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HﬂX protein protects Escherichia coli from manganese stress
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The ribosome-binding GTPase HﬂX is required for manganese homeostasis in E. coli. While under normal conditions
DhﬂX cells behave like wild type E. coli with respect to growth pattern and morphology, deletion of hﬂX makes E. coli cells
extremely sensitive to manganese, characterized by arrested cell growth and ﬁlamentation. Here we demonstrate that upon
complementation by hﬂX, manganese stress is relieved. In phenotypic studies done in a manganese-rich environment, DhﬂX
cells were highly sensitive to antibiotics that bind the penicillin binding protein 3 (PBP3), suggesting that the manganese
stress led to impaired peptidoglycan biosynthesis. An irregular distribution of dark bands of constriction along ﬁlaments,
delocalization of the dark bands from midcell towards poles and subpoles, lack of septum formation and arrested cell
division were observed in DhﬂX cells under manganese stress. However, chromosome replication and segregation of
nucleoids were unaffected under these conditions, as observed from confocal microscopy imaging and FACS studies. We
conclude that absence of HﬂX leads to manganese accumulation in E. coli cells, affecting cell septum formation, probably
by modulating the activity of the cell division protein PBP3 (FtsI), a major component of the divisome apparatus. We
propose that HﬂX acts as a gatekeeper, regulating the inﬂux of manganese into the cell.
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Abbreviations: DAPI, 40 -6-diamidino-2-phenylindole; EtBr, ethidium bromide; FM4-64, N-(3-triethylammoniumpropyl)4-(6-(4-(diethylamino)phenyl)hexatrienyl) pyridinium dibromide; MIC, minimum inhibitory concentration

1. Introduction
P-loop GTPases, along with related NTPases make up the
most populous protein fold in the cellular environment,
comprising 10–18% of all gene products (Koonin et al.
2000). They have been found to be associated with diverse
cellular functions. These include protein synthesis, cell
cycle and growth, transmembrane signaling, cytoskeletal
organization and motility (Bourne et al. 1990). The HﬂX
family of translation factor-related GTPases (TRAFACGTPases) is a group of such P-loop GTPases. Despite
being widely conserved from proteobacteria to higher
eukaryotes, it is a poorly characterized protein family
(Leipe et al. 2002; Verstraeten et al. 2011). E. coli HﬂX, a
426- residue polypeptide (M.W. 48.3 kDa), has four classical GTP binding motifs (Noble et al. 1993) and interacts
with the 50S ribosomal subunit (Polkinghorne et al. 2008;
Jain et al. 2009). Though it binds and hydrolyses both
ATP and GTP, only the GTP-hydrolysis activity is

stimulated upon ribosome binding. Further, hﬂX is a
member of a superoperon with a complicated arrangement
of genes, products of which are known to mediate several
essential cellular functions. These genes are cotranscribed
from Er70 and Er32 promoters (Tsui et al. 1996). It is
therefore likely that HﬂX is associated with crucial cellular
processes.
It has been established that HﬂX is required for rescuing
cells from stress factors such as heat shock or excess of
manganese. HﬂX is overexpressed upon heat shock (Tsui
et al. 1996), and recent studies have shown that HﬂX is a
heat shock protein that is required by cells to combat heat
stress, by binding to E-sites of 70S ribosomes (Coatham
et al. 2016), and dissociating 70S ribosomes into free subunits in an IF3-independent manner (Zhang et al. 2015).
HﬂX has also been found to dissociate the translationally
silent 100S ribosomes formed in S. aureus by dimerization
of 70S ribosomes during hibernation (Basu and Yap 2017).
These observations raise the possibility of HﬂX acting as a
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regulator of translation by rescuing stalled ribosomes in
stressed environments. E. coli cells lacking hﬂX are highly
sensitive to manganese. In the presence of manganese, these
cells exhibit arrested growth and formation of ﬁlaments, as
well as DNA damage. Further, their rate of replication is
slower (Kaur et al. 2014). Zn and Fe homeostasis is perturbed in such cells, and the gene expression proﬁles of the
regulatory networks of these metals is altered (Kaur et al.
2014). Like other P-loop bacterial proteins, E. coli HﬂX
exhibits GTP-dependent autophosphorylation activity that is
stimulated in the presence of manganese. It has been speculated that toxic manganese import is inhibited in E. coli by
a signal transduction cascade that originates from manganese-mediated autophosphorylation of HﬂX (Kaur et al.
2014).
In this study we demonstrate that in E. coli cells that lack
HﬂX, progression of cell cycle is blocked before or during
cell division, but not before nucleoid segregation, under
conditions of manganese stress. We have compared growth
proﬁles and studied morphologies of hﬂX mutants and wild
type cells, as well as mutants complemented with hﬂX
expressed by a plasmid, in a manganese-rich milieu. Our
results suggest that under manganese stress, cells that lack
HﬂX fail to divide, while replication and segregation of
chromosomes continue.

