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The morphology is the consequence of evolution and adaptation. Escherichia coli is rod-shaped bacillus with
regular dimension of about 1.5 pm long and 0.5 pm wide. Many shape-related genes have been identified and
used in morphology engineering of this bacteria. However, little is known about if specific metabolism and metal
irons could modulate bacteria morphology. Here in this study, we discovered filamentous shape change of E. coli
cells overexpressing pigeon MagR, a putative magnetoreceptor and extremely conserved iron-sulfur protein.
Comparative transcriptomic analysis strongly suggested that the iron metabolism change and iron accumulation
due to the overproduction of MagR was the key to the morphological change. This model was further validated,
and filamentous morphological change was also achieved by supplement E. coli cells with iron in culture medium
or by increase the iron uptake genes such as entB and fepA. Our study extended our understanding of
morphology regulation of bacteria, and may also serves as a prototype of morphology engineering by modulating

Filamentous bacteria
MagR overexpression

the iron metabolism.

1. Introduction

Bacteria have adapted their shape to suit their particular environ-
ments and lifestyles. In general, bacteria can be classified according to
three major basic shapes: Coccus, Bacillus, and Spiral. The bacterium
Escherichia coli (E. coli) is a gram-negative rod-shaped bacillus with
regular dimensions of about 1.5 pm long and 0.5 pm wide [1]. It has
been extensively studied and become one of the standard model systems
in biology. The morphology of bacteria is one of the critical features and
is genetically determined, but could be changed either through genetic
modification or expose to physical, chemical, and biological factors in
the environment [2]. The manipulation of cell morphology through
genetic modification or called morphology engineering have huge
benefits to accelerate growth, reach higher cell density, simplify
downstream separation and increase protein yield, thus has potential
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applications in bio-production [3]. Many shape related genes have been
genetically modified to engineering cell morphology from bars to
spheres [4,5], or bars to fibers [6]. However, little is known about the
specific factors that determine why bacteria are shaped in a particular
way and if we could conduct morphology engineering by modulating a
specific metabolism pathway?

Exploring the bacteria morphology is crucial to understand the origin
of life, as it globally restricts physical and chemical features of a cell. Life
on earth developed in equilibrium with the hydrosphere and the litho-
sphere, taking from these all the elements necessary for performing
essential functions [7]. As a consequence, a variety of metal ions are
required for optimal functioning of living organisms during evolution
[8,9]. Metals contribute to the proper folding and stability of bio-
macromolecules, and confer various biological functions [10,11]. Met-
alloproteins are at the heart of numerous biological processes ranging
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from photosynthesis and respiration to natural product biosynthesis [12,
13].

Among all the metals, iron is the fourth most abundant metal in the
earth’s crust [14], and is also a critical nutrient for the growth and
survival of animals, plants and almost all microorganisms. It is widely
used in various redox processes in e.g. asoxygen metabolism, electron
transfer and DNA biosynthesis [15], and so on. Iron is also essential for
the formation of biofilm, which regulates surface movement and stabi-
lizes polysaccharide matrix [16,17]. The iron deficiency has a great ef-
fect on bacteria, and thus iron deprivation is an efficient way to limit
bacterial growth.

The biological functionality of iron is almost entirely dependent
upon its incorporation into proteins, either as a mono- or binuclear
species, or in a more complex form as part of iron-sulfur clusters or haem
groups [18]. A large proportion of internalized iron is housed within
inorganic prosthetic groups called iron-sulfur clusters [19]. Iron-sulfur
cluster is one of the oldest substances and exists widely in living or-
ganisms. The most common types of iron-sulfur clusters are rhombic
[2Fe-2S], cubic [3Fe-4S] and cubic [4Fe-4S] [20]. These clusters confer
a number of functions [21], like electron transfer, catalysis and regu-
latory processes [22]. Due to the mid-range redox potential of
iron-sulfur clusters, they are commonly found as an electron transfer
cofactor in various proteins, as well as in electron transport chains or
pathways within a variety of redox enzymes [22].

In addition, Qin et al. in 2015 reported an iron-sulfur protein MagR
(originally named IscA) played key roles in animal magnetoreception
through the interaction with cryptochrome (Cry) [23]. MagR forms
rod-like complex with Cry and showed intrinsic magnetic moment
[23-26]. The iron-sulfur cluster of MagR has also been suggested to
mediate the long range intermolecular electron transport chain in
MagR/Cry complex [23,27-29], which implies the electron transfer may
play essential roles in animal magnetoreception as well.

