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ABSTRACT Cell growth and division are coordinated, ensuring homeostasis under
any given growth condition, with division occurring as cell mass doubles. The sig-
nals and controlling circuit(s) between growth and division are not well understood;
however, it is known in Escherichia coli that the essential GTPase Era, which is
growth rate regulated, coordinates the two functions and may be a checkpoint reg-
ulator of both. We have isolated a mutant of Era that separates its effect on growth
and division. When overproduced, the mutant protein Era647 is dominant to wild-
type Era and blocks division, causing cells to filament. Multicopy suppressors that
prevent the filamentation phenotype of Era647 either increase the expression of
FtsZ or decrease the expression of the Era647 protein. Excess Era647 induces com-
plete delocalization of Z rings, providing an explanation for why Era647 induces fila-
mentation, but this effect is probably not due to direct interaction between Era647
and FtsZ. The hypermorphic ftsZ* allele at the native locus can suppress the effects
of Era647 overproduction, indicating that extra FtsZ is not required for the suppres-
sion, but another hypermorphic allele that accelerates cell division through periplas-
mic signaling, ftsL*, cannot. Together, these results suggest that Era647 blocks cell
division by destabilizing the Z ring.

IMPORTANCE All cells need to coordinate their growth and division, and small
GTPases that are conserved throughout life play a key role in this regulation. One of
these, Era, provides an essential function in the assembly of the 30S ribosomal sub-
unit in Escherichia coli, but its role in regulating E. coli cell division is much less well
understood. Here, we characterize a novel dominant negative mutant of Era (Era647)
that uncouples these two activities when overproduced; it inhibits cell division by
disrupting assembly of the Z ring, without significantly affecting ribosome produc-
tion. The unique properties of this mutant should help to elucidate how Era regu-
lates cell division and coordinates this process with ribosome biogenesis.
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GTPases are recognized as molecular switches whose conformation and activities
change depending upon their GDP- or GTP-bound states. The era gene of Esche-

richia coli is located downstream of rnc in the multifunctional rnc operon (rnc-era-recO)
and encodes a GTPase (�35 kDa) essential for survival (1–3). The rnc gene encodes
RNase III, a double-strand specific RNA endonuclease, which inhibits expression of the
operon by processing the leader RNA transcript, causing mRNA degradation (4, 5).
Independent of RNase III regulation, the translation rate of the two genes is coordi-
nately controlled by growth rate. Cells grown in minimal medium produce �300
molecules of Era per cell, which is 5-fold less than that of cells grown in a rich medium
(4, 6).

Era is highly conserved both in prokaryotes and in eukaryotes, including humans (7).
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Homologues of Era are present in every bacterial species except the Chlamydiales and
Planctomycetes (7, 8). It has been shown that human Era plays a role in controlling cell
growth and apoptosis (7, 9–11). Crystal structures of Era reveal an N-terminal GTPase
domain and a C-terminal RNA-binding KH domain (Fig. 1) (12–14).

Biochemical, genetic, and physical evidence shows that Era is important in ribosome
biogenesis and bacterial growth. The KH domain of Era binds 16S rRNA in vivo (15–18).
Like many mutants with structural ribosome defects, the Era E200K mutant is cold
sensitive for growth. The cold sensitivity of Era E200K can be suppressed by overex-
pression of the ksgA gene (19), which encodes the 16S rRNA adenosine dimethyl-
transferase KsgA. Era binds to the 30S ribosome subunit and to the 16S rRNA (12, 13,
20). The GTP-bound form of Era (Era-GTP) binds specifically to the 10-nucleotide
residues GAUCACCUCC containing the CCUCC anti-Shine-Dalgarno sequence near the
3= end of the 16S rRNA (12). Here, Era also interacts with helix 45, which is the helix that
KsgA binds for the methylation of 16S rRNA. Helix 45 and the following 10 nucleotides
bound by Era are highly conserved in all three kingdoms of life. Binding of Era-GTP to
this helix and the 10 nucleotides beyond it stimulates hydrolysis of bound GTP. Era-RNA
structural studies show that only the GTP form of the protein can bind the rRNA and
that the hydrolysis of GTP to GDP results in a major rearrangement of the structure of
Era, releasing Era-GDP from the 16S rRNA (12, 13). Era stimulates processing of the 16S
precursor rRNA to its mature form (21) and aids global ribosome biogenesis to the final
maturation of the 30S particle (12, 13, 22, 23). Era may function at a terminal stage of
30S biogenesis as the checkpoint for the final activation of the mature 30S subunit and
the initiation of mRNA translation. Overproduction of Era also enhances 16S rRNA
processing as well as 70S ribosome assembly in the absence of the YbeY endoribonu-
clease (24).

