-Model
website. Utilizing the template with the highest identity, the 3D struc-
ture of S. meliloti HupB was reconstructed on the Swiss-Model website
and then downloaded in PDB format. The HupB structure file was
opened using PyMOL (https://www.schrodinger.com/) and trans-
formed into a cartoon representation of its secondary structures. Lysine
residues were identified, and the nearby negatively charged amino
acids, such as aspartate and glutamate, were located. The measurement
function between atoms was employed to determine the distance be-
tween oxygen and nitrogen atoms, which was followed by an evaluation
of the potential for forming salt bridges.

2.3. Mass spectrometry analysis of acetyl modification sites in the HupB
protein of S. meliloti

Urea buffer (8M Urea, 100 mM Tris/HCl, pH 8.5) was utilized for
sample lysis and protein extraction. Protein quantification was per-
formed using the Bradford Protein Assay Kit. DTT was added to each
protein sample to a final concentration of 10 mM, followed by mixing at
600 rpm for 1.5 h at 37 °C and subsequent cooling to room temperature.
IAA was then added to a final concentration of 50 mM, followed by
incubation in the dark for 30 min. UA concentration was diluted to 2 M
by adding 4 times the volume of 50 mM Tris—HCI (pH 8.0). Trypsin was
added to the samples (trypsin: protein ratio 1:50), and the mixture was
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incubated at 37 °C for 15-18 h TFA was added to a final concentration of
0.1 %, and the pH was adjusted to <3 using 10 % TFA. Digested peptides
were desalted on C18 Cartridges (Empore™ SPE Cartridges C18 -stan-
dard density, bed I.D. 7 mm, volume 3 ml, Sigma) and lyophilized.
Samples were reconstituted in 1.4 mL of precooled IAP Buffer, followed
by the addition of pretreated Anti-Ac-K antibody beads (PTMScan
Acetyl-Lysine Motif [Ac-K] Kit, Cell Signaling Technology) and incuba-
tion at 4 °C for 1.5 h The mixture was centrifuged at 2000 x g for 30 s,
the supernatant was discarded, and the beads were washed thrice with 1
mL precooled IAP Buffer and precooled water, respectively. The washed
beads were incubated with 40 pL of 0.15 % TFA for 10 min at room
temperature, followed by another 40 pL of 0.15 % TFA and centrifuga-
tion at 2000 x g for 30 s to obtain the supernatant. The supernatant was
desalted using C18 STAGE Tips and subjected to LC-MS/MS analysis on a
Q Exactive HF/HFX mass spectrometer (Thermo Scientific) coupled to
Easy nLC (Proxeon Biosystems, now Thermo Fisher Scientific) for 120
min. Peptides were loaded onto a reverse phase trap column (Thermo
Scientific Acclaim PepMapl100, 100 pm*2 cm, nanoViper C18) con-
nected to a Cl8-reversed phase analytical column (Thermo Scientific
Easy Column, 10 cm long, 75 pm inner diameter, 3 pm resin) in buffer A
(0.1 % Formic acid) and separated with a linear gradient of buffer B (84
% acetonitrile and 0.1 % Formic acid) at a flow rate of 300 nl/min
controlled by IntelliFlow technology. The mass spectrometer was oper-
ated in positive ion mode. MS data was acquired using a data-dependent
topl0 method by dynamically choosing the most abundant precursor
ions from the survey scan (300-1800 m/z) for HCD fragmentation. The
AGC target and maximum inject time were set to 3e% and 10 ms,
respectively. The dynamic exclusion duration was 40.0 s. Survey scans
were acquired at a resolution of 70,000 at m/z 200, while the resolution
for HCD spectra was set to 17,500 at m/z 200 and isolation width of 2 m/
z. The normalized collision energy was 30 eV, while the underfill ratio
was set to 0.1 %. The instrument was run under peptide recognition
mode. MS raw data for each sample were combined for identification
and quantitation analysis using MaxQuant software (Martinez-Val et al.,
2017). The identification and quantitation indexes in MaxQuant are set
as follows: Enzyme, trypsin; Max missed cleavages, 2; Main search (mass
tolerance of precursor ions), 6 ppm; First search (mass tolerance of
precursor ions), 20 ppm; MS/MS Tolerance (mass tolerance of MS2), 20
ppm; Fixed modifications, carbamidomethyl; Variable modifications,
acetyl(K); Database, iant.toulouse.inra.fr/bacteria/annotation/cgi
/rhime.cgi; Database pattern, reverse; Peptide FDR, <0.01; Site FDR,
<0.01; Protein FDR, <0.01; Time window (match between runs), 2 min.