2. Methods
2.1

Bacterial strains and plasmids

The expression vector pGEX4T1, the E. coli strain MG1655
and the plasmid pETX (hﬂX in pET28a) used in this study
were maintained at -70°C as glycerol stocks. The mutant
DhﬂX strain (MG1655 strain with hﬂX deleted in frame) used
in this study has been described in detail in Dutta et al.
(2009).

2.3

Growth kinetic proﬁles

100 ml of LB (supplemented with 1 mM MnCl2 when
needed), was inoculated with 200 ll of saturated broth culture of bacterial cells. Samples were incubated at 37°C with
shaking (at 250 RPM). 1 ml of sample volume was taken out
at one hour intervals for measurement of absorbance at
590 nm (A590). This was continued till the growth reached
the stationary phase, characterized by stabilization of A590.

2.4 Confocal microscopy imaging to study
chromosome replication
Mutant DhﬂX E. coli cells grown in the presence of 1 mM
MnCl2 were picked up after 1, 2, 3, 4, 5, 6, 8 and 15 h of
overnight growth and centrifuged to recover the cells. Every
set of the pellet, containing the elongated cells, was ﬁxed
with 4% paraformaldehyde solution, and stained with 50 lg/
ml of the DNA speciﬁc ﬂourescent probe DAPI. The cells
were spotted on a clean glass slide for visualization by a
confocal microscope (LSM 510, Carl Zeiss).

2.5

Time killing curves

Time killing curves were generated following de la Rosa
et al. (1985). 100 ml of LB, inoculated with mutant cells,
were grown in 4 sets overnight, in the presence of 1 mM
MnCl2. 25 ml of saturated culture from each set was added to
75 ml of fresh broth, following which MnCl2 was added at a
ﬁnal concentration of 1 mM. They were further grown for an
hour till they attained the sub-exponential phase, and supplemented with one of the four antibiotics (ampicillin,
cephalexin, cephalothein or phosphomycin) at its sub-inhibitory concentration (75% of the MIC value). In each case,
the antibiotic was allowed to act on growing cells for 15 min
at 37°C, before following the growth patterns. 1 ml of sample
was taken out after every 15 min from each set and A590 was
recorded to obtain the killing curves.

2.2 Complementation of hﬂX gene in the mutant DhﬂX
strain
2.6
The hﬂX gene was PCR-ampliﬁed by the primers DDF and
DDR (for sequences, see Table S1) using pETX as the
template. The PCR product was digested with BamHI and
XhoI and ligated into the corresponding sites of the
expression vector pGEX4T1. The resulting plasmid pAX-01
was used to transform the DhﬂX strain. The expression of
hﬂX gene in DhﬂX cells carrying the plasmid pAX-01 was
veriﬁed by electrophoresis of the whole cell lysate on a 15%
SDS polyacrylamide gel, following induction with 100 mM
IPTG, added to the medium at the beginning of the
experiment.

Chemical synthetic lethality experiments

Chemical synthetic lethality experiments were carried out for
wild type and the mutant DhﬂX cells for different antibiotics,
in the presence of 1 mM MnCl2. MIC tubes, each with 5 ml
of LB, containing a particular concentration of an antibiotic,
was inoculated with 10 ll of saturated culture of the
organism, obtained after overnight growth, and diluted
100-fold in 0.9% NaCl. The tubes were incubated at 37°C
for 16 h of overnight growth. The lowest concentration
inhibiting growth of the bacterial cells, was recorded for
every antibiotic, for both wild type and mutant E.coli cells.

HﬂX protects E. coli from Mn stress

2.7

Real time PCR

mRNAs were isolated from the mutant (DhﬂX) cells growing
in the absence or presence of 1 mM MnCl2 by Trizol reagent
using Qiagen kit. RNA concentration was determined by a
Nano-drop spectrophotometer. 250 ng of RNA samples and
one-step reaction mixture (Invitrogen) were used for RTqPCR. Three independent experiments were conducted
using primer pairs for the ftsI gene (sequences given in
supplementary table 2) and fold changes were determined
from the Ct value difference between manganese-fed and
unfed samples.