The cytosol contains most of the cellular Era, as would be predicted for a protein

FIG 1 The structure of the Era protein and location of the Era647 mutation. (A) A comparison of amino acid sequences among Era homologs from Aquifex
aeolicus, Thermus thermophilus, and E. coli (PDB entries 3IEV, 1WF3, and 1EGA, respectively) is shown along with structural features. Identical residues shared
among all three homologs are shaded dark green, similar residues shared among all three homologs are shaded light green, and identical residues shared with
two homologs are shaded blue. Residues 131 to 137 changed in Era647 are highlighted with a blue box and magenta letters below; the deleted glutamate
is shown as a dash. (B) The location of residues 131 to 137 near � helix 4 of the GTPase domain is indicated on the atomic structure of E. coli Era in complex
with GDP (PDB entry 3IEU). The ribbon diagram represents the protein (helices as cylinders, strands as arrows, and loops as tubes), and the stick model in green
represents the nucleotide. The GTPase and KH domains are colored in gray and light orange, respectively, and residues 131 to 137 are highlighted in red.
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modulating the biogenesis of each 30S ribosome subunit. However, about 20% of Era
in a population of cells is associated with the inner membrane fraction (25), and purified
Era-GDP has been demonstrated to bind specifically to isolated cytoplasmic mem-
branes depleted of Era (26). Membrane binding is dependent upon the C-terminal KH
domain of Era and on a site that overlaps the RNA-binding region (15, 16). This finding
suggests that Era may cycle between a 16S rRNA-bound form of Era-GTP and a
membrane-bound form of Era-GDP. Immunogold electron microscopy has been used
to locate Era in patches along the membrane at mid- and quarter-cell positions
corresponding to potential cell division sites (27).

In E. coli, a number of Era mutants in the highly conserved regions of both the
N-terminal GTPase and the C-terminal KH domains have been isolated (2, 6, 18, 28–30).
Characterization of these mutants revealed that both domains are essential for viability.
Nonlethal mutations, like the era1 point mutation in the G1 segment of the Era
GTP-binding domain (P17R), cause both reduced cell growth, especially at low tem-
peratures, and delayed cell division. Increasing the expression of the era1 mutant on a
multicopy plasmid alleviated its growth and division defects (6). Unlike known cell
division mutants, the era1 mutant does not form the characteristic long filaments but
instead arrests growth just prior to division, at a two-cell length stage. Simply reducing
expression of wild-type era exerts a similar checkpoint phenotype in both E. coli and
Bacillus subtilis; as Era levels are reduced, the growth rate is reduced in parallel, and an
increasing fraction of cells exist at the two-cell stage (6, 31). Thus, under either era� or
era1 conditions, a critical level of GTPase activity seems to be required for growth and
division. Until that threshold level is reached, the cells exist in a growth arrested,
predivisional state (6).

Generally, when translation is inhibited, there is a subsequent block in cell growth
and division. Thus, it is difficult to know whether Era, which affects ribosome biogenesis
activity, is directly involved in cell division. Here, in examining this problem, we have
isolated and identified a dominant mutant allele of Era that, when overproduced,
maintains ribosome function and growth but is defective for cell division, thus sepa-
rating the two functions of Era. We show that this defect is at the level of Z ring
assembly, which can be corrected by increasing cellular levels of FtsZ or by a hyper-
morphic mutant of FtsZ.

RESULTS AND DISCUSSION
Identification of a dominant negative Era protein that blocks cell division. Era

has been shown to coordinate cell growth with division, and era mutations have been
identified that block cell growth and division. A primary effect of these mutations is to
inhibit 30S ribosome subunit assembly and subsequent translation. Because a ribosome
defect would itself block cell growth and division, it has been unclear whether Era had
a direct effect on the division process itself. Until we isolated the mutant era647, no era
mutation existed with an effect on cell division that did not also block cell cycle
progression.

The era647 mutation was initially created on plasmid pHKP60 carrying the era� gene
expressed from the arabinose-inducible pBAD promoter. Substitution mutants covering
six to seven residues within the N-terminal GTP binding domain were created in a
search for Era defective mutants. One of these mutants, in which 7 residues from 131
to 137 in the GTPase domain were replaced with 6 other residues, had defects in the
presence of arabinose that caused cell filamentation at temperatures tested between
32°C and 42°C as described below. The mutation was given the name “6 for 7” (era647)
because of the amino acid changes that may alter the Era structure of � helix 4 between
the G4 and G5 motifs (Fig. 1). On LB agar in the presence of arabinose, colonies of strain
W3110/pBADera647, expressing the mutant Era, had a flattened, “fried egg” phenotype
(data not shown). This distinct colony phenotype enabled their selection.

Because the pBADera647 plasmid pHKP67 caused reduced growth even without
adding arabinose, we constructed two new strains in which either wild-type era and/or
era647 were placed on the bacterial chromosome in single copy within the pL operon
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of a defective � prophage. In this configuration, the era alleles are under tight control
by the heat labile bacteriophage � cI repressor, allowing expression of the pL operon
at 42°C but maintaining repression of pL at 32°C. Another copy of the wild-type era
gene remained at its native site in the rnc operon on the chromosome of E. coli. Both
new strains formed normal colonies at 32°C when pL is repressed. Inducing wild-type
era expression at 42°C from pL did not alter colony formation; however, turning on
era647 expression at 42°C prevented colony formation (Fig. 2A). This lethal effect was
observed on LB or M63 minimal glucose agar plates (data not shown). Phase-contrast
microscopy revealed that turning on expression of the era647 mutant relative to
wild-type era at 42°C caused cells to filament without any sign of a septum being
formed (Fig. 2B).