2.4. Construction of the hupB mutants of S. meliloti

Approximately 800 bp DNA sequences upstream and downstream of
the hupB gene were selected as replacement fragments for homologous
recombination. These flanking fragments were amplified using the high-
fidelity Phanata Max DNA polymerase (Thermo Fisher Scientific), with
Rm1021 genomic DNA as the template, and the PCR primers were listed
in Table S2. The fragments were overlappingly amplified by PCR ata 1:1
ratio. The PCR product was purified and digested with BamHI and Xbal
enzymes, yielding the purified product and vector pK18mobsacB
(Schafer et al., 1994). The digested PCR products were ligated to the
linear vectors using T4-DNA ligase, resulting in the gene-deleted
plasmid pAhupB. pAhupB was introduced into the Rm1021/phupB
through tri-parental mating, and the transconjugants were selected on
LB/MC agar plates containing streptomycin and neomycin. These
transconjugants were streaked on fresh LB/MC/Sm/Nm agar plates and
inoculated in 3 ml of LB/MC/Sm/Nm broth to determine the bacterial
cell density. After incubation at 28 °C for 12-18 h, the bacterial cell
density reached 0.8-1.0 at ODggo. Bacterial cells were collected by
centrifugation at 8000 rpm for 1-2 min, resuspended in 1 ml of fresh
LB/MC broth, and then diluted 10 times. Sixty pl of the diluted cells were
spread on LB/MC/Sm agar plates with 10 % sucrose and incubated at 28
°C for 3—-4 days. Single colonies were picked and streaked on LB/MC/Sm
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and LB/MC/Sm/Nm agar plates. Colonies sensitive to neomycin were
used for PCR amplification and DNA sequencing to confirm the
AhupB/phupB mutant. The construction of the lysine-arginine and
lysine-glycine substitutions in the HupB protein was achieved by
introducing pAhupB into Rm1021/phupB®*3k and Rm1021/phupB3¢-3¢
via tri-parental mating, followed by similar steps as in the construction
of AhupB/phupB to obtain AhupB/phupB®*3} and AhupB/phupB®%-3¢

2.5. Growth curve determination of S. meliloti hupB mutants

S. meliloti cells were selected from fresh prepared LB/MC plates and
inoculated into 3 ml of LB/MC broth supplemented with appropriate
antibiotics. The cultures were incubated overnight in a shaker incubator
at 250 rpm/min and 28 °C. Subsequently, the cells were sub-cultured at
a 1:50 ratio into 50 ml of LB/MC broth containing appropriate antibi-
otics. The optical density at 600 nm (ODggo) was monitored every 2 to 3
h using a visible spectrophotometer, and these measurements were
utilized to construct a growth curve.

2.6. Morphology and cell length statistics of S. meliloti hupB mutants

The plasmid pHC60, which constitutively expresses GFP, was intro-
duced into the wild-type and mutant strains of S. meliloti. The trans-
conjugants were then cultured overnight in 5 ml LB/MC broth at 28 °C
and 250 rpm/min. Subsequently, 500 pl of the overnight culture was
used to 50 ml of fresh LB/MC broth for subculture. The bacteria were
allowed to grow to the logarithmic phase (ODgoo=0.8-1.0), after which
1 ml of the bacterial solution was aspirated and centrifuged at 6000 rpm
for 3 min to pellet the cells. The cell pellet was then resuspended in 0.85
% sterile saline and centrifuged twice for further purification. The
morphology of the bacterial cells was examined using a Zeiss fluores-
cence microscope (green fluorescence channel) with a 100 x objective
lens of, and the cell images were captured using the ZEN software. The
cell area was measured using Image J software and converted to cell
length, assuming an average cell width of 1 pm). Approximately 1000
cells were counted for each type, with those exceeding 1 pm in width
being considered valid data. A frequency distribution table was
compiled, and the data underwent t-test for statistical analysis. Signifi-
cant differences between groups are denoted as follows: * for P < 0.05,
** for P < 0.01), and *** for P < 0.001.

2.7. RNA-seq and bioinformatic analysis

A cell pellet of S. meliloti was initially prepared by centrifuging 20 ml
of overnight culture at 6000 rpm for 5 min at 4 °C. The cell pellet was
subsequently washed twice with DEPC-treated water, resuspended in
200 pl of DEPC water, and frozen in liquid nitrogen. The frozen cells
were ground into powder in an EP tube using an electronic mortar,
followed by RNA extraction with Trizol (life technology). RNA-seq and
bioinformatic analyses were conducted by Sinotech Genomics,
Shanghai. For specific experimental procedures, please refer to the
documents available on the company’s website.