2.8 Confocal microscopy imaging to study nucleoid
segregation event of the cell cycle
Wild type and mutant (DhﬂX) cells were grown for 4 h in the
presence of 1 mM MnCl2. The cells were then picked up and
stained with 20 lg/ml of DAPI and observed under a Carl
Zeiss confocal microscope (LSM 510).

2.9

FACS proﬁles

Cells were grown for 4 h in LB medium supplemented with
1 mM MnCl2 and pelleted down. Every set of the pellet was
washed thrice with phosphate buffer (PBS) and subjected to
overnight RNAase treatment. The cells were stained with
50 lg/ml ethidium bromide and were analyzed in a FACS
VERSE machine (Beckton Dickinson) to generate the dot
plots of the samples. Each experiment was repeated thrice,
recording about 10,000 events each time.

2.10
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the effect of complementation of HﬂX expression in these
cells. As shown in ﬁgure 1, growth was restored in the
complemented strain. All these strains (wild type, mutant
and complemented cells) grew similarly in the absence of
manganese in liquid media (ﬁgure 1, inset) as well as on
solid media (supplementary ﬁgure 1). Therefore, HﬂX is
dispensable for growth of E. coli cells under normal conditions and is required by the bacterium only under manganese
stress.

3.2 Morphology and behavior of the cells
in a manganese-rich environment
The above cells were stained with DAPI followed by confocal microscopy to examine their morphology (ﬁgure 2).
As expected, wild type cells showed similar shape and size
in the absence or presence of manganese (left panels). On the
other hand, DhﬂX cells were elongated, with a wavy curvature, and stuck to each other upon manganese stress
(central panel). Such a morphology implies a problem in
maintainence of cell shape, cell septation and nucleoid partitioning in the absence of HﬂX, as has been observed for
Era (Gollop and March 1991), Obg (Morimoto et al. 2002)
or other GTPases in various bacteria (Minkovsky et al. 2002;
Campbell et al. 2005). Signiﬁcantly, this manganese-induced
morphological defect disappeared when DhﬂX cells were
supplemented with the plasmid pAX-01 that expressed HﬂX
(ﬁgure 2, right panels). Thus HﬂX appears to be essential in
maintaining cell shape and morphology of E. coli cells
subjected to manganese stress.

Staining of membranes with FM 4-64

FM 4-64 speciﬁcally stains the envelope of the bacterium
and is accumulated in the inner membrane of the cell. The
dye selectively stained the membranous material of our cells
of interest; viz. DhﬂX and complemented cells, found at the
DNA-free region. These cells were grown for 4 h in the
presence of 1 mM MnCl2. Cells were stained with 80 lg/ml
of the dye, and observed under a confocal microscope (LSM
510; Carl Zeiss).

3. Results
3.1 Growth defect in manganese-stressed DhﬂX cells is
overcome upon complementation
When DhﬂX strains of E. coli are subjected to manganese
stress, their growth is retarded (Kaur et al. 2014). We tested

Figure 1. Growth proﬁles of wild type, mutant (DhﬂX) and hﬂXcomplemented cells, in the presence of Mn. Growth proﬁles of
wild type (r), DhﬂX (j) and hﬂX cells harbouring pAX-01 that
expresses HﬂX (m), in the presence of 1 mM MnCl2. The inset
shows growth proﬁles of the same strains in the absence of
manganese.
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Figure 2. Morphology of E. coli cells under Mn stress viewed by confocal microscopy. Wild type (left, panels A and D), mutant (DhﬂX,
center, panels B and E) and complemented (DhﬂX containing plasmid pAX01 expressing HﬂX, right, panels C and F) cells grown alone
(top panels: A, B, C) and in the presence of 1 mM MnCl2 for 4 h (bottom panels: D, E, F). It is evident that only when hﬂX is absent, sticky,
curved and elongated cells are observed, that too only under manganese stress (panel E). In the presence of pAX01, this abnormality is not
seen (panel F). Cells were stained with DAPI.