Effects of replacing wild-type era with era647 at the native chromosomal locus.
We PCR amplified a 519-bp segment of era carrying the era647 allele and inserted this
segment with the mutation into the era gene within the genomic rnc operon by
recombineering (see Materials and Methods). Colonies formed by this era647 mutant
strain were normal at 42°C and 37°C, but they were nearly nonviable at 25°C (see Fig.
S1 in the supplemental material). This finding is similar to the behavior of cells with the
era1 allele, which, as mentioned earlier, confers cold sensitivity when at the native rnc
locus but corrects the cold sensitivity when in multicopy (6). Thus, native expression of
the era647 allele has a phenotype similar to the era1 allele, whereas the phenotypes of
high-level expression are distinct.

Multicopy suppression of era647-mediated cell division inhibition. A library of
E. coli genes cloned into the BamHI site on pBR322 was used to isolate multicopy
suppressors of the thermosensitive phenotype of era647 under pL control (see Materials

FIG 2 Phenotypic analysis of pL expression for strains carrying era (TUC540) and era647 (TUC05). (A)
Colony viabilities were tested on LB agar at 32°C (left side) and 42°C (right side) by spotting 10-fold serial
dilutions of cultures. (B) Phase-contrast microscopic analysis of cells grown for 2 hours in exponential
phase at 42°C in LB culture. (C) Growth curves for the two strains grown in LB broth at 32°C or shifted
from 32°C to 42°C. Cells were diluted 1:200 and incubated at 32°C for 2 h and then split into 32°C and
42°C cultures (arrow) and grown to stationary phase. Scale bars, 5 �m.
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and Methods). Two classes of suppressors were found that restored colony formation
at 42°C.

The first class included clones of either the nusB gene or the rof (yaeO) gene, both
of which partially suppressed the filamentation defect of Era647 (Fig. 3). The NusB
protein is known to modify the RNA polymerase elongation complex during transcrip-
tion (32, 33), and the Rof product is known to inhibit the transcription termination
factor Rho (34). Because Rof suppresses era647, we also tested a rho mutation (TUC626)
and found that it also suppresses the thermosensitive phenotype of era647 (data not
shown). Since we suspected that suppression might occur by lowering the levels of
Era647 expression from pL, we measured the effect of the nusB and rof plasmid clones
on pL operon expression. To do this, we placed the lacZ gene in exactly the same
position as era in the pL operon (see Fig. S2A in the supplemental material) and used
the expression of �-galactosidase as a comparative reporter for Era expression from pL.
Multicopy nusB or rof expression reduced the level of �-galactosidase expressed from
lacZ (Fig. S2B), perhaps by interfering with antitermination mechanisms. To explore a
potential transcription termination-independent mechanism, we asked if era647-
mediated toxicity could be suppressed by expressing the lambda Cro repressor, which
is known to reduce transcription from the pL promoter by 2- to 4-fold (35). We found
that excess Cro did suppress the toxicity (data not shown). We conclude that this class
of suppressors reduces the expression of era647 from pL to a level that reduces toxicity
and allows colony formation.

The second class of multicopy suppressors of era647 included plasmids that carry
the ftsZ gene, which would increase the level of the tubulin-like, major cell division
protein FtsZ. In addition to clones carrying the ftsZ gene, clones carrying the sdiA gene
also suppressed the era647 temperature-sensitive defect. Multicopy sdiA is known to
stimulate the transcription of the ftsQAZ operon and increase FtsZ protein levels (36).
Thus, both ftsZ and sdiA clones suppress the temperature-sensitive defect of the ftsZ84
allele and the toxic effect of Era647-induced cell filamentation.

Both ftsZ and sdiA in multicopy completely prevented Era647-induced cell filamen-
tation compared with nusB or rof plasmids (Fig. 3). Neither FtsZ nor SdiA changed the
level of expression of genes under pL control (Fig. S2B), but both suppressed the defect
of era647. Both also suppressed the thermosensitive defect of an ftsZ84 allele (Table 1)
because they increase FtsZ protein levels in the cell (36). Thus, high FtsZ levels are
needed to suppress the toxicity of the Era647 protein.

To find out whether FtsZ is sufficient for suppression of the era647-mediated cell
division defect or if some other cell division proteins might also be capable of
suppression, we tested a set of five plasmids carrying combinations of the ftsQAZ
operon genes for suppression (37). These plasmids harbor the pSC101 origin and have

FIG 3 Multicopy suppressors of Era647-mediated cell filamentation. Shown are phase contrast-
fluorescence images of TUC05 cells grown at 32°C to an OD600 of 0.1 and 0.2 and then induced to express
era647 from the lambda pL promoter at 42°C for 3 h. The top left image shows TUC05 cells. The top right
image shows TUC05 with plasmid pBR322. The other images show TUC05 with clones expressing the
genes shown. Cells were also stained with DAPI to show DNA. Scale bar, 5 �m.
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a lower copy number than the pBR322-derived library clones. All four plasmids carrying
ftsZ, including pJPB71, which carries only ftsZ, complemented era647 for colony for-
mation at 42° (Table 1). However, plasmid pSEB162 carrying ftsQ and ftsA but not ftsZ
did not complement era647 (Table 1), indicating that increasing FtsZ levels is sufficient
to suppress the lethal filamentation caused by era647.