2.8. qRT-PCR and qPCR analysis

RNA reverse transcription was conducted using the PrimeScript RT
reagent Kit with gDNA Eraser (TAKARA). The qPCR and qPCR reaction
setup were based on a previously established method (Tang et al., 2017).
SMc00128 was employed as the internal reference gene for quantifying
the gene expression level. All PCR primers were listed in Table S2.

2.9. Protein expression, purification, and immunoblotting
E. coli BL21 cells harboring the plasmid with hupB or its mutants

were cultured overnight in 5 ml LB broth supplemented with ampicillin
in an incubator shaker set at 37 °C and 250 rpm/min. The entire
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bacterial cell culture was then transferred into 100 ml of fresh LB broth
and incubated for 12 h at 37 °C. IPTG (0.5 mM) was then added to the
broth for induction, and the culture was incubated in an incubator
shaker set at 18 °C and 250 rpm/min for 8 h The His-tag fusion protein
purification was then carried out using Ni%*affinity chromatography
system according to a previously established protocol (Tang et al.,
2017). The elutes were analyzed by SDS/PAGE to assess protein binding.
The purified HupB fusion protein was successfully prepared and used to
generate rabbit anti-polyclonal antibodies at Hangzhou Hua’'an
Biotechnology Co., Ltd, followed by immunoblotting analysis (Tang
et al., 2017). The assays utilized polyclonal antibodies of anti-NtrX,
anti-CtrA, anti-GcrA, and anti-DnaA (Xing et al., 2022).

2.10. Chromatin immunoprecipitation dna sequencing (ChIP-seq) analysis

High-throughput sequencing, data processing, RNA sequence, and
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ChIP sequence analyses were conducted by Shanghai Bioer Bioengi-
neering Ltd. Each sample yielded 2 G of sequencing data was, with over
90 % of bases having a quality score higher than 20 (Q20). The data
underwent initial preprocessing, followed by the removal of small RNA
and rRNA using the SeqTK method, resulting in clean reads that
comprised >95 % of the original data. Bowtie2 (version: 2-2.0.5) was
chosen for genome mapping of the preprocessed reads due to its suit-
ability for prokaryotic transcriptome sequencing data. The genome
database used was S. meliloti 1021, with mapping ratios ranged from 92
% to 98 %. Reads were converted into FPKM (Fragments Per Kilobase of
exon model per Million mapped reads) for gene expression normaliza-
tion. The number of fragments per gene was counted using the HTSeq
bowtie2 tool, normalized with the TMM (trimmed mean of M values)
method, and calculated using a Perl script to obtain the FPKM value of
each gene.
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Fig. 1. Identification of acetylated lysine residues in the HupB protein from S. meliloti. A. 3D-structure reconstruction of HupB dimers from S. meliloti. K3a, the
third lysine residue on subunit «; 2.51, the minimum distance between the carboxyl oxygen atom at position D26 on subunit a and the e-amino nitrogen atom at
position K3 on the same subunit (2.51 A). B. Peptides containing acetylated lysine residues identified through high-resolution mass spectrometry analysis. Coefficient
of Variation, the number of times peptides with acetyl-modified K were detected divided by the total number of detections. C. Mutations were introduced in the three
key lysine residues of HupB in S. meliloti. hupB, a deletion mutant of hupB was generated in the chromosome following the expression of the IPTG-induced hupB gene
from a plasmid (AhupB/phupB); hupB3R, AhupB/phupB¥> 1% 83 R: hypB3 G, AhupB/phupB*> 13 83 C,
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2.11. Electrophoretic mobility shift assay (EMSA)

A 30-bp oligonucleotide from the dnaA promoter was utilized as a
probe to bind the purified HupB and its amino acid-substituted variants.
The promoter was synthesized by Shanghai Sangon Biotech Co., Ltd.
EMSA was conducted using the LightShift chemiluminescent EMSA kit
(Thermo Scientific), following a previously described protocol (Xing
et al., 2022).