3.3 Continuation of chromosome replication
in manganese-stressed DhﬂX cells
We examined the time-dependent effect of manganese stress
on DhﬂX cells, the results of which are shown in ﬁgure 3.
After 2 h of growth, several cells exhibited normal morphology, while the onset of elongation was observed in the
remaining population. Elongation continued to increase with
time, and after 5 h of growth, a dramatic increase was
observed (ﬁgure 3). Samples examined after overnight
(15 h) growth, on the other hand, exhibited almost normal
morphology with restoration of cell division (ﬁgure 3, last
panel). It is possible that evolution of suppressor mutants
(involving fur or znu) occurred under manganese stress,
allowing DhﬂX cells to grow better after 9 h, as found earlier
(Kaur et al. 2014). Thus, it is apparent that manganese does
not kill the mutant cells but turns them static, as we also
observed from viability assays (not shown). It may be noted
that in the growth curve shown in ﬁgure 1, a restoration of
growth is apparent in the mutant cells, with the optical
density (A590) showing an upward trend beyond 6 h.
Apparently, chromosome replication continued in these
cells, as observed from the distribution of the DNA speciﬁc
DAPI stain throughout the elongated cells (ﬁgure 3), though

the rate of replication was reduced in these cells, as shown
earlier by studies involving the incorporation of [3H] thymidine (Kaur et al. 2014). It appears that several genomes
are present in an elongated ﬁlament, due to multiple rounds
of chromosome replication.

3.4 FACS analysis of wild type, mutant
and complemented cells in the presence of manganese
In order to study the distribution of the cells with respect to
morphological parameters such as cell size or relative
granularity (indicative of the nuclear material of various
bacterial cells), dot plots for side scatter versus forward
scatter were obtained for wild type, mutant (DhﬂX) and
HﬂX-complemented mutant cells grown in the presence of
1 mM MnCl2 (ﬁgure 4). Altered morphologies with respect
to cell length and granularity were observed for a small
fraction of wild type cells (7%) but for a much larger population (53%) of mutant (DhﬂX) cells. This observation is
consistent with the proposition that cell division was
defective and cell septation was blocked in the mutant cells.
The mutant cells demonstrated profound changes in the
forward-side scatter co-ordinates of the dot plot. A
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Figure 3. Behavior of Mn-stressed mutant cells at different time points of growth. Confocal microscopic images of DhﬂX cells picked
after 1, 2, 3, 4, 5, 6, 8 and 15 h (overnight) of growth in an Mn-rich environment. The cells were stained with DAPI.

signiﬁcantly enhanced granularity characterized these cells,
presumably due to the presence of multiple genomes, under
manganese stress. The dot plot of complemented cells (DhﬂX
? pAX-01) contained a smaller fraction (20%) of cells with
a shift in both forward and side scatter compared to the
mutants, suggesting that when HﬂX was present, cells could
avoid or prevent the defects in morphology and cell cycle.

3.5 Manganese stress in the absence of hﬂX: Insights
from chemical genetic experiments
Chemical genetic interactions with antibiotics of various
chemical classes were examined for wild type and the

mutant DhﬂX cells, in a manganese-rich environment. A
combination of two defects that prevent growth can imply a
common function or common interaction that relates to both
the defects. This is the basis of the so-called ‘chemical
genetic’ experiments (Campbell et al. 2005; Hartman et al.
2001). In our case, the lack of HﬂX and impact of a particular drug or class of drugs constitute the two defects. We
used 22 different antibiotics belonging to four different
classes, and measured the minimum inhibitory concentration
for each, with respect to wild type and DhﬂX cells (table 1).
Signiﬁcant sensitization was observed only for antibiotics
that inhibited cell wall biosynthesis. Among seven such
inhibitors examined, cephalothin, ampicillin and cephalexin
were most effective, rendering a four-fold sensitization of the
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Figure 4. FACS proﬁles of wild type, mutant and complemented cells in the presence of Mn. Fluorescence-activated cell sorting proﬁles
showing the generated dot plots of the dividing (A) MG1655 (wild type) (P1: 93.2%, P2: 6.8%), (B) DhﬂX (mutant) (P1: 46.0%, P2:
53.2%) and (C) complemented (hﬂX in DhﬂX by pAX-01) cells (P4: 78.4%, P3: 20.7%). Statistics obtained from these dot plots are given
in parentheses, the ﬁrst value representing percentage of cells closer to the origin, and the second value representing percentage of cells
away from the origin. Histograms D, E are a comparative view of the forward scatter (FSC) (E) and side scatter (SSC) (D) distribution of
the wild type (MG1655, black curve) and mutant (DhﬂX, red curve) cells, obtained from the above dot plots. Histograms F and G show
FSC (G) and SSC (F) distribution of the complemented cells bearing pAX-01. Most of the wild type and the complemented cells occupy
smaller arbitrary channels in the histograms (D, E, F, G), which is indicative of their normal size, morphology and genome. These cells are
closer to the origin of the dot plots (A, C). In contrast, the mutant cells are found distributed across the higher FSC and SSC arbitrary
channels in the histograms (D, E), with an abnormally elongated morphology and much enhanced internal complexity due to the presence
of multiple genomes.