To rule out unexpected effects of thermoinduction of pL-era647, we also tested
whether extra FtsZ could suppress the toxicity of Era647 overproduced from an
arabinose-inducible promoter on a plasmid. As shown in Fig. 4, arabinose induction of
pBAD30-era or pBAD30-gfp did not cause significant cell filamentation, but induction of
pBAD30-era647 did. Moreover, when pBS58 (ftsQAZ) was introduced into the strain
carrying pBAD30-era647, it efficiently suppressed the arabinose-induced cell filamen-
tation.

One potential explanation for why multicopy ftsZ can suppress era647 was that
era647 overexpression reduces cellular levels of FtsZ and that ectopically produced FtsZ
can restore these levels. However, although FtsZ levels clearly increased in cells
harboring the multicopy pBS58 plasmid (data not shown), immunoblotting showed
that cellular FtsZ levels did not decrease significantly when either era or era647 was
overexpressed (see Fig. S3 in the supplemental material), ruling out this possibility.

Notably, we did not find era among the multicopy suppressors, probably because
era647 is dominant to wild-type era. To confirm this, we showed that pACS1 (3), a
pBR322-derived clone of the rnc era operon, could not suppress era647 (Table 1). Thus,

TABLE 1 Multicopy suppression of Era647 overproduction toxicity

Plasmid clone Origin Suppression of era647 Complementation of ftsZ84

pBR322 colE1 � �
pXM14 (nusB) colE1 � �
pXM16 (rof) colE1 � �
pXM17 (sdiA) colE1 � �
pXM15 (ftsZ) colE1 � �
pJPB71 (ftsZ) pSC101 � �
pJPB223 (ftsQAZ) pSC101 � �
pSEB25 (ftsQZ) pSC101 � �
pSEB162 (ftsQA) pSC101 � �
pBS58 (ftsQAZ) pSC101 � �
pACS1 (rnc era) colE1 � N.D.a

aN.D., not determined.

FIG 4 Arabinose induction of era647 on a pBAD plasmid mimics the effects of thermoinduction of
pL-era647 and is suppressed by multicopy ftsQAZ. Cells carrying the plasmids indicated were grown in
LB plus ampicillin plus spectinomycin and induced with 0.2% L-arabinose for 2 h until they reached late
logarithmic phase and then were examined by DIC microscopy. Scale bar, 3 �m.
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pL expression of era647 is dominant for inhibition of cell division even in the presence
of high levels of wild-type Era.

Era647 inhibits cell division by complete disassembly of Z rings. In E. coli, cell
division is mediated by a collection of proteins that localize to the mid-cell division site,
where they assemble into a multiprotein complex called the septal or Z ring (38). FtsZ,
a tubulin-like protein with GTP-binding, GTPase, and GTP-dependent polymerization
activities (39–42) is the first protein of this collection to localize at the mid-cell division
site (43, 44) and is conserved in all bacteria except Chlamydiales and Planctomycetes (45,
46). As mentioned above, homologues of Era also exist in all bacterial species with the
exception of Chlamydiales and Planctomycetes (8, 47). To our knowledge, no other cell
division protein shares this cluster of orthologous groups (COG).

The COG result specifically linking FtsZ with Era melds well with our genetic results
showing that the toxic effects caused by high levels of the Era647 protein can be
suppressed by increasing the levels of the FtsZ protein. As a result, we asked whether
Era647 overproduction blocked cell division by affecting the assembly of Z rings. We
analyzed cells overproducing Era or Era647 by immunofluorescence microscopy, using
anti-FtsZ antibodies. As expected, all uninduced cells or cells overproducing wild-type
Era were short and most cells (�68%) had sharp Z rings at mid-cell division sites (Fig.
5, first three rows; see Table S2 in the supplemental material). In contrast, all cells
overproducing Era647 were filamentous, and their FtsZ staining pattern consisted of
irregularly shaped and spaced FtsZ aggregates, with no Z rings visible in 95% of cells
(Fig. 5, bottom row; Table S2). These aggregates were almost always located between
the multiple segregated nucleoids within these filamentous cells (see Fig. S4 in the
supplemental material).

To test whether the Era647 effect on the Z rings might be mitigated under slow
growth conditions, we repeated this type of experiment with cells grown in minimal
glycerol medium with similar results. Era647 when overproduced in minimal medium
generated filamentous cells that contained bright areas of diffuse FtsZ fluorescence,
and all cells lacked Z rings (see Fig. S5 in the supplemental material). As in rich medium,
excess FtsQAZ from pBS58 rescued cell filamentation in minimal glucose medium (data
not shown).