3. Results

3.1. Lysine residues in HupB from S. meliloti are subject to differential
acetylation modifications

The histone-like protein HupB, encoded by SMc01906 in S. meliloti
1021, comprises 90 amino acids, including 8 lysine residues (K3, K13,
K18, K37, K59, K78, K83, and K86). HupB shares 34-41 % amino acid
sequence identity with integration host factors HimA and IHFB. Classi-
fied as a basic DNA-binding protein, HupB also contains 5 arginine, 6
aspartate, and 2 glutamate residues. The 3-D model, generated via the
Swiss model website suggests a dimer composed of 3 a-helix (two
located in the C-terminus) and 5 $-fold sheets. The dimer had a 46.67 %
identity with Staphylococcus aureus Hu protein, 8hd5.1(www.ncbi.nlm.
nih.gov/Structure/pdb/8HD5), and boasts a 0.89 QEME (Quality Eval-
uation of Model and Experiment) score of 0.89 and QSQE (Quality of
Structural Ensemble) score of 0.98. PyMOL analysis reveals that within a
single subunit of the HupB protein dimer, two salt bridges are formed:
K3-D26 (distance between N and O atoms: 2.51 A and 2.52 ;\) and K83-
D87 (distance between N and O atoms: 3.55 Aand 3.21 [0\). Additionally,
there may be a weak salt bridge formed between the two subunits at
K13-E30 (distance between N and O atoms: 4.29 A and 5.01 ;\), indi-
cating that K3, K13, and K83 might be key residues for the protein’s
function (Fig. 1A). High-resolution mass spectrometry analysis of the
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pan-acetyl-Lysine immunoprecipitation products revealed that four
peptide segments were detected across three independent experiments
(Fig. 1B). Peptides with acetyl modifications on K13 and K83 were
consistently detected, while the peptide with acetyl modification on K78
was observed in two experiments (Fig. 1B). The peptide with acetyl
modification on K3 was only detected in one experiment, and the signal
intensity was close to the detection limit (Fig. 1B). These results indicate
that the acetyl modifications on these lysine residues are indeed present.
We aimed to construct triple lysine substitution mutants (hupBKg’lg’ 83R
and hupB¥>1383Q) to mimic the non-acetylated and acetylated states of
HupB, based on the integrated analysis of structural and mass spec-
trometry data. However, base substitutions in the HupB-encoding gene
within the genome proved unattainable. We could only delete the hupB
gene in the genome and express the mutated gene from the plasmid
PSRK-Gm. DNA sequencing confirmed that only one of the two planned
mutant, hupB>*°R (simulating the non-acetylated state), and hupB3%-3¢
(hupB¥>13 836y were successfully constructed inadvertently, while
hupB3K'3Q (simulating the acetylated state) was not (Fig. 1C).

3.2. HupB lysine substitutions lead to deficiencies in cell division in S.
meliloti

We successfully constructed three S. meliloti strains (AhupB/phupB,
AhupB/phupB3® and AhupB/phupB>3C) for analysis of cell growth
and duplication. AhupB/phupB3K’3G exhibited faster growth than
AhupB/phupB, while AhupB/phupB>*3® showed slowest growth
(Fig. 2A), indicating that acetylation of lysine residues in HupB affected
the growth and duplication of S. meliloti. Cell morphology was assessed
after introducing a constitutively expressing gfp gene. Notably, AhupB/
phupB®¢3R culture contained numerous large abnormal cells (Fig 2E)
and AhupB/phupB®¢3C culture had many small irregular cells (Fig 2F),
compared to AhupB/phupB (Fig. 2D). These findings suggest that lysine
acetylation in HupB influenced cell division in S. meliloti. The average
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Fig. 2. HupB lysine substitutions mimic acetylated and non-acetylated affect S. meliloti cell division. A. Growth curves of AhupB/phupB with lysine sub-
stitutions. B-C. Analysis of cell length measurements in AhupB/phupB with lysine substitutions. Statistical analysis was performed using Student’s t-tests; **** denote
P < 0.001; 2.47, the average length of the cells. D-F. Cell morphology of AhupB/phupB with lysine substitutions. Abnormal cells are indicated using arrows; bars,

10 pm.
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cell lengths of AhupB/phupB, AhupB/phupB>¢3¢ and AhupB/phupB>K-3R
were 2.47 pm, 2.02 pm, and 2.73 pm, respectively (Fig 2B). AhupB/
phupB3*3R culture had longer cells, while the AhupB/phupB3*3¢ culture
had shorter cells (Fig. 2C). These results suggest that non-acetylated
HupB prevented cell division, while acetylated protein promoted it.