In the process of recombinant expression and purification of pigeon
MagR, we noticed the morphological change of E. coli from rod-shaped
to filamentous shape. A number of genetic and environmental factors
which reshape the morphology of bacteria have been extensively studied
previously, but how iron-sulfur protein affect the bacteria morphology
has not been revealed. To address the underlying mechanism of how
MagR expression induce the filamentous morphological change of E. coli
and if this morphological change can be modulated by external magnetic
field, here we systematically studied the effects of MagR expression on
cell morphology and analyzed the change of metabolism and tran-
scriptome of E. coli upon MagR recombinant expression. We found that
the accumulation of iron content inside cells by over-expression of MagR
directly led to filamentous morphological change of E. coli. Various
experiments have been designed to increase the cellular iron content and
the results further validate that iron content accumulation is the key to
bacteria filamentation. The data we presented here not only elucidated a
mechanism of bacteria filamentous morphology regulation which has
not been revealed previously, but also suggested a potential strategy of
bacteria morphology engineering by iron metabolism modulation
through MagR expression.

2. Materials and methods
2.1. Bacterial strains and culture conditions

All cellular experiments were completed in E. coli BL21 (DE3) cells.
For E. coli cells overexpressing wild type pigeon MagR (clMagRWT), its
homology E. coliIscA (eclscA) or its loss-of-function mutant (clMagRSM),
or FepA, or EntB, or none (transfected with empty vector): cells were
grown to OD600 0.5-0.6 at 37°C in LB medium with 50 mg L~! Kana-
mycin and the protein expression was induced with 20 pM isopropyl-
f-D-1-thiogalactopyranoside (IPTG) at 15°C overnight. For magnetic
field treatment during cell culture: E. coli cells were cultured in LB
medium and placed on neodymium iron boron (NdFeB) N38 permanent
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magnets (length x width x height: 10 x 10 x 2 cm, Hefei Gaoshu
Magnetic Materials, Hefei, China). The magnetic intensity was measured
as 0.5 T on the surface of NdFeB permanent magnets. Non-magnetic
aluminum 6061 (Al 6061) alloy block of the same size was used as a
sham control of the magnet (Hefei Gaoshu Magnetic Materials, Hefei,
China).

2.2. Fluorescence imaging

E. coli cells overexpressing eclscA, clMagR"T and none (transfected
with empty vector) were stained with 20 pg mL~! FM4-64 (Invitrogen,
USA) and 20 pg mL~! Hoechst 33258 (Beyotime Institute of Biotech-
nology, Jiangsu, China) for 3 min on ice and room temperature for 20
min. The mixtures were then centrifuged at 12000 rpm for 1 min and
cells remove the supernatant and retain 5 pL of dye for preparation. All
the images were taken with a confocal microscope (Olympus, Tokyo,
Japan).

2.3. LIVE/DEAD bacteria staining

To monitor the viability of bacterial populations, LIVE & DEAD
bacterial staining kit was purchased from Yeasen Biotechnology
(Shanghai, China) and stained bacterial according to the manufacturer’s
protocol. Briefly, one volume of DMAO and two volumes of EthD-IIT
were mixed in a microcentrifuge tube, and after full mixing, 8 vol of
0.85% NaCl solution were added to obtain a 100 x dye solution. 1 pL of
100 x dye solution was added 100 pL of bacterial suspension. Then, cells
were stained at room temperature in dark for 15 min. The images were
photographed by a confocal microscope (Olympus SpinSR10, Tokyo,
Japan).

2.4. Counting of cells with filamentous morphology

Images of cells expressing cIMagR"", cIMagR®", eclscA, FepA, EntB,
or none (transfected with empty vector), were randomly selected and
the lengths of each cell were measured using the length measurement
tool in cellSens (Olympus, Tokyo, Japan). Elongated E. coli cells were
defined as cells with length reached equal or above 5 pm (corresponding
to roughly 2-3 folds of the length of a regular rod-like E. coli), and
filamentous cells were defined as cells with length reached equal or
above 15 pm (corresponding to roughly 7-8 folds of the length of a
regular rod-like E. coli). The percentage of elongated cells were calcu-
lated by counting the number of elongated cells in every 100 cells and
for each experiment, at least 500 cells were counted. We also used the
term “the number of filamentous cells” to describe the numbers of fila-
mentous cells (length equal or above 15 pm) in every 500 cells to show
those extremely long cells which would almost never be observed in
normal conditions.