FIG 5 Overproduction of Era647 inhibits Z ring assembly. Cells containing pBAD30 derivatives of Era or
Era647 were induced with L-arabinose (Ara) for 1 h in mid- to late logarithmic phase and then fixed and
stained with DAPI (blue) and fluorescent lectin (red) and immunostained with anti-FtsZ (green). Arrows
highlight examples of sharp Z rings at midcell, which were found in many of the cells expressing
wild-type Era. A rare Z ring in the Era647-induced cells at the bottom. Scale bar, 5 �m.
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To confirm the results found in fixed cells and to rule out artifacts due to cell fixation
or immunostaining, we also examined the effects of excess Era or Era647 in live cells
expressing an isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible FtsZ-GFP fusion as
a merodiploid. For this purpose, we used a higher-copy-number plasmid to overexpress
Era647 from the pBAD promoter (pAW5), as well as the wild-type Era control (pAW4). In
accord with the immunofluorescence results, uninduced cells were short and �90%
had sharp Z rings at mid-cell division sites (see Fig. S6, rows A and B, in the supple-
mental material), whereas all cells induced for Era647 overproduction for several hours
became filamentous and exhibited irregularly spaced FtsZ aggregates instead of reg-
ularly spaced rings (Fig. S6, row D). Arabinose induction of wild-type Era in cells with
FtsZ fused to GFP caused cells to elongate. Elongation in cells carrying FtsZ-GFP has
been described and is due to a toxic synergy caused by the partially functional FtsZ-GFP
fusion protein inhibiting cell division on its own (48). Importantly, however, these cells
overproducing wild-type Era all contained sharply defined Z rings (Fig. S6, row C), which
is in clear contrast to the aberrant FtsZ aggregates in Era647 overproducers.

To investigate the process of Z ring disassembly by Era647 in greater detail, we
examined the localization of FtsZ-GFP in a time course after arabinose addition of
Era647. After 10 to 15 min of induction, most (�90%) cells still displayed sharp Z rings
at the mid-cell division site (Fig. 6). However, by 30 min, the majority of cells lacked
midcell Z rings, and by 40 min, only �5% of cells contained Z rings, with the remainder
of cells displaying only diffuse cytoplasmic fluorescence (Fig. 6). Eventually, these
induced cells stopped dividing, and the diffuse fluorescence transformed into multiple
fluorescent aggregations observed at later time points similar to those shown in Fig. 5,
S4, and S5. As expected, overproduction of wild-type Era from pAW4 had no effect on
Z rings (data not shown).

These results indicate that Z rings are disassembled completely and relatively rapidly
by Era647 expression, and instead of forming aberrant but visible structures such as
helices (49) or distributed foci (50, 76, 77), FtsZ delocalizes into a diffuse pattern within
the cytoplasm. This is similar to the effects on the ring by the presence of SulA or MciZ
proteins, which are FtsZ inhibitors that sequester FtsZ subunits or cap FtsZ polymer
ends, respectively (51, 52). It is not clear what causes FtsZ to form the periodic
aggregates in the cytoplasm of filamentous cells after longer expression of Era647.

SulA is not responsible for Era647-mediated cell filamentation. This similarity to
the effects of SulA prompted us to test whether Era647 itself might be inducing SulA.
Expression of the sulA/sfiA gene is induced during the SOS response to DNA damage,
whereupon the SulA protein binds FtsZ directly. This inhibits FtsZ polymerization, Z ring
formation, and cell division in a checkpoint control response to DNA damage (53–55).

FIG 6 FtsZ-GFP rings rapidly disassemble upon Era647 induction. WM5570 cells carrying pAW5 (pBAD-
Era647) and producing moderate levels of FtsZ-GFP (50 �M IPTG) were grown in LB plus chloramphenicol
to mid-logarithmic phase, induced with L-arabinose (ara) for the times shown, and rapidly mounted on
agarose slabs for imaging by fluorescence microscopy. Scale bar, 5 �m.
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To test whether the Era647 effect might be caused indirectly by overproduction of SulA
under these conditions, we introduced a deletion of sulA in strain TUC303, which carries
the pL-era647 construct. We found that this strain still exhibited a lethal filamentation
phenotype at 42°C (data not shown), indicating no role for SulA in the Era647-mediated
disruption of Z rings.

Era and Era647 do not seem to interact directly with FtsZ. The evidence so far

suggests that Era647 in particular might interact directly with FtsZ in order to sequester
it away from the Z ring. We tested this possibility by measuring Era-FtsZ interactions in
a bacterial two-hybrid assay that produces beta-galactosidase if two proteins fused to
separate domains of adenylate cyclase (T18 and T25) interact sufficiently to bring these
domains together (56). For this purpose, we fused Era or Era647 to the T18 domain in
plasmids pUT18 or pUT18c to fuse T18 to either end of Era or Era647 and introduced
all four of these plasmids into a cya BTH101 strain carrying FtsZ fused to the T25
domain in plasmid pKNT25 (57). As a positive control, we introduced pUT18c-FtsA,
which is known to interact with FtsZ (58), into the same BTH101 strain carrying
pKNT25-FtsZ.

As shown in Fig. S7 in the supplemental material, although the FtsA-FtsZ interaction
yielded a strong blue color from colonies grown on plates with 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-Gal), neither wild-type Era nor Era647 showed a de-
tectable color when paired with FtsZ. This finding suggests that Era/Era647 do not
interact with FtsZ, or if they do, it may be transient. We also purified Era and Era647 (see
Fig. S8 in the supplemental material) and asked whether they affected FtsZ assembly
in vitro and saw no clear effects of Era or Era647 on the ability of FtsZ to polymerize in
sedimentation assays (D. P. Haeusser and W. Margolin, unpublished data). In addition,
there was no definitive evidence of an interaction in pulldown assays (X. Zhou and D. L.
Court, unpublished data). Therefore, despite the effectiveness of Era647 in disassem-
bling Z rings and the ability of extra FtsZ to overcome this effect in vivo, there is
currently no evidence to support a direct interaction between FtsZ and Era647 or
wild-type Era.