3.3. HupB lysine substitutions activated transcription of cell cycle regulator
genes

To understand how the acetylation of lysine residues on the HupB
protein influences cell division in S. meliloti, we investigated the dif-
ferential expression of cell cycle-related genes. RNA-Seq analysis
revealed that 166 genes were differentially expressed in the AhupB/
phupB33R mutant compared to the AhupB/phupB strain (Fig. 3A,
Table S3), with 129 genes being downregulated and 37 genes upregu-
lated. Similarly, 777 genes showed differential expression in the AhupB/
phupB®36 mutant, with 271 genes downregulated and 506 genes
upregulated (Fig. 3A, Table S3). Of these, 39 genes were differentially
expressed in both mutants: 19 were upregulated and 20 were
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downregulated (Fig. 3A). The data indicate that the hupB*3¢ mutation
results in a greater impact on gene expression than the hupB**R mu-
tation, with the former leading to the up-regulation of more genes and
the latter to the down-regulation of more genes.

Transcriptomic analysis further revealed that the cell cycle regula-
tory genes minCDE, ftsZ1, and ftsZ2 were slightly upregulated in the
hupB3K'3R mutant compared to the non-mutation strain, while gcrA, ctrA,
dnaA, and ccrM showed slightly increased expression in the hupB(3¢
mutant (Fig. 3B).

To validate these findings, total RNA was extracted from the rhizo-
bial cells under identical conditions and analyzed using quantitative RT-
PCR. The results confirmed similar levels of hupB expression across the
three strains (Fig. 3C). The transcripts of ctrA, gcrA, dnaA, and ntrX were
found to be higher in both substitution mutants compared to the non-
mutation strain (Fig. 3C), with the hupB3¢3¢ mutant exhibiting higher
transcription levels than the huszK’sR mutant (Fig. 3C). These data
suggest that HupB3K'3G is more effective in promoting gene transcription
than HupB3¥3R,
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Fig. 3. Transcriptional activation of key cell cycle regulatory genes in S. meliloti HupB lysine substitution cells. A. Analysis of differential expression genes in
HupB lysine substitution mutants through transcriptome (RNA-seq). B-C. Transcriptional upregulation of cell cycle regulatory genes determined by RNA-seq (B) and
qRT-PCR (C). Statistical analysis was performed using Student’s t-tests; ** denotes P < 0.001; * indicates P < 0.05.
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3.4. HupB lysine substitutions cause differential expression of cell cycle
regulator proteins

The transcriptional outcomes of cell cycle regulatory genes failed to
account for the cellular growth and division phenotypes resulting from
the mutation of Lys to Arg and Gly in HupB. Consequently, we hy-
pothesized that there might be variations in protein expression levels. To
test this hypothesis, we extracted total protein from rhizobia cells and
conducted immunoblot analysis. Our findings revealed that in the
AhupB/phupB3¢3R cells, there was an increase in CtrA levels, while GerA
and DnaA levels decreased (Fig. 4A-B). Conversely, in the AhupB/
phupB¥3C cells, CtrA levels significantly decreased, with a notable in-
crease in GerA and DnaA levels (Fig. 4A-B). These data suggest that the
substitution of Lys with Arg and Gly in HupB resulted in opposing trends
in the protein levels of CtrA, GecrA, and DnaA.

3.5. HupB with lysine substitutions exhibits differential patterns of genomic
DNA binding

The homologous protein HupB is known to bind genomic DNA in
various bacterial cells (Prieto et al., 2012; Liao et al., 2017). In vitro
studies have demonstrated that acetylation of lysine residues in HupB
can influence its DNA binding capacity (Holowka et al., 2017). However,
it has remained unclear whether HupB with specific lysine substitutions
in S. meliloti exhibits differential binding across the entire genome.
Utilizing Chromatin Immunoprecipitation-DNA sequencing (ChIP-Seq)
technology, this study reveals that HupB and its mutant variants display
varying binding affinities towards the three replicons of the S. meliloti
genome, with the order of preference being chromosome > pSymB >
pSymA (Fig. 5A). Moreover, their binding tendency towards the DNA at
the replicon ends is stronger compared to the middle regions (Fig. 5A).
HupB®3R binds to a greater number of DNA fragments and longer
segments than both HupB and HupB®*3¢, with HupB®*3¢ showing the
least binding to the shortest fragments (Fig. 5B). The details are as fol-
lows: AhupB/phupB cells yielded a total of 573 DNA fragments, ranging
in length from 236 to 10,915 bp, while AhupB/phupB33R cells produced
1116 fragments, ranging from 240 to 11,124 bp (Table S4).
AhupB/phupB3¥3C cells, on the other hand, yielded 358 fragments,
ranging from 248 to 5864 bp (Table S4). Predictions of the genomic DNA
cis-elements targeted by HupB and its mutants reveal that HupB can
bind to the highest number of these elements [36], with HupB3K-3R
intermediate (Xue and Biondi, 2019), and HupB3K-3 G the lowest
(Micka and Marahiel, 1992) (Fig. 5C). These findings suggest that lysine

A
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substitutions in the HupB protein modulate its binding pattern to the
S. meliloti genome.