2.5. Comparative transcriptomic analysis

To further investigate the possible molecular mechanism of the
morphological change of E. coli cells upon cIMagRW" over-expression, a
comparative analysis of the gene expression profiles was performed. We
sequenced and compared the transcriptome of E. coli cells with or
without cIMagR"T recombinant expression. Total RNA from all samples
including 3 independent RNA preparations derived from E. coli cells
expressing clMagR"" and 3 independent replicates from E. coli cells
transformed with empty vector, were extracted and purified using the
same protocol and reagents as reported by Chen et al. [30]. cDNA library
construction was performed according to the protocol described by Chen
et al. [30]. After completing library construction, the concentration and
purity of the extracted RNA were detected by ND-2000 (NanoDrop
Technologies, USA). The integrity of RNA was detected by agarose gel
electrophoresis, and Agilent 2100 (Agilent Technologies, USA) were
used to determine the RIN value. After passing library quality
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inspection, the library preparations were sequenced on an Illumina
platform, and paired-end reads were generated. Clean data (clean reads)
were obtained from the screening of raw data (raw reads). The Q20,
Q30, GC-content, and sequence duplication levels of the clean data were
calculated and suggested that the quality of sequencing results was
sufficiently high and reliable for the subsequent transcriptome analysis
(Supplementary Table 1). Principal component analysis (PCA) was
performed to verify the reliability of the repeated experiments.

To identify DEGs (differential expression genes) between two
different treatments, the expression level of each gene was calculated
according to the transcripts per million reads (TPM) method. RSEM [31]
was used to quantify gene and isoform abundance. Essentially, differ-
ential expression analysis was performed using the DESeq2 with |log;
(foldchange)| > 1 and P-adjust < 0.05. Functional enrichment analysis
was performed to identify which DEGs were significantly enriched in GO
terms and metabolic pathways at Bonferroni-corrected p-value < 0.05 in
comparison with the whole-transcriptome background. GO functional
enrichment and KEGG pathway analysis were performed using Goatools
and KOBAS [32], with adjusted p < 0.05 using the Benjamin-Hochberg
method. Additionally, we performed an extensive literature survey for
these genes to uncover their roles in filamentation of bacterial cells.
DEGs from these genes were identified and their expression patterns
were illustrated using the heatmap illustrator of TBtools [33].

2.6. Protein expression and purification

The expression vectors containing clMagRWT or clMagR?’M genes
were constructed as described previously [23]. clMagR®*™ was obtained
by mutating three conserved cysteine residues (C60/C124/C126) to
alanine as reported previously [34]. The protein expression was induced
with 20 pM IPTG at 15°C overnight, and bacteria cells were then har-
vested. The cell pellets were resuspended in lysis buffer (20 mM Tris,
500 mM NaCl, pH = 8.0) with complete protease inhibitor cocktail and
lysed by sonication on ice. After centrifugation, the supernatant was
collected and loaded into Strep-Tactin affinity column (IBA, USA). The
column was washed about 20 column volumes (CV) with washing buffer
(20 mM Tris, 500 mM NaCl, pH = 8.0) to remove unbound proteins.
After washing, proteins were eluted using elution buffer (20 mM Tris,
500 mM NacCl, 5 mM desthiobiotin, pH = 8.0) and the protein purity was
verified by SDS-PAGE. For all SDS-PAGEs, protein Ladder (Thermo
Scientific, Product# 26616) was used as the molecular weight
standards.

2.7. Ferrozine assay

For iron content in purified protein measured by Ferrozine assay,
followed the protocol as described before [24,26]. For intracellular iron
content measured by Ferrozine assay: cells expressing cIMagR"’,
clMagR3M, eclscA, EntB, FepA or none, were recovered by centrifugation
(8000 rpm, 10 min), and then washed six times in ddH5O to remove
culture media and iron absorbed on the cell surfaces. The washed bac-
teria were dried to constant weight, and then weighed and digested with
nitric acid until the solution was clarified.

Ferrous iron reacts with ferrozine (0.1% (w/v) ferrozine in 50% (w/
v) ammonium acetate) to form an intense purple complex that can be
quantified spectrophotometrically at 562 nm using a microplate reader.
A series of ferric chloride (FeCls) solutions (0.1-1 mM) were prepared in
HCl (1 M) to generate a standard curve. The iron content in purified
proteins, or in cell samples after pretreatment as described above were
quantified and analyzed by Ferrozine assay based on the stand curve.
Briefly, aliquots of protein (or cell samples) and HAHCI mixture (80 pL
HAHCI and 20 pL proteins (or cell samples) at 100 pM, total 100 pL)
were incubated at 37°C for 30 min in the dark in a 96-well plate, then,
100 pL ferrozine was added into each well and incubated at 37°C for
additional 15 min in the dark. The iron ferrozine complex was measured
at 562 nm on a microplate reader (Tecan Spark, Switzerland). Histogram
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and statistical analyses were performed by GraphPad Prism software.
Protein and cell samples were tested for differences in total iron using a
Student’s t-test and were considered significantly different at p < 0.05.