Effects of hypermorphic cell division alleles on the Era647 phenotype. The

ability of increased FtsZ levels to counteract the cell division block by excess Era647
supports a model in which Era647 sequesters FtsZ subunits, preventing them from
assembling into FtsZ polymers at the Z ring. However, the lack of evidence for a direct
Era-FtsZ interaction prompted us to test whether stimulation of cell division through
alternative pathways might be able to resist Era647 toxicity. For this, we exploited two
hypermorphic cell division mutants, namely, ftsZ* and ftsL*.

The ftsZ* hypermorph (FtsZL169R) was originally isolated as a suppressor of Kil, a
phage lambda-encoded inhibitor of cell division (50). In addition to resisting the effects
of Kil, ftsZ* efficiently resists the toxic effects of SulA, MinC, and excess FtsA, all of which
block cell division efficiently in cells with wild-type FtsZ. FtsZ normally requires an
interaction with both the ZipA and FtsA membrane-associated proteins to tether
efficiently to the mid-cell membrane. The ftsZ* mutation bypasses the requirement for
the ZipA protein (59). As FtsZ* polymers bundle much more strongly in vitro than those
of wild-type FtsZ, the current model is that strong lateral interactions between FtsZ
polymers create a more robust Z ring that resists FtsZ inhibitors and, possibly through
FtsA, may be able to activate downstream biosynthesis of septal peptidoglycan inde-
pendently of normal checkpoint controls (60). Cells with ftsZ* in place of ftsZ at the
native locus can grow and divide fairly normally, although they often exhibit spiral FtsZ
morphologies and abnormal cell shapes (59).

The ftsL* allele, which encodes a point mutation (E88K) in the periplasmic segment
of FtsL, is a strong hypermorph that accelerates cell division and, like ftsZ*, bypasses
some of the normal regulatory controls for septal peptidoglycan synthesis (61, 62). As
a result, cells with ftsL* are significantly shorter than normal and similar to cells
overexpressing ftsQAZ.
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To test the effects of Era647 with either the FtsZ* or FtsL* proteins present, we
introduced pAW5, expressing pBAD-Era647, either into WM4915 carrying the chromo-
somal ftsZ* allele or into WM6326 carrying the chromosomal ftsL* allele. In the latter
strain, the chromosomal ftsZ gene was fused to mNeonGreen (mNG) for visualization
(63). After induction with arabinose to overexpress era647 in the presence of chromo-
somal ftsZ*, cell division remained normal. This result indicated that ftsZ* can effectively
resist the cell division inhibition caused by Era647 (Fig. 7). In contrast, after induction
with arabinose to overexpress era647 in the presence of chromosomal ftsL*, cells
became filamentous, and the pattern of FtsZ-mNG in these filaments was identical to
the overexpression of Era647 in wild-type cells by immunostaining or FtsZ-GFP fluo-
rescence (Fig. 7). Therefore, we conclude that the FtsZ* protein prevents the Era647
inhibition of cell division, but the FtsL* hypermorph has no effect.

Conclusions. These results demonstrate that while excess Era or Era647 allows cell
growth to continue, only excess Era647 blocks cell division and it does so by complete
disruption of Z rings. The FtsZ staining patterns, along with the ability to suppress the
division block by providing extra FtsZ, suggest that overproduced Era647, either
directly or indirectly, prevents FtsZ monomers from forming normal polymers at the
septal ring. FtsZ polymers undergo dynamic treadmilling with binding and coordinated
assembly of the septal peptidoglycan layer at the mid-cell division site. During this
process, FtsZ undergoes constant GTP hydrolysis and requires a large pool of mono-
mers to maintain ring integrity. Our results show that high levels of Era647 not only
prevent new Z rings from forming but also efficiently destabilize existing rings, con-
sistent with a model in which Era647 sequesters FtsZ monomers by an indirect
mechanism.

The ftsZ* allele, producing the FtsZ* mutant protein at native levels from the native
locus, is able to suppress the Era647-mediated cell division block. This result suggests
that high levels of FtsZ, while clearly effective in countering the Era647 effects, are not
required if FtsZ polymers are able to make strong lateral interactions as FtsZ* is able to
do. Moreover, the inability of the strong periplasmic ftsL* hypermorph to suppress the
Era647 effect supports the idea that Era647 mainly exerts its effects on the cytoplasmic
components of the cell division machinery. We speculate that if nonribosomal Era647
is in its GDP-bound form at the cytoplasmic membrane, then high local levels of Era647
might outcompete FtsZ for GTP exchange. This competition could affect the ability of
membrane-associated FtsZ to bind GTP and maintain the stability of FtsZ polymers.
How this might be the case for Era647 but not for wild-type Era and whether this is
even plausible remain to be investigated.