3.6. HupB proteins with lysine substitutions differentially bind to DNA
fragments from cell cycle regulatory genes

Analysis of the ChIP-seq data revealed differential precipitation of
DNA fragments from cell cycle regulatory genes by the antibody in the
presence of HupB and its mutants (Fig 6A). Notably, ctrA gene fragments
were slightly more abundant in hupB**3R cells compared to the wild-
type hupB cells, whereas in hupBBK'3G cells, they were drastically
reduced; dnaA gene fragments showed a significant decrease in both
hupB mutant cells; and gcrA gene fragments also decreased, with a more
pronounced reduction in hupB3(3¢ cells (Fig. 6A).

To confirm these findings, we performed a ChIP-PCR experiment
under identical conditions. The results indicated that the precipitation of
the ctrA gene promoter region was inclined to increase in hupB3X3R cells,
while displaying an opposite trend in hupB®3C cells; the promoter re-
gions of dnaA and gcrA genes exhibited a significant decrease in both
hupB mutant cells (Fig. 6B). This outcome aligns closely with the ChIP-
seq data, suggesting that lysine substitution mutations in HupB, whether
they mimic acetylation or not, can influence its binding to the promoter
regions of cell cycle regulatory genes.

Wild-type HupB and its lysine-substituted variants were expressed
and purified. A DNA fragment rich in A/T from the dnaA promoter was
synthesized and used as a probe for gel shift assays. The assay results
demonstrated that HupB and the HupB®3} mutant proteins formed
larger protein-DNA complexes upon interaction with the probe, whereas
the HupB®3C¢ mutant protein formed smaller complexes (Fig. 6C).
Quantitative analysis of the HupB-DNA complex bands using Image J
reveals that the amount of DNA complex formed by HupB and HupB3¥
3R js greater than that formed by HupB>*3¢ (Fig. 6D). These findings
imply that non-acetylated proteins have a higher binding density to
DNA, while acetylated proteins exhibit reduced binding to the target
DNA.

3.7 Lysine substitutions potentially alter the conformation of the DNA-
binding HupB protein

Using the 3D structure of HU protein from S. aureus bound to a DNA
fragment (4qju) as a templat (Kim et al., 2014), the 3D structures of
S. meliloti HupB and its mutants were reconstructed. The distances be-
tween the K and D/E nitrogen and oxygen atoms were then measured
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Fig. 4. Protein of key cell cycle regulators expressed in S. meliloti HupB substitutions. A, Inmunoblotting; CB, Coomassie brilliant blue staining showing some
of the protein bands. B, Quantitative assess of the immunoblotting data with Image J. Relative intensity, the signal intensity of the Western blot band divided by the
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using PyMOL software to analyze the strength of the salt bridge in- subunit o was shortened (from 3.21 A to 2.54 A), while the distance

teractions. We found that, compared to the 3D structure reconstructed between the side chain nitrogen and oxygen atoms of this residue pair on

using the unbound DNA template 8hd5, after DNA binding, the distance subunit f increased (from 2.55 A to 3.5 A; Fig. 1A and 7A). The distance

between the side chain nitrogen and oxygen atoms of K83-D87 on between the side chain nitrogen and oxygen atoms of K3-D26 on both
A

Fig. 7. 3D structures of S. meliloti HupB and its substitutions bound to DNA. 3D structure of HU-DNA complex from S. aureus (4qju). B-E. Stimulated 3D
structures of HupB (B), HupB**3R (C) and HupB®**3? (D) HupB®3C (E) were present. D87, the 87th residue on the « subunit is aspartic acid; 2.68, the distance
between the nitrogen and oxygen atoms is 2.68 A
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subunits did not change significantly (Fig. 1A and 7A). These data
indicate that after DNA binding, the salt bridges at the C-terminus
(involved in DNA binding) of the HupB protein subunits underwent
asymmetric changes. Additionally, the distance between the side chain
nitrogen and oxygen atoms of K13-E30 across the two subunits also
underwent asymmetric changes (from 4.29 A t0 2.95 A; 5.01 A to 5.22 A;
Fig. 1A and 7A), suggesting that DNA binding led to asymmetric alter-
ations in the interactions between the HupB protein subunits.