2.8. Intracellular iron content analyses using in vivo electron
paramagnetic resonance measurement

The cells expressing cIMagR"", cIMagR®, eclscA, EntB, FepA or
none, were harvested and resuspended in LB medium containing 20 mM
deferoxamine and incubated at 37°C for anther 15 min as described by
the Imlay’s group in 2002 [35]. Then, the cells were washed with 10 mM
diethylenetriaminepentaacetic acid once, and 20 mM cold Tris-HCI (pH
= 7.4) twice and resuspended in 20 mM cold Tris-HCl (pH = 7.4). 200 pL
of the above samples were mixed with 50 pL of glycerol and transferred
to an EPR tube (Wilmad 707-SQ-250 M, USA) and frozen in liquid ni-
trogen until EPR measurements. The EPR signals were monitored at
different temperatures (10 K) with a microwave frequency of 9.40 GHz,
a microwave power of 2 mW, a modulation amplitude of 2.0 G and a
receive gain of 1.0 x 10%.

2.9. Ultraviolet-visible absorption

Purified protein including cIMagR"", clMagR®™ were prepared at
200 pM in TBS buffer (20 mM Tris, 150 mM NaCl, pH = 8.0) and UV-
visible (UV-Vis) absorption were measured in the near UV-Vis wave-
length (300-600 nm) and recorded using a spectrophotometer (Thermo
Scientific, NanoDrop Onec, USA).

2.10. Statistical analysis

Quantitative data were obtained from at least three biological rep-
licates. Origin 9 was used for histogram and statistical analysis. The data
were all mean + standard deviation. Student’s t-test was used to
examine the raw data. Differences were considered significant at * p <
0.05.

3. Result

3.1. The filamentous morphology of Escherichia coli upon MagR over-
expression

Previously, we identified a highly conserved A type iron-sulfur pro-
tein MagR (originally named IscAl) as putative magnetoreceptor [23].
Recombinant expression and purification of animal MagR from E. coli
(strain BL21) have become the major source for biophysical studies in
the lab since then. While most of attentions have paid to the functions
related to magnetoreception of the protein, we continuously noticed that
the filamentous morphological change of bacteria upon MagR expres-
sion. Questions have been raised on why over-expression of an
iron-sulfur protein could turn E. coli from rod to filament and may
magnetic field affect this process? And if so, can we develop a
morphology engineering approach based on this phenomenon? Thus, we
decided to investigate the underlying mechanism.

Increased cell size (mostly the length of cell) has been observed in
cells over-expressing clMagR compared with that of cells transformed
with empty vector (Fig. 1). The lengths of each E. coli cell were
measured. Considering most E. coli cells are rod-like shape with a length
around 0.5-2 pm, ‘elongated cells’ were defined as cells with the length
reached or above 5 pm and ‘filamentous cells’ were defined as those cells
with length reached or above 15 pm in this study. Since filamentous cells
were extremely rare to be observed under regular conditions, in this
study, we calculated the ratio or percentage of elongated cells (Fig. 1A),
and also counted the numbers of filamentous cells to give a full image of
the morphology change of E. coli cells (Fig. 1B). Although the percentage
of elongated cells were not very high (around 7-8%), the presence of
elongated cells was consistent in every experiment and more
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Fig. 1. Overproduction of cIMagR or ecIscA both caused an increase in the proportion of filamentous cells in E. coli BL21 (DE3) strain. (A,B) Percentage of
elongated cells (A) and Number of filamentous cells (B) in E. coli overexpressing ecIscA or clMagRWT. (C) Confocal image of E. coli cells double stained with Hoechst
33258 (DNA) and FM4-64 (Membranes). Scale bars represent 5 pm. (D) Growth curves of E. coli cells overexpressing cIMagR or none at 37°C.

importantly, the extremely long cells (termed as filamentous cells) were
observed in every experiment. Thus, we believe that the morphology
change of E. coli cells was consistent and could be the consequence of
clMagR overexpression. To verify if over-production of other iron-sulfur
proteins has similar effects, we compared the filamentous morphology
formation in E. coli cells over-expressing its own IscA protein (ecIscA) as
well (ecIscA, Fig. 1A). The results show that both ecIscA and clMagR
overproduction led to the increase of the ratio of elongated cells and the
filamentous morphology formation significantly.

To further validate the connection between phenotype of filamen-
tous cell and overproduction of MagR/IscA protein, enhanced green
fluorescent protein (EGFP) was used as fluorescent tag and fused to the
C-terminal of cIMagR and ecIscA to monitor the expression of clMagR
and eclscA in cells. Fluorescent dye FM4-64 and Hoechst 33258 were
used to stain cell membrane and nucleic acid, respectively. Confocal
microscopy images confirmed the expression of cIMagR and eclscA in
most E. coli cells (Fig. 1C). It is worth noting that the expression of
clMagR accumulated at intervals along the filamentous cells, probably at
the putative division site, as revealed by the EGFP fluorescent. In
contrast, the expression of ecIscA appeared to be evenly distributed in
cells.