Interestingly, it was recently discovered that a mutant variant of another highly
conserved GTPase, ObgE (ObgE*), exerts a specific dominant negative effect on E. coli

FIG 7 Effects of Era647 on ftsZ* and ftsL* hypermorphic mutants. Strains WM6529 and WM6530, carrying
pAW5 (pBAD-Era647) in a chromosomal ftsZ* or ftsL* background, respectively, were grown in LB plus
chloramphenicol at 37°C and induced with L-arabinose for 2 h. Cells were imaged live, by either DIC (left)
or fluorescence using FtsZ-mNG (right). Scale bar, 5 �m.
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cell division when overproduced (64). However, the effects of ObgE* are different from
Era647 in that the former induces production of cell chains, indicating a late-stage
defect in cell division that probably involves periplasmic components (65), whereas
here, we have shown that Era647 inhibits division at the early stage of Z ring formation
in the cytoplasm. Despite these differences, such dominant negative variants of these
and other essential GTPases should be useful tools in understanding how they function
in coupling ribosome assembly with cell cycle control.

MATERIALS AND METHODS
Bacterial strains, phages, and plasmids. The strains and plasmids used in this study are listed in

Table S1 in the supplemental material. Cells were grown in lysogeny broth (LB) or on LB agar (66), unless
otherwise indicated. Kanamycin was used at 30 �g/ml, chloramphenicol at 10 �g/ml, tetracycline at
12.5 �g/ml, and ampicillin at 30 �g/ml when the amp cassette is in single copy or at 100 �g/ml for
plasmid selection.

Genetic manipulations. Strain construction involved standard methods using P1 transduction to
move markers from one strain to another (67) and recombineering to create point mutations, small
substitutions, and gene knockouts (68, 69).

Creating the era647 mutation on a pBAD vector carrying era under arabinose promoter
control. The wild-type era gene was cloned into the expression vector pBAD30, generating plasmid
pHKP60. To do this, the era gene from pCE31 (5) was removed on a BstXI to NruI fragment in which the
BstXI 3= overhang was removed in the presence of a T4 DNA polymerase. This fragment was ligated into
the SmaI site of pBAD30 to place era under arabinose promoter control (70).

The era647 mutation was created in the cloned era� gene on plasmid pHKP60 using the QuikChange
method as described by Stratagene to generate pHKP67. The nucleotide codon sequence within era was
changed from CAGGAGAAAGCCGATCTGCTGCCGCAC, encoding QEKADLLPH, to CAGttagtctatctgcaggggCAC,
encoding QLVYLQGH (mutated bases in lowercase). Both the wild-type era gene and the era647 allele were
also cloned into pBAD24, in which the bla gene was replaced with a cat cassette (pBAD24Cm), allowing
higher-level induction by arabinose and chloramphenicol resistance. These plasmids were named pAW4 (era)
and pAW5 (era647), respectively.

Placing the era647 mutation in the chromosomal rnc operon by recombineering. The era647
mutation was crossed into the rnc operon by recombineering. An era DNA segment of 519 bp
encompassing the era647 changes at the center was amplified by standard PCR using the pBADera647
plasmid (pHKP67) as the template. A W3110 derivative was used in which a ΔTn10 insertion (ΔTn10 A17)
(3) was present near the rnc operon in the yfhB gene. The strain was transformed with the pSIM5 plasmid
carrying the � red genes to carry out the recombineering (71). After electroporation of the DNA, cells
were grown for 4 h in 10 ml of LB at 32°C to allow recombination and complete segregation of any
recombinant and wild-type alleles. A total of 100 �l of cells from 10�5 and 10�6 dilutions of this culture
were plated onto LB plates and incubated at 32°C. Seven small colonies were identified among �150
normal sized colonies. Sequencing the entire gene was used to confirm the presence of the era647
mutation in all seven colonies. The era647 allele in the rnc operon was transferred to other strains with
the linked yfhB::ΔTn10 A17 tetracycline resistance marker on the chromosome.

Placing the era alleles in the chromosome under the control of the �pL promoter. The target
gene cassettes era� and era647 were amplified from pHKP60 and pHKP67 with PCR using a high-fidelity
Taq DNA polymerase (Invitrogen, Carlsbad, CA) and inserted in the chromosome under the control of the
�pL promoter using recombineering (see Fig. S2 for details). The era genes replaced a cat-sacB cassette
by counter selection for sucrose-resistant recombinants placing the ATG start of era precisely at the ATG
start of the �cIII gene, as described for previous gene replacements in this � region (72). The final era
constructs were confirmed by sequence analysis. Strains TUC540 and TUC05 are era� and era647,
respectively, under pL control.

Construction of an E. coli genome library and a screen for suppressors of era647. Chromosomal
DNA from MG1655 was partially digested with Sau3AI, DNA fragments of 2 to 6 kb were isolated from
a gel and ligated into the BamHI site of pBR322, and a plasmid was prepared. Six 1-�l aliquots from the
primary library were used to generate six transformations of TUC05, which were outgrown in LB for 3
hours at 32°C before plating onto 42°C prewarmed LB plates with ampicillin. Colonies from each were
pooled and six plasmid minipreps were prepared, which were used to retransform TUC05 on ampicillin
at 42°C as before. Twelve colonies (large and small) from the six pools of transformants were purified,
plasmid preps were made from each, and the flanking regions of the insert were sequenced using
primers in pBR322 on each side of the BamHI site to determine the genomic segment cloned. Different
independent plasmids were used to transform TUC05 on LB ampicillin at 32°C, and the resultant colonies
were tested at 42°C to verify suppression.