Mutating the three K residues on the HupB protein to R resulted in an
increase in the distance between the side chain nitrogen and oxygen
atoms of K3-D26 and K83-D87 within both subunits (from 2.52 Ato3.88
[D\; 2.53 A to 3.06 ;\; 254 At08.3 A; 3.5A t0 4.3 A), while the distance
between the side chain nitrogen and oxygen atoms of K13-E30 across the
two subunits decreased (from 2.95 A to 2.89 /DX; 5.22 A to 4.4 f\; Fig. 7B).
This indicates that after the substitution mutation, the electrostatic in-
teractions within the subunits and between the subunits underwent
opposite changes, meaning the attraction between the charged groups
within the subunits decreased, while the attraction between the subunits
increased. Mutating the three K residues on the HupB protein to G
resulted in an increase in the distance between the side chain nitrogen
and oxygen atoms for both the intra-subunit K3-D26 and K83-D87 and
the inter-subunit K13-E30 (from 2.52 A to 8.45 A; 2.53 A t0 7.68 A; 2.54
At03.56 A; 3.5 A t03.59 A; 2.95 A t0 7.53 A; 5.22 A to 7.02 A; Fig. 7D).
This indicates that after the substitution mutation, the electrostatic in-
teractions within the subunits and between the subunits disappeared,
leading to a relaxed conformation of the protein. Mutating the three K
residues on the HupB protein to Q resulted in an increase in the distance
between the side chain nitrogen and oxygen atoms for both K3-D26 and
K83-D87 within the alpha subunit (from 2.52 A to 3.06 A and 2.54 A to
2.69 f\), while within the beta subunit, the distance between the side
chain nitrogen and oxygen atoms of K3-D26 and K83-D87 increased for
one and decreased for the other (from 2.53 Ato3.21 /o\; 3.5At02.87 }o\).
The changes in the distance between the side chain nitrogen and oxygen
atoms of K13-E30 across the two subunits were similar to those within
the beta subunit (from 2.95 A to 2.74 [o\; 5.22 A to 5.68 A; Fig. 7C).
Through the above structural simulation analysis, it was found that after
the HupB protein binds to DNA, its conformation may undergo signifi-
cant changes; when the three Lysine residues on it are replaced by
Arginine, Glycine, and Glutamine, respectively, the conformational
changes of the protein are each different.

4. Discussion

The acetylation of histone-like protein HU can modulate DNA

Acetic acid

TadiVt R
,»"'/'7 / :
o 7/ Genomic DNA
Ac-CoA 3K—3G
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compaction, replication, and gene expression in bacteria (Prieto et al.,
2012; Stojkova et al., 2019; Liao et al., 2017; Kohler and Marahiel,
1997). However, the role of HU protein acetylation in regulating cell
division in bacterial cells is seldom documented, and its underlying
regulatory mechanism remains largely elusive. In this study, we
employed molecular genetic approaches to successfully generate mu-
tants of the HU homologous protein HupB in S. meliloti, by substituting
three lysine (K) residues with arginine (R) and glycine (G), mimicking
acetylated and non-acetylated states, respectively. For the first time, we
observed that these two mutants exhibited nearly opposite phenotypes
in cell division. We further elucidated the potential mechanisms of ac-
tion by analyzing the differences in HupB’s DNA binding affinity, the
altered expression of cell cycle regulatory proteins, and their direct
modulation (Fig. 8).

It has been reported in various bacterial species that several K resi-
dues on HU homologous proteins can undergo acetylation (Kano et al.,
1985; Liao et al., 2017; Micka and Marahiel, 1992). Utilizing
high-resolution proteomics, we identified four K residues on S. meliloti’s
HupB that are candidates for acetylation modifications. Given that 3D
structural analysis suggested that three of these (K3, K13, and K83)
could potentially form salt bridges, which are likely crucial functional
sites, and K78 might directly interact with DNA, we decided to mutate
these three residues simultaneously (Fig. 1). We avoided single amino
acid residue replacement mutations due to concerns that such mutants
might not display discernible genetic phenotypes. In future research, we
intend to perform replacement mutations on individual K residues to
ascertain if there exists a critical modification site.