To validate the cell viability after clMagR and ecIscA overexpression,
we performed LIVE/DEAD bacterial staining based on based on the
membrane integrity of the cell. Briefly, bacteria were stained with
DMAO (green) and EthD-III (red), and EthD-III remains excluded from
bacteria with structurally intact cytoplasmic membranes. Therefore, it
was typical that the viable bacterial population demonstrated strong
green fluorescence; in addition, a completely dead population showed
strong green and red fluorescence. The results showed that bacteria cells
were healthy in all conditions, and cells overexpressing clMagR and
eclscA had similar viability as control cells (Supplementary figure S1). It
is interesting to point out that most filamentous cells were alive, indi-
cating the dramatical morphology change did not affect the cell
viability.

It has been suggested that inhibition of cell division in B. subtilis
could result in filamentous cells [36]. Thus, we measured the growth
rate of E. coli cells over-expressing cIMagR or none using OD600 curves

to validate if the over-production of an exogenous gene caused a delay in
cell division (Fig. 1D). The results showed similar growth rate between
cells over-expressing clMagR and wild type cells, which is also consistent
with the results of cell viability assay (Supplementary figure 1). Thus,
overproduction of cIMagR"T or its homology eclscA in E. coli BL21
(DE3) strain did not affect the growth rate of cells but both resulted in
filamentous cell formation.

3.2. Comparative transcriptomic analysis of differentially expressed genes
(DEGs)

To further investigate the underlying mechanism of morphological
change of E. coli cells over-expressing clMagR, a comparative analysis of
the gene expression profiles was performed. RNA preparations derived
from 3 independent biological replicates of E. coli cells overexpressing
cIMagRVT (named cIMagR"" group) and 3 from cells transfected with
empty vectors (named empty group) as control were sequenced and
compared.

An assessment of the relationships between biological replicates is
essential for analyzing transcriptome sequencing data, PCA was thus
performed to confirm the uniformity between biological replicates of the
2 sample groups. Three biological replicates from empty and clMagR"'
groups were clustered tightly and separated distinctly from each other,
indicating the reliability of our RNA-seq results (Fig. 2A). The expression
data of each gene were normalized using FPKM, and a total of 586
differentially expressed genes (DEGs) (212 upregulated and 374 down-
regulated) were detected by the DESeq2 method with the threshold of
adjusted p-value <0.05 and |log; (fold change)| > 1 (Fig. 2B).

Then, the DEGs were enriched in the gene ontology (GO) and kyoto
encyclopedia of genes and genomes (KEGG) database. To identify the
processes enriched in significant DEGs, we subjected significant DEGs to
GO functional annotation and term enrichment analysis, a tool devel-
oped to represent common and basic biological information. In our
study, GO enrichment analysis corresponding to 586 significant DEGs
were produced and assigned to three categories. The 10 GO terms with
the highest enrichment are shown in Fig. 2C. Among the top 10 GO
terms, most of DEGs in the comparison of cIMagR"" vs. Empty were
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Fig. 2. Statistical analysis on RNA sequencing results. (A) PCA analysis. (B) Volcano plot of upregulated and downregulated DEGs of the overproduction of
cIMagR™". GO (C) annotations and KEGG (D) enrichment analysis of DEGs of E. coli cells upon MagR over-expression. Pathway enrichment analysis plots (top 10) of

expressed metabolisms according to p < 0.05.

enriched in biological process (BP), such as “iron-sulfur cluster assem-
bly”, “metallo-sulfur cluster assembly” et al. Mapping these DEGs to the
pathways from databases KEGG suggested that these genes are signifi-
cantly clustered into several key signaling pathways, namely Hunting-
ton disease, Longevity regulating pathway, Pentose phosphate pathway
and so on (Fig. 2D).

3.3. Cell division- and iron metabolism-related genes involved in
morphological change

Several genes related in bacterial cell division including ftsL and
zapA [37], have been identified significantly upregulated upon the
overproduction of clMagR"WT, based on GO annotations and KEGG
enrichment analysis (Fig. 3A). TPM was used to measure the expression
level of these genes or transcripts, and the results is consistent with the
morphological change observed in Fig. 1B.

Many genes related in metal ion iron metabolism including iron
uptake, iron-sulfur cluster assembly, metallo-sulfur cluster assembly
were significantly enriched as well in the functional enrichment analysis

A B

when cells overexpressing cIMagR"". The expression patterns of the 9
genes which play essential roles in iron uptake and iron-sulfur cluster
assembly were shown in response to the overproduction of clMagR"'
(Supplementary Figure 2).