HﬂX protects E. coli from Mn stress
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Table 1. MIC values for wild type and mutant cells grown in
manganese-rich conditions in the presence of various antibiotics
MIC (lg/ml)
Antibiotic

MG1655 (wild type)

Protein synthesis inhibitor
Tetracycline
Clindamycin
Spectinomycin
Chloramphenicol
Streptomycin
Neomycin
Kanamycin
Erythromysin
Tylosin tartarate
Linezolid
RNA polymerase inhibitor
Rifampicin
Cell wall biosynthesis inhibitor
Bacitracin
Cephalothin
Cycloserine
Ampicillin
Phosphomycin
Cephalexin
Vancomycin
DNA Gyrase inhibitor
Ciproﬂoxacin
Nalidixic acid
Norﬂoxacin
Novobiocin

11
100
20
6
10
4
7
2
120
1
25

DhﬂX
11
80
17
5
6
4
7
2
120
0.5

(1.00)*
(1.25)
(1.18)
(1.20)
(1.67)
(1.00)
(1.00)
(1.00)
(1.00)
(2.00)

25 (1.00)

450
4
10
1000
12
80
250

450
1
6
250
4
21
100

(1.00)
(4.00)
(1.67)
(4.00)
(3.00)
(3.81)
(2.50)

0.25
4.0
1.0
0.5

0.25
3.0
1.0
0.5

(1.00)
(1.33)
(1.00)
(1.00)

Figure 5. Effect of cell wall biosynthesis inhibitors on DhﬂX.
DhﬂX cells growing sub-exponentially in presence of MnCl2
(1mM) were supplemented with ampicillin (187 lg/ml) (green
triangles), cephalexin (15 lg/ml) (red squares), cephalothin (0.75
lg/ml) (blue diamonds) or phosphomycin (3 lg/ml) (violet
crosses). The corresponding sub-inhibitory concentration of antibiotic was added to each set of mutant cells after 60 min of growth.

*Numbers in parentheses indicate fold sensitization, obtained by
dividing the minimum amount of drug required to kill wild type cells,
by the corresponding amount for mutant cells.

mutant cells. Additionally, two more antibiotics of this
group, viz. phosphomycin and vancomycin, exhibited a
sensitization of more than two-fold. No other antibiotic
showed sensitization of this magnitude. The three most
effective drugs found to affect the mutant cells are all blactams known to inhibit cell division and septation of the
E. coli cell cycle by inhibiting cell wall biosynthesis (Spratt
1975, 1977a). Each of these binds to the penicillin-binding
protein PBP3 with very high afﬁnity (Spratt 1975, 1977a, b).
Therefore, under manganese stress, increased inﬂux of
manganese in the absence of HﬂX caused impairment of cell
division coordinated with cell septation, at the end of the cell
cycle.

3.6 Time killing curves of manganese-perturbed DhﬂX
cells: Involvement of PBP3
To identify the lethal target for the cell wall biosynthesis
inhibitors to which the hﬂX depleted cells were severely
sensitized (cephalothin, ampicillin, cephalexin and phosphomycin), the effect of each antibiotic was analyzed by

Figure 6. Downregulation of ftsI gene expresion in DhﬂX cells
grown in the presence of manganese. The expression levels of ftsI
in DhﬂX cells in the presence of 1 mM MnCl2 is shown with respect
to that in the absence of Mn (normalized to 1). The error bar
represents mean ± standard deviation from the 3 independent
experiments.

generating time killing curves of the mutant cells, as
described in de la Rossa et al. (1985). DhﬂX cells were
grown overnight in the presence of 1 mM MnCl2, diluted in
fresh LB and grown further for 60 min before addition of the
respective antibiotic at a sub-inhibitory concentration (75%
of MIC) (ﬁgure 5). The DhﬂX cells were found to be rapidly
killed by the three b-lactams (cephalothin, ampicillin and
cephalexin) but not by phosphomycin. It may be noted that
these b-lactams (but not phosphomycin) inhibit the penicillin
binding protein 3 (PBP3, also known as ftsI), clearly
implicating PBP3 as a likely target under manganese stress.
From qRT-PCR experiments carried out to quantitate ftsI
mRNA in DhﬂX cells, it was found that manganese stress
caused a two-fold reduction in the expression of ftsI
(ﬁgure 6).
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Figure 7. Confocal microscopic images of wild type and mutant cells in the presence of manganese. DAPI-stained micrographs of
(A) wild type and (B) mutant DhﬂX cells. Segregation of nucleoids is apparent in the mutant hﬂX cells with multiple condensed nucleoids,
seen as ﬂuorescent bands. (C) An enlarged view of a portion of mutant cells (boxed region of B) showing nonﬂuorescent regions, indicated
by arrows.