The hupB gene in S. meliloti, similar to its counterpart in B. subtilis, is
vital for growth and reproduction (Micka and Marahiel, 1992). Conse-
quently, we were unable to successfully screen for deletion mutants of
this gene and substitution mutants of the three lysine residues in the
hupB gene within the genome. Despite successfully constructing three
conditional knockout strains—AhupB/phupB, AhupB/phupB®*3R, and
AhupB/hupB3¢3C¢  (Fig. 1C), —we were unable to obtain the
AhupB/hupB®3Q mutant. The likely explanation is that mutating the
three lysine residues on HupB to glutamine (Q) may result in abnormal
protein structure and function, which adversely affects the survival of
S. meliloti cells, potentially differing from the effects observed in
B. subtilis. This hypothesis is also supported by the results of 3D struc-
tural simulation analysis of the mutant protein (Fig. 7).

We suggest that the HupB*3¢ mutation can mimic the acetylated
state of HupB. Firstly, this mutant displays cellular phenotypes that are
nearly opposite to those of HupB*R cells (Fig. 2). Secondly, the
expression patterns of key cell cycle regulatory proteins are largely

Cell division

Fig. 8. Model of HupB modified by acetylation to regulate cell division. Ac-Co, acetyl-CoA; Ac-Pi, acetyl phosphate; HupB-Ac, acetylated HupB; + or arrows,

promotion or positive regulation.
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converse between these mutants (Fig. 4). Moreover, the DNA binding
patterns and capacities are either opposite or distinct (Fig. 5-6). Lastly,
3D structural simulations under the DNA-bound state reveal profoundly
different protein conformations (Fig. 7). We contend that the role of
acetylation on the lysine residues of the HupB protein is to neutralize
positive charges and disrupt salt bridges, thereby altering the confor-
mation and function of the protein. Consequently, mutations to arginine
(R) and glycine (G) exhibit opposing phenotypes or effects. We
attempted to elucidate the cell division defect phenotypes of the HupB
lysine substitution mutants (Fig. 2) by examining changes in the
expression of cell cycle regulatory proteins. These phenotypes may arise
from the differential expression of cell cycle regulators (CtrA, GcerA,
DnaA, and NtrX) (Fig. 4). Interestingly, transcriptional analysis revealed
significantly elevated mRNA levels for these key cell cycle regulatory
genes in the two hupB mutants (Fig. 3), which were not entirely
consistent with their protein expression levels (Fig. 4). Our interpreta-
tion is that the expression of these genes in the context of HupB muta-
tions may not be solely governed by transcriptional regulation but may
also be subject to post-translational control.

The lysine substitution mutations in the HupB protein profoundly
altered its binding affinity for genomic DNA fragments (Fig. 5A-B),
aligning with findings on HU proteins with simulated acetylation mod-
ifications and unmodified forms in other strains (Kohler and Marahiel,
1998). However, we uniquely identified that HupB exhibits varying af-
finities towards the three replicons in the genome and different regions
within the same replicon (Fig. 5A). Moreover, its lysine substitution
mutations modified the originally identified DNA cis-elements (Fig. 5C),
potentially stemming from alterations in protein conformation (Fig. 7).

Initially, we postulated that replacing lysine (K) residues in HupB
with arginine (R), to mimic a non-acetylated state, might reinforce or
sustain the salt bridges within the protein molecule. However, structural
simulations of the DNA-bound HupB protein revealed unexpected al-
terations in electrostatic interactions both within and between subunits
(Fig. 7C). Notably, the subunits adopted a more relaxed conformation
internally, while the interactions between subunits intensified. This
relaxed conformation at the C-terminus facilitates stronger electrostatic
interactions between the positively charged amino acid residues of the
protein and the phosphate groups on the DNA backbone, accounting for
the enhanced affinity of the HupB***R mutant for DNA fragments.
Conversely, when K is substituted with glycine (G), the electrostatic
interactions within and between the HupB mutant molecules are abol-
ished, resulting in an overall more relaxed protein conformation
(Fig. 7E) and impaired DNA binding (Fig. 5-6), thereby alleviating the
inhibitory effect of HupB binding on gene expression (Fig. 3). The
conformational changes induced by K replacement with glutamine (Q)
are more nuanced (Fig. 7D), as glutamine is polar and may form new
hydrogen bonds, complicating its interpretation as a simple mimic of
lysine acetylation.

In conclusion, the HupB protein in S. meliloti undergoes acetylation
modifications that modulate its conformation, influencing DNA binding
and regulating the expression of cell cycle-related genes in an intricate
fashion to govern cell division (Fig. 8). This work lays the groundwork
for a more profound understanding of the regulatory mechanisms un-
derlying bacterial cell division. However, the post-translational mech-
anisms by which the HupB protein orchestrates the differential
expression of cell cycle proteins warrant further exploration.
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