Bacteria acquire iron through the secretion of siderophores, which
are secondary metabolites that scavenge iron from environmental stocks
and deliver it to cells via specific receptors [38]. During this process,
both entB and entD are involved in the synthesis of siderophore, whereas
fepA, exbB and exbD play roles in intracellular pumping of
iron-siderophore complexes. Interestingly, all these genes showed
significantly upregulated expression level as shown by TPM in cells
overexpressing cIMagR"" (Fig. 3B).

The assembly of iron-sulfur clusters is mediated by complex ma-
chineries both in prokaryotes and eukaryotes. In bacteria, ISC machin-
ery including key members such as IscA, IscU, IscS and IscR is considered
the housekeeping system responsible for the maturation of a large va-
riety of iron-sulfur proteins [39]. In agreement with Fig. 3B, all these
genes in ISC machinery showed upregulated expression as well, as
shown in Fig. 3C.
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Fig. 3. Cell division- and Iron metabolism-related genes involved in morphological change of E. coli cells overexpressing cIMagR"". (A) Cell division
related genes zapA and ftsL showed upregulated expression upon the overexpression of clMagR, as shown by the TPM values. (B) Iron uptake related genes, fepA,
exbB, exbD, entB and entD, were upregulated upon cIMagR overproduction in E. coli, as shown by TPM values. (C) Genes involved in biosynthesis of iron-sulfur
clusters including iscA, iscU, iscS and iscR were upregulated upon cIMagR overproduction in E. coli, as shown by TPM values.
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3.4. Iron accumulation may cause the filamentous morphological change

Comparative transcriptomic analysis of cells overexpressing
clMagR"T compared with control cells strongly suggested that the major
differences are the change of iron metabolism and iron accumulation
inside the cells. Thus, we measured the total iron content of E. coli BL21
(DE3) cells expressing none, eclscA and cIMagR"" using Ferrozine
assay, an accurate and rapid method of the quantitation of iron in bio-
logical systems [40-42]. The data clearly showed that cells over-
expressing cIMagR"" and ecIscA, which exhibit filamentous shape as
shown in Fig. 1AB, have higher iron content compared with control cells
(Fig. 4A). And when cells overexpressing cIMagR"", which should the
highest ratio of filamentous shape changes, the total iron content inside
of cells reached 2-3 folds higher than the control cells.

To further validate the results and to probe the intracellular iron
content of E. coli cells, in vivo electron paramagnetic resonance (EPR)
approach was applied. The method was developed by the Imlay’s group
in 2002 [35]. Briefly, exponentially growing E. coli cells were treated
with the membrane-permeable iron chelator desferrioxamine. The cells
were then washed with the membrane-impermeable iron chelator
diethylenetriaminepentaacetic acid to remove the extracellular free
iron. Because the desferrioxamine-ferric iron complex has an EPR signal
at g = 4.3. The amplitude of the EPR signal at g = 4.3 reflects the relative
amount of the intracellular iron content inside the cells [43]. We
compared the intracellular iron contents of cells overexpressing eclscA,
clMagR"T and none, it is obvious that the overproduction of both pro-
teins increased the intracellular iron content significantly, especially in
cells overexpressing cIMagR"", as shown by an increased amplitude of
the EPR signal at g = 4.3 (Fig. 4B).

Taking together, overexpression of iron-sulfur proteins clMagR or its

A B C
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homology protein ec IscA induced filamentous morphological changes
of the bacteria cells, and this morphological change was always
accompanied by intracellular iron content increase. Thus, questions
raised, would intracellular iron accumulation lead to the filamentous
shape change of bacteria cells?

To validate this hypothesis, two sets of experiments were designed to
test if similar filamentous morphological change could be obtained by
manipulating the intracellular iron content of E. coli through either
supplement exogenous iron into the culture medium or overexpressing
of iron-transporters, instead of cIMagR or ecIscA overproduction.