3.7 Segregation of nucleoids is unaffected in DhﬂX
ﬁlaments in the presence of manganese
The ﬁlamentous manganese-stressed DhﬂX cells were found
to contain several condensed nucleoids (ﬁgure 7B), which
represent proper segregation of nucleoids, as was found for
Era (Gollop and March 1991). In the wild type cells, a single
deﬁned cluster of DNA was observed, while in the mutants,
each cell contained several genomes that stained with DAPI,
with multiple non-ﬂuorescent regions of constriction (ﬁgure 7C). These constrictions are likely sites of FtsZ assembly. Thus, in the DhﬂX cells, where cell division was
arrested, ﬁdelity of nucleoid segregation was intact even
under manganese stress.

3.8 Membrane patterns in mutant and complemented
cells: Restoration of cell division
When DhﬂX cells were grown in the presence of manganese, a
heterogenous population of cells, with multiple and irregularly
distributed darks bands, was observed in confocal microscopic
images stained with FM 4-64. These dark bands represent
probable sites of constriction and divisome assembly, where
FtsZ rings are usually formed (Addinall et al. 1996). The Mn
stressed mutant ﬁlaments, depleted of HﬂX, showed ﬁlamentous cells with a number of abnormalities: (a) multiple and
delocalised constriction sites (characterized by dark bands)
(Fishov and Woldringh 1999), situated at subpolar regions
(ﬁgure 8A) in addition to the usual midcell region; (b) lack of
primary constriction site at midcell (ﬁgure 8B), with a wellstained, blunt ﬂuorescent zone replacing a dark band (ﬁgure 8B); (c) multiple dark bands, irregularly distributed along
the ﬁlament (ﬁgure 8A) or (d) a very long ﬁlament with a
reduced number of dark bands and hence, having a low dark
band : cell length ratio (ﬁgure 8C). These defects imply

impaired cell division and blocked cell septation. The defects
disappeared upon complementation of HﬂX by the incorporation of pAX-01 (ﬁgure 8D).

4. Discussion
4.1

HﬂX protects E. coli from Mn stress

Lack of HﬂX renders E. coli cells sensitive to manganese
stress, characterized by various cellular defects such as
arrested growth, ﬁlamentation, reduced rate of replication
and DNA damage. DhﬂX cells probably suffer an enhanced
inﬂux of manganese through the ZnuABC transporter (Kaur
et al. 2014). Complementation of these cells by a plasmid
expressing HﬂX caused the cells to resist manganese stress,
alleviating the inhibition in growth (ﬁgure 1) and restoring
normal morphology (ﬁgure 2). These results vindicate that
HﬂX was indeed necessary in combating manganese stress
in E. coli.
In the presence of manganese, a signiﬁcant population of
mutant (DhﬂX) cells was distant from the origin in FACS
proﬁles (ﬁgure 4). Indeed, 53% of the total population of
mutant cells possessed altered morphology, presumably due to
defective cell division and blocked septation. This number was
7% for the wild type cells. Upon complementation by HﬂX,
however, the proﬁle showed a smaller fraction of cells (*20%)
to be away from the origin (ﬁgure 4), emphasizing yet again
that the normal morphology was restored in such cells.

4.2 Manganese stress does not affect chromosome
replication and segregation of nucleoids
Abnormal elongation of cells is a well-known consequence
of the arrest of one or more events of the bacterial cell cycle,

HﬂX protects E. coli from Mn stress
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Figure 8. Confocal microscopic images of mutant (DhﬂX) (A-C) and complemented cells (D) in the presence of manganese. FM4-64stained micrographs showing dark bands at midcell and subpolar regions (A), delocalized dark bands at subpolar region with well-stained
midcell region (B), or low number of dark bands in a long ﬁlamentous cell (C). Upon complementation with pAX-01 that expresses HﬂX,
no such darks bands are present, while many cells which have completed division and septation are visible (D). Dark bands are indicated by
arrows.