Constructing a sulA deletion. A sulA��cat gene replacement was generated in the TUC05
background (pL-era647) strain by recombineering. The recombinant carrying this deletion still exhibited
the filamentation phenotype at 42°C. To confirm its phenotype, the sulA��cat construct was moved to
a lon mutant background. The Lon protease degrades SulA, returning SulA to low levels in the cell after
DNA damage is repaired. In lon mutants, however, SulA levels remain high, blocking cell division,
generating filaments, and causing cell death (73). The lon sulA��cat mutant strain survives mitomycin
treatment.
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Microscopy. The protocol for the examination of 4=,6-diamidino-2-phenylindole (DAPI)-stained cells
for microscopy is a modified version of previously published methods (6, 74). Overnight cultures were
diluted 1:100 in LB and grown to an optical density at 600 nm (OD600) of about 0.3 at 32°C. Part of the
culture was kept at 32°C and the rest shifted to 42°C with shaking for 2 h. Cultures were centrifuged to
pellet cells. The pellet was washed twice with 1 ml of 0.84% NaCl. The final pellet was suspended in
100 �l of 0.84% NaCl, 5 �l of the cells were spread onto a Poly-Prep slide (coated with poly-L-lysine,
Sigma-Aldrich Inc., St. Louis, MO), and 5 �l 1% paraformaldehyde (in phosphate-buffered saline [PBS])
was added to fix the cells. After 5 min, the slide was washed once with tap water in a beaker and dried
at room temperature. A total of 2 �l of DAPI (0.5 �g/ml in dH2O) and one drop of gel mount were added.
A clean glass coverslip was pressed down to remove excess liquid. The prepared slide was refrigerated
at 4°C for at least 15 min before observing with the microscope. Cells were visualized on a Nikon Eclipse
E-1000 microscope equipped with a Nikon Plan fluor 100 objective as described previously (75). Images
were acquired using Openlab 4.2 software.

Immunofluorescence microscopy was performed exactly as described previously (50), with DAPI to
visualize nucleoids (blue), rhodamine-labeled wheat germ agglutinin to visualize cell wall (red), and goat
anti-rabbit secondary antibody conjugated to Alexa Fluor 488 along with rabbit polyclonal anti-FtsZ to
visualize FtsZ (green). Pseudocolored and merged images were generated using layers in Adobe Photoshop.

To visualize live cells by differential interference contrast (DIC) or fluorescence microscopy, cells were
grown to the appropriate time points and either spotted directly on a glass microscope slide and covered
with a coverslip or spotted on a thin layer of solidified 1% LB-agarose and covered with a coverslip.
Fluorescence micrographs were acquired with an Olympus BX63 microscope with a Hamamatsu C11440
ORCA-Spark digital complementary metal oxide semiconductor (CMOS) camera. Image data were
acquired and analyzed with cellSens software (Olympus).

Bacterial two-hybrid analysis. To fuse Era or Era647 to the C terminus of the T18 domain of adenylyl
cyclase in pUT18c, the respective genes were amplified from plasmids pAW4 or pAW5 by PCR using the
forward primer aaatctagagAGCATCGATAAAAGTTACTGCGG (codon 2 and following era sequence in
CAPS) and reverse primer aaaggaattcTTAAAGATCGTCAACGTAACCG (era sequence reverse complement,
including stop codon in CAPS) and cloned using XbaI and EcoRI. To fuse Era or Era647 to the N terminus
of T18, primers aaaagcttgAGCATCGATAAAAGTTACTGCGG (forward) and aaaggaattcccAAGATCGTCAACG-
TAACCG (reverse, no stop) were used similarly to clone as HindIII-EcoRI fragments into pUT18.

After their sequences were verified, the four resulting plasmids were transformed into the cya strain
BTH101 carrying pKNT25-FtsZ, which produces a fusion between the C terminus of FtsZ and the T25 domain
of adenylyl cyclase that has been shown previously to interact strongly with T18 fusions to the FtsA protein.
Several independent transformants isolated from LB–ampicillin (Amp)-kanamycin (Kan) plates were then
patched onto the same media supplemented with X-Gal (5-bromo-4-chloro-3-indoyl-�-D-galactopyranoside)
and isopropyl-�-D-thiogalactopyranoside (IPTG) and incubated overnight at 30°C to screen for blue or white
colonies, which is indicative of positive or negative two-hybrid interactions, respectively.

Preparation of Era and Era647 proteins. The Era protein was prepared as described previously (14).
To prepare the Era647 protein, the pAW5 plasmid carrying era647 was grown overnight in 5-ml LB culture
containing 100 �g/ml ampicillin, and the overnight grown culture was used to inoculate 500 ml of the
same culture. The cells were grown with shaking at 200 rpm/min at 32°C until an OD600 value of 0.5 was
reached. Then, the cells were induced by raising the temperature to 39°C and grown for another 2 h. The
cells were harvested by centrifugation at 10,000 � g for 10 min. The cell pellet was stored at – 80°C. The
Era647 protein was purified as described for Era purification (14).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.6 MB.
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