Firstly, intracellular iron content increase was achieved by supple-
menting the bacteria with ferric citrate in LB medium during culture.
Different concentration of ferric citrate ranging from 10 pM to 1 mM
were added into the LB medium, and after harvest the cells and washed
out extracellular free iron, the iron content of E. coli cells was measured
by Ferrozine assay (Fig. 4C), and further confirmed by in vivo EPR
(Fig. 4D). The results showed that with the higher ferric citrate con-
centration added during culture, the higher intracellular iron content of
E. coli cells was observed (Fig. 4CD). The morphology changes of bac-
teria occurred when exogenous iron was supplemented into the culture
medium. The percentages of elongated cells were calculated (Fig. 4E)
and the numbers of filamentous cells were counted (Fig. 4F). The per-
centage of elongated cells and the number of filamentous cells gradually
increased along with the intracellular concentration of iron increased
upon ferric citrated treatments. When 50 pM ferric citrate was added
into the LB culture medium, the morphology change of bacteria reached
the similar level as cells overexpressing eclscA, and when ferric citrate
concentration in culture medium reached 500 M or 1 mM, the ratio
further increased and reached similar level as cells overexpressing
clMagR"'T.
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Fig. 4. Increased intracellular iron content caused filamentous morphological change in E. coli cells. (A) Iron content of cells overexpressing clMagR"" (red),
ecIscA (blue), and none (transfected with empty vector, black) measured by Ferrozine assay. Student’s t-test: **, p < 0.01; ***, p < 0.001; ns, p > 0.05, “ns” indicate
no significant differences. Error bars: SD of three independent replicates. (B) The EPR spectra of the E. coli cells treated with an iron indicator deferoxamine, as
described text and methods. The amplitude of the EPR signal at g = 4.3 reflects the relative intracellular iron concentration in E. coli cells. (C, D) Intracellular iron
content of cells cultured in LB supplemented with different concentration of ferric citrate measured by Ferrozine assay (C) and in vivo EPR (D). (E, F) Percentage of
elongated cells (E) and the number of filamentous cells (F) in E. coli cultured in LB supplemented with different concentration of ferric citrate, compared with cells
transfected with empty vector (empty) and cells overexpressing eclscA and cIMagR"". (G, H) Intracellular iron content of cells overexpressing iron uptake related
genes, entB and fepA, measured by Ferrozine assay (G) and in vivo EPR (H). (I, J) Percentage of elongated cells (I) and the number of filamentous cells (J) in E. coli
overexpressing iron uptake related genes, entB and fepA, compared with cells transfected with empty vector (empty) and cells over expressing clMagR"".
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Secondly, E. coli iron uptake genes including entB and fepA were
overexpressed in BL21 (DE3) cells separately, and the expression level of
entB and fepA were confirmed by SDS-PAGE after IPTG induction
(supplementary Figure 3). The intracellular iron contents of cells over-
expressing entB or fepA measured by Ferrozine assay (Fig. 4G) and in
vivo EPR (Fig. 4H) as described above. As expected, introducing high
expression of both entB and fepA also lead to the iron accumulation
inside of cells, thus significantly increased the intracellular iron content
as well. Consistently, morphology analysis also showed increased per-
centage of elongated cells (Fig. 4I) and number of filamentous cells
(Fig. 4J) along with the increased intracellular iron contents, though still
lower than that caused by over-production of cIMagR.

3.5. Blocking the function of clMagR rescued the morphological change
caused by clMagR"" overexpression

The data we presented above clearly suggested the increased per-
centage of filamentous cells of E. coli were accompanied by increased
intracellular iron contents, no matter caused by over-expression of iron-
sulfur protein clMagR"T or eclscA, or by iron uptake protein entB and
fepA, or by supplement with ferric citrate in culture medium (Fig. 4).

To further validate this hypothesis, it is necessary to test if we spe-
cifically inhibit the function of clMagR by mutagenesis could rescue the
morphological change caused by over-expression of cIMagR. Removing
the iron-sulfur cluster binding site of clMagR would certainly block the
function of the protein as an iron-sulfur protein, and as a magneto-
receptor as well [24,34]. Therefore, cysteine-to-alanine substitution
mutant clMagR3M (C60A, C124A, and C126A mutation of clMagRWT)
has been made and overexpressed in E. coli BL21 (DE3) cells as described
previously [34].

cIMagR"W" and its loss-of-function mutant cIMagR*M

were

Aoy

w
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recombinantly expressed and purified as described [24,34], and UV-Vis
absorption were measured (Fig. 5A). As expected, purified clMagRWT
showed absorption from 300-600 nm region, and with absorption peaks
at 325 and 415 nm, and a shoulder at 470 nm (Fig. 5A, red line), whereas
all these absorption peaks disappeared in clMagR®M (Fig. 5A, gray line),
indicating the cysteine-to-alanine substitution abolished iron-sulfur
cluster binding in cIMagR®™. The iron content in purified proteins
were measured by Ferrozine assay (Fig. 5B). clMagR®™ showed signifi-
cantly decreased though not completely abolished iron content
compared with cIMagR"". It is possible that clMagR®™ retained the iron
binding activity as reported previously [24]. Consistently, the cIMagR™WT
protein showed brown color and cIMagR>*™ appeared much light color in
the solution (Fig. 5B).