which may involve blocking of DNA replication, interruption in chromosome segregation, or inhibition of cell division and septation (Lutkenhaus 1990). To identify which
among the above events of cell cycle is blocked in DhﬂX
cells under manganese stress, we investigated the progress
and ﬁdelity of these major events of the bacterial cell cycle.
An increase in the extent of elongation of these cells was
observed until 8 h of growth, clearly indicating that uninterrupted chromosome replication continued in these cells
(ﬁgure 3). The large DAPI-staining regions of the mutant
ﬁlaments may contain several genomes, as has been
observed in E. coli cells lacking the bacterial GTPase Era
(Gollop and March 1991). It is also noteworthy that manganese simply arrests cell growth and division, without

killing the cells. Indeed, cell division and septation are
restored in these cells even in the presence of manganese,
when allowed to grow for extended periods (*15 hrs), by
which time suppressor mutants involving fur or znu may
have evolved (Kaur et al. 2014), allowing the hﬂX cells to
grow better (ﬁgure 3).
From visualization of the DNA by confocal microscopy of
the mutant cells under manganese stress, it was observed that
the ﬁlamentous cells contained several condensed nucleoids
(ﬁgure 7). These most likely are indicative of several genomes, generated by multiple rounds of uninterrupted chromosome replication. Every ﬂuorescent band of nuclear
material, indicative of a single complete genome, is separated from the next by a dark, non-ﬂourescent region of
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Figure 9. A scheme for the sequence of events occurring as a result of manganese inﬂux in E. coli cells. An inﬂux of manganese into the
cell can occur when manganese is present outside the cell. HﬂX prevents the entry of excessive amounts of manganese. Elevated levels of
intracellular manganese can lead to events like DNA damage (followed by SOS response and/or abnormal movement of replication fork)
(Kaur et al. 2014) or inhibition of cell wall biosynthesis followed by impairment of cell septation and division (present work). Each of these
outcomes, which can happen simultaneously, ultimately results in ﬁlamentation of cells. The role of HﬂX is limited to controlling the inﬂux
of manganese.

constriction. This DNA-free region is supposedly the site for
FtsZ assembly (ﬁgure 7). Therefore, it appears that segregation of nucleoids goes on in these cells, which have failed
to divide. HﬂX probably facilitates progression of the cell
cycle by inhibiting the accumulation of high levels of
manganese in the cells (Kaur et al. 2014).

4.3 Association of the cell division protein PBP-3
(FtsI) with manganese stress
Bacterial morphology and the cellular shape are consequences of the processes of cell elongation and division
(Young 2010; den Blaauwen et al. 2008). These processes
are governed by the proteins of the divisome apparatus
nucleated by FtsZ (Varma and Young 2004; Young 2003).

The resulting morphological defects may also involve the
functioning of penicillin binding proteins (PBPs). Our
experiments clearly implicate PBP-3 (FtsI) in the morphological abnormalities in manganese-stressed DhﬂX cells.
When we examined the effect of various antibiotics on
wild type and DhﬂX cells grown in the presence of manganese, an interesting pattern emerged. For some drugs (e.g.,
tetracycline, rifampicin, bacitracin or ciproﬂoxacin), no difference in the minimum inhibitory concentration (MIC) was
apparent, irrespective of whether HﬂX was present or not
(table 1). Cells lacking HﬂX were highly sensitized only to
certain drugs (ampicillin, cephalexin, cephalothin and
phosphomycin), all of which are inhibitors of murein
biosynthesis, and therefore inhibit septation and cell division. The ﬁrst three of these are b-lactam drugs that bind
PBP-3, which is required for septum formation. Time killing
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curves for these drugs clearly showed the efﬁcacy of these blactams in killing the DhﬂX cells, while the non-b-lactam
peptidoglycan biosynthesis inhibitor, phosphomycin, was
ineffective (ﬁgure 5). It may be noted from ﬁgure 5 that
cephalexin, the well-known inhibitor of bacterial cell division, is also the most potent among the three. It is noteworthy that all these three drugs have a very high afﬁnity for
PBP-3 (Spratt 1975). The observed reduction in level of
PBP-3 mRNA in the mutant cells as a result of manganese
stress (ﬁgure 6) emphasizes the connection between PBP-3
and manganese stress.