After E. coli transformation, we determined the intracellular iron
content of the cells overexpressing clMagR"", clMagR®*™ and none
(transformed with empty vector as control) using both Ferrozine assay
(Fig. 5C) and in vivo EPR (Fig. 5D). The results show that the total
intracellular iron content of cells expressing cIMagR>V is also reduced to
comparable level with that of control cells (Fig. 5CD). Interestingly, by
comparing the percentages of elongated cells (Fig. 5E) and the number
of filamentous bacteria cells (Fig. 5F) in each group, we found that the
morphology of E. coli cells overexpressing clMagR*M have dropped to
similar level as in control cells (labeled as empty), and much lower than
those E. coli cells overexpressing clMagR"". MagR play essential roles
not only as iron-sulfur cluster assembly protein, but also as magneto-
receptor in animals, thus, we also compared the magnetic field effect
(MFE) on the morphology regulation of E. coli cells overexpressing
cIMagR"T and its mutant clMagR®™ (Fig. S5EF). Cells overexpressing
cIMagR"", clMagR®* and none were growing in the presence or absence
of 0.5 T magnetic field, and filamentous cells were counted, and the
percentage of elongated cells were calculated and compared. The data
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Fig. 5. Blocking the function of cIMagR rescued the morphological change caused by cIMagR"" overexpression. (A) UV-Vis absorption spectrum of purified

clMagRWT (red line) and its loss-of-function mutant clMagR3M (gray line). SDS-PAGE of purified proteins were shown as inserts. (B) Iron content of purified clMagRWT
protein (gray) and its mutant cIMagR®*™ protein (black) measured by Ferrozine assay. (C) Iron content of cells overexpressing clMagR"", cIMagR®" and none (empty)
measured by Ferrozine assay. (D) The intracellular iron content of E. coli cells expressing clMagR"" (green), cIMagR*M (red) and none (empty, black) measured by in
vivo EPR. The amplitude of the EPR signal at g = 4.3 reflects the relative intracellular iron concentration in E. coli cells. (E,F) Percentage of elongated cells (E) and the
number of filamentous cells (F) in E. coli overexpressing cIMagR*M, compared with cells overexpressing cIMagR"" and none (empty). Student’s t-test: **, p < 0.01;
**% p < 0.001; ns, p > 0.05, “ns” indicate no significant differences. Error bars: SD of three experiments.
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show increased ratio of morphological changed cells upon magnetic
field treatment (Fig. SEF), probably due to the innate magnetic property
and the magnetic response of cIMagR [23,24,27,35,44].

In all, our data suggested that the filamentous morphological change
is associated with the overproduction of functional cIMagR, which lead
to the iron accumulation inside the cells, and the iron-sulfur cluster
binding of cIMagR is required.

4. Discussion

The morphology, refer to the size, shape, and structure of an or-
ganism, as well as the relationships of their constituent parts. Evolution
shapes the morphology of organisms, but organisms also adapt their
morphology to suit their environments. E. coli are bacteria found in the
environment, food, and intestines of animals and human, and have been
extensively studied as model systems. They are rod-shaped bacillus with
regular dimensions, and many shape-related genes have been identified
and used in morphology engineering.

E. coli is also the workhorse of molecular biology and has been
instrumental in developing many fundamental concepts in biology. It is
one of the most efficient expression hosts for recombinant proteins and
widely used in scientific research and industries [45]. In most cases,
recombinant expression of exogenous protein may change the growth
rate of E. coli, but not dramatically change the shape of cells. We have
been continuously noticed the filamentous shape change of E. coli cells
during overexpression of cIMagR in the lab for the last ten years. It is
important to elucidate the underlying mechanism of this phenotype,
which will expand our understanding of the morphology regulation of
bacteria.

Comparative transcriptomic analysis strongly suggested that the
change of iron metabolism and iron accumulation inside the cells could
be the key to morphological change induced by overproduction of
clMagR (Figs. 2 and 3), and this conception was supported by intracel-
lular iron content measurements of cells expressing clMagR. To further
test the hypothesis, we increased the iron content in cells by supplement
the cells with ferric citrate in culture medium, or by overexpressing iron
uptake related genes on cell membrane, and observed the similar

Synthetic and Systems Biotechnology 9 (2024) 522-530

filamentous morphological change of E. coli as well. Taking together, the
data we presented here unambiguously proved that the accumulation of
intracellular iron content by overproduction of clMagR led to the fila-
mentous shape of bacteria (Fig. 6). It is worth pointing out that the in-
crease of intracellular iron content upon clMagR expression, as shown in
this study, is in agreement with previous studies as well [46,47].

Considering MagR is an ancient and extremely conserved protein
throughout evolution from bacteria to human, not only as a putative
magnetoreceptor, but also a key player in iron metabolism and iron-
sulfur cluster assembly in both prokaryotes and eukaryotes. The fila-
mentous morphology of bacteria cell caused by intracellular iron accu-
mulation, or by the overproduction of MagR, may shed light on the
morphology regulation of primitive cells. It also provides insight into
novel approaches of morphology engineering in the future.
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