4.4 Inhibition of cell division and arrested cell
septation under manganese stress
Major cell cycle events are associated with the bacterial
membrane. Several studies have established the functional
implications of the membrane patterns in cell division, with
defective membrane patterns in ﬁlaments as a consequence
of deregulated cell division and arrested cell septation
(Fishov and Woldringh 1999). The observed membrane
patterns in hﬂX-deprived ﬁlaments, formed mostly by DNAmembrane interactions, can be correlated with the localization, distribution and number of dark bands, indicative of the
constriction sites of the bacterial cell division.
The membrane patterns of ﬁlamentous DhﬂX cells under
manganese stress reﬂected an arrest of the cell septation and
division (ﬁgure 8). In contrast, the dividing cells bearing
pAX-01 that expresses HﬂX, exhibited a tightly regulated
cell cycle, with proper cell division, being indifferent to
manganese stress. Several incipient daughter cells which
have completed division were observed in the manganesestressed DhﬂX cells only upon complementation with HﬂX
(ﬁgure 8D), but not otherwise (ﬁgures 8A-C).
In manganese-stressed mutant DhﬂX ﬁlaments, the sites
for assembly of divisomes of FtsZ are represented by the
dark bands (Addinall et al. 1996), as seen in ﬁgure 8. Various abnormalities are observed in these cells, such as
(i) dark, non-ﬂourescent bands of constriction delocalized at
the subpolar regions of cells, along with the primary dark
band at the midcell (ﬁgure 8A), (ii) a blunt, well stained,
ﬂuorescent band at the midcell replacing a dark band of
primary constriction (ﬁgure 8B), (iii) no primary constriction at the midcell but dark bands delocalised at sub-polar
regions (ﬁgure 8B), (iv) a drastically reduced number of
dark bands in long ﬁlaments (ﬁgure 8C), or (v) an irregular
distribution of multiple sites of constriction (dark bands)
across long ﬁlaments (ﬁgure 8A). These defects in membrane patterns of the mutant ﬁlaments also point to a possible deﬁciency in the PBP3-transpeptidase activity (Fishov
and Woldringh 1999), accounting for the disappearance of
dark bands and hence a smaller number of sites of constriction in a very long ﬁlament (ﬁgure 8C), having a low
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dark band: cell-length ratio (Addinall et al. 1996). The ﬁlaments with defective membrane patterns (and therefore
perturbed PBP3) are very likely to be associated with FtsZ
rings which are unstable (Addinall et al. 1996) or have failed
to assemble (Pogliano et al. 1997; Fishov and Woldringh
1999) under Mn stress. However, deﬁnite conclusion about
the assembly, localization and distribution of FtsZ rings can
be drawn only by immunoﬂuorescence and other methods.

4.5

Manganese toxicity and HﬂX

Despite the involvement of trace amounts of manganese in
various cellular pathways such as glycolysis, gluconeogenesis, signal transduction, stringent response or sporulation in
bacteria (Jakubovics and Jenkinson 2001), excess manganese is hazardous to E. coli and other bacteria. Replacement of Fe, Mg and other metal cofactors by Mn leads to
inactivation of important enzymes (Anjem et al. 2009;
Kehres and Maguire 2003; Waters et al. 2011), and a manganese homeostasis network that constitutes the transcription
regulator MntR, is present in E. coli (Waters et al. 2011).
Nevertheless, details of the toxic effects of manganese on
bacterial cells remains to be understood at the cellular level.
Filamentation of E. coli cells, an effect of manganese
stress, is often observed as a consequence of overexpression
of the SulA protein, induced by DNA damage (Huisman
et al. 1984). The uncontrolled inﬂux of manganese in the
absence of HﬂX may act as a trigger for SOS response and a
slower rate of movement of the replication fork, two wellknown consequences of DNA damage (Courcelle et al.
2003; Kreuzer 2013). Abnormal inﬂux of manganese is
known to promote error prone DNA synthesis (Zakour et al.
1981; El-Deiry et al. 1984), which is likely to introduce
double-strand breaks. Moreover, as we demonstrate in the
present work, excess of manganese can also perturb cell wall
biosynthesis and hence, cell septation by the cell division
protein PBP-3 (FtsI), inhibiting cell division. The observed
abnormalities in the mutant cells could result from excessive
intracellular manganese, with the role of HﬂX being limited
to acting as a ‘gate keeper’ that regulates the import of
manganese into E. coli cells. Indeed, an accumulation of
manganese has been observed in DhﬂX cells (663 lM,
compared to 96 lM in wild type cells) (Kaur et al. 2014).
This hypothesis is schematically depicted in ﬁgure 9,
wherein a likely sequence of events in the cell are indicated,
when an inﬂux of manganese occurs in the absence of HﬂX